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YBayCuzO7_, nanogaps: A path toward hybrid junctions
REZA BAGHDADI

Department of Microtechnology and Nanoscience, MC2
Chalmers University of Technology, Goteborg, Sweden 2017

Abstract

This thesis paves the way for the realization of hybrid Josephson junctions based on YBayCuzO7_,
(YBCO) nanogaps. This allows one to explore a much richer Josephson physics where the su-
perconducting properties of YBCO, like the d-wave order parameter and large superconducting
gap, are proximized into the 2-dimensional Dirac materials such as graphene, or topological
insulators.

The core part of the thesis discusses a complicated nanopatterning technology employed to
realize encapsulated YBCO nanogaps where the electrodes preserve superconducting properties
close to the bulk. To assess the quality of the nanogaps, we promoted three sets of YBCO
nanowires fabricated by applying different lithographic processes. Using a thermally activated
vortex-entry model applied to resistance vs. temperature measurements close to the critical
temperature T¢ allows us to determine the maximum damage the nanowires undergo during
the patterning. We found that the effective width of the nanogap is of the order of 100 nm at
T while retaining the geometrical value of about 35 nm at lower temperatures. The effect of an
ex-situ ozone annealing is investigated both on YBCO films and nanowires. Studying the X-ray
diffraction pattern on bare films revealed that the ozonation is a practical method to oxygenate
YBCO films. To probe the effectiveness of this method on nanostructures, we compared the
critical current density and the broadening of the resistive transition close to T¢ measured
before and after the ozone treatment. We conclude that the ozone treatment is instrumental in
recovering very high-quality superconducting properties inside the nanostructures, which were
degraded by the oxygen out-diffusion occurring during the nanopatterning.

The feasibility of the encapsulated YBCO nanogaps for hybrid Josephson devices is demon-
strated by bridging them with thin Au films. We successfully fabricated and studied planar
Superconductor-Normal-Superconductor (SNS) Josephson junctions made of YBCO high-T¢
superconductor (S) and Au normal metal (N). Our junctions showed Fraunhofer-like modula-
tion patterns and Shapiro steps when they are irradiated by microwave radiation. By using a
double barrier SINI'S model, we have studied the transport properties of the critical current in
temperature. The results of the fitting suggest that the Cooper pair transport is mainly across
the 5nm Ti sticking layer, underneath of the Au film bridge, due to the ozone treatment.

We promoted the growth of fully untwinned high-quality a-axis oriented YBCO films on
LaSrGaOy4 substrates using PrBasCusO7 — v as a buffer layer. Such films allow for a strong
induced superconductivity in proximity based multilayer devices due to the large coherence
length along the a-axis, compared to the c-axis film based devices. YBCO nanowires at differ-
ent angles with respect to the [0,1,0] direction of the substrate are realized to investigate the
in-plane anisotropy of the critical current density. The in-plane anisotropy could be explained
by considering the anisotropy in the coherence length £ and London penetration depth A along
the b- and c¢- axis film.

Keywords: High-T¢ superconductors, YBCO nangap based hybrid junction, YBCO nanowires,
YBCO NanoSQUIDs, a-axis YBCO nanowires.
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Introduction

In the latest years, the great advances of nanotechnologies applied to High Temperature
Superconductors (HTS) have opened the door to a new class of Josephson devices with
novel functionalities. We refer here to the realization of hybrid devices involving HT'S
electrodes and exotic barriers represented for instance by Graphene!?, a Topological
Insulator (TI) or a semiconducting nanowire with spin orbit coupling®*. Interesting
theoretical reports, for example, make use of the d-wave symmetry of the order param-
eter in HTS and the large value of the superconducting gap to design experiments to
reveal the existence of Majorana fermions, still elusive particles in solid state systems,
that are supposed to nucleate at the interface between a superconductor and a TI or
semiconducting nanowire® ®. The search for Majorana fermions, in solid states physics,
has recently received a great boost, since these peculiar particles, which are their own
antiparticles, obey a non-abelian statistics at the basis for topological quantum compu-
tation which evades decoherence at the hardware level* 2. Another interesting example
is given by the realization of HT'S devices interfaced with Graphene. In such structures
one could study the Quantum Hall effect in a regime of Josephson transport, which is
accessible because of the extremely high upper critical field (of the order of ~ 100T)
and superconducting gap in HTS materials 314, At the same time Superconductors (S)-
Semiconductors interfaces have a broad potential for a wide range of applications 17,
The use of HTS could bring several advantages, and more importantly higher oper-
ational temperatures fundamental for practical applications of superconducting field
effect transistors.

The fabrication of HTS hybrid devices requires, however, the engineering of re-



producible and stable nanogaps. This is a challenging task because of the surface
and chemical instability of HTS thin films and the very short superconducting co-
herence length ¢ that for YBCO (the most studied HTS) is of the order of a few
nanometers (§,5 ~ 1 —2nm and & ~ 0.2 — 0.3nm). Previous attempts to fabricate
nanogaps/nanotrenches made use of high aspect ratio trenches excavated in perovskite
substrates by various techniques!'® 2!, The subsequent YBCO growth was expected
to be discontinued at the trench top, resulting in the formation of a YBCO nanogap,
which was bridged with a noble metals Au/Ag forming a Superconductor (S)-Normal
conductor (N)- Superconductor (S) Josephson junction. However these approaches suf-
fered from the random formation of grain boundaries along the trench profile, which
could mimic the SNS behavior [10]. Moreover, the resulting YBCO nanogaps cannot
be easily integrated with complex barriers like for example flakes of TI/Graphene or
semiconducting nanowires since the YBCO nanogaps are first exposed to ambient and
then to chemicals and resists due to further processing required for interfacing with the
normal metal barrier. This fact would seriously damage the YBCO nanogap.

In this thesis, we show a flexible way to obtain YBayCuzO7_, (YBCO) nanogaps,
starting from a bilayer formed by a c-axis YBCO film covered in-situ by Au. This
represents the main building block to realize HTS hybrid devices. The basic concept
we have used is the complete Au encapsulation of the YBCO electrodes, forming the
nanogap. This procedure allows the preservation of the superconducting properties of
YBCO (close to those of pristine film) in the closest proximity of the normal metal
barrier (N). The feasibility of the encapsulated nanogaps, for hybrid devices, has been
tested by bridging the nanogaps with Au and by studying transport properties of the
resulting S-N-S junctions. The observation of Josephson effects, with rather high current
densities, and a Fraunhofer-like dependence in magnetic fields of the critical current are
clear manifestations of a) a high transparency between the YBCO and the in — situ
Au and the formation of a minigap in the Au bridge and b) rather uniform Josephson
transport properties across the junction.

a-axis YBCO films are in general more suitable for the fabrication of hybrid devices
This is due to the two-dimensionality of the d-wave order parameter (confined to the
a-b planes) and to the anisotropy of the superconducting properties. Hybrid devices
made of a-axis film are supposed to have a stronger induced proximity affect due to
direct contact of the a-b planes with the normal barrier under study. At the same
time nanostructures made on bare a-axis films can also be considered ideal systems to
study the effect of confinement on the anisotropy of the transport properties of HTS.
However a-axis films are much more complicated to deposit and nanopattern compared
to the c-axis counterpart. In this thesis we have succeeded in depositing high quality
untwinned a-axis thin film and realize nanowires and nanoSQUIDS at different angles
~ with respect to the one of the in plane direction of the substrate. From the resistive
transition as a function of temperature, measurements of the critical current density of
the nanowires and of the critical current modulation of the nanoSQUIDs, we have gotten



important information about the anisotropy of the coherence length, &, and the London
penetration length, Az, of YBCO when the dimensionality of the systems is strongly
reduced. Indeed for v = 90° the nanowires are characterized by a series of confined a-b
planes with nanoscale dimensions. At the same time, such kind of structure can also
inspire future work aimed at studying the effect of the confinement of the a-b planes or
the appearance of the recently discovered charge density wave order and its interplay
with high critical temperature superconductivity.

The thesis is structured as follows.

Chapter 2 introduces superconductivity and discusses the important properties of
conventional superconductors and HTS. Chapter 3 describes the Josephson effect, and
the behavior of a Josephson junction in presence of a magnetic field and a microwave
radiation. A brief description and the performance of Superconducting QUantum Inter-
ference Devices (SQUIDs) is also given. Chapter 4 discusses the most relevant theoretical
aspects of the transport in SNS junctions. It introduces the double-barrier (SINIS) used
later on to analyze the Josephson current as a function of the temperature in nanogap
based YBCO-Au-YBCO junctions. In Chapterb, we look into the growth of ¢- and
a-axis oriented YBCO films on MgO (110) and LSGO (100) substrates, respectively.
The quality of the films is checked by scanning electron microscopy (SEM) and atomic
force microscopy (AFM) imaging. Chapter 6 is devoted to the description of the fab-
rication of the devices studied in this thesis. The transport properties of encapsulated
YBCO nanowires and the ozone annealing as a powerful tool to recover the oxygen out-
diffused YBCO nanostructures are studied in Chapter 7. In Chapter 8, we will discuss
the transport properties of our SNS junctions as a function of an external magnetic field,
rf-microwave irradiation and of the temperature. In Chapter9 we investigate the in-
plane transport anisotropy of a-axis oriented YBCO nanowires. Chapter 10 is devoted
to the conclusions and possible outlook.



This page intentionally left blank.



Superconductivity and Cuprates

2.1 INTRODUCTION TO SUPERCONDUCTIVITY

Heike Kamerling Onnes in 1908 after successfully liquefying helium, was able to study
the properties of mercury at very low temperatures. He observed a sudden drop of
the electrical resistance to a zero value below a characteristic critical temperature, T¢.
He named this unexpected phenomenon superconductivity. Later in 1933, Meissner
and Oschenfeld?? showed that superconductors are also perfect diamagnets: below T,
superconductors expel an external applied magnetic field B (if B is below a critical
field) from the interior, through the generation of diamagnetic current confined within
a distance Ay, called London penetration depth, from the superconductor’s surface.
Superconductivity can be defined by these two distinct features: perfect conductivity
and perfect diamagnetism.

The phenomenon of superconductivity has continued to be an active and promising
research field for more than 100 years. As a result, several Nobel prizes in physics have
been awarded.

The conventional superconductors are mainly elemental metals and metallic alloys
with T¢ that doesn’t exceed 30 K *. High critical Temperature Superconductors (HTS)
are mostly complex compounds sharing ”defected” perovskite structures. The T can
be close to 165K for mercury based compounds?*27. Fig. 2.1 shows the T of super-

conductors versus date of discoveries?28.

"MgB; with a critical temperature of about 40 K and H2S with a Te of 203K (under high pressure)

are believed to be BCS superconductors??.
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Figure 2.1: The T of superconductors versus date of their discovery. The BCS superconductors are marked by green cir-
cles. MgB2 with Tc = 39 K has a record for conventional superconductors at ambient pressure. Fe based superconductors
(yellow squares)29 with T & 100K have been discovered more recently3°. The cuprates (blue diamonds) are the first
superconductors showing Tc above LN2 temperatures. The Hg-copper oxide superconductors show a T of 130K at
ambient pressure and of 164 K under high pressure (blue diamonds) 2427 Unconventional superconductivity (violet down
triangles) with T ~ 40K found in a molecular Jahn-Teller metal®!. The Ce- and U-based compounds (light-green stars)
showed T as big as 20 K32, The record holder (known to date) is Hydrogen sulfide (H2S) under extremely high pressure
with T near 203 K*3* It is a high-Tc superconductor which is believed to be a BCS superconductor.

Fritz and Heinz London3® developed a phenomenological theory for superconductiv-
ity bases on classical electrodynamics. They used a two-fluid model in which the total
current is a sum of two separate components, given by the supercurrent .J; which flows
without dissipation and a normal current J,,f, subject to dissipation. They then related
Js to the electromagnetic field applied to the superconductor. There are two London
equations:

0,  nge*?

- E 2.1
ot m* (2.1a)
*2
VxJ, =2 B, (2.1b)
m

Here n; is the density of superconducting electrons, m* and e* are the mass and electric
charge of the superelectrons, respectively.

Eq. 2.1a is called the first London equation and describes the collisionless response
of the supercurrent: in presence of an electric field, the superelectrons accelerate, just
like an undamped charged particle.

Eq. 2.1b, is called the second London equation and explains the Meissner effect. Taking

"Basically the normal current is due to the thermally excited unbound electrons the so-called quasi-
particles.



the curl of the Maxwell equation (Ampere’s law) V x B = pgJs and using the second
London equation (Eq.2.1b), we arrive at

1
V’B = =B (2.2)
L

where \;, =, /;m:—;*? is known as the London penetration depth. Eqgs. 2.2 and 2.1b imply

that the applied magnetic is screened out inside the superconductor by the supercurrent
decaying exponentially from the surface with a characteristic decay length given by Ar.

In 1950, Ginzburg and Landau postulated a phenomenological model to explain
the superconducting phenomena based on the second order-disorder phase transition
established by Landau. The G-L theory is a mean field theory and extends the London
theory by introducing the concept of the macroscopic wavefunction W to describe the
phenomenon of superconductivity. In the superconducting state (7" < T¢) which is the
ordered phase, ¥ # 0, and the order parameter has an amplitude and a phase, while it
is zero for temperatures above T. Ginzburg and Landau identified that W is related to
the superfluid density as

U(r) = |U(r)]e®) =\/ng(r)e?™), (2.3)

where n4(r) is the density of superconducting electrons and €(r) is the phase of the order
parameter. In the G-L theory, the free energy of a superconductor can be expressed in
powers of ¥ and VV as

B2
|(—ihV + ¢*A)T|? + . (2.4)

FeFy=alUf + Sty o
Here the F), is the free energy of the normal phase, A is the magnetic vector potential,
m* and ¢* are the superconducting electron mass and charge, respectively, o and ( are
temperature dependent Ginzburg-Landau coefficients3°.

By minimizing the free energy, Eq. 2.4, with respect to the wavefunction ¥ we obtain
the G-L equation

1
ol W]+ BW + o (~ihV + ¢ A)*T = 0. (2.5)

Eq. 2.5 is a differential equation for ¥ which is analogous to a Schrodinger equation
for a free particle but with a nonlinear term.
Similarly, by minimizing the free energy, Eq. 2.4, with respect to the vector potential,
A one gets the expression for the diamagnetic supercurrent
I *
J, = ﬂ(\y*wf — VI — QA|\11|2 = ¢*|V|?vs, (2.6)
2m* m*



if one identifies
_ hV¢—qgA

Vg
m*

, (2.7)

as the velocity of the superelectrons.

The G-L Egs.2.5 and 2.6 account for the variation of the superelectron density
and supercurrent density in presence of a magnetic field. They represent therefore an
extension of the London equations.

The identification of the microscopic origin of superconductivity is strictly linked to
the observation of the isotope effect. In 1950, Frohlich 37 predicted that the supercon-
ducting transition temperature is a function of isotope effect parameter o as T o< M ~¢,
where M is the isotopic mass®®. This suggests that the electron-phonon coupling is re-
lated to the superconductivity. Soon after, Maxwell* and Reynolds et al.%? observed
that the transition temperature of Hg superconductor was a function of the nuclear
mass, the lighter the mass the higher the transition temperature.

A few years later, in 1957, Bardeen, Cooper and Schrieffer?!, came up with a micro-
scopic theory for conventional superconductivity known as BCS theory. According to
their model, an electron moving through a lattice of positively charged ions can displace
ions and create a local excess of positive charge which attracts the next passing electron.
This attraction force is possible since the atoms are much heavier than the electrons and
move more slowly. Because of the attractive force an electron with positive spin and
momentum at the Fermi energy pairs up with another electron with opposite spin and
momentum to form a Cooper pair. Once formed, the Cooper pairs which are bosons,
condense in the same ground state. The BCS coherence length {pcs = hvy/mAg ac-
counts for Cooper pair dimension. Here, vy is the Fermi velocity, and Ag = 3.5 kT is
the necessary energy to break a Cooper pair, also known as the superconducting energy
gap. If £ is small, the energy cost, Ag, for breaking a Cooper pair is large and vice
versa. The condensation of the Cooper pairs in the same quantum state opens up an
energy gap Ag in the density of states, around the Fermi energy of the superconductor.
The reason that a superconductor has a zero resistance is closely linked to the existence
of the energy gap Ag at the Fermi energy. Scattering events which are responsible for
the appearance of resistance in a conductor are not allowed since they would break a
Cooper pair.

The BCS theory has been proven by several experiments and could explain the su-
perconducting properties of conventional superconductors. However, the BCS theory
predicts that, there is a theoretical maximum to the critical temperature which is about
30 K. Above this temperature, the thermal energy would reduce electron-phonon inter-
actions, result high energy states which destroy Cooper pairs.



2.2 SUPERCONDUCTIVITY IN THE HIGH CRITICAL TEMPERATURE CUPRATES

High critical temperature (High-Tc) superconductivity was discovered by K. G. Miiller
and J. A. Bednorz in 198628, The first compound was Ba,Las—»CusO05(3_,) with crit-
ical transition temperature between 30-40 K which overcame the T limit predicted
by the BCS theory. However, the BCS theory fails to explain the superconductivity
in copper-oxide high-T¢ superconductors. There are two main reasons: the electron-
phonon coupling is not strong enough and there is not a conventional Fermi surface.
Soon after, other cuprate families such as YBagCuz O7— (Tc=90 K), BisSroCaCusOg4 4
(Te = 80-115K)*? and T1,Ba,_1Cu,Ogy 4,12 TBCO (Te = 85-125K)*® were discov-
ered and among them YBCO remained the most studied high-Tc cuprate.

CuO chains

CuO, planes

. 0o M5
a 0.6 é O cuo chains
@~ ! & ’
b ha & ¥

<

Figure 2.2: (a) The configuration of a perovskite structure is (ABO3), where A and B are two cations and O is Oxygen. Per-
ovskites have a cubic unit cell structure and are composed of corner-sharing BOg octahedra, with A ions at the corners of
the unit cell (adpoted from44), (b) schematic representation of a YBCO cell. Each perovskite unit cell consists of a' Y and Ba
atom at the center. Cu atoms occupy all the corner sites and oxygen atoms are in the middle edge positions.

The crystal structure of YBCO is based on a defected perovskite structure (Fig.2.2)
where 3 blocks are stacked up on the top of each other. The superconductivity mainly
occurs in two-dimensional CuOs planes that are weakly coupled to each other. These
planes arise from the oxygen deficiency at the Y plane, as compared to a perfect per-
ovskite structure. The oxygen atoms at the top and bottom planes of the YBCO cell
are missing in a-axis direction giving rise to Cu-O chains. These Cu-O chains act as the
charge reservoir and by adding or removing oxygen from the chains one can change the
superconductive and normal state properties of YBCO. In the YBayCugz O7_,, formula,
for v = 1, the compound is an insulator with a tetragonal structure. By adding oxygen
to the chains v decreases and YBCO becomes superconducting with a T which depends
on the oxygen stochiometry. The superconducting YBCO is orthorhombic with lattice



parameters: a ~ 3.82A, b ~ 3.89,A and ¢ ~ 11 A at the optimal doping**#®. Varying
the oxygen content of YBaoCu3zO7_, results in significant changes of its physical prop-
erties such as its crystal structure and T¢.

2.2.1 PHASE DIAGRAM

As mentioned in the previous section, the transport properties of cuprates are drastically
altered by changing the hole concentration p in the CuOg planes, which can be varied
by adding or removing oxygen atoms in Cu-O chains. Depending on p, YBCO goes
from an antiferromagnetic Mott insulator to superconductor and then to Fermi metal.
Fig. 2.3 shows the phase diagram of YBCO as a function of the temperature 7" and the
hole concentration p which addresses the hole per planar Cu atom.
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Figure 2.3: Phase diagram of the YBCO as a function of the temperature and the hole doping p. The undoped YBCO with

p = 0, is an antiferromagnetic insulator as a consequence of strong correlation effects. Upon doping with hole, the YBCO
becomes superconducting for T" < Tc. In the under-doped or pseudogap region (p = 0.16), there is a significant suppres-
sion of the electron density of states in the normal state. Moreover, in the same region of the phase diagram, it is proved
that there are various forms of ordering such as charge density wave (CDW) and spin density wave (SDW). By further in-
creasing the doping, close to the optimal doping and for " > T YBCO behaves differently from a normal metal and is
addressed as "strange” metal. In this region, the resistivity increases linearly with temperature (R o< T'). Finally, the region
with p > 0.16 called overdoped region YBCO can be described as a Fermi liquid model and the resistance is a quadratic
function of temperature (R o< T2).

At very low doping, p ~ 0, and below the Néel temperature, Tn= 400K, YBCO
is not a metal (as one would expect from the band theory) but it is an antiferromag-
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netic insulator (AFI) or Mott insulator with the spins of adjacent Cu atoms pointing
in opposite direction. The insulating behavior at very low doping is mostly due to
the strong electron correlation leading to the localization of the charge carriers on each
atomic site. However, upon small hole-doping (p = 0.05), this antiferromagnetic phase
vanishes quickly and superconductivity as well as other interesting properties emerge?”.
Superconductivity occurs only over a limited range of p (dome-like shape in the phase
diagram). Depending on the doping level, the superconducting region can be divided
into three parts namely the underdoped, optimally-doped, and overdoped regions:

- Underdoped region (p < 0.16): here a pseudogap phase in the normal region
appears. It is one of the least understood features of the phase diagram; the properties
of the YBCO in the normal region are very unconventional. The main signature is the
presence of a pseudogap, namely a suppression of electronic density of states near the
Fermi energy at a temperature T, which is well above the To. T™ reduces by increasing
the doping.

The pseudogap has been measured with a number of techniques like Angle-resolved
photoemission spectroscopy (ARPES)*® and tunneling spectroscopy’. Fig. 2.4 shows
the tunneling spectra of BiaSroCaCuyOgys (Bi2212) with T = 83K as a function of
temperature. A gap-like feature survives at temperature well above the superconducting
transition.

The possible mechanisms leading to the pseudogap are not clearly understood®® 3.
There are some speculations that the observation of short-range charge density wave
(CDW) correlation above (and below) T could be the answer to the origin of the
pseudogap 459,

Recently, Lee®® promoted a theory called amperean pairing to explain the pseudo-
gap phase. In his theory, he considered that the pseudogap phase can be associated to
Cooper pairs with a net momentum but without any phase coherence. The most cred-
ited theory for the pseudogap is that of Varma®”, where loop currents at the corners of
the Cu atoms in the a-b planes are responsible for the unconventional behaviors.

- The optimally-doped region (p = 0.16) is defined when the superconducting
transition temperature T reaches its maximum. Near the optimal doping, at tempera-
ture above the Tz, YBCO behaves like a strange metal phase. Transport measurements
revealed that over the accessible temperature range up to 1000 K, the resistivity is linear
in temperature instead of a quadratic dependence expected from the electron scattering
model.

- The overdoped region (p > 0.16) can be explained based on a Fermi liquid
physic. Although the heavily hole-doped cuprates show a large Fermi surface volume,
the pairing model based on the phonon interactions can not unambiguously elucidate
the superconductive mechanism in cuprates.

11



T

% 182.0K
~ 1.0 194.8K
= 202.2K
= T=83.0K 293.2K
'U 0.5 L 1 1 1 1 1 1 1 J

—200  -100 0 100 200
VSample [IIIV]

Figure 2.4: Tunneling spectra measured as a function of temperature on underdoped Bi2212. The conductance scale corre-
sponds to the 293 K spectrum49.

Table 2.1: Summary of superconducting properties of optimally doped YBCO single crystal and thin film. For comparison,
the superconducting properties of some common conventional superconductors are listed 5660,

Material To(K) A(meV) Ar(nm) &(nm) Heo (T)
Ao =150-300 & p,=1-3  H%Y’=250
YBCO o 20-25 Ae = 1000 € =024 HS =120
Al 1.18 0.2 50 1600 0.01
Nb 9.25 1.5 44 40 ~ 3
NbN 16.1 1.5 ~ 200 ~ 5 ~ 20

2.2.2 SUPERCONDUCTING ORDER PARAMETER SYMMETRY

As shown in Fig.2.2(b), the YBCO unit cell is highly anisotropic which has conse-
quences on physical properties such as the effective mass, coherence length and London
penetration depth in the a — b plane and the c-axis directions. For example, the effective
mass of the electrons moving in the a — bplane, mg,, is different from that in the c-axis
direction, m.. One can introduce an anisotropy parameter v =/m./m,_, which de-
pends on the doping. Table. 2.1 summarizes the values of characteristic lengths (A7 and
€) in the a-b planes and along the c-axis direction. By comparing with conventional su-
perconductors, YBCO has smaller coherence length &, longer London penetration depth
Az and larger superconducting energy gap A.

The knowledge of the symmetry of the order parameter is extremely important

for understanding the superconducting mechanism. The conventional superconductors,
with electron—phonon interaction, have an order parameter (superconducting gap) that

12
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s-wave symmetry d-wave symmetry

Figure 2.5: The pairing symmetry in (a) conventional superconductors with an s-type symmetry have uniform phase and
amplitude. The s-wave superconductors have singlet spin state with orbital component of I=0, (b) cuprates with anisotropic
dy2 +y2 order parameter have nodes, where the amplitude goes to 0 and the phase changes by 7. The d-wave supercon-
ductors have singlet spin state with orbital component of 1=2.

is isotropic in all directions with s-wave symmetry (see Fig.2.5(a)), while for high-Tc su-
perconductors including cuprates it is widely accepted that the order parameter symme-
try is d-wave. In the momentum space, the d,2_,2 order parameter can be characterized
by four lobes separated by nodes where the gap is fully suppressed® (see Fig.2.5(b)).
Moreover, the phase of the superconducting gap switches sign at the boundary between
the lobes.

Different experiments like Josephson Interferometry %2, vortices at tri-crystal bound-
aries% and ARPES measurement % convinced scientists that the pairing symmetry of
HTS cuprate is d-wave. The d-wave order parameter in k-space can be expressed as

A(k) = Ag[cos kya — cos kyal. (2.8)

However, in recent studies by Gustafsson et al.% there are evidences that show
deviation from a pure d-wave symmetry while supporting the appearance of a small
subdominant imaginary component s which adds to the main dy2_y2> component.

13
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Josephson junctions

3.1 JOSEPHSON EFFECT

A Josephson junction (JJ) is formed with two superconducting electrodes which are
weakly coupled. The weak link can be an insulator, a normal metal, a geometrical
constriction, a semiconductor, or a superconductor with lower critical temperature Tt..
Josephson %¢ in 1962 predicated that Cooper-pairs can tunnel through a very thin insu-
lating layer without any dissipation (see Fig.3.1). This prediction was experimentally
confirmed soon after®”.

The behavior of Cooper pairs in the superconducting electrodes on both sides of the
barrier is described by a single wavefunction Uy = |Up e and Wr = |Ug|er. Here,
fr and 0;, are the phases of the superconducting order parameter in the electrodes on
the right R and on the left L side of the barrier, respectively. Due to the small thick-
ness of the barrier, the wavefunctions of the two superconducting electrodes overlap,
allowing the coherent tunneling of Cooper pairs. For tunnel junctions, the amplitude
of the Cooper pair current is related to the phase difference between the two electrodes
@ = 0r — 01, by the expression

I = Icsin. (3.1)

Here, 1o is the critical current, that is the maximum supercurrent the junction can
sustain without dissipation and is proportional to the transparency of the barrier and
the superconducting gap of the electrodes®. Eq. 3.1 describes the DC Josephson effect
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Figure 3.1: Sketch of a Josephson junction. Cooper pairs can tunnel through the barrier. The wavefunction of the super-
conductor on the left overlaps with the wavefunction of the superconductor on the right allowing coherent Cooper pair
tunneling.

and is the commonly used current-phase relation (CPR) to describe ordinary tunnel
Josephson junctions.

For two identical electrodes, the temperature dependence of I is given by the Ambegaokar-
Baratoff (AB) relation 68

A(T)
. h .
2eRy M oRLT

where Ry and A(T) are normal state resistance and superconducting energy gap, re-
spectively.

Josephson % also found that when voltage biasing a JJ, the phase difference changes
over barrier according to

(3.2)

h dg
V=—— 3.3
2e dt’ (3:3)
where e is the electron charge. Eq. 3.3 is also known as the AC Josephson effect. The
phase difference in a Josephson junction grows linearly in time as

2
P(t) = SV t 40 = wrt + o', (3.4)

“The AB relation is valid in tunnel junctions (i.e. SIS junctions with an insulating barrier).
"Here, we assumed a constant DC voltage V.
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where wy = 2eV /h is the Josephson frequency

wy  2eV Vv MHz
= =—=—= 483. .
o " By V x 483.6 oV (3.5)

f7

and ®g = % is the flux quantum. The AC Josephson effect links the voltage to frequency
only through fundamental constants, therefore it can be used as a voltage standard.
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Figure 3.2: Common types of Josephson contacts a) Oxide layer; b) SNS- contact; c) constriction; d) Double layer contact
via Proximity effects; e) point contact, f) Grain boundary junction.

The stored energy in a Josephson junction is given by
t
hl
EJ:/ Ith:2—0(1—00890):EJ0(1—00590). (3.6)
0 (&

Here, the £, = th_eC is called the Josephson coupling energy. The CPR of a Josephson
junction can be described through its Josephson energy via I(p) = %dd%.

Fig. 3.2 shows some possible experimental realizations of Josephson junctions, for
example using a normal barrier (Fig.3.2(b)) or a micro-constriction (Fig.3.2(c) and
3.2(e)). In Eq. 3.1, the CPR for a tunnel barrier is sinusoidal. Nevertheless, this is not
the case for all types of Josephson junctions. For example, it has been shown that the

CPR can be strongly non-sinusoidal in superconducting point contacts and in diffusive
SNS junctions %70 1,

¥Note that the equilibrium CPR for all kinds of Josephson junctions have been found to be entirely
sinusoidal at temperatures close to Tc. The CPR becomes less and less sinusoidal at low temperatures.
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3.1.1 SUPERCONDUCTING NARROW BRIDGES

Among the types of weak links presented in Fig. 3.2, we will concentrate on supercon-
ducting narrow bridges in which a superconducting nanowire having length [, width w
and thickness ¢ bridges two superconducting electrodes.

Aslamazov and Larkin (AL)%%7 have generalized Eq. 3.1 for a nano-constriction (see
Fig. 3.2(C)) for temperatures close to the critical temperature (T' = T¢) in the case of a
sufficiently short (I < &) and narrow (w,t < £) bridge. The AL current-phase relation
is given by

00

Js(p) = ——==
(%) 27ru0/\%l

sin @, (3.7)
where @ is the flux quantum, pg is the vacuum permeability and A is the London
penetration depth.

In a long wire limit, Likharev and Yakobson (LY)™ predicted that, by increasing
the length [ the CPR of the nanowire evolves from sinusoidal to a slanted sinusoidal
and eventually becomes multi-valued at [ > 3.6 £ which is strongly connected to the
depairing effect (see Fig.3.37?). Such a length dependence of the CPR is experimen-
tally studied by Pei et al. ™. In fact, the maximum current saturates for { > 10€ to a
value given by the depairing current density, above which the superconductivity is lo-
cally suppressed inside the bridge (assuming rigid-boundary condition) due to the phase
slippage of the superconducting order parameter in the structure.

Considering the limit of a long (I > ¢) and one dimensional (w,t < ¢ and wt < A\?)
bridge, the free energy can be written as

1
P = Byt ol WP + 50t L2, (3.5)
where v, is the Cooper pair velocity, defined from J; = e*|¥|?v,. The condition w, t < &
allows us to keep ¥(r) = |¥|exp(if(r)) constant across the cross section of the super-

conductor and the limit wt < A\? means that the self magnetic field can be neglected.
Likharev & Yakobson’! defined the order parameter inside the wire as

U (2) = (U] exp(i 7o), (3.9)

where ¢ is the phase difference between two ends of the wire. Consequently they
obtained the modulus of the wavefunction by minimizing the Eq. 3.8 for a given v,

e 1 (5 (3.10)
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where |WLY| is the wavefunction when the phase difference is zero. Finally by insert-
ing the Eq.3.9 and 3.10 into the GL critical current density relation (Eq.2.6), they
determined the CPR for the long one-dimensional bridge

IS §\3 3
2rpoNLE )90 (7) ©°]. (3.11)

Minimizing the Likharev-Yakobson CPR, Eq.3.11, with respect to ¢/l, determines
a critical value for the phase ¢4 =1 /\/3 ¢. The depairing critical current density can be
achieved by substituting ¢4 into Eq. 3.11 which gives the expression

Js(p) =

0%

_— 3.12
NGRS e 312

Jq =

Therefore, by increasing the junction’s length, we have transition from the Josephson
effect to the depairing limit.

1.2¢

1€ =1

1.07
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04r
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Figure 3.3: Variation of the current-phase relation with the length of a weak link at T" < Té. Here, the currents are normal-
izedto Iop = <I>o/27ruo)\ &. Adapted from”*.

3.2 FLUCTUATION MECHANISMS IN SUPERCONDUCTORS

Likharev "' showed that for a weak-link with w < 4.44¢ and [ > 3.49¢ there is a regime in
which fluctuation may stimulate the phase-slips centers?, either thermally or quantum
mechanically.

SIn a superconducting nanowire, a phase-slip event occurs when the phase difference over the wire
slips by a value of 27 and the magnitude of the order parameter oscillates between zero and its maximum
value. First proposed by Little ", a phase slip by thermal activation is responsible for a resistive tail-like
behavior in the resistance-temperature characteristic of a nanowire for 7' < T¢.
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In the case of wide wires, w > 4.44¢ Bulaevskii et al.” showed that Abrikosov
vortices can penetrate inside the structure. The current can be considered homogeneous
if t < Ap and w < A = A\2/t, (where A is the Pearl length) and the G-L equation
reduces to one dimensional form”. As a result, one can consider the same CPR as
Eq. 3.11, with the difference that the maximum current density is given by Abrikosov
vortices crossing the wire, and not by the depairing current. This happens at ¢, =
1/2.71¢ = 0.64 47 and the critical current density .J, is smaller that the depairing
critical current (J, = 0.826 J;).

Following Ref. ™ and considering also the contribution of the vortex core energy "8,
the maximum of vortex entry potential can be obtained by
1.47w
Umaz = p12eo(T) In ———, 3.13
max H 60( ) nﬂf(T) ( )

where eg(T) = ®3t/4mpg *(T) is the characteristic energy in the thin film, £ is the
coherence length, w is the width of the wire and p? = |¥|?/| W |? is the order parameter
suppression due to the bias current and is equal to 1 in zero bias limit.

As shown in Fig. 3.4 the Lorentz force induced by the bias current I, ¥ and the vortex
field B, move the vortex which results in a voltage transient.

The resistance of the wire affected by the vortex entry below the T is given by 7280
lg 2€B (T) 3 Umaa;
R(T) = RoVv2r(1 — — 3.14

where [ is the length of the wire and Rp is the sheet resistance of the nanowire at a
temperature slightly above To. Here, according to Egs. 3.13 and 3.14, by increasing the
temperature or reducing the junction’s width w, the energy barrier for the vortex entry
inside the superconductor is reduced and the probability for a vortex to overcome the

barrier increases.
F 1
7
- b

Figure 3.4: A superconducting nanowire of width w, carrying the bias current I, which exerts the Lorentz force Fy, on a
vortex.

YHere we considered the homogeneous current flow in the nanowire which is equivalent to w.t < A2
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3.3 JOSEPHSON JUNCTION IN A MAGNETIC FIELD

One of the most striking feature of a Josephson junction is its behavior when it is
placed in an external magnetic field. Consider a sandwich-type Josephson junction,
with a barrier thickness d, superconducting electrode thickness ¢ and an area A, which
is positioned in the middle of the yz plane and carrying current along the z axis di-
rection. (see Fig.3.6(a)). An external magnetic field B is applied in the plane of the
Josephson junction (y direction). The applied magnetic field results in a spatial modu-
lation of the phase differences ¢ along the barrier as8!

6’_g0 _ Bdeg

0z ®g/21’
where deg = A1 + A3 + d is the magnetic thickness and equals to the sum of the barrier
thickness d and the London penetration depth of the superconductors, A1 and As.

(3.15)

Superconductor

AL

@ WL T

Superconductor

Figure 3.5: Josephson junction in an external magnetic field B.The field can enter the weak link over a distance called
Josephson penetration depth \ ; where this screening current will flow.

In sandwich-type junctions where the film’s thickness ¢ is larger than the London
penetration depth A, the magnetic field penetrates a distance \j inside the barrier
which is called Josephson penetration depth (see Fig.3.5) and is given by

0]
Aj =] —— 3.16
7 =4 Trmdony (3.16)

where pg is vacuum permeability, J. is the critical current density of the junction, and
Az is the London penetration depths of the electrodes. A; also represents the length
scale where the variation of the phase difference along the junction width occurs.
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Figure 3.6: The geometry of (a) sandwich-type (b) planar type, (c) in-line Josephson junction. (d) The I (B) of a short
Josephson junction (w < ) with uniform supercurrent density yields the well-known Fraunhofer diffraction pattern
with a central lobe of width 2® and side lobes of width ®g, (e) due to the geometry of the long in-line junction with
w/)\J = 2 (Fig. 3.6(c)), the magnetic field generated by currents flowing in the electrodes (self-field) causes that the
maximum of the I (B) is shifted to a finite value (adopted from 82y (f) the self-field in a very long sandwich-like junction is
reflected by a linear decrease of I~ with an externally applied magnetic field (adopted from 8,

In a planar junction (see Fig.3.6(b)), the junction area is formed at the edge be-
tween two superconductors and the magnetic field is applied perpendicular to the film
surface. In the case that the film’s thickness is comparable with or less than the Lon-
don penetration length, one needs to introduce an effective London penetration depth,
A= )\QL /t so-called the Pearl length"® to determine the length where the magnetic field
penetrates inside the superconductor. In this limit, the characteristic length [; govern-
ing the spatial variation of the Josephson phase difference along the junction is given
by84

N B
)\L 47THO)\%JC.

The variation in phase, Eq. 3.15, manifests in the oscillation of the maximum super-
current through the junction as a function of the applied field. It turns out that for
a short (w < Ajy) sandwich or in-line Josephson junction with a uniform critical cur-
rent density within the junction, the dependence of the critical current on the external
magnetic field is given by a Fraunhofer diffraction pattern (see Fig. 3.6):

Iy (3.17)

| sin(7® /)|

i (3.18)

IC(Q)) - IC,maX
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where ® = Buwdegl is the total magnetic flux through the junction area, ®( is the
magnetic flux quantum and Ic max is the maximum critical current at zero magnetic
field. The resulting I (®) modulation given in Eq. 3.18 is geometry independent and is
valid for all kinds of Josephson junctions (shown in Fig.3.6(a-c)). The Fraunhofer-like
pattern has a magnetic flux periodicity of ®( for junctions with w < Aj. The magnetic
field periodicity AB of a junction with ¢ > A1 depends on its width w and magnetic
thickness as

D
AB = .
Wt

(3.19)

The examination of the Fraunhofer pattern is a powerful approach to study the
behavior and the quality of the Josephson junction. Deviation from Fraunhofer-like
pattern is expected for a non-uniform distribution of the critical current density across
the junction®>®0. Thus, the measurements of the Fraunhofer-like pattern is a proper
way to assess the homogeneity of the Josephson current.

The Eq.3.18 holds only for short Josephson junctions where w < Aj when the

magnetic fields generated by the supercurrent are neglected. However, if the dimensions
of the Josephson junction exceed Ay (or [ in the case of a planar junction) the Josephson
current can also produce a magnetic field (self-field) that affects the behavior of the
magnetic field response of the Josephson current® 838788 = Yamashita and Onodera®?
studied the effect of the self-field on the magnetic field dependence of the critical current
for a long in-line (w > Ay) junction (Fig.3.6(c)). They found that the self magnetic
field of the junction produces a shift in the maxima of the magnetic field pattern (see
Fig. 3.6(e)).
Later, Owen and Scalapino®® performed a numerical calculation to compute the I (®)
for a very long junction. As shown in Fig. 3.6(f), the critical current of the very long
junction with w = 10 Ay alters with magnetic field in a linear manner. This is a direct
consequence of the Meissner effect in the junction which is a characteristic of a long
junction with w > 5\ ;.

In the case of a narrow planar Josephson junction, Fig. 3.6(b), the field dependence
of the critical current can be still approximated by Eq.3.18848993 where the magnetic
periodicity AB is given by®?

D ol

AB =~ ~ .
w?/1.84+w.d w?/1.84

(3.20)

Hence, the effective area of the narrow planar Josephson junctions scales as w? in

contrast to the wd.g dependence of sandwich-type Josephson junctions.

IThis relation for the magnetic flux is only valid for the sandwich-like Josephson junction.
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3.4 THE RESISTIVELY AND CAPACITIVELY SHUNTED JUNCTION (RCSJ JUNCTION)

As mentioned in Section. 3.1, the behavior of a Josephson junction can be described in
terms of the phase difference across the junction ¢ as following:

I = I¢csin p, (3.21a)
Do dy

= —— 3.21b

2m dt ( )

An equivalent circuit for a Josephson junction can be used to gain more insight into
the dynamic of the system. A Josephson junction can be sketched as the parallel of
three circuits elements (see Fig. 3.7):

- Resistor: due to quasiparticle conduction through the barrier. The value of R
will be close to the normal state resistance Ry at temperature slightly above T¢.

- Capacitor: due to the physical structure of the junction we consider a capacitance
C forming between the two superconducting electrodes across the weaklink.

- Non-linear inductor: due to a supercurrent through the barrier (Josephson ef-
fect), the junction can be described by a non-linear inductance Lj = i/2elc cos ¢.

b,

R = JJY Vv

Figure 3.7: The schematic representation of Resistively and Capacitively Shunted Junction (RCSJ) equivalent circuit of a
Josephson junction. The resistance R is taken to be the normal resistance of the junction. The capacitor C is due to the

physical structure of the junction. For example, in a SIS junction, the capacitance C' represents a parallel plate capacitor.
The Josephson element is characterized by an variable Josephson inductance Ly = h/2el¢ cos .

These three circuit elements characterize the resistively and capacitively shunted
junction (RCSJ) model?*? (see Fig.3.7). By applying the Kirchhoff’s laws to the
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RCSJ equivalent circuit (Fig.3.7) and using the Eq. 3.21, we have:

dV V . (I)() d2g0 (IJO 1 dQO .
L=cX 4+l _ 20t BP0 9Y g . 3.29
b g T Tiesme=o Uy o g Tlosne (3.22)

We can interpret the Eq.3.22 as that of a phase particle with mass M o C' and
damping 1 < 1/R in the potential U:

Md?x dz
—— — pu— -2
oTE -I-ndt +VU =0, (3.23)
where o
M = (22)C, (3.24a)
2T
Dy, 1
1= (0P, (3.24)
U= Ej,[—cosp —iy|. (3.24¢)

The potential U is the tilted washboard potential where the tilt is given by the bias
current (see Fig. 3.8). For simplicity, one can use a normalized current i = I;,/I¢, a nor-
malized time 7 = ®ot/27 RIc, the Stewart-McCumber parameter” 3¢ = 2nlcR?*C/®q
and rewrite the Eq.3.22 in the form

2

dp do . .
50F+E+Sln@—lzo (325)

Depending on the capacitance C and the resistance R, the junction can be either over-
damped o < 1, or under-damped SB¢o > 1.

Let’s first consider the case of a over-damped junction (Sc < 1). When the bias
current [ is smaller than Ic, the junction is in the superconducting state and the
average voltage across the junction is zero. This state can be seen as a particle sitting
in a local minimum of the washboard potential (Fig.3.8(a)). If the bias current reaches
the critical current I, ~ I the phase particle is no longer trapped inside the potential
well and can move smoothly down the washboard potential and the junction switches to
the voltage state. By further increasing I, the voltage drop increases and for I, > I
the junction behaves like a normal resistor described by the Ohm’s law. Indeed for
Iy, > I the washboard potential is close to a straight line and the contribution of the
AC Josephson effect is vanishingly small.

To stop the phase particle motion, we need to reduce the bias current: once I
reaches Io, the phase particle gets trapped in the potential well. The current-voltage
characteristics (IVC) of an overdamped Josephson junction is depicted in Fig. 3.8(b).
The IVC for an overdamped junction is not hysteretic and is described by the relation 3
V = R(I* - I2)Y/2.
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Figure 3.8: (a) Phase particle in a tilted "washboard” potential for two values of bias current (I, = Oand I, = I¢)inan
overdamped regime. In this case the trajectory of the Phase particle is that of the washboard potential. The virtual phase
particle is indicated by a disc. (b) I-V Characteristics of an overdamped Josephson junction (8. < 1).

In the underdamped regime ( 8. > 1), the phase particle (in the absence of thermal
and quantum fluctuations) is at rest in the minimum of the washboard potential as long
as the bias current [ is smaller than the critical current of the junction Io. When I
reaches the I, the phase particle escapes the valley and follows a straight trajectory
(see Fig.3.9(a)). The slope of the trajectory depends on damping. This is because in
the underdamped regime (. > 1 the dissipative term can be neglected and from the
Eq. 3.25 one gets a conservative system. The junction voltage jumps discontinuously
from the zero-voltage state to a finite value V = Ry Ic¢.

(a) (b) | fBe>1
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Figure 3.9: (a) Motion of the phase particle in a tilted "washboard” potential for two values of bias current (I, = 0 and I, ~
I¢) in an underdamped regime. The virtual particle is indicated by a solid disc. (b) I-V Characteristics of an underdamped
Junction (8. > 1). The underdamped junction shows a hysteretic behavior, and it switches back from voltage state to

superconducting state at the current lower than the critical current, I, < I¢.
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When the bias current is reduced, the phase particle stays in the voltage state also
for I, < I¢. For Bc — oo the retrapping will happen at I, = 0. More in general for
B¢ finite the energy of the particle is not strictly conserved and the trajectories are
not anymore parallel to the ® axis. In this case, the phase particle gets re-trapped in a
potential well (and eventually the system switches back into the superconducting state)

once [ reaches the so called re-trapping current I,.. The re-trapping current I, is given
by36

41c
I, ~ ———, 3.26
"7 mw,RC ( )
where w, =4/ % is the plasma frequency and represents the oscillations of the phase
in the potential minimum. The IVC of an underdamped junction shows an hysteretic be-
havior, and the amount of hysteresis depends on the damping parameter (see Fig. 3.9(b)).

3.5 AC-JOSEPHSON EFFECT: SHAPIRO STEPS

Phase locking is an intriguing phenomenon which happens in a Josephson junction when

the Josephson frequency w; = 2eV//h is synchronized with an external microwave field

wrfr. When the Josephson frequency w; couples to integer multiples of the external

driving frequency w, s, quantized current steps appear in the current-voltage character-

istics . They are called Shapiro steps?®?7 (see Fig.3.10(a)). The analytical expression
@4] (04 [

n=4

n=2

\
\

Figure 3.10: (a) Shapiro steps of width hwrf/Qe in a voltage-biased junction, (b) The height of critical current and the first
two steps has a Bessel function power dependence.

for the current steps can be obtained by solving the voltage biased RCSJ model for
the junction, in presence of an AC voltage source. One gets steps at V;, = hw,f/2e of
amplitude

2eVyy
s — —-1)" n ; .
I, = Io(—=1)"J ( T ) (3.27)

where J,, is a Bessel function of the first kind. Moreover, Shapiro spike steps exhibit a
Bessel function dependence as |J,,(2eV;.¢/Iw,¢)| as a function of the applied AC voltage
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field®!. The dependence of the various step heights on the AC voltage amplitude are
shown on Fig. 3.10(b).
Deviation from the Bessel function behavior, Eq. 3.27, are reported for current-biased
junctions when the 2e/c Ry product is bigger than the microwave energy hw; 98,
Fig.3.11 shows the measured IVCs of an SNS junction (wy = 3pum and L = 100
nm) placed under microwave irradiation of different powers at f = 3.9 GHz. Voltage

spacing between the Shapiro steps is measured as AV = 8.14 uV which is consistent
with the expected value AV = hf/2e =8.1uV.

f=391GHz
100 _
Increasing
ERNE
=
o .
-100 AV =814 uV
0 !’) 1‘0 1‘5
V (uV)
I I I
-100 0 100
V (1V)

Figure 3.11: Current-voltage characteristic of a YBCO-Au-YBCO junction (w; = 3 pgm and L = 100 nm) taken at T" = 50
K (fabricated in this work) for increasing applied microwave power. The inset shows the IVC in a narrower voltage range.

3.6 SUPERCONDUCTING QUANTUM INTERFERENCE DEVICES (SQUIDS)

A SQUID is a macroscopic quantum device that combines the phenomena of fluxoid
quantization and Josephson effect. A SQUID sensor is basically a magnetic flux-voltage
converter having an extremely low magnetic flux noise. It consists of a superconducting
loop of inductance L interrupted by two Josephson junctions, or in general two weak
links (see Fig.3.12(a)). To understand the operation of a SQUID, the variation of the
critical current as a function of applied magnetic flux needs to be derived.

In what comes, we derive the static solutions of a dc SQUID following Re
Applying Kirchhoff’s law to the circuit of Fig. 3.12 leads to:

f. 99,

I =1+ 1I,=I¢csiny; + Icsin ps. (3.28)
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Figure 3.12: Schematic presentation of a SQUID. A de-SQUID consists of one superconducting loop with two supercon-
ducting weak links (behaving like a Josephson junction)

From the fluxoid quantization in the superconducting loop, we have:

P
Y2 — 1 = QW(}TO + 2nm, (3.29)

where ®y = h/2e is the flux quantum and ® = ®.,; + LI is the total flux enclosed by
the SQUID’s loop which is the sum of the applied external magnetic flux and the self
magnetic flux induced by the screening current /5. Inserting the Eq. 3.29 in the Eq. 3.28,
the SQUID’s current becomes:

7P

) = I sing, (3.30)
P

P
I =2I¢|cos(m— )| sin(p +
%)
where I}, = 2I¢|cos (m®/®y)|, and ¢’ = @1 + 7®/Py. The Eq.3.30 tells us that the
DC-SQUID acts as a single Josephson junction with a flux tunable critical current.

Note that in deriving the Eq. 3.30, we assumed identical currents I; = I and very
low inductance or equivalently, the self magnetic flux generated by the screening current
is negligible, LI, < ®.

It can be shown that if we consider both the applied magnetic flux and self-flux, the
total flux passing through the loop as a function of the ®.,; and ¢ is given by

o d
b =P, + Llosinm— cos(p + m—). (3.31)
D 00

Here, the second term is the circulating current.
In general, the SQUID’s inductance L has two components: the geometric induc-
tance Ly ~ pol (where [ is the junction’s length) and the kinetic inductance Lj =
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po)\%l Jwt (Ar is the London penetration depth, w and ¢ are the width and the thickness
of the electrodes) which is related to the kinetic energy of the circulating current. The
behavior of Ly, is very different from that of L,: its value depends not only on geomet-
rical factors, but on the density of Cooper pairs ng, and thus on the temperature T'. Ly,
decreases as ng increases and T decreases. Ly is dominant when the width w and/or
thickness ¢ of the SQUID loop are comparable to or smaller than the London penetra-
tion depth A\; (wt < A2). This is the case with YBCO Dayem-bridge nanoSQUIDs
where the two Josephson junctions are substituted by two parallel YBCO nanowires
with widths smaller than 100 nm '00:101,

a
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Figure 3.13: (a) Modulation depth of critical current I is strongly reduced with increasing 31.. Ic modulation as a function
of applied magnetic flux for different values of 5z, = 5, 1 and 0.01. (b) modulation depth AIC/QIC vs. B, as a function of
inductance L 1.

To obtain the critical current modulation as a function of the applied magnetic flux,
a numerical iteration method is needed %194, To study the effect of loop inductance
in the response of the SQUIDs critical current as a function of an external applied
magnetic field, we introduce the screening parameter 3 = (2LI¢)/®g. As shown
in Fig.3.13(a) by increasing the screening parameter (51 the relative critical current
modulation Alx/2I- decreases monotonically as &~ 1/8. Therefore, one can use this
method to measure the value of 5, from the measurement of the critical current versus
applied magnetic flux. Tesche and Clarke 92 obtained the critical current modulation of
a SQUID Al¢ versus the 3, for fixed I. At small values of L where the 5, ~ 0.1, Al
approaches 21-. Moreover, for the case where 87, > 1, the critical current modulation
depth approaches 0 (see Fig.3.13(b)). A similar behavior has been also obtained for the
case of a nanoSQUID where the both links are characterized by long Dayem (I > &)
bridges 19°.
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Mesoscopic transport in SN.S junctions

4.1 TUNNELING CURRENT FOR NIN, NIS AND SIS JUNCTIONS

Normal-Insulator-Superconductor (N 1S) and Superconductor-Insulator-Superconductor
(S1S) junctions are very important structures to get information about the density of
states of a specific material”.

The current flowing through a Normal-Insulator-Normal (NIN) junction is given
by

Inin = A/+OO |T(E)|*NL(E)NR(E + eV)[f(E) — f(E 4 eV)|dE, (4.1)

—0o0
where the subscripts L and R refer to the left and right normal electrodes, respectively.
In Eq.4.1, T(F) is the transmission coefficient, N(F) is the normal density of states

and f(F) is the Fermi distribution.
Assuming the density of states for both normal conductors and T (F) are constant,

Eq.4.1 becomes
ININ = A|T|2N1(0)N2(0)6V = GN]NV, (4.2)

where Gy = A|T|>N1(0)No(0)e is the conductance of the junction. The current volt-
age characteristic (IVC) of the NIN junction is ohmic at low voltages.

“In this section we follow Refs. 261 to study the tunneling transport in NIN, NIS and SIS systems.
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For a NIS junction, at T = 0, the presence of a gap A in the density of states of a
superconductor leads to a radically different current voltage characteristic. Considering
a BCS density of states for the superconductor Ng(E) = |E|A/ E? + A? and a constant
density of states for the normal conductor, Ny, One can write the tunneling current as

2 A 2N eV 2 (A2 A
Iygs = AT N/ dEN,(E) = {GNINV Vi@ V> L (43)
0 2

h 0 V| <
The conductance for the N1 junction is given by
dInis  2meA|T|> NyNg(E)
av h ’

and it is proportional to the density of states of a superconductor. The current-voltage
and conductance-voltage (GV) characteristics of the N1.S junction for T'=0 and T # 0
are shown in Fig.4.1.

GnNis = (4.4)

A
(a) (b) A
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2 ~ 2
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1 1

1 )
v

A

Figure 4.1: (a) Current-voltage and (b) differential conductance-voltage characteristics of a N IS tunnel junctionat T = 0
(blue solid line) and a finite temperature (orange dashed line). At very low temperatures, the normalized differential conduc-
tance approaches the superconducting density of states.

Let’s consider the case where both electrodes S and S’ are superconductors with
superconducting energy gap A1 and As, respectively. The current through the junction
can be obtain by

2 eV
Isigr = % /O dE N,(E — eV)N!(E) (4.5)
_ 2me A|TP? /eV |E — eV |E| E — V) — (B dE
- . :
vl ((B—ev)®+a3) (B2 + a3t

For T' > 0, at very low voltages, tunneling can occur for thermally excited quasipar-
ticles. This current is weak and has a maximum at eV = A; — Ay when the overlap
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between the thermally excited electrons in two superconductors is the largest. Moreover,
at higher voltages (eV > Aj + Ajy), the current of non-thermal electrons becomes signif-
icant and one expects the current to increase sharply as V' gets higher than (A;+Ay)/e.
Fig. 4.2 shows the IVC of the SIS junction for T'= 0 and T # 0.

A

Igs

740 T=0

1 »
[A1 = Ay |AL+ A9 eV

Figure 4.2: Current-Voltage characteristics of a SIS’ tunnel junction at zero temperature T = 0 (blue solid line) and at
non-zero temperature, T' # 0, (Yellow dashed line). The singularity at |A1 — A2| happens when the overlap between the
thermally excited electrons in two superconductors is maximum, while the jump at |A1 + A2| is due to the tunneling of the
non-thermally excited electrons.

4.1.1 PROXIMITY EFFECT

In a Normal conductor-Superconductor (N.S) junction, when the normal conductor N
is in good electrical contact with the superconductor S, Cooper pairs can leak from S
to N, modifying the properties of N in such a way that it shows superconducting-like
behavior. This phenomenon is known as the proximity effect.

This effect was first treated (mostly qualitatively) by de Gennes!” for a layered
structure of superconducting and non-superconducting materials. He discussed the spa-
tial variation of the microscopic order parameter in a NS sandwich junction. In such a
structure, the condensation amplitude F(z) is a function of position!%® and |F(x)|? is
the probability of finding a Cooper pair at a distance x.

Fig. 4.3 shows the behavior of the Cooper pair density |F(x)|? at the NS interface.
Close to the interface on the superconductor region |F(x)|? is suppressed on a distance
&g. The strength of suppression is determined by the so-called pair breaking parameter
v = ps€s/pnEr where ps and py are respectively, the specific normal resistance of
the superconducting and normal regions. In this relation &g is the superconducting
coherence length in the superconductor region and &7 is the thermal coherence length
in the normal conductor which will be explained shortly. At the interface, F'(x) drops
abruptly by the value yp = Rp/pn&r which is related to the strength of the barrier at
the interface as well as the Fermi velocity mismatch between the S and N layers. Here
Rp is the specific resistance of the N'S boundary!%?. F(z) decays exponentially in the
normal conductor and on a distance &7 from the interface in the normal conductor 9.
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Figure 4.3: Schematic representation of the dependence of the Cooper pair density \F(w) |2 at the IV.S interface. The
proximity effect depends on two dimensionless parameters, so-called pair breaking parameters, v and yg. For small value
of 7y the F(w) is almost constant in the superconductor and for small limit of v the Cooper pairs practically penetrate
inside the normal region at the distance of 7. The increase of yp leads to an abrupt drop of F(cc) at the NS interface .

Therefore, one can find Cooper pairs in the normal conductor over a characteristic
length scale &p.

The current understanding of the proximity effect in NS junctions is based on the
work done by Andreev ! while studying heat transport at NS interfaces. He introduced
a microscopic mechanism of converting a single electron/hole into a Cooper pair at the
NS interface.

Consider a NS junction in which an electron with energy E traveling inside the N
region approaches to the NS interface (see Fig.4.4). It is well-known that the electrical
current in the superconductor is carried by the Cooper pairs. Therefore, an incident
electron from the normal conductor with energy E smaller than the gap energy £ < A
cannot be directly transmitted into the superconductor because there are no available
states for a single electron within the superconducting gap.

N

ele_ct_fon A
—t
gl N|S A
et — K
E Cooper pair
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Figure 4.4: Schematic representation of the Andreev reflection at the NS interface. An electron approaching the barrier
from the normal conductor with the energy below the superconducting gap cannot be transferred in the superconductor as
a single particle. It can only be transferred as a Cooper pair while a hole is retroreflected in the normal metal.

However, another mechanism can take place as predicted by Andreev!!! where the

34



incident electron at the interface with & < A couples with another electron from the
Fermi sea of the normal conductor and both are transferred as a Cooper pair in the
condensate of the superconductor. To preserve charge and momentum conservation,
a hole is formed in the normal metal and retroreflected with energy —FE. This novel
mechanism is called Andreev reflection!'!"'12 and is shown schematically in Fig. 4.4.

The Andreev reflection is an elastic scattering process and the total energy and spin
are conserved. It is also reversible, which means that if an incident hole instead of an
electron in normal conductor approaches the NS interface, a Cooper pair in the su-
perconductor will be annihilated and an electron is back-scattered. As a consequence
of opposite group velocity and opposite charge of the electron and retro-reflected hole,
the conductance of the system is twice as large as the case where we only have normal
transmission at the N.S interface.
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Figure 4.5: (a) Schematic diagram of energy vs. momentum spectrum of N and .S at the V.S interface (Here the arrows
indicate velocities). Four allowed processes for an incident electron can be considered: the Andreev-reflected hole with
a probability A(E) the normal-reflected electron with a probability B(E), the transmitted electron-like quasiparticle
with a probability C'(E') and the transmitted hole-like quasiparticle with a probability D(E). (b) The BTK calculation for
the normalized differential tunneling conductance vs. bias voltage of a IN.S junction for different values of Z atT = 0
(adopted from the BTK original paper*®).

The consequences of Andreev reflection on the IVC of a NS junction were studied
by Blonder, Tinkham and Klapwijk in 198213, Fig.4.5(a) depicts a schematic repre-
sentation of energy vs. momentum diagram (E — k) for the normal conductor and the
superconductor at the NS interface. The superconductor, ' — k diagram is given by
the BCS theory: for a fixed energy, there are two states for an electron/hole with &
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and —k having the same energy. Similarly, the same picture is adopted for the normal
conductor.

In the so-called BTK theory, one uses the Bogoliubov de Gennes (BdG) equations
to calculate the current of a N.S junction for different transparencies of the interface
(from a metallic to a tunnel-like). The NS interface is characterized by a dimensionless
barrier strength Z = Hm,/ h’ksp, where H is the height of barrier, kgp is the Fermi
wave vector in the superconductor, and m. is the mass of an electron. The interface is
highly transparent if Z < 1 and is weakly transparent (tunnel-like junction) if Z > 1.
With this definition, the transmission probability 7 reads as 7 = 1/(1 + Z2) and the
current /g can be calculated by

[o.9]
Ins = (2¢/h)Q / dE (f(E - V) — f(E))(1+ A(E.Z) - B(E.Z)),  (46)
—0o0
where A(F, Z) and B(FE, Z) are respectively Andreev-reflected hole and normal-reflected
electron probabilities!'?, f(E) is the Fermi function and ) is a measure of the area of
the junction. Table.4.1 shows the calculated expression A(E,Z) and B(FE, Z) within
the BTK model.

Table 4.1: Andreev reflection A(E, Z) and B(E, Z) probabilities fora N S junction. v = u§ + Z*(u — v3). Here

u% =1- vg = % [1 + ((E2 — AQ) /E2)1/2} are the wavefunctions for an electron and a hole, respectively.

A(E, Z) B(E, Z)
Az
E<A E2+(AZ—E2)(1+222)? 1 - A(E> Z)
E>A “é;fg (ug—v§)7222(1+z2)

The zero-temperature differential tunneling conductance Gy g is then given by

Gng = j—‘l/ —Gy[1+A(E,Z)— B(E, Z)]. (4.7)

Here, Gy = 2¢?/h(1 + Z?) is the normal state conductance for eV > A of a single

channel. The zero bias conductance at zero voltage reads as
4e? 1

GNs = ——. 4.8

h (14 222) (48)

Fig.4.5(b) show the normalized conductance of a NS junction for different values

of barrier strength Z. For the case of only Andreev reflection process (perfect trans-

parency) Z = 0, the low bias differential conductance (eV < A) is twice as large as the
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normal state conductance G . However, in most cases, NS interfaces are not perfect
and there is a barrier (Z # 0) due to the Fermi-level mismatch, disorders, and scattering
sites at the interface and accordingly, the low bias differential conductance is suppressed
as Z increases.

4.2 SNS JUNCTIONS

In a SNS junction, where the normal region is confined between two superconducting
electrodes, each of the NS interfaces acts as a scattering center for the incident elec-
trons/holes. Because of the Andreev reflection process both electrons and holes reflect as
holes and electrons, respectively at the two interfaces (for eV < A). Fig.4.6 schemat-
ically shows the Andreev reflection process at the two interfaces of a SNS junction.
Here, the reflected hole at the right N.S interface (Fig.4.6) hosts the phase information
of the right superconducting electrode, while the reflected electron at the left inter-
face (Fig.4.6) carries the phase information of the left superconducting electrode. This
mechanism, leads to the formation of bound states which include the superconducting
phase difference information of the left and right electrodes. This bound states are
called Andreev Bound States (ABS) (See Fig.4.6) and are fundamental to microscopi-
cally characterize the Josephson effect.

IE B

electron

Je-®

Cooper pair

Figure 4.6: Schematic representation of an Andreev bound state in the IV region in a SN S junction. The bound-states
generally lie within the superconducting energy gap.

SN S junctions show different features compared to the SIS tunnel junctions®113.
For example, an excess current, I.;. (defined by extrapolating the linear part of the IV
characteristic at V' = 0) for an ideal SIS junction is zero (see Fig.4.7(a)). Due to the
Andreev reflection in SN .S junctions, the IV characteristics at high voltages (V > A/e)
does not follow the normal state relation V' = I Ry, as it does in a tunnel junction (see
Fig.4.7(b)). Instead, it is shifted by a constant current I.,.. Fig.4.7(c) shows that the
value of the excess current decreases as the interface barrier Z increases!!4.
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Figure 4.7: (a) The excess current I, for a SIS junction is practically zero. (b) The contribution of the Andreev reflection
in SIN S junctions manifests in the appearance of the excess current I.... which is a current added to the normal current
In = V/Rn ateV > A. (c) the excess current dependence on the values of Z.

4.3 CLASSIFICATION OF WEAK LINKS

The coherence of an electron is very decisive in mesoscopic transport. In general,
the electron propagation in real materials happens through scattering processes which
emerges from a number of different sources of disorder such as defects, impurities, qual-
ity of interfaces, lattice vibrations and etc.

To characterize the electron transport in different quantum systems, one needs to
evaluate various characteristic length scales which are strongly material dependent. Im-
portant characteristic length scales are the phase coherence length L, the sample size
L, the electron mean-free path [., the superconducting coherence length &g, Normal
coherence length £n and thermal coherence length &p.

The phase coherence length L: is the length scale over which an electron main-
tains its phase coherence and is determined by inelastic scattering processes.

The mean free path [.: is the average length a charge carrier travels between
collisions. Since in transport, only electrons near the material-dependent Fermi energy
contribute, the mean free path is [ = vp7, where vp is the Fermi velocity and 7 is the
elastic scattering time.

Based on the relation between the junction length L and the mean free path [,
mesoscopic SNS junctions are classified as ballistic or diffusive. In a diffusive system,
charge carriers move through the conductor and experience elastic scattering events
while maintaining their phase coherence. In a diffusive system, the sample length L is
much larger than the elastic mean free path [.. In a ballistic system, the charge carriers
cross the junction length without experiencing any scattering events. This means that
le > L.
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Other important length scales are:

The thermal coherence length &7: is the distance in which quasiparticles at
temperature T' can travel before losing their phase coherence. The thermal coherence
length of a diffusive system can be defined as & = /AD/2rnkgT (D = I.0} /3 is
the diffusion constant of normal conductor), whereas in a ballistic system the thermal
coherence length depends on the Fermi velocity of the IV interlayer véﬂv and is determined
by & = hok /kpT.

It is worth mentioning that to be able to consider a SN.S junction as a Josephson
junction all characteristic length scales of the junction should be smaller than the phase
coherence length L, and thermal coherence length 7.

The superconducting coherence length £g: is the size of a Cooper pair, {5 =
hvp /A where A is the superconducting energy gap.

The normal coherence length &y: is the characteristic length scale inside the N
region where the electron-hole coherence holds. In a case of a diffusive SNS junction,
¢y = +/hD/A while in a ballistic case can determined by £y = hvY /A. Here, A is the
superconducting energy gap.

Furthermore, the SNS junctions can be classified as long or short, according to
the mutual relation between the coherence length &n and the distance between the
electrodes, L. A junction is in the short regime if the length is smaller than the coherence
length, L < &n; with L > £ it is in the long regime. Junctions are further classified to
be in the dirty [ < £y or clean limit [, > &y

A characteristic energy called the Thouless energy Erpy, is associated with the junc-
tion: it is proportional to the inverse of the charge crossing rate of the N region
Erp, = h/7. In a diffusive system 7 = L?/D while for a ballistic junction 7 = L/v¥.

The Thouless energy Erj, is an important characteristic energy scale in proximity-
induced SN S junctions: the characteristic /o Ry product is determined by the Thouless
energy for long junction (E7j, < A) whereas it is governed by the superconducting gap
A in short junctions (E7j, > A)!°. For the sake of clarity, these different regimes are
summarized in Table. 4.2.

Table 4.2: Different transport regimes of a SIN.S junction.

Transport Regime Short Long En Er Ery,
Ballistic L <l &N En < L <l hol /A hol [kpT hol /L
Diffusive le <L <&n éEnyle < L VAD/A VAD /[ 27kpT hD/L?

39



4.4 CRITICAL CURRENT IN SNS JOSEPHSON JUNCTIONS

Examining the critical current Io of mesoscopic Josephson junctions and its evolution
in temperature I(7") allows one to get some insights into the nature of Josephson cou-
pling and the transport regime in the weak link. In this Section, we will look at the
temperature dependence as well as the amplitude of the critical current in four possible
junctions: short/ballistic, short/diffusive, long/ballistic and long/diffusive.

4.4.1 SHORT-BALLISTIC JUNCTIONS

In short Josephson junctions with normal channel L shorter than the superconducting
coherence length &y, the superconducting current inside the weak link is established by
a single pair of Andreev Bound states (ABS) 617 for each channel. The ABS energies
have been derived separately by Caroli et al.''® and Pannetier and Courtois ''>. For
each transmission channel, the ABS lie at energies +F inside the superconducting gap.
The =+ sign refers to the oppositely flowing Josephson current. The energy dependence
of an ABS, with respect to the phase difference between the electrodes ¢ is a periodic
function and is given by 116117

E= iA\/l — T sin%(p/2), (4.9)

where 7T is the transmission coefficient. Fig.4.8(a) shows the Andreev bound states
for different values of 7. The value of the gap between two Andreev states at o = 7
depends on the transparency of the interface, 7.

AT +0

A SN
oy =,

Figure 4.8: (a) Bound state energy versus superconductor phase difference ¢ for different interface transparencies values
T, (b) current-phase relation of a short ballistic junction at 7' = 0 for different values of T, (c) the current-phase relation
shown in plot 4.8(b) for nonzero temperatures (1" # 0).

From Eq. 4.9, one derives the CPR of the junction

_2dE A Tsing
hodp  2h\/1—Tsin?(p/2)

I(p) = (4.10)
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Fig. 4.8(b) plots Eq.4.10, for different value of transmission coefficients.
At T # 0, the Eq.4.10, becomes

_ in2
I(@):_% o EAE _eA h(A\/l T sin®(p/2)

= T sin
h kT dp 2k

2kpT )\/1 — T sin?(p/2)

. (4.11)

Here, the hyperbolic tangent function (tanh) term arises from the temperature de-
pendence of the Fermi-Dirac distribution of the electron density of states. The resulting
CPR, Eq.4.11, is shown in Fig.4.8(c). Eq.4.11 is a special case of the more general
expression derived by Beenakker ' when the supercurrent is carried by a normal con-
ductor with N quantum channels given by the expression

N
eA sm<p L, X
T2 tanh 1 - 2)]M/2 4.12
2h z:: T s (py2) 72 enbgp gl = Tesin®(e/2)]75), - (4.12)
where N is the number of conducting channels 7,(n =1,2,...N).

n Y 2’
For a fully ballistic junction with ideal interfaces, (7, = 1), the supercurrent carried by

each channel is given by

TA
I~ = 4.13

where Ry = h/2¢? is the quantum resistance.

4.4.2 LoNG-BALLISTIC SNS JUNCTION

Similar to the short ballistic SN.S junction, ABS also occur in the long ballistic SN.S
junctions, with the difference that in the long junction limit, there are ABS with energies
at zero-phase E4ps(p) smaller than the superconducting gap A.

Since in long junctions, the Thouless energy is smaller than the superconducting gap
A, the upper limit for the critical current in a long ballistic SN'S junction (¢ < L < I),
is given by the Thouless energy 20

_ Ern
eRN’

(4.14)

hvg
where ETh =7

4.4.3 SHORT-DIFFUSIVE SNS JUNCTION

For a short diffusive SNS junction (I < L < &) , Kulik and Omelyanchuk 2! used
the Usadel equations'?? and developed the KO-I theory to calculate the relationship
between the supercurrent and the phase difference ¢
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@ Asin 2
AtkpT COS 5 rctan sin § , (4.15)

I(p) =
ey wn>0\/A2 cos? % + w2 \/A2 cos? % + w?

where w, = (2n+ 1)wkpT are the Matsubara frequencies. At temperatures close to T,
the CPR becomes sinusoidal and reads as

I(p) =

2eRin sin . (4.16)

4.4.4 LONG-DIFFUSIVE JUNCTIONS

In a long diffusive SN .S junction, the Thouless energy is smaller than the superconduct-
ing energy gap Ern, < A and the critical current of the junction can be calculated by
using the quasi-classical Usadel equations!?3124. The Usadel equations'??1?° are the
simplifications of quasi-classical Gork’ov equations valid in the diffusive SNS junctions.
Wilhelm et al. 126 used quasi-classical Green’s function in the dirty limit and found the
current has Ambegaokar-Baratoff type dependency and can be expressed by

647l L
eZ;TN wa exp —57)511&(@) (4.17)

where Ry is the Drude resistance of the junction, &, =+/D/2w,, A is the supercon-
ducting order parameter, w, = (2n + 1)77T are the Matsubara frequencies and I" is

defined as A2
= 5 (4.18)

(wn + O + V200 + )

where Q0 = /w2 + A2

Zaikin and Zharkov'?” used the Usadel approach and found out that in the long
junction regime, the upper limit for the critical current is proportional to E7j, = hD/L?
as

10.82
eRpN
Table. 4.3 summarizes the amplitude of the critical current I of various SN S junctions.

Io =

Erp. (4.19)

4.5 THEORETICAL MODEL FOR JOSEPHSON CURRENT IN A SINI'S JUNCTION

To get more information about the transport regime in the SN.S junctions we studied
the behavior of the Josephson current as a function of the temperature. Here, we con-
sider a general SINI'S case where a SN S junction contains insulating barriers I and
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Table 4.3: The maximum critical current ¢ of different regimes of SIV.S junctions.

Short Long
Ballistic Ic = WA/ERN 128 Ic = ETh/eRN 120

Diffusive I = 2.07A/eRy 2! Ic = 10.82E7,/eRy 1?3

I' at the NS interfaces. The insulating layers are responsible for scattering of electrons
at the interfaces and should be considered when the transparency between the S and
N layers is not unity.

In most practical cases, the Fermi-wavelength Az is much smaller than the character-
istic lengths, e.g. the superconducting coherence length £ and the London penetration
depth Ay, and it is possible to exploit the quasiclassical formalism of Eilenberger func-
tions'?? T to study and describe the Josephson current in clean SNS junctions.

More recently, Galaktionov and Zaikin !3! generalized the clean limit theory of Eilen-
berger equations for STNI'S junctions with an arbitrary junction’s length and with in-
terface transparencies 7; and 75 ranging from 0 to 1. They found that the supercurrent
can be evaluated from

4ekBT 1 . t1t2
1) = 22T L 3 / dppp— (4.20)

= VQ(p, 1)

Here, M = k%Wh/ 27 is the number of conducting channels contributing to the
current where kr is the Fermi wave vector. In Eq.4.20, t; 2 = T12/(2 — T1,2) being the
barrier strengths and @) reads as

h2 2
Q(p,p) = [titacosp + <1 + (1 + t1t2) A?”L) cosh [2wnto(,u)} +
h2Qwn RO
(t1 + t2) =z sinh [2wnto ()] — (1 —3)(1 — 3) A4". (4.21)

Here, [, is the mean free path of the N, A is the superconducting order parame-
ter, w, = kT (2n + 1)/h are the Matsubara frequencies, h€), = \/h?w2 + A2, h is
the thickness of the normal conductor, W and L are the junction width and length,
respectively.

The supercurrent is carried mostly by the ABS resonances and the Eq. 4.21 describes
the properties of every resonances considering interface transparencies 71 2. In Eq. 4.20,

"The Eilenberger transformed the Gor’kov equations **° into a much simpler set of integrated Green’s
functions.
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the total current is obtain by summing over all Matsubara frequencies of each ABS
resonances which formally extends to infinity. In practice, however, one can cut the
summation at sufficiently high maximum number N where the summation converges.
N, in principle, depends on the temperature and the superconducting gap and can be
roughly estimated by N = A/2#T.

In Egs.4.20 and 4.21, p = k—; = sin @, where 6 is the angle between the speed of
electron and the line normal to the leads edges. Consequently, ¢o(u) is the time-of-flight
of electrons moving along the straight line connecting the two superconducting leads to
having the angle # and takes the form

to) = . . (1.22)

(1—u2)UF(Q/1+#g_M2)—1>

In a clean junction, the mean free path is much larger than the junction length and
it is possible to consider [, = oo in Eq. 4.22. Consequently, the time-of-flight of electrons
can be obtained by

to(n) = L/vrv/1 = p?. (4.23)

In contrast, the electron time-of-flight in a diffusive junction ¢g only depends on the
junction length L and the diffusion constant D and does not depend on u. The tg is
given by

L2
Eventually, the normal state resistance of the junction is given by
2rh (1 1 3L
N Me2(7‘1+7‘2+4ze ) (425)

where M is the number of conducting channels, 7; 2 are the interface transparencies at
both ends. The Eq.4.25 is indeed the sum of three resistances in series: two barrier
resistances and the resistance of the diffusive conducting channel. The last factor, —1,
is a correction term, which is important in a clean system and for high transparency of
the barriers.

We apply the Eq.4.20-4.25 to assess the transport properties of YBCO/Au/YBCO
junctions, where YBCO is the superconducting electrodes and Au acts as the normal
conductor with I and I’ the barriers with the interface transparencies 77 and 7s.

The current-phase relation introduced in Eq. 4.20 for the SINI'S junctions, covers
both ballistic junctions of arbitrary length as well as diffusive short junctions. However,
the long diffusive junctions with a Thouless energy smaller than the superconducting
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gap energy can not be fitted with this relation. The ratio of junction length L and mean
free path [, indicate if the junction is in the ballistic or diffusive regime.

In order to implement the Eq.4.20 to study our junctions, we are required to first
define the following parameters: barrier transmissions 7; and 7s, thickness of the gold
film connecting the leads h, mean free path in gold l., zero temperature value of the
superconducting gap in YBCO Ay, critical temperature of YBCO electrodes T, inter-
distance between the superconducting leads L, width of the junction W. Among these
parameters, some of them are not known to us and the fitting of I-(7T) measurement
allows us to get more insight into parameters like the interface transparencies of the
barriers and/or the junction length.

In the fitting procedure, for temperature Tj, the critical current can be found as
Io(Th) = max[l;(p,Tp)] by numerically computing the phase ¢y where the CPR,
Eq.4.20, is maximum. To do so, one needs to solve the %’wo = 0, to determine
the value of ¢y where the (¢, Ty) is maximum. Then, by inserting the g into the
CPR, the critical current /¢ is obtained. Similarly, to construct the Io(7T) for the entire
temperature spectrum, this scheme should be repeated for the full range of tempera-
ture. Note that in the numerical fitting process, we have to consider a finite number
of Matsubara frequencies w,, and larger number of w, improves the accuracy of the
fitting.
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YBCO film growth

5.1 YBCO THIN FILM GROWTH USING PULSED LASER DEPOSITION

Many techniques, such as rf-magnetron sputtering, pulsed laser deposition (PLD), chem-
ical vapor deposition (CVD), molecular beam epitaxy (MBE), high pressure DC sput-
tering, thermal co-evaporation, solution deposition have been used to grow high quality
YBCO thin films. Among these deposition techniques, PLD and sputtering have demon-
strated to be the most effective and reliable methods to grow stoichiometric YBCO films.

In this work, all the YBCO films were deposited by the PLD technique. Fig.5.1
shows a sketch of a PLD unit we have used. The PLD chamber is a part of a cluster
deposition system and it is connected to the metal sputter chamber and the oxide sputter
chamber through a high vacuum (UHV) buffer line which makes it possible to in-situ
deposit multi layers of metals and oxides.

5.2 GROWING c-AXIS YBCO oN MGO (110) SUBSTRATE

The choice of the substrates is very important to grow high quality and epitaxial YBCO
thin films. The basic requirements for the substrates are:

1— Crystallographic lattice match between the film and the substrate.

2— Similar thermal expansion coefficients of the YBCO film and the substrate.

3— No chemical interaction at the interface between film and substrate.

4— Low value of dielectric constants for microwave applications.
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Figure 5.1: a) Sketch of the DCA deposition system with load-lock chamber and a buffer-line connecting the metal sputter,
the oxide sputter and the PLD chambers. b) The schematic of the PLD system used for growing YBCO materials. The en-
ergetic laser pulses hit the target and evaporate the material from its surface("ablation”). The vaporized material contains
neutrals, ions, electrons etc. The ablated material then condenses on the substrate leading to the growth of thin films of the

target material.

Substrates like LaAlOs (LAO), SrTiOs (STO) and MgO are commonly served as
the substrates for growing YBCO films. In this thesis, the substrate used for growing
c-axis YBCO films is MgO with a (110) surface. It has a rectangular lattice structure

([0,0,1] = 4.21 A, [1,1,0] = 5.96A).
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Figure 5.2: Schematic representation of the deposition cycle for growing c-axis oriented YBCO films

The PLD growth of c-axis YBCO films is schematically depicted in Fig.5.2. A great
deal of time has been devoted to optimize the YBCO growth on MgO substrates.
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Table. 5.1 summarizes the optimized deposition parameters for growing high quality
epitaxial c-axis YBCO films on (110) MgO substrates.

Table 5.1: Deposition conditions optimized for the epitaxial growth of YBCO thin film by PLD.

Deposition parameters Value
Tsub 750°C
Ry, 20° C/min
TpTe—ann 750°C
tpre—annealing 2 hours
PO, 0.6 mbar
L 10 Hz
d 54 — 55 mm
J 1.38 J/cm?
Riep 0.55 A
Tpostfann 760 OC
tpost—ann 1 hour
Pann 960 Torr
Rcd 10°C/min

The surface morphology was investigated by SEM, and surface roughness was mea-
sured by AFM (See Fig.5.3). The as-grown c-axis YBCO films show smooth surfaces
with a few holes and an average roughness of 1.5 — 2nm. We found that, the time of
substrate pre-annealing strongly reduces the surface roughness of the YBCO films.

2nm

(1,-1,0)mg0

1=

(0,0,1)mgo [EETES

400 nm

Figure 5.3: a) AFM and b)SEM image of the surface of a YBCO film on MgO (1 1 0) substrate.

The resistance-temperature R(7") measurement is used as a standard characteriza-
tion of the transport properties of the YBCO film. The R(T) of a typical YBCO film
is shown in Fig.5.4(a). The temperature T, defined at the onset of the superconduct-
ing transition, is ~ 84.5K (see Fig.5.4(b)), below the T of the bulk, but still among
the highest values reported in literature so far for the YBCO films on MgO substrates.
The homogeneity of the films is proven by a rather sharp transition with a width AT
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calculated ~ 0.8 K.

(a) 1+

0.8 —

T T T T 1
100 150 200 250 300
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Figure 5.4: (a) The normalized resistance-temperature measurement of a 50 nm thick YBCO film on MgO (1 1 0) substrate,
(b) The R-T measurement at the transition temperature T for Ipiqs = 1, 5 pA.

The structural properties have been determined by X-Ray Diffraction (XRD) anal-
ysis. Symmetric 6-20 scan confirms that the films are highly crystalline and c-axis

oriented (see Fig.5.5).

Mg0O(220)

Intensity (a.u)

20 40 60 80
0—20

Figure 5.5: The § — 26 XRD scan of the YBCO film shows only the 0 0 £ YBCO reflections.

5.3 GROWING a-AXIS YBCO oN SLGO SUBSTRATE USING PBCO BUFFER LAYER

a-axis YBCO films are in principle more suitable for the fabrication of hybrid devices.
The reason is twofold: first, to have a strong proximity coupling at the SN interface,
it is important that the order parameter (OP) is maximum at the interface. As shown
schematically in Fig. 5.6(a), in planar nanogap based a-axis YBCO hybrid junction, the
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CuOgq planes are in contact with the interface barrier. For the c-axis film, instead, the
CuOg planes are parallel to the barrier (see Fig. 5.6(b)) and the couplling to the barrier
is through the c-axis.

Another element that matters is the coherence length which in the a — b planes is
one order of magnitude higher than the one along the c-axis .. Consequently, in case
of a non-ideal/stoichiometric and disordered YBCO region in contact with a normal
barrier, the longer coherence length increases the probability of Cooper pair tunneling
through the barrier.

Figure 5.6: Schematic representation of a hybrid junction with (a) a-axis YBCO film electrode, (b) c-axis YBCO film elec-
trode. The orientation of the d-wave order parameter is also shown.

It has been shown that there are two main methods to grow a-axis YBCO films:

- A self template: A thin YBCO film is first grown at a temperature [600—650°C ]
on substrates like NdGaOg, SrTiO3 and LaAlO3. At such a low temperature the a-axis
growth is more favorable. Because of the a-axis YBCO self-template, the quality of the
first layers is generally poor. The substrate temperature is then increased to the usual
condition for c-axis growth and the film will continue to grow a-axis. This ensures the
growth of high quality films!'32 134,

- Using a buffer layer: Table.5.2 compares the crystal parameters of different
substrates used in growing a-axis YBCO films. Among them, it is shown that a very
high quality a-axis YBCO films can be obtained by using SrLaGaQ, substrate with a
buffer layer of PrBayCuzO7_, 135136,
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Table 5.2: Comparison of different substrates suitable for growing a-axis YBCO films.

Substrate Crystal structure Lattice orientation a b c Dielectric constant
MgO 137 Cubic (001) 4.213 — 9.813
. . 300 at Room T
SrTiOg Cubic (001) 3.905 — — 10% at Low T 138
NdGaO3 Orthorhombic (001) 5.431 5.499 7.710 20138
LaGaOy4 Orthorhombic (001) 5.487 55.520 7.752 25 at RT 1%
25 along c-axis
SrLaGaOy Tetragonal (001)(100) 3.843 — 12.681 6.24 along a-axis 140
YBayCuzOr7_, Orthorhombic 3.883 3.818 11.681

In this work we developed the process of growing very high-quality a-axis oriented
YBCO films on (100) SrLaGaO,4 substrate using PBCO buffer. The SrLaGaO, sub-
strate is indeed the best choice for growing a-axis YBCO films since the lattice mismatch
between the SrLaGaO4 substrate and PBasCuzO7_, buffer layer is very small, about
—0.7%, and the matching between the substrate SrLaGaO4 and YBCO film is less
than 0.6%. Moreover, the thermal expansion coefficient difference between the film and
substrate is very important to reduce the thermal stresses in film and substrate. As
shown in Table. 5.3 the thermal expansion coefficients for the in-plane an out-of-plane
directions of the SrLaGaOy4 substrate and YBCO film are very similar.

Table 5.3: The thermal expansion coefficients in a/b- an c-direction of SrLaGaO4 and YBCO are nearly the same.

direction SrLaGaO4 (ppm/K) YBayCuzO7—,, (ppm/K)
a/b-axis 10. 05 10
c-axis 18.94 17

In what follow, we explain in detail the growth procedure of a-axis YBCO films.
We used single crystal (100) SrLaGaO4 substrates. Then we have used a 200 nm thick
PBCO buffer layer, deposited by rf sputtering (rf power = 50 W, at 830°C, pgp, = 0.1
mbar) on top of a SrLaGaOy4 (100) substrate. The sample is then transferred in situ
to the pulsed laser deposition (PLD) chamber, where a 50 nm thick YBCO film is de-
posited at a temperature of 790°C, in a 0.82mbar Os atmosphere. While the sample
is heated to reach the deposition temperature, the Os pressure is kept at 300 Torr, to
avoid oxygen out diffusion from the PBasCu3O7_, layer which could favor the nucle-
ation of c-axis domains in the YBasCuzO7_, layer. Fig. 5.7 summarize the various steps
required to grow high quality a-axis YBapsCuzO7_, films.

5.4 CHARACTERIZATION OF a-AXIS ORIENTED YBCO FILMS

The structural properties of the films have been analyzed by X-ray diffraction (XRD).
In the symmetrical 20 — w scans, only the (£00) reflections of YBCO - in addition to
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Figure 5.7: Thin film growth cycle for sputter deposition of a PBCO buffer layer and PLD deposition of a-axis YBCO films
(50 nm).

the (£00) reflections of the PBCO buffer layer - can be observed (Fig.5.8 and inset
therein), confirming that the films are highly crystalline, and purely a-axis oriented.
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Figure 5.8: 20-w XRD pattern of the 50 nm thick YBCO films grown on (1 0 0) SLGO substrate, by using a 200 nm PBCO

layer as a buffer. From the figure, it is evident that not only the (00n) peaks are missing, confirming the absence of c-axis
oriented grains, but also the (OmO) reflections related to a b-axis orientation of the YBCO unit cell (see inset).

To explore the in-plane texture of these films, ¢ scans of the (102) YBCO reflec-
tions have been performed. Only two peaks are present, with a symmetry of 180° (see
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Fig.5.9): this evidence confirms that the b-axis and the c-axis of YBCO are not ex-
changed (the film is untwinned), in agreement with previous results on a-axis YBCO
films reported in literature 41142,

Fig.5.10(a) shows a typical SEM image of a-axis grown films. A granular structure
is visible, characterized by elongated domains, typical of a-axis films!36
the [0,1,0] YBCO direction (b-axis).

Fig.5.10(b) shows the resistance versus temperature R(7') of a typical thin a-axis
film measured along the b-axis (blue squares) and the c-axis (yellow squares) direction.
The evolution of the resistance in temperature is anisotropic: The resistance along the
b-axis direction exhibits a linear temperature dependence in full range of temperature,
from room temperature (300 K) down to the T, which is a typical behavior of optimally
doped films'?. While the range of linearity decreases for the resistance along the c-

axis, it shows a downward bending with the temperature. This is a characteristic of
underdoped YBCO films.
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Figure 5.9: XRD ¢ scan of the YBCO (1 0 2) reflections confirms the untwinned nature of our a-axis YBCO films.

For this film, we measured a critical temperature T ~ 88 K with a transition broad-
ening AT¢ ~ 3 K for both in-plane directions (see the inset of Fig. 5.10(b)).

5.5 GROWING ULTRA-THIN ¢-AXIS YBCO riLMs oN McO (110)

We have grown ultra-thin c-axis YBCO films down to 3nm on MgO (110) substrates.
For each film, we first pre-annealed the MgO substrate at the deposition temperatures
for 2hours and then deposited the YBCO thin film using the deposition parameters
listed in Table. 5.1. To preserve the superconducting properties of the ultra thin YBCO
films a 50 nm Au film is in-situ sputtered at very low power (P= 10 W).
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Figure 5.10: (a) SEM image of an a-axis YBCO film. The c-axis and b-axis and in-plane -y is shown in the figure. (b) The
resistance-temperature of an a-axis grown film, measured both along the [0 1 0] (blue squares) and [0 0 1] (yellow circles)
YBCO direction. The film exhibits the critical temperature T of &~ 88 K. The inset shows the RT of the film at temperature

close to T¢.
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Figure 5.11: a) SEM image of a 10 nm thick YBCO film deposited on MgO substrate. (b) AFM image shows the surface
profile of a 5 nm thick YBCO film. (c) AFM picture of a 10 nm thick YBCO film.
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The thickness, surface morphology and roughness of our films were investigated using
AFM and SEM imaging. We observed that the average roughness of our films are lower
for thicker films. Fig.5.11(a) shows the SEM a 10 nm thick YBCO film.

The AFM images for 5nm and 10 nm thick YBCO films are shown in Fig 5.11(b-c),
respectively. In very thin films (3—5nm thick films), preferential elongated grains which
follow the morphology of the annealed substrate are very visible along the b/a-axis of
the YBCO film. AFM measurements show that the elongated grains are separated by
deep 7valleys” which reach the substrate for 5 nm thick films (not complete coalescence
of the grains). The density and depth of "valleys” visible in the 5 nm thick films, reduced
significantly in the 10 nm thick films.

Fig.5.12, shows the resistive transition of bare films of 10, 20, 30 and 50 nm thick
films. The T¢,,,., of the films slightly decreases with the film thickness, while the
transition broadening increases considerably by reducing the thickness. For films with
thicknesses below 10 nm, we in-situ sputtered 50 nm thick Au layer after the YBCO film
deposition. The T, decreases almost linearly with decreasing the thickness down to
5nm which corresponds approximately to 4 unit cells. For the 3nm thick film, which
only has two complete atomic layers, the T, drops abruptly to 14.5 K.

—>—t=50nm

——t=30nm

QO'G_ —0—t=20nm
ot —0—1t=10nm

0.4 ] —¥—t=5nm
—A—t=35nm
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Figure 5.12: Normalized R,, — T" measurements of bare YBCO films with various thicknesses down to 3 nm.
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Nanofabrication processes

The fabrication of YBCO/Au nanogap interfaced with an ”exotic” metal or a semicon-
ductor requires various e-beam lithography. The first is to open a nanogap in a film
covered with Au. In principle, at this stage a flake or a nanowire could be transferred
into the nanogap and anchored/contacted with the electrodes. However, this procedure
would imply the direct contact of the YBCO sides of the nanogap with resists and
chemicals which would seriously damage the exposed YBCO enlarging the effective size
of the nanogap.

We have therefore engineered a procedure where the YBCO/Au nanogaps are first
encapsulated with a Pt/Au bilayer before being exposed to further processing. This
requires a second e-beam lithography to reopen the nanogap after deposition of the thin
Pt/Au bilayer. At this point, the encapsulated nanogap is fully protected and ready to
be interfaced with any kind of materials which would require a further third lithographic
step.

6.1 FABRICATION DETAILS OF YBCO NANOWIRES

In this section, we describe in details the fabrication process of YBCO nanowires en-
capsulated with a Pt/Au bilayer. The proposed fabrication process follows the same
fabrication steps required to realize encapsulated YBCO nanogaps. To demonstrate the
effectiveness and reproducibility of this approach we have fabricated and characterized
three different sets of nanowires, which can be described as follows:
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e 1EBL devices. In these samples, nanowires capped with Au are completely fab-
ricated in a single lithography step. As they experience the minimum number
of fabrication steps, we considered them as "reference” systems concerning the
best superconductive properties one can achieve in a YBCO nanostructure under
specific oxygen doping conditions.

e 2EBL devices. These samples experienced two lithography steps. The first
lithography process is required to pattern the nanowire capped with Au and an-
other one for connecting the nanowire to the outer bonding pads employing a
lift-off procedure. In the lift-off process, the edges of nanowire which are unpro-
tected get in direct contact with e-beam resist and other chemicals.

e 3EBL devices. A three lithography process was performed to encapsulate YBCO
nanowire with a Pt/Au bilayer. Although, one could argue that it is possible to
make protected YBCO nanowires with two e-beam lithography steps, we intention-
ally fabricated them in three steps to emulate the fabrication procedure necessary
to obtain YBCO nanogap-based hybrid devices.

A Diamond-Like Carbon (DLC) mask is deposited on a bilayer Au/YBCO and used
to define the nanostructures. The process flow to realize the 1IEBL nanowires is schemat-
ically illustrated in Fig. 6.1(a-g) #4145, One crucial step to preserve the superconducting
properties of YBCO during the fabrication process is to keep the baking temperature
of the resist below 90°C. We found out that this temperature strongly minimizes the
oxygen out-diffusion from YBCO nanostructures. As shown in Fig.6.1(h), the final
shape of the nanowire is trapezoidal as a consequence of the Ar™ ion milling process.
From AFM analysis, we have estimated the angle between the substrate surface and the
nanobridge sidewalls to be approximately 75 ° 146

To investigate the extension of the damaged region in the electrodes, once the YBCO
is in contact with resist and, in general, with chemicals (such as water, solutions and
removers), we have fabricated 2EBL YBCO nanowires. The details of fabrication process
are illustrated in Fig.6.2(a-d). Here, the sides of YBCO are not protected during
fabrication. To realize these samples we have first fabricated nanowires following the
1EBL procedure by using a layout where the current is fed into the nanowire through the
same large electrodes where the voltage drop is measured (see Fig.6.2(a)). Then with a
second EBL, where the resist gets in contact with the sides of the YBCO nanostructure,
the narrow Au voltage probes are defined using a lift-off process (see Fig. 6.2(d)).

To preserve the YBCO nanowire from being damaged by chemicals and resist we
have encapsulated the nanowire with a thin bilayer of Pt/Au. The fabrication process
of the 3EBL nanowires is schematically depicted in Fig. 6.3.
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Figure 6.1: Process flow for defining YBCO 1EBL nanowires: (a) Single layer positive electron beam resist (thinned ZEP
520A in Anisole) is spun and baked at 85 °C, (b) the resist is exposed and then developed, (c) a 12 nm Cr film is used to
metalize the entire sample, (d) the lift-off in acetone allows removing the Cr from the non-exposed areas, (e) reactive ion
etching in oxygen removes the DLC film from the regions not covered by Cr, (f) the sample is etched using a gentle Ar-

jon beam milling at 5° 146, (g) the fabrication of 1EBL devices is complete after stripping the residual DLC film in oxygen
plasma, (h) Corresponding cross section of the device). (i) Scanning Electron Microscopy picture of the final device. In this
configuration, the current is fed through the two wider electrodes, while the voltage drop across the nanowire is measured
by the two narrower electrodes.
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Figure 6.2: Fabrication process for defining 2EBL devices: (a) A YBCO nanowire capped with 20 nm in-situ Au is fabricated
using top-down approach as described in Fig. 1(a-g), (b) single layer ZEP 520A resist is spun and exposed. (c) Metallization
of the bilayer Au/YBCO with Pt/Au, (d) the 4-probe electrodes connecting nanowire to the bonding pads are defined by the
lift-off technique. (e) The cross section of the device with a uniform coverage of the device with resist.
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Figure 6.3: Fabrication flow to cover the edges of the nanowire with Pt/Au bilayer: (a) free standing YBCO nanowire capped
with Au as fabricated with 1EBL, (b) the entire sample is covered by a sputter deposited bilayer of Pt/Au, (c) DLC carbon
serving as a hard etching mask is deposited by PLD, (d) single layer, diluted resist (ZEP 520A: Anisole) is spun, exposed and
developed, (e) Cr is deposited on the top of the sample, (f) Cr mask is obtained by the lift-off process, (g) the etching Cr-DLC
mask is defined by stripping in O2 plasma the regions not covered by Cr, (h) gentle Ar milling is used to remove Pt/Au film
from the substrate regions. The residual DLC film on top of the nanostructure is removed in Oz plasma.

Here, the nanowires are fabricated with the same method as 1EBL devices (Fig. 6.3(a)).
Then a thin sputter-deposited film of Pt (10nm) is used to improve the interface ad-
hesion of the Au film on the MgO substrate. A 50nm thick Au film is then sputtered
on the entire chip including the side walls of YBCO structures (Fig.6.3(b)). A pattern
with slightly larger (30 — 50 nm) with respect to the already patterned nanowire layout
is transferred in the second EBL procedure. This is done to ensure that all the YBCO
edges remain protected by Pt/Au after the Ion milling etching of the Pt and Au layers
(Fig.6.3(h)).

The third and last EBL step is performed to define the narrow voltage probes (see
Fig.6.4(a-d)). With this type of electrodes configuration the temperature dependence
of the resistive transition involves only the transition of the nanowire and not that of
the wide electrodes.

6.2 FABRICATION DETAILS OF THE AU/YBCO INTERFACE RESISTANCE DEVICES

The Josephson coupling across a nanogap is strongly dependent on the interface trans-
parency between the Au and YBCO, which determines the strength of the proximity
effect in the Au layer.

The transmission line method (TLM), a classical method for measuring the inter-
face contact resistances between two layers, has been used to measure the interface
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Figure 6.4: Schematic sketch of the process flow to fabricate the narrow voltage probes on the encapsulated YBCO/Au
nanowires: (a) encapsulated Au/YBCO nanowire, (b) resist is spun, exposed and developed, (c) bilayer of Pt/Au is evapo-
rated, (d) the fabrication of the sample is completed by the lift off of the Pt/Au layers. (e) SEM image of a 3EBL nanowire.

resistance between Au and YBCO. The theoretical basis of the TLM contact character-
ization method will be discussed in details in Section. 8.1. In brief, the TLM structure
measures the total resistance of a system (both the electrical resistivity and the specific
contact resistance (pc) of the interfaces). The system we have analyzed consists of a
series of identical YBasCuzO7_, wires of width wy pco, spaced at varying intervals dy,
ds, d3, which are connected by a Au bar of width w4y,.

Figure 6.5: Schematic of process illustrating the fabrication of transmission line method structure for measuring the inter-
face resistance between YBCO and Au. (a) The e-beam lithography is used to pattern the YBCO/Au film in to the nanowire,
(b) The entire sample is sputtered with Pt/Au bilayer and then the Au bar and Au pads are defined. (c) the carbon mask
layer is removed by the oxygen plasma and then, by continue the Art ion milling, the Au layer from the YBCO nanowire is
etched.
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Three main fabrication steps are necessary to realize a TLM configuration (see
Fig.6.5):

« Patterning the in-situ Au/YBaysCuzO7_, film into nanowires (see Fig 6.5(a)). We
fabricated YBCO nanowires with different widths ranging from 100 nm to 500 nm.
Later on in Section. 8.1, it will be clear that having junctions with different widths
allows us to get more insight from the interface resistance of the top and sides of

the YBCO/Au junction.

o Sputtering a bilayer of Pt/Au films and define Au bar connecting the wires em-
ploying e-beam lithography and etching through the C hard mask (see Fig 6.5(b)).

o Performing Ar™ ion milling to etch the Pt/Au and define Pt/Au bars. Once we
etch Pt/Au layers we continue etching the Au on the top of the YBCO electrodes
while it is completely removed (see Fig 6.5(c)).

Fig. 6.6 shows the SEM image of the final device.

Figure 6.6: SEM image of TLM configuration to measure Au/YBCO interface resistance

6.3 FABRICATION DETAILS OF THE YBCO-Au-YBCO JUNCTIONS

Here, we discuss the novel fabrication process to realize high quality nanogap-based
Josephson junctions. In this section, we briefly describe the fabrication process of mak-
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ing planar YBCO-Au-YBCO junctions.

The fabrication process involves three EBL steps which are schematically depicted
in Fig.6.7(a)-6.7(c). Details on the fabrication are mentioned in Section6.1.
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Figure 6.7: Schematic sketch of the process flow to fabricate the encapsulated YBCO/Au/YBCO junctions: (a) Nanogap
formation: the pattern is transferred by the EBL to a diamond-like carbon mask and then to the Au/YBCO films by Art
jon milling. Here, the top lateral spacing between the electrodes is 100 nm (L!°? = 100 nm) but due to the line edge
roughness, intrinsic of e-beam lithography process, and the edge’s slope, the spacing between two YBCO electrodes at the
bottom of the trenches shrinks to approximately 80 nm. (b) Encapsulation of the nanogap by patterning of the bilayer of

Pt/Au (5 nm/60 nm). (c) Definition of the SNS junction. The distance Lpottom between the protected Au/YBCO electrodes
is about 20 nm. (d) SEM image of a final SNS junction.

Briefly, to realize our devices, first a nanogap structure is defined on a high-quality,
epitaxial c-axis-oriented 50-nm-thick YBaoCu3zOr7_s films capped with 20 nm thick Au
layer using EBL lithography. Then, a sputtered Pt/Au bilayer (5nm/50nm) films
covered the entire chip including the side walls of YBCO nanogaps. A second EBL pro-
cedure is used to encapsulate the YBCO nanogaps. The transferred pattern is slightly
larger (30 — 50 nm) with respect to the already-patterned nanogaps layout. The third
and last EBL step is performed to define the Au normal metal to bridge the two YBCO

electrodes. A SEM image of the typical 3EBL YBCO nanogap-based junction is shown
in Fig.6.7(d).
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Transport characterization of encapsulated

YBCO nanowires

In this chapter we first focus on the electrical properties of nanowires fabricated with
the three different procedures discussed in Ch. 6. We assess the damage induced by the
nanofabrication procedure on the side and top of the 1IEBL and 3EBL nanowires and
discuss the role of an ozone treatment to restore the superconducting properties of the
damaged region.

7.1 CRITICAL CURRENT DENSITY Jo AS A FUNCTION OF THE NANOWIRE WIDTH AND
LENGTH

We assessed the superconducting performances of 1EBL, 2EBL, and 3EBL nanowires
by studying their superconducting transport properties as a function of widths and
lengths in the range of 60-700 nm and 1-10 um. It is worth mentioning that the results,
we present here, for each fabrication procedure are all from the same chip. All the
measurements are carried out in a *He cryostat with a base temperature of 300 mK.
Fig.7.1(a) shows the extracted critical current density Jo of different nanowires
with L = 1 ym. As expected, the nanowire processed with one EBL step experienced a
reduced number of fabrication steps and showed the maximum critical current density.
The Jo of 6.1 x 107A/cm? is obtained for a 200-nm-wide. (Fig.7.1(a), blue circles).
The reason that the highest Jo does not happen for the narrowest wire could be due
to the very thin Au capping layer, 20nm, we used as a YBCO protection layer (which
is in the direction of our final goal to realize superconducting hybrid junctions). This
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Figure 7.1: Critical current density Jc versus width w for 1EBL, 2EBL, and 3EBL nanowires with length (a) L= 1 pm, (b) L=
5pum, () L = 10 um

is because the superconducting proximity effect in nanogap-based Au/YBCO devices
will be induced through the Au layer. A thinner Au capping layer will allow a stronger
superconducting coupling through a normal barrier. In the recent study, Nawaz et al. 14°
showed that that 50 nm is the minimum thickness of the Au capping required to preserve
the pristine superconducting properties of the nanostructures.

For 1EBL samples, for widths above 200nm, the Jo decreases by increasing the
nanowire width which can be ascribed to current crowding effects'4”. Current crowding
effect can arise when the current passes at sharp edges in superconducting wire which
leads to a decrease of the total critical current 48149,

Fig. 7.1(b-c) shows the critical current density Jo for 5 um and 10 um long wires. It
is clear that the maximum Jo value for 1EBL is reduced for a longer nanowire length
(blue circles) and is almost independent of the width above 200 nm. The reason is that
at such extended lengths, it is very possible that the critical current is mostly limited
by the inhomogeneities in the YBCO film, rather than the current crowding effect.

The same J¢ trend is also observed for 3EBL devices (see Fig. 7.1(a-c) green squares).
For the 3EBL nanowires, the maximum critical current density Jo of 4.5 x 107A /em? is
achieved for a 150-nm-wide and 1-pm-long nanowire and is only about 20% lower than
the values obtained for 1EBL. This proves that the superconducting characteristics
of the encapsulated YBCO nanowires are well preserved even after several lithography
processes which were demanded to cover the edges of the nanostructures with the Pt/Au
bilayer.

As shown in Fig.7.1(a), the 2EBL devices showed a very different behavior com-
pared to the 1EBL and the 3EBL devices. First, the 2EBL devices do not show any
superconducting transition for widths below 400nm. This is due to the fact that in
the 2" EBL step, the resist and other chemicals get in direct contact with the edges
of the patterned YBCO nanowire and deteriorate the superconducting properties of
YBCO nanostructure significantly. This means that the damaged non-superconducting
region extends approximately for about 200 nm from both lateral sides of the nanowire.
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Therefore, YBCO nanogaps fabricated with 2EBL procedure would have an effective
length Leg = 400nm larger than the geometrical-nominal one, which would make it
very hard to observe the proximity-induced superconductivity in hybrid junctions .
A significant reduction in Jo values is noticeable for the 2EBL nanowires with widths
larger than 400 nm, in line with damaged nanostructures.

7.2 HESTIMATE THE LATERAL DAMAGE OF 1EBL AND 3EBL NANOWIRES

The realization of YBCO hybrid junctions is based on the fabrication of nanogaps. It
is very crucial to understand how large is the degraded region of the YBCO electrodes.
In our nanowires where the widths are much larger than the coherence length &, vortex
crossing from one edge of wire to the other, perpendicular to the bias current, is the
dominant mechanism of dissipation!®?153 (see Section.3.2). We further characterize
the nanowires fabricated with 1EBL and 3EBL devices, by measuring the resistance
versus temperature R(T).

Fig.7.2(a) shows the superconducting transition of both 1EBL and 3EBL devices
of comparable widths. The change of resistance takes place over definite temperature
interval which is a function of the nanowire width.

By fitting the R(T') of nanowires using the thermal activation vortex entry (TAVE)
model one can find the actual width of the sample. In this model, the thermal ac-
tivation is responsible for the vortices to overcome the energy barrier and enter the
superconductor.

The total measured resistance of 1IEBL and 3EBL nanowires, close to transition, can
be expressed as the parallel combination of two resistances. The first, R,, is associated
to the thermally activated vortex-entry resistance, and the second, Ry, to the shunt
resistance of the gold capping layer. Therefore, the total resistance can be written as:

R(T) = [R;(T) + R, (7.1)

The value of Ry, corresponds to the resistance value measured at the onset of the

superconducting transition, and R, can be expressed as 154
Ro(T) = 71 Ry D) _ (@MY (" Unar(T) (7.2)
AT e \ 3 ) TP\ ke ) ‘

with

e — D)

7.3
p— (7.3)

'U)bln 1,47101, wtln 1.47wt
Unnaz(T) = €o(T)

In equations (7.2) and (7.3), Rg and [ are respectively the sheet resistance and the
length of the wire, kp is the Boltzmann constant and ey(T) = ®3t/4mpuoA? (T) is the
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characteristic energy of a vortex in thin films, ®; = h/2e is the superconducting flux
quantum, and pg is the vacuum permeability.

We’ve used the two fluid model temperature dependence for the temperature depen-
dence of the London Ar(T) = Ao (1 — (T/TC)2)_1/2 where )¢ is the zero temperature
values of the London penetration depth. An approximated temperature dependence
for the coherence length can be achieved from the Ginzburg-Landau depairing cur-
rent density J; = @/&/gﬂuo)\%(T)ﬁ(T) 155 Eq.3.12, and the Bardeen relation!%% for
the temperature dependence of depairing current density Jg(T) o (1 — (T/Tc)?)%/?
characteristic of our nanowires'*® and almost all YBCO nanowires reported in liter-
ature'®”. Therefore, the temperature dependence of the coherence length is given by

&T) =& (1- (T/TC)Z)_l/z, where &) represents the zero temperature values of the
coherence length.

In recent studies 318 we have shown that by applying the TAVE model, the R(T)
measurements of YBCO nanowires with 1TEBL and capped with a 50 nm thick Au layer
can be fitted using a vortex entry model'®® by considering geometrical dimensions. In
the fitting, we considered Ay (=~ 270nm) and &y (=~ 2.5nm) which are the typical values
for YBCO thin films '%9:160,

Eqgs. 7.2 and 7.3 are the modified form of the expression we have previously adopted
to the case where the cross-section of the nanowires is considered trapezoidal'?3:161,
Therefore, we have introduced the top width w; and the bottom width wy, where w; > wy,.

(a) V1EBL,w=120nm, L=1pum (b)
O3EBL,w=100nm, L= 1pm 1EBL 3EBL

-—

Substrate

(/=N

MgO YBCO Au Pt Damaged area = w — Weg

80 81 82 83 84
T(K)

Figure 7.2: Resistance-temperature dependence of a 1EBL nanowire (green triangles) and of a 3EBL nanowire (yellow
circles), having a comparable width with similar length. The nanofabrication processes cause local inhomogeneities and
the oxygen out-diffusion in YBCO nanostructures which implies that a difference between the geometrical and effective
widths should be considered for 1EBL and 3EBL nanowires. The measurements have been fitted with the thermally acti-
vated vortex-entry model (solid lines) using the typical values of Ag and &y for YBCO thin films and the same Tc, for both
nanowires. We found damaged regions of 25 and 35 nm per edge for 1EBL and 3EBL devices, respectively. (b) Sketch of
damaged area for 1EBL and 3EBL nanowires.

According to Eq. 7.2, by decreasing the nanowire width w and thickness ¢, the su-
perconducting transition becomes broader.

As mentioned earlier, we used very thin Au capping layer compared to the state of
the art nanowires fabricated with 50 nm Au. The superconducting transition of 1EBL
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nanowires can be very well fitted with Eq.7.2 by assuming a ~ 25nm damage on both
lateral sides (see Fig.7.2(b)), i.e. an effective width weg smaller than the geometrical
one. Here, we considered the typical values for Ay (=~ 270nm) and &, (=~ 2.5nm) as we
used in previous reports 3198,

As expected, the 3EBL devices showed a larger broadening compared to 1EBL
nanowires (see Fig.7.2(a)). The transition broadening for the 3EBL nanowires can
however be nicely fitted with the TAVE model (Egs. 7.1-7.2) by assuming a damage of
about 35nm for each side which is slightly larger than the extracted damaged for the
1EBL nanowires. Such a small difference between the two systems can be explained
by considering that local inhomogeneities and oxygen-out diffusion become more rele-
vant as a consequence of multiple lithographic procedures. Similar to the 1EBL fitting
process, we kept A\g = 270nm and & = 2.5nm.

Here it is worth pointing out that the obtained weg from the R(T) fitting, should
be viewed as a measure of the non-homogeneities of the superconducting properties at
temperatures close to T2, Particularly the "damaged” regions are affected by non-
stoichiometric or oxygen-depleted paths which could be considered as superconducting
regions with reduced T}, where T}, < Tc. Therefore, the damaged regions with possi-
ble superconducting transition 7/, do not provide supercurrent at temperatures close
to T and consequently do not contribute to the fluctuation regime determining the
broadening of the R(T") transition.

Nevertheless, it is highly likely that at lower temperatures these regions contribute
to the superconducting transport properties of the nanowire. One way to verify this
scenario is by calculating the effective critical current density Jgf T of the nanowire at
T = 300mK considering the effective width weg extracted from the R(T) fitting. Ta-
ble. 7.1 presents the Jgf ! at 300mK for 1EBL and 3EBL nanowires (shown in Fig.7.1)
calculated considering weg expected from the fit and compares them with the low tem-
perature limit of the Ginzburg-Landau depairing critical current density JdGeﬁ which has
a value of =~ 6 - 107 A/cm?. Here, for calculating the JdGei
and & ~ 2.5nm?>%,

The values of Jgf I are about 50% larger than the theoretical depairing value. There-
fore, one can conclude that the weg at 300 mK has to be substantially larger than the
effective width weg extracted from R(7T') measurements at temperatures close to T¢ and
consequently the damaged regions on both sides of the nanowires can be considered to
have T/, < T¢ and do contribute to the superconducting transport at lower tempera-
tures.

we considered Ay ~ 270 nm
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Table 7.1: Critical current densities Jo = Ic(T = 300 mK)/w of 1EBL and 3EBL nanowires (L = 1 um), mea-

sured at 300 mK and presented in Fig. 7.1(a), are compared to the effective critical current densities Jgff = Ic(T =
300 mK) /west. Here the effective width is given by wes = w — 50 nm for the 1EBL nanowires and by weg = w — 70 nm
for the 3EBL nanowires. These Jgff values are higher than measured critical current density .J¢& in the low temperature
limit, assuming Ao ~ 270 nm and £o ~ 2.5 nm.

| device Jo=1Ic/(w-t) (Afem?) | J§T = Ic/(wea - t) (AJcm?) |
1EBL w = 90 nm 3.84 - 107 8.64 - 107
1EBL w = 120 nm 5.62 - 107 9.63 - 107
1EBL w = 150 nm 5.84 - 107 8.76 - 107
1EBL w = 200 nm 6.20 - 107 8.27-107
3EBL w = 120 nm 3.88 - 107 9.31-107
3EBL w = 150 nm 4.41-107 8.27-107
3EBL w = 200 nm 4.32-107 6.65 - 107

7.3 OZONE TREATMENT

To investigate the significance of oxygen out-diffusion while doing the nanopatterning of
YBCO films (mostly during ion milling and resist baking) and if is possible to enhance
the superconducting properties of our devices, we promoted an ex-situ ozone treat-
ment 154161 which allows us to re-oxygenate the YBCO nanostructures after and/or in
the middle of the fabrication process. The ozone treatment has been already used to
improve the superconducting properties of YBCO thin films and nanostructures 62163,

We perform the ozone treatment by heating up the sample at a temperature T' ~
150 °C inside a chamber which is equipped with an ultraviolet (UV) lamp. The cham-
ber is then filled with oxygen gas at atmospheric pressure. When oxygen atoms are
exposed to UV light, they absorb photons, dissociate and react with other oxygen
molecules/atoms to form ozone Os. The sample is kept for 2hours in such an envi-
ronment, then cooled down slowly. It is then kept at room temperature for 2 more
hours in ozone atmosphere.

7.3.1 (OZONE TREATMENT ON BARE YBCO FILMS

We begin by assessing the effectiveness of ozone treatment on the superconducting
properties of a 50 nm thick c-axis YBCO film, deposited on a MgO (110) substrate.
As discussed in Ch.5, by changing the deposition conditions (i.e. p and T') one can
obtain YBCO films with different level of doping. In this study, we first fined tuned the
deposition conditions to grow overdoped YBCO films and then by reducing the post-
annealing oxygen pressure during the cool-down phase, we managed to obtain nearly
optimally doped films with a T of 89.1 K, which is a record value for YBCO films
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Figure 7.3: Sketch of the ozone system used to re-oxygenate YBCO films and nanostructures. The YBCO films are kept in
ozone ambient at 1500C for 2 h. Then the heater is turned off and the ozone flow is kept on for additional 2 hours while
the sample is cooling down.

grown on MgO substrates. However, there is still a slight difference between this value
of Tc and the T of optimally doped bulk YBCO. The lattice mismatch between the
in-plane lattice parameters of the YBCO film and the MgO substrate imposes strain
to the YBCO film which could lead to a decrease in the T of the film. Fig. 7.4 shows
the R(T') characteristics of the nearly optimally doped (red diamonds) and overdoped
YBCO films (yellow triangles).

1.5 == Nearly opt. A Overdoped, === Overdoped,
doped before ozone after ozone

82 84 86 88 90 92

T(K)

Figure 7.4: Normalized R(T") characteristics of an overdoped 50 nm thick YBCO film grown on MgO (1 1 0) substrate,
before (yellow triangles) and after (blue squares) ozone treatment. The transition temperatures are respectively 3.8 K and
4.0 K lower with respect to the nearly optimally doped YBCO film (red diamonds).

By applying the ozone treatment, we managed to increase even further the oxygen
doping level of the overdoped YBCO films. As a result, the T of the overdoped films
slightly decreased by about 0.2 K, which means that the film is more overdoped (see
blue squares in Fig.7.4).

To confirm we are adding up oxygen to the film, we have studied the structural
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properties of the thin YBCO films by performing X-ray diffraction (XRD). The increase
in oxygen doping is accompanied by a compression of the c-axis length'*3 which can be
also detected in X-ray spectra.

Fig. 7.5 shows the symmetrical 26-w scans on the nearly optimally doped films and
on the overdoped film, both before and after the ozone treatment. The 20-w scans show
only the (00¢) reflections which is a confirmation that the films are c-axis oriented
and highly crystalline. Though all the XRD patterns look similar, their (00¢) peak
positions differ slightly. One can estimate the c-axis length of the YBCO films from
the position of each (00¢) peak. We have observed that the value of the c-axis length
decreases with increasing oxygen doping (moving from the nearly optimally doped to
the overdoped sample) reinforcing the fact that the films with a reduced T¢ are in the
overdoped regime (see Fig. 7.5 and the corresponding inset).
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Figure 7.5: 260 — w X-ray diffraction pattern of a nearly optimally doped (red dash-dotted line) and of the overdoped YBCO
film, before (yellow dashed line) and after (blue solid line) the ozone treatment (the same films as Fig. 7.4). Only the (0 0 4)
YBCO reflections, typical of c-axis grown films, are observed. The increase in oxygen doping is associated with the shrink-
age of the c-axis length. This fact is clear in the (0 O 6) reflections of the three films. The inset shows the enlarged (0 0 6)
peak. A compression of the c-axis of the overdoped films with respect to the nearly optimally doped film is observed. The
same trend is observed for the overdoped film after ozonation.

Table. 8.2 summarizes the extracted values of the c-axis length from several (00/¢)
peaks. The compression of 0.009 of the c-axis value confirms the further increase of the
oxygen doping after the ozonation. This observation supports the effectiveness of the
ozone treatment to add oxygen to the YBCO thin film.
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Table 7.2: extracted values of the c-axis of YBCO from the XRD (0 O #) reflections of the nearly optimally doped (NOP) film
and of the overdoped film, both before (OBO) and after (OAO) the ozone treatment.

Sample 003 (A) 004 (A) 005 (A) 006 (A) 007 (A) cavyg (A)
NOP 11.744 11.743 11.741 11.737 11.742 11.741
OBO 11.727 11.727 11.728 11.726 11.728 11.727
OAO 11.718 11.719 11.719 11.719 11.719 11.719

7.3.2 (OZONE TREATMENT ON YBCO NANOWIRES

We have studied the consequence of the ozone treatment on YBCO 1EBL and 3EBL
nanowires. Fig.7.6 summarizes the critical current densities Jo as a function of the
width w for 1 um long 1EBL nanowires before and after ozone treatment. An enhance-

ment in the range 15-20% is clearly visible for all the widths.

8

107 1EBL, L=Iym
o g e
| e
< | T
= i .
3] i
~ Hi
< 1)
O i
— "]
@ Before ozone treatment
...... After ozone treatment
7
10 ! X : : :
100 200 300 400 500

W(nm)

Figure 7.6: Critical current densities J¢ of 1 um long 1EBL nanowires, measured before and after the ozone treatment, as a
function of the wire width.

We have also studied the impact of the ozone treatment on the R(7") measurements
of 1EBL nanowires fabricated on the overdoped YBCO films. Fig. 7.7 shows the R(T)
transition of 1IEBL YBCO nanowire before and after the ozone treatment. The oxy-
genated nanowires show a smaller superconducting broadening which can be fitted with
thermally activated vortex entry model, Eqgs. 7.1-7.2, considering no lateral damage on
the sides. For the same nanowire we had to consider a 15nm lateral damage to fit the
R(T) transition before the ozone treatment.

We have also performed ozone treatment on longer nanowires, and we could observe
that the impact of oxygenation is even stronger in the longer nanowires. As already
shown in Fig. 7.1(b-c), there is a considerable reduction in the J¢ for longer nanowires.
One could improve the Jo value significantly by doing the ozone treatment. Fig.7.8(a)
shows the IV and R(T) characteristics of a 90 nm wide and 5 ym long nanowire before
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Figure 7.7: The R(T) measurement of 1EBL YBCO nanowire before (yellow triangle) and after (blue squares) ozone treat-
ment. The broadening of the resistance transition becomes sharper and the T'c decreases after ozonation which is a direct
indication that the YBCO structures take in oxygen.

and after ozonation. Lower T and higher Jo are strictly linked to a shift in the oxy-
gen doping of the YBCO nanostructures towards the overdoped region of the YBCO
phase diagram'6!. The increase of critical current after the ozonation can be up to
200% for 10 um long nanowires (see Fig.7.8(b)). Moreover, in very long and narrow
1EBL nanowires the superconducting transition is not only quite broad, but it also
presents a bump, which could be associated with deoxygenated regions with the size
of the nanowire cross section having a lower critical temperature (see inset of Fig.7.8).
In such cases, the ozonation procedure makes the transition narrower and reduces the
bump, making the nanostructure more uniform.

In principle, the 3EBL nanowires could benefit in the same way from the ozone an-
nealing as the 1EBL. However, the ozonation can act differently depending on whether
it is performed after the first or the third lithographic step.

As a result of fast oxygen mobility in the a-b planes with respect to the c-axis
direction 63164 the oxygenation of nanostructures mostly occurs through the lateral
sides of the nanowires. Saying that, the 3EBL nanowires experience the same effect
observed in 1EBL ones (see Fig.7.6) if the ozone treatment being performed after the
first lithographic step, before the wire is encapsulated by the Pt/Au bilayer.

The impact of ozonation on already encapsulated nanowires (3EBL) is quite differ-
ent. For such a structure, the Pt/Au which is used as the encapsulation layer act as
a barrier possibly blocking oxygen from entering into the YBCO nanostructure. The
Tc of such nanowires increases after ozone treatment with a slight reduction in the
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Figure 7.8: Current Voltage characteristic of a (a) 90 nm wide and 5 ztm long (b) 60 nm wide and 10 pum long 1EBL nanowire
before and after ozone treatment. The insets shows the resistive transition of the same nanowires before and after ozona-
tion is shown. As a consequence of ozone treatment decreases 1 in the range of 2-3 K.

superconducting transition broadening (see Fig.7.9). Applying the thermally activated
vortex entry model on the R(7T) measurements revealed that the damaged region re-
duced by 5-10 nm from both sides of the nanowire after undergoing the ozone treatment
(solid lines in Fig.7.9).

Moreover, by looking into the IVCs of the 3EBL we realize that the IVCs of the
3EBL nanowires before and after ozone treatment are quite similar; in some case the
Jo is slightly reduced. This manifestation suggests that the ozone treatment does
not increase the oxygen content, but it homogenizes the oxygen content within the
encapsulated YBCO nanostructures.

In some cases, the ozone treatment is capable of healing the highly damaged YBCO
nanowires. Fig.7.10 shows the IVC of a 90 nm wide and 10 um long nanowire, which
is characterized by a residual resistance. However, after the ozone treatment, because
of the homogenization of the oxygen content through the YBCO film, the IVC of the
nanowire shows a well-defined superconducting transition.

One can conclude that, even though the ozone treatment in 3EBL nanowires does
not increase the oxygen content of the YBCO nanowire, it homogenizes its stoichiome-
try, redistributing the oxygen atoms and healing regions where the superconductivity is
absent. This picture is supported by the slight increase of T signifying a lower global
oxygen doping due to the redistribution of oxygen atoms in the damaged regions and
the consequent reduction of Jg.
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Figure 7.9: Resistance versus temperature of a 3EBL nanowire before and after the ozone treatment. Differently from the
1EBL nanowires the main effect is an increase of the critical temperature. In addition, a reduction of 0.2 K in the transition
broadening is visible: the data after ozonation can be fitted with the vortex entry model, assuming a reduced damage of

the nanostructure on the sides with respect to that we can estimate before the ozone annealing (the blue and gray lines
represent the two fits to the data).
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Figure 7.10: IV characteristic measured before and after the ozone treatment on a 90 nm wide, 10 pm long 3EBL nanowire:

as a consequence of the ozonation, the wire, which previously exhibits a residual resistance in his IVC present a supercur-
rent at zero voltage.
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Transport characterization of YBCO-Au-YBCO

junctions

As already shown in Ch.7, we successfully managed to fabricated YBCO nanowires
encapsulated with the Pt/Au bilayer to avoid the YBCO nanostructures being in di-
rect contact with any chemicals or resists in subsequent fabrication steps. Furthermore,
we showed that the value of the critical current densities Jo of the so-called 3EBL
nanowires are very close to the Jo values of the nanowires fabricated in a single EBL
process (1EBL or "reference” nanowires).

In addition to preserving the superconducting properties of YBCO during fabrication,
one needs also to be sure that high transparency interfaces are formed between YBCO
and in-situ Au film as well as YBCO and Pt/Au layer, since the proximity-induced gap
inside the normal region strongly depends on the interface transparency of the junction.

In this chapter, we first investigate the interface contact resistance in a YBCO/Au
junction, applying the transfer line method (TLM) configuration. Then, we look into
YBCO/Au/YBCO junctions and discuss their transport properties.

8.1 YBCO/AU INTERFACE CONTACT RESISTANCE

To measure the contact resistance between the in — situ Au and YBayCu3O7_,, we
fabricated four YBasCu3O7_, nanowires, in parallel with each other and spaced 30 um,
60 pm and 90 pm from each other respectively. A gold bar perpendicular to the wires
connects the YBCO electrodes making a TLM configuration (see section 6.2 for more
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details regarding the fabrication process). A schematic representation of the interface
contact resistance configuration is given in Fig.8.1(a). The equivalent electrical circuit
consists of two Au/YBayCuzOr_, interface resistances R¢, , and the gold bar resistance
R Ay = T4yl where 14, is the Au resistance per unit length and [ is the length of the
gold bar connecting the two YBCO nanowires (see Fig.8.1(b)). Therefore we have:

Rtot - rAul + Rcl + RCQ' (81)

90 pm

30 pm
—

(a)

Figure 8.1: (a) Schematic presentation of the TLM configuration to measure the interface contact resistance in YBCO/Au in-
terfaces, (b) the resistance between two nanowires consists of three resistances in series: two Au/YBCO contact resistances
and the Au bar resistance connecting two nanowires.

As can be seen from Eq. 8.1, Ry, varies linearly with the length of the Au bar and
consequently, by measuring the resistance between the different wires in all possible
configurations (corresponding to the length of the gold bar being 30 pm, 60 pm, 90 pm,
150 pm, and 180 pm) and plotting them as a function of the length between the wires,
one could obtain, in principle, the contact resistance R. = R., + R, as the intercept of
the y-axis in a linear fit of R;,; as a function of the length [.

Beyond measuring the total Au/YBCO contact resistance, one can also distinguish
the contributions of the top and the sides of the wires to the total contact resistance.
Fig. 8.2 shows the AFM image of an Au/YBCO junction and its equivalent circuit.

The total interface contact resistance consists of three resistances in parallel, as
illustrated in Fig. 8.2. Therefore, the total contact conductance is given by

GIft = 2G4+ GP = 2GEI + gl0 A, (8.2)

where G5 and G are respectively the conductance of the side and the top contacts.
Accordingly, ¢t is the contact conductance of the top interface per unit area A. The
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Figure 8.2: The AFM image and the equivalent schematic presentation of a single Au/YBCO junction. The total interface
conductance G'£9" is a sum of two interface conductances of the side contact G5*%® and the interface conductance of the
top contact G%°P.

side contact conductance can be extracted from the intercept of the linear fit of G
as a function of the top area, while the slope gives the contact conductance of the top
surface per unit area.
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Figure 8.3: The average total conductance as a function of the area of top contact. The slope of the linear fit corresponds to
the conductivity of the top surface.

Fig. 8.3 shows the average value of the interface conductance as a function of the top
contact area of the YBCO/Au contact estimated from the low-bias conductance values.
We extract the top and side contact values piF = 4.27 x 10~8Q cm? and piide = 5.14 x
10-8Q cm?, respectively, where pt? %% are resistance times unit area. These values are
among the best reported in the literature'%> 167 corroborating the potentiality of the
nanogap for proximity hybrid devices. This result is quite encouraging considering that
the top Au/YBCO interface is made in — situ while the side one is formed after the
etching of the YBCO nanowires.

The measured conductance is the combination of two SN junctions connected in a
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back to back configuration (see Fig.8.4). The G(V') characteristic of the measured SN
contacts revealed an anomalous voltage dependence (blue line in Fig.8.4) which could
be fitted with V* with a = 0.5 in the low-bias regime (dotted yellow curve in Fig.8.4).
This kind of dependence has been previously observed in amorphous Gej_,Au, films 168
suggesting that the density of states of the compound is in proximity of the metal-
insulator transition. In our case, the total conductance is the contribution of both
the top and side contacts. In particular, the side interface undergoes an oxygen loss
during the patterning of the nanowire which leads to a YBCO layer at the interface
which could have degraded superconducting properties and possibly close to the metal-
insulator transition.
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Figure 8.4: Typical conductance of the YBCO/Au junction as a function of the voltage across the junction before (blue) and
after (red) ozone treatment. After ozonation, the conductance showed the superconducting gap at V' = 50 mV which is a
associated with two SN junctions.

After ozone treatment the low-bias conductance anomaly disappeared and, instead,
the junction showed a clear tunnel-like behavior in its G(V') curve with the distinct
appearance of a gap structure at V' ~ 50mV which is twice the value of the YBCO
gap at the optimally doped regime. This value is consistent with the fact that the
measurement involves two interfaces in series. The appearance of the superconducting
gap feature in the conductance curve is a strong indication of a restored Au/YBCO
interface.

In addition to the occurrence of the superconducting gap in the G(V) curve, we also
observed that the value of the conductance is reduced after the ozone treatment. The
reason is unclear. A possible explanation is that the ozonation is performed after the
fabrication is completed. From the work on the nanowires we have learned that at this
stage it is the temperature (150 °C) rather than the ozone that has an important role,
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leading to a redistribution of oxygen inside YBCO. It is possible that this redistribution
restores the superconductivity in close proximity of the interface while still leaving a
depleted region within £ (from the interface) which leads to a tunnel barrier.

8.2 TRANSPORT PROPERTIES OF YBCO-Au-YBCO JUNCTIONS

The fabrication process of making planar YBCO-Au-YBCO junctions is based on the
encapsulation method and fully discussed in Section. 6.3. Fig. 8.5 shows the schematic
and the SEM image of a final YBCO-Au-YBCO junction. Here, we will study the
transport properties of these junctions.

LTr = 100 nm

MgO substrate
(a)

Figure 8.5: (a) schematic presentation of the SNS junction with LT°P = 100 nm. (b) Typical SEM image of a YBCO-Au-
YBCO junction.

We have characterized the transport properties of several YBCO-Au-YBCO junc-
tions with widths 2 ym and 3 pm and different interdistance lengths ranging from 60 nm
to 120nm. All the measurements were performed in a 3He cryostat with a base tem-
perature of 300 mK (see Appendix. D).

Fig. 8.6 shows the current-voltage characteristics of a junction (SNS #1) with width
w = 2pm and a separation LT° = 100nm for the range of temperature (5 — 78 K).
We have measured a critical current density Jo = 1.45 MA/cm? at T = 5K and
Jo = 38kA/cm? at T = 73K. A clear transition from a flux-flow like behavior at very
low temperature to a Resistively Shunted Junction (RSJ) behavior at temperature close
to T of the device (T = 75K) is observed. This phenomenology is often observed in
magnetically long junctions when the Josephson penetration depth Ay is much longer
than the width w199,

Since the YBCO film thickness is smaller than the London penetration depth Az,
the Josephson penetration depth has to be calculated by considering non-local elec-
trodynamics®49°93 " At low temperature (T' = 5K) we obtained, using Eq.3.17, I; =
<I>0/4WMOA%JC ~ 210nm. For the same junction, this value raises to about 1.5 um at
high temperature (7' = 73 K) where the junction behaves more like a magnetically short
junction (w ~ 21j).
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Figure 8.6: Current-voltage characteristic of the junction SNS #1 at various temperatures.

For the junction (SNS#1), we applied an external magnetic field normal to the
film and measured the current-voltage characteristics (IVCs). From all those IVCs at
various magnetic fields we then calculated the logarithmic differential conductance of
the junction as a function of the applied magnetic field and current of the junction.
Fig.8.7(a-f) shows the magnetic measurements at different temperatures.

As just mentioned, at low temperatures the junction is in the long limit (w > ;)
and due to the self-field effect, the magnetic pattern I(B) is slanted and a maximum
of the critical current modulation does not occur at B = 0T (see Fig.8.7(a-b)). While
at higher temperatures, the SNS junction behaves as a junction in the intermediate
regime (w ~ 4l ;) and we observe a close to Fraunhofer-like dependence of the Josephson
current 3681170 as shown in Fig 8.7(c-d).

From the magnetic pattern at 7' = 73 K, one can determine a magnetic modulation
period AB ~ 1 mT (distance between the side lobes) which is in agreement with the pre-
dicted value for the thin-film planar junctions, Eq.3.20, AB ~ 1.84®/ w% 89 considering
wy ~ 1.95 pm.

In this limit, since the junction width w is still comparable with the Josephson
penetration depth [;, the influence of the Josephson current induced magnetic field
is considerable and one expects the screening currents around the junction resulting
in the critical current to drop linearly with increasing the applied magnetic field as
Ic(B) = Ic(0)(1 — |B|/Bg) 83169171 - As a result, the position of the first minimum in
the Ico(B) pattern is larger than the AB.

Let’s now look at another SNS junction (SNS #2) with the same width w but with
an electrode interdistance of LT° = 120nm. The magnetic pattern of the junction for
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Figure 8.7: Normalized logarithmic conductance map as a function of bias current and external magnetic field for an SNS
junction with width w = 2 yum and LT°P = 100 nm at several temperatures: (3) T = 65K, (b) T = 68K, () T = 74K,
AT =T77K T =T8K T = TIK.
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Figure 8.8: The magnetic modulation of the critical current at at a series of temperatures for the junction withw = 3 um
and L7°P = 120 nm (SNS #2).

a range of temperatures is shown in Fig. 8.8. We observe a Fraunhofer-like dependence
in the range of temperature from 2-30 K.

Due to the longer gap, the SNS junction showed a reduced critical current density
Jo = 35kA/cm? at T = 5K which is associated with a Josephson penetration depth
of 7 = 1.55 um. The value of [; is close to the width of the junction already at low-
temperature. Moreover, one can obtain the AB ~ 2.7mT suggesting an effective width
of w = 1.18 ym which is not too far from the geometrical width.

8.3 SHAPIRO STEPS

As discussed in Section. 3.5, the appearance of Shapiro steps in the current-voltage
characteristics is an important tool to study the dynamic properties of a Josephson
junction.

Fig.8.9(a) shows the suppression of the Josephson current for the junction (SNS #1)
as a function of the applied microwave at a fixed power. We can see that at f = 3.11 GHz
the suppression of I is strong which indicates that at this frequency the coupling is very
effective. Fig.8.9(b) shows the IV characteristics of the junction at different amplitude
of the rf-signal (f = 3.11 GHz). The power dependence of the critical current and the
height of the first two Shapiro steps are shown in Fig.8.9(c). Fig.8.9(d) shows the 2D
logarithmic differential conductance map as a function of the bias current and P'/2 at
the fixed frequency (f = 3.11 GHz)". Higher order Shapiro steps can be observed.

* . . .
Here P is the microwave power at the output of the microwave source.
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Figure 8.9: (a) Logarithmic differential conductance map as a function of irradiated microwave frequency f and of the junc-
tion current taken at 65 K. The envelope of the curve is the frequency dependence of the critical current (white circles). (b)
IV characteristics of the junction taken at f = 3.11 GHz for various microwave irradiation powers. The appearance of
Shapiro steps is very clear at V,, = nAV where AV = 6.44 uV. (c) Power dependence of the critical current (n = 0) and
the height of the 1%% and 274 Shapiro steps. (d) Logarithmic differential conductance map as a function of the microwave
irradiation power and the junction current taken at f = 3.11 GHz. Above measurements are for the junction (SNS #1).
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In different samples, we have also observed anomalous half-integer Shapiro steps in
the current-voltage characteristics. Fig.8.10 shows the IVCs of a SNS junction (w =
2pum and L7 = 100nm) under microwave excitation at the frequency f = 1GHz
(colored lines). The half-integer Shapiro steps are better visible on the differential
conductance curve.

The formation of the half-integer Shapiro steps in SNS junction has been already
reported in long planar HTS SNS junction'™ and attributed to the sin(2p) term in
the current-phase relation of the junction. In our junction the high transparency of the
YBCO/Au interfaces could lead to an unconventional CPR with a pronounced second
harmonic term.

V (V) x1075

di/dv (s)

V (V) x1075

Figure 8.10: IV characteristics of the SNS junction under microwave irradiation (f = 1 GHz) for different r f power( the
Irradiation frequency is 1 GHz). Pronounced Shapiro steps are clear with a separation of AV = 2.1 V. These current
steps are also visible as peaks in differential conductance (dl/dV). Beside the steps at nAV wheren = +1, £2, ..., the
occurrence of half-integer Shapiro steps at (n = :I:%, :I:%, ...)is also clear.

8.4 TEMPERATURE DEPENDENCE OF THE CURRENT IN YBCO-Au-YBCO JUNC-
TIONS

As we discussed in Ch. 4, by studying the behavior of the Josephson current as a func-
tion of the temperature, we can get information on Cooper pair transport through the
normal conductor. Here we discuss three SNS junctions with different electrode dis-
tance L. To analyze the Io(T) dependence we have used the SINI'S theoretical model
discussed in Section. 4.5.
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Figure 8.11: Normalized critical current as a function of temperature for a YBCO-Au-YBCO junction with LT = 60nm
(yellow circles), and of a YBCO nanowire with w = 90 nm (red hexagram). The Bardeen expression is also shown (navy dark
blue solid line).

Let’s first analyze the I¢(T") of a SNS junction with a very short electrode distance.
Fig. 8.11 shows the normalized I (T)/Ic(4K) of an SNS junction with LT’ = 60 nm
and w = 3 um (Yellow circles). The Io(T') characteristic of this junction is very similar
to the one of a nanowire with W = 90 nm, where W is the width of the nanowire (red
stars). Using the expression Io(T)/Ic, = (1 — (T/T¢)?)?/? 7156, calculated by Bardeen
we can nicely interpolate both curves for the full range of temperatures (dark blue solid
line).

This evidence leads us to conclude that the electrodes forming the YBCO nanogap are
possibly shorted. Here we discuss plausible scenarios which could be responsible for the
occurrence of these shorts.

As a result of Ar ion milling, necessary to fabricate YBCO nanogaps, the sidewalls of
YBCO electrodes have finite slope. In Fig. 6.7(c) we have shown that this effect together
with the unavoidable line edge roughness due to e-beam lithography procedure, result
in a distance of the electrodes, in the bottom of the trench of approximately 20 nm for
nominal nanogap of L7 = 100nm. It is therefore quite possible that nanogaps with
nominal L7 = 60nm are shorted at the bottom.

As a rough estimation of the thickness of the leftover YBCO layer at the bottom
of the trench connecting the electrodes, one can assume that the SNS junction critical
current Io = 12.1mA is due to a YBCO nanoshort at the bottom of the nanogap.
Considering that nanowires made with 3EBL procedure have Jo ~ 50 MA/cm? (see
Fig.7.1(a)) a critical current of 12mA is achieved for thickness ¢’ ~ 4 — 5nm of YBCO
(considering w = 3 pm which is the width of the junction). This tiny leftover YBCO
layer can be the result of a high aspect ration trench where the width of the gap is only

It is shown that the Bardeen relation for temperature dependence of the critical current is valid for
YBCO nanowires4°.
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half of the initial YBCO/Au thickness.
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Figure 8.12: Measured (blue line) and theoretical (yellow circles) I (T) for the junction (SNS #1). The Fitting parameters
are listed in the Table. 8.1

Fig. 8.12 shows the critical current as a function of the temperature for the device
(SNS #1) with LT = 100nm. To fit I(T) measurement with Eq.4.20, we assumed
a value A ~ 16.5meV for the superconducting energy gap at the interface YBCO/Au
in agreement with and what we have found experimentally '®* and what is reported by
Sharoni et al. /3. As many parameters are involved in the SINI’S model, there is not a
unique set that can fit our data (see Table.8.1).
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Au Oxide layer L%
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Figure 8.13: Cross section of a SNS junction. Because of the ozone treatment on our SNS junctions, it is plausible that a
very thin oxide is formed at the Ti/Au interface. The oxide layer makes the transport of Cooper pairs more desirable through
the Ti layer.

In Fig.8.12(a), by assuming two different transparencies at the SN interfaces we
managed to achieve a good agreement between our data and the theory. From the

fitting (see parameters for the FitI in Table.8.1), we learned that the proximity current
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is through the thin Ti layer which we employed as a sticking layer. Indeed the extracted
thickness of the bridging value is the same as the thickness of the Ti film.

The obtained junction length L is comparable with the one extracted at the bottom
edge of the nanogap Lpotom (see Fig.8.13). This scenario could be due to the ozone
treatment on our junction. Even though the ozone treatment is needed and is expected
to improve the degraded YBCO layer at the interface, on the other hand, it could be
responsible for the formation of a very thin oxide at the Ti layer. Because of this extra
barrier, the Cooper pair transport is more favorable through the Ti in contact with the
substrate (see Fig.8.13).

Table 8.1: Fitting parameters used in the fitl and Il for the junction (SNS#1). Here h is the thickness of superconducting
channel and 7'172 are the transparencies of Au/YBCO interfaces.

L w h i T Ay Te le

(nm) (nm) (nm) (meV) (K) (nm)
FitI 11.5 500 ) 0.18 1 16.5 778 )
FitIT 13 500 5 055 055 165 778 5

Although this fit looks very promising, we cannot trust it completely. The reason
is twofold. First, the huge discrepancy in the interface transparency values 7; and 75
cannot be easily justified considering the fabrication process. Moreover, we don’t expect
any good theoretical fit at low temperatures. This is because the junction is in the long
junction limit at low temperatures and it also shows a slanted magnetic pattern (see
8.7(b)) which is an indication that it behaves more like an asymmetric in-line junction
(see Fig. 3.6). Although our SNS junction doesn’t have an in-line configuration, the small
value of [; at low temperatures together with possible nonuniformity of the interface
transparency may result in an inhomogeneous J¢ which makes the junction to emulate
an in-line behavior. It is known that, in this regime, the critical current is saturated for
w > 41788387 and I does not anymore scale with the junction width w.

Considering these facts, we have fitted the high-temperature region of the I mea-
surement by considering quite transparent and identical interfaces. (see Fig.8.12(b)).
The obtained parameters for this fit are listed in Table.8.1 (FitII). The fit is reason-
able in the high-temperature regime where the junction is in short limit. The higher
expected theoretical values compared with the experimental ones at low temperatures
supports the fact that the junction is in long junction limit and it is not possible to fit
the Io(T') measurements in the low-temperature regime. Furthermore, in this case we
get that the Cooper pair transport is through the Ti layer and also the length of the
junction is comparable to what is expected from geometrical considerations.

Fig. 8.14 shows the I (T) dependence for the junction (SNS #2) with LT = 120 nm.
For this junction, we considered the same T value as for the junction (SNS#1). The
fitting parameters for this junction are listed in Table. 8.2.
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Figure 8.14: Measured (blue squares) and theoretical (yellow circles) critical current vs temperature for the junction (SNS#2)
discussed in Fig. 8.8.

Using L ~ 17nm and h = 5nm, we get a good agreement between experiment and
theory by considering identical transparencies. The extracted value of the thickness h
reinforces the argument that the leading transport channel is through the 5nm thick
Ti layer at the interface with the substrate. Furthermore, comparing the obtained
length for the junction (SNS#1) (Table.8.1), the increase in the L to about 20nm
(Table.8.2), is in line with the fact that the top length LT°? is 20nm larger for the
junction (SNS #2). Also for this junction a reasonable fit can be obtained by considering
asymmetric barriers’ transparencies.

Therefore, by using a double barrier SINI'S model, we have studied the transport
properties of the critical current in temperature. The results of the fitting suggest that
the Cooper pair transport is mainly across the 5nm Ti sticking layer due to the ozone
treatment. This circumstance should be considered for further implementation of this
nanogap in complex devices.

Table 8.2: Fitting parameters used in the fitlll and IV for the junction (SNS #2).

L  w h T T Ay To L

(um) (nm) (nm) (meV) (K) (nm)
Fitlll 17 500 5 009 0.09 165 778 5
Fitlv. 20 500 10 0.0122 1 165 778 73
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In-plane transport anisotropy of a-axis oriented

YBCO nanodevices

The superconducting YBCO has an anisotropic crystal structure with a poor coupling
between the CuO, planes along the c-axis which results in a weak superconductivity
along this direction.

In this Chapter, we will discuss the measurements of nanowires and nanoSQUIDs
fabricated on untwinned a-axis YBCO films oriented at different in-plane angles v with
respect to the [0,1,0] direction of the LSGO substrate.

9.1 STUDY OF THE IN-PLANE ANISOTROPY IN a-AXIS YBCO NANOSTRUCTURES

Some studies have been reported on the anisotropy of critical current density of YBCO
films 7177, In the work carried out by Dinger et al.'™ the anisotropic behavior of
the critical current density and the critical field of single crystals of YBCO have been
demonstrated.

In this work, we studied the in-plane anisotropy of the critical current density in
nanoscale a-axis systems. To do this, we have patterned, on the same chip, nanowires
and Dayem bridge nanoSQUIDs protected by a Au capping layer with width down to
65 nm at different in-plane angles v with respect to the [00 1] direction of the substrate.
The fabrication details are fully described in Ch. 6.

Fig.9.1 shows the SEM image of a typical nanowire along the b- and c-axis. For the
nanowires along the b-axis direction, v = 0°, the supercurrent is passing along the a-b
planes. While the current is along the c-axis direction for v = 90°.
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Figure 9.1: (a) Schematic representation of a b-axis aligned YBCO nanowire, where the current flowing from one electrode
to the other is in the a-b planes. (b) Schematic representation of a c-axis aligned YBCO nanowire in which the current flows
perpendicularly to the weakly coupled a-b planes.(c) Scanning electron microscopy image of a nanowire with width w =
65 nm patterned along the b-axis and (d) c-axis.

The critical current density, Jo = I¢/(w-t) for 140 nm wide nanowires patterned at
different in-plane angles ~ is shown in Fig.9.2. A clear anisotropy of the critical current
density is visible: for v = 0°, the J¢ is maximum and as the v increases it reduces and
eventually by approaching to v = 90°, the value of Jo drops by one order of magnitude.

The Jo dependence on 7 is a result of the anisotropy of the coherence length ¢ and
of the London penetration depth Ay, in the a-b plane and in the c-axis direction.

Considering an anisotropic thin (¢ < Ar) superconductor and applying the approach
discussed by Bulaevskii et al.™, one can calculate the critical current densities for a
wire (w > 4€) oriented along the b-axis (for v = 0°)

%)
Jb , 9.1
¢ )\b)\cgc ( )
and for a wire oriented along the c-axis for v = 90°
P
Jé o . 9.2
7 NG 6-2)

Here, the product Ay - A, in the dominator reflects the fact that the circulating screening
current of the Abrikosov vortex is flowing in the [100] planes of the crystal. i.e. along
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Figure 9.2: Average critical current density Jc vs the angle 7y for the 140 nm wide a-axis YBCO nanowires before (blue tri-
angles) and after (orange circles) the ozone treatment. For each angle, the error bar, related to the broadening of the distri-
bution of the J¢ values measured on identical nanowires, is equal to 2¢. The theoretical J>C‘« related to a London anisotropy
Ae/Ap = 15 is shown as a solid line.

the b- and c-axis. In Egs. 9.1 and 9.2, the relevant coherence length is along the direction
of the vortex entry path which is perpendicular to the current flow.
Moreover, the thermodynamic critical magnetic field can be given by

W2 g 2/2mAGE,

From Eq. 9.3 and Ref. '"® one can obtain the following equality between the London
penetration depth and the coherence length for b- and c-axis

(9.3)

>\c éb

— == 9.4

)\b gc ( )
Inserting Eq. 9.4 in Egs. 9.1 and 9.2 results in

JE e

— = —, 9.5

J& N (9:5)

For a generic v we need to consider an effective London penetration depth (Aeg(y) =
\/ A2 cos?y + AZsin? ) calculated in Ref. ™17, We therefore have
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Jev) _ M 1 _ (9.6)

> —
Je Aeff \/(6082 v+ (3\\—2)2 sin? )

In Eq. 9.6 the Jo(7) is dependent on the ratio A /A% which can be calculated roughly
from the magnetic field modulation of nanoSQUIDs (see Fig.9.6). We fabricated Dayem
bridges nanoSQUIDs formed by two 65 nm wide nanowires oriented along b/c-axis. In
our nanoSQUIDs, because of the very narrow bridges, the total loop inductance Lj,p,
is dominated by the kinetic inductance which can be determined by )\l,’: and A7 .

Figure 9.3: Critical current modulation as a function of an externally applied magnetic field for b-axis (blue circles) and c-axis
(red squares) aligned 65 nm wide Dayem bridge nanoSQUIDs (T" = 4 K).

The experimental loop inductance can be estimated from the relation Lle(fol; =
Oy /Alc, where @y is the magnetic flux quantum and Alq is the magnetic field modu-

lation depth Al = [mar — [min 101

The inductance of the loop can be also calculated numerically by solving the Maxwell
and London equations for two SQUID geometries 91189 (aligned along b or ¢). Choosing
)\% = 280nm and A\ = 4.2 um (as the only two fitting parameters in the simulation)
the experimental and numerical loop inductances are in very good agreement for both
configurations. This leads to a )\% /XS ~ 15 which allows to determine the expected
Jo(7) through Eq.9.6. It is shown as a dashed line in Fig.9.2. The expected Jo(7) is
in good agreement with the measured behavior.
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9.2 RESISTANCE VS. TEMPERATURE OF NANOWIRE ALONG v = 0° AND ~ = 90°

We have characterized our nanostructures along v = 0° and v = 90° by measuring the
R(T) of 65nm wide nanowires (see Fig.9.4).

10}
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Figure 9.4: Resistance-temperature for a nanowire along b-axis (blue squares) and c-axis (red circles).

The R(T) measurements show two resistance drops: the first one (at a higher tem-

perature) which is sharper, happens when the wide electrodes undergo the supercon-
ducting transition. The second one, broader (at a lower temperature) represents the
superconducting transition of the nanowires.
In our nanowires, the width is much larger than the superconducting coherence length
(w > 4.4¢(T) up to T =~ T¢), we can therefore fit the superconducting transition of
the nanowires along the b-axis and the c-axis employing the thermally activated vortex-
entry (TAVE) model "® which is discussed in Section. 3.2 and is already used in Ch. 7.
For completeness we report here again the expression of R(T):

3
& (ep(T)\?2 ep(T) ., 147w
R(T) = Rov2r(1 — | — — 1 9.7
(T) = Rov2n( —i—7r)w2 (kBT ex T M| (9.7)
where Ry is the sheet resistance of the wire, and €y(T') = ®3t/4mpg\2 (T) is the char-
acteristic energy giving the magnitude of the potential barrier for the vortex entry. As
shown in Fig. 9.5, the Abrikosov vortices acquire an elliptic-like shape 3!,

We assume that the London penetration depth and the coherence length along b-axis
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Figure 9.5: Sketch of Abrikosov vortices in an anisotropic superconductor such as YBCO.

have the same temperature dependence and are given by:
AL(T) = X(0)Ac(0)/(1 = T2/T3), (9.8a)

Eane(T) = &2 o(0)/(1 = T%/T3), (9.8b)

where Ay (0), A\:(0), &(0) and &.(0) represent the zero-temperature values.

By considering nanowire dimensions very close to the geometrical ones, we have fitted
the broadening of the superconducting transition of both the nanowire along the b-axis,
v = 0°, and the c-axis, v = 90° (see the solid lines in Fig.9.4). For v = 0° in the
expression 9.7 we have to use &. and )\2L = M as fitting parameter while for v = 90°
we need to use & and A2 = )\, - A to fit the R(T) measurement (see Fig.9.5). Table.9.1
summarizes the parameters used to fit the R(7") measurements.

The extracted values of A\y(0) and A.(0) are in line with those determined from the
modulation depth of the nanoSQUIDs. We also obtained a value of 2.8 nm for the zero
temperature superconducting coherence length along the b-axis which is very close to
the one associated to nanostructures patterned using c-axis films!%2154158

Table 9.1: Summary of the parameters used in the thermally activated vortex entry model to fit the R(T) of the nanowires
shown in Fig. 9.4.

l w Te  Ro  Ra §(0)  &(0)  A(0)  Ac(0)

t
Nanowire
(nm) (mm) (mm) (K) () () (om) (nm) (nm) (pm)
[0,1,0] 45 100 5% 80.4 80 8.5 — 0.55 280 4.2
[0,0,1] 45 100 45 80.0 250 3.3 2.8 — 280 4.2
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9.3 EFFECT OF OZONE TREATMENT ON SUPERCONDUCTING PROPERTIES OF NANOWIRES

To restore the oxygen content close to the optimal doping, we have annealed the sample
for 2 hours at 150°C in a chamber filled with ozone, with a procedure already success-
fully used for nanowires patterned on c-axis YBCO films as discussed in section 7.3.1.

Fig.9.6(a) shows the IV characteristics of a 65 nm wide wire along the c-axis before
and after the ozone treatment. As a consequence of the ozonation, the critical currents
of the nanowires increases up to a factor 5 while the superconducting transition broad-
ening becomes sharper and the critical temperature T significantly increases. (see
Fig.9.6(b)). We also observe that by performing the ozone treatment, one can heal
the strongly damaged regions in such a way that a resistive section inside the nanowire
turns superconductive (see Fig. 9.6(c)).

= W=65 nm, v = 40°, Before OZT

(@) |==W=65, v = 90° Before OZT () 10’ 3 e 40 Betore O
3 = W=65 nm, v = s T

—W=65, v = 90° After OZ

Figure 9.6: The effect on ozone treatment on (a) the current-voltage (b) resistance-temperature characteristics, (c) the
nanowire which showed a series resistance in its IVC becomes superconducting after ozonation.

9.4 TEMPERATURE DEPENDENCE OF THE LONDON PENETRATION DEPTH

We can obtain the temperature dependence of the London penetration depth A;, along
the c-axis, by extracting the screening inductance factor §;, from the magnetic mod-
ulation of the critical current density of the nanoSQUID along the c-axis for several
temperatures.

Fig.9.7(a) shows the critical current of the nanoSQUID along the c-axis, as a func-
tion of an externally applied magnetic field for different temperatures. One can calculate
the screening factor of the SQUID as 7P = I™*(T)/AI(T). The screening factor
can be expressed as IZ*(T)Ly,, (T)/®o, where L is the total inductance of the
nanoSQUID loop which in our case is dominated by the kinetic inductance. The total
inductance can be evaluated numerically, L}gg; through solving the Maxwell and Lon-
don equations describing the Meissner state on our nanoSQUID geometry.

One can determine the A\c™’(T') as a variable to best interpolate Lu with L777 .
Fig.9.7(b) (circles) shows the extracted value of A\.(T"). The temperature dependence of
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the A.(T") can be described by the Gorter-Casimir two fluid approximation A.(7) =
Ae(T=0)
1=(T/Tc)P

Fig.9.7(b), there is good agreement between the extracted \.'" and theoretical \.(T),

by considering p = 2.8. This value is not too far from the value p = 2 used to fit the

R(T).

(Eq.9.8a) with an arbitrary exponent p to fit the data. As shown in

-©-Experimental \.(T") ’
— = Theoretical A\.(T) = 1’\"(O>

B (mT)

Figure 9.7: (a) Critical current as a function of the applied magnetic field IC(B) measured at temperatures
T=5K,10K, 12K, 15K (b) Comparison between the experimental (circles) and the theoretical (triangles) values of A, (T)
within the Gorter-Casimir model as a function of the temperature considering A\o = 4.1 um and p = 2.8.

9.5 HALF INTEGER SHAPIRO-LIKE STEPS IN UNDERDOPED a-AXIS NANOWIRES

To get more insights into the transport along the c-axis, in a regime of strong confine-
ment of the a-b planes, we have studied the phase dynamics of the c-axis nanowires, by
applying microwave radiation. As a consequence of the synchronization of the motion
of Abrikosov vortices to the frequency of the applied microwave radiation, Shapiro-like
steps at V,, = nhj;% appear in the IV characteristics 2697,

In this section, we consider the rf-effect on the c-axis oriented nanowires, as the b-axis
oriented nanowires demonstrated the expected integer Shapiro-like steps both before and
after ozone treatment. Fig.9.8(a) shows the logarithmic differential resistance map as
a function of the microwave current, I,y o P%, and the bias current at fy; = 5.4 GHz
for the nanowire before ozone treatment.

Integer and the half integer Shapiro-like steps are observed in the dI/dV-V (®g)
plot (Fig.9.8(c)). However, after the ozone treatment the amplitude of the half-integer
Shapiro-like steps get substantially reduced (Figs.9.8(b) and 9.8(d)). The reason that
after the ozone treatment, the amplitudes of the half-integer Shapiro-like steps drop
significantly could be due to the fact that the ozonation leads to the strong modification
of doping level of the nanowire.

There are various theoretical works 82183

suggesting the coexistence of a 4e superfluid
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Figure 9.8: Color maps of differential resistance as a function of junction DC bias and radiated microwave field amplitude
P2 atT" = 5 K for a c-axis orientated nanoSQUID a) before ozone treatment and b) after ozone treatment,c) the conduc-
tance plotted as a function of V(®() before the ozone treatment, and d) the same measurement after the ozone treatment.

The half-integer steps vanished after the sample being oxygenated in the ozone chamber.
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and a conventional 2e components in underdoped HTS materials. In this case the
existence of the 4e component would lead to the appearance of half integer Shapiro-like
steps. Another possibility for the observation of half-integer Shapiro-like steps in the
c-axis nanowires is a reduction of coupling between the a-b planes. In this scenario,
a Josephson coupling between the planes could explain the appearance of half-integer
Shapiro-like steps 84186 The underdoped c-axis nanowires can be envisioned as a series
of highly transparent Josephson junctions with an unconventional current-phase relation
(CPR) with high order harmonics. A finite second harmonic in the CPR would lead to
the appearance of half-integer Shapiro-like steps. After ozonation, the oxygen doping
level increases and the coupling strength between the CuOy planes increases. As a
result, the transport is not dominated anymore by the Josephson effect, but by the
vortex dynamics. (see Fig. 9.8(d)).
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10

Conclusion

In this chapter, we summarize our work and propose possible prospective experiments
to proceed and complete our study.

One thing is very clear: if one manages to develop nanogaps employing the su-
perconducting properties of a d-wave superconductor (e.g. YBCO) interfaced with 2-
dimensional materials such as graphene, and topological insulators, it is possible to
study novel physical phenomena as a result of proximity effect.

However, fabricating such a system due to the nature of high reactivity of the
YBCO material turns out to be very challenging. In this work, we studied thoroughly
the effect of nanofabrication processing on the superconducting performance of YBCO
nanostructures. We confirmed that the encapsulation method is a very promising ap-
proach in making hybrid junctions allowing us to protect YBCO from any chemicals
which ineluctably affect the YBCO during the fabrication processing. In addition, the
YBCO/Au interface showed a very high interface transparency which is imperative for
maximizing the superconducting proximity effect inside the interlayer material. To ver-
ify this we measured the interface resistance using the transfer line method (TLM) and
achieved very low interface resistance varies in the range of 5.1078Q.cm~2. This value
is among the lowest reported for YBCO/Au junctions.

We furthermore fabricated YBCO-Au-YBCO junctions and successfully showed the
proximity effect in these junctions up to T' = 78 K. However, in these SNS junctions, we
had issues with the purity of the Au film which limited the maximum bridge length to
less than 120nm. Above this value, the Cooper pairs suffer severely from the dephasing
due to the magnetic impurities in the Au. We investigated this issue by performing the
magnetoresistance of the different Au films we used during the fabrication process (see
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Appendix. C).

For these junctions, we used SINI’S model to analyze the I (7)) measurement and
we found that transport is governed by a tiny channel of ~ 10 nm despite the geomet-
rical dimensions of the nanogap which is above 100nm. This is due to the specifics of
nanoprocessing. By reducing the thickness of YBCO films one should be able to get
narrower gaps. We demonstrated that we can grow very thin YBCO films down to
3.5nm. As a future plan, we are going to realize SNS junctions using 10 nm or thinner
YBCO films.

A-axis YBCO films have clear advantages to fabricate hybrid junctions. We have
grown 50 nm thick a-axis oriented YBasCuzO7_, films on (100) LaSrGaO4 substrates
using PrBasCuzO7_, as a buffer layer. Furthermore, by patterning YBCO nanowires
at a different in-plane angle with respect to the [001] direction of the substrate, we
studied the in-plane dependence of the critical current density Jo. The anisotropy of
Jo has been elucidated by considering the anisotropy in the coherence length ¢ and
London penetration depth Ap,.

Possible future work is to study the strength of the induced gap of the ¢/a- axis
YBCO in the Au film. This will be done by using ARPES (Angle-resolved photoemission
spectroscopy ) and neutron scattering measurements. From these last measurements,
one can extract the London penetration depth A and from that, it is possible to get
more insight into the induced gap.
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Constants-Symbol Definition-Abbreviation

Constants

h Planck constant ~ 6.63 x 1073* Js

h Reduced Planck constant =h/27 ~ 1.1 x 1073 Js

e Elementary charge ~1.6x1071C

c Speed of light in vacuum ~ 3 x 10® m/s

kg Boltzmann constant ~1.38 x 10723 J/K
kr(Au) 7 Fermi wavevector in Au ~12x1078cm™!

vp(Au) 187 Fermi velocity in Au ~ 3.8 x 10% cm/sec

m Electron mass ~9.11 x 1073 Kg

1o Vacuum permeability ~ 471 x 1077 H/m

Qg Magnetic flux quantum = h/2e ~2.07 x 10715 Tm?
fr Josephson frequency = 2eV/h ~V x 483.6 MHz/uV

Symbol Definition

Be Critical magnetic field critical current density

He Thermodynamic critical field kg Boltzmann constant

Tc Critical temperature €B characteristic energy of a vortex
Ic Critical current m* Mass of a Cooper pair (= 2m,)
I, re-trapping current me Effective mass along c-axis

Jo Critical current density mg_p Effective mass along ab-axis
Jdep GL depairing current ng Density of Cooper pairs

Js Superconducting e* electrical charge



of a Cooper pair(= 2e)
Electric field

magnetic field

London penetration depth
Josephson penetration depth
zero temperature value

of the London penetration depth
coherence length

zero temperature value

of the coherence length
Pearl length

Plank constant

Flux quantum

wave function

GL coefficient

GL coefficient

Hole concentration
Superconducting energy gap
Normal resistance

Surface resistance

Josephson frequency
Josephson coupling energy
junction length

junction width

junction thickness

effective magnetic thickness
microwave drive power
microwave drive current
microwave frequency
Plasma frequency

external flux

SQUID inductance
geometric inductance

kinetic inductance

SQUID screening inductance
Stewart-McCumber parameter
resistance

Capacitance

mass of particle

Ery
Wn

Tsub
Tpre—ann
t;m"efann
fu
Tpre—ann

Rdep

pann
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damping coeflicient
Josephson constant time
RC time constant

SN interface transparency
barrier strength

Density of states

e-e interaction
Condensation amplitude
specific resistance

of the SN boundary
Mean free path

Phase coherence length
superconducting coherence length
Normal coherence length
Diffusion constant

Fermi velocity

Thouless energy
Matsubara frequencies
electron time of flight
substrate temperature
post-annealing temperature
pre-annealing time

Laser frequency
pre-annealing temperature
Deposition rate

Annealing pressure
transition broadening
contact resistivity

Specific normal resistance of a normal conductor
Specific normal resistance of a superconductor

coherence length along a
coherence length along b
coherence length along c
London penetration depth along a
London penetration depth along b
London penetration depth along ¢
resistance-temperature dependence



List of abbreviations

ABS
AC
AFM
BTK
CDW
CPR
DC
DLC
EBL
GL
HTS
IvVC
JJ

LY
MBS
PLD
QHE
RCSJ
SEM
SC
ScS
SIN
SIS
SNS
SINT’S
SQUID
TAVE
TEM
TI
XRD
YBCO

Andreev Bound State

Alternate Current

Atomic Force Microscope
Blonder-Tinkham-Klapwijk

Charge Density Wave

Current Phase Relation

Direct Current

Diamond-like Carbon

Electron Beam Lithography
Ginzburg-Landau

High critical Temperature Superconductor
Current-Voltage Characteristic

Josephson Junction

Likharev-Yakobson

Majorana Bound state

Pulsed Laser Deposition

Quantum Hall Effect

Resistively and Capacitively Shunted Junction
Scanning Electron Microscope
Superconductor
Superconductor-Constriction-Superconductor
Superconductor-Insulator-Normal
Superconductor-Insulator-Superconductor
Superconductor-Normal-Superconductor
Superconductor-Insulator-Normal-Insulator-Superconductor
Superconducting QUantum Interference Device
Thermally activated vortex entry model
Transversal Electro-Magnetic

Topological Insulator

X-Ray Diffraction

YB&QCU3O7_7
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Mean free path in Au

For the conductivity of metals in the Drude model, we have:

e’net

= B.1
—— (B.1)
From the Matthiessen relation we have (at T=300K):
1 1 1
- - B.2
lzoox le—pn  le (B-2)
And from the Drude equation we have:
nee?l
300K = (B.3)
mevp
Similarly at at T= 4K we have:
lyg = le, (B.4)
and
nee?l
O300K — (B5)
meVp
Dividing Eq. (B.3) and Eq. (B.5) reads:
o300k _ 300k (B.6)
O4K lar
Substituting the Eq. (B.2) and the Eq. (B.4) in the Eq.(B.6) gives:
o 1/l +1/1.)"1 B
w0 (Wleopn ¥ W) _ (gt (B.7)

O4K le
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Therefore we have:

0300K \ — P300K
e = lepn ()7 = 1) = L (B2 — 1) (B.8)
O4K P4K

The electron-phonon scattering length l._,; in Au at T'= 300 K in Eq. (B.8) is given by:

le—ph = Te_pn X vp =3 x 1071 x 1.4 x 10° = 42 nm. (B.9)
The elastic mean free path (at 4k) in Eq.(B.8) becomes:

lo(nm) = 42(22%0K 1) (B.10)
PAK
240
280 |
200 |
240
<) @ 160 —
=
200 |
120 -
160
T T T 80 T T 1
100 200 300 0 100 200 300
T (K) T (K)
(a) (b)

Figure B.1: Resistance-Temperature dependence of the (a) sputtered, (b) evaporated Au films.
We deposited sputtered and evaporated Au films, and fabricated a long Au wire. Fig. B.1

shows the resistance-temperature of sputtered and evaporated Au wires. Using Eq.B.10, one
finds the mean free path of 35 nm and 71 nm for sputtered and evaporated Au films, respectively.
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Characterization of Au quality

One of the main limiting factors in realizing SNS junctions is having a short coherence length &
in the Au interlayer. Therefore, it is important to be sure that the Au normal metal is as pure
as possible. To address this issue, we performed magneto-resistance R(B) as well as resistance-
temperature measurements on the Au films of different deposition systems. Specifically, we
deposited 50 nm thick Au films from the sputtering and evaporated machine. then we patterned
them into the wires and performed the measurements.Fig. C.1 (a) shows the R(B) measurements
of the sputtered Au at different temperature. The measurements suggest that there are magnetic
impurities inside the Au thin film which can be described by the Kondo physics. Fig. C.1 (b)
shows the R(B) measurement of the evaporated Au which does not show any sign of magnetic
impurities at high fields.

162.3
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o 8K T=sK
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B (T) 70 B (T)

(@ (b)

Figure C.1: Magneto resistance measurement of (a) sputtered and (b) evaporated Au film. The magnetic impurities in the
sputtered Au layer can be described by the Kondo effect.
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Measurement setup

D.1 280 mK HELIOX FRIDGE

All of the fabricated devices are characterized by cooling down the sample inside the Oxford
Heliox VL 3He cryogenic system. The schematic of the system is shown in Fig. D.1. The
fridge works based on the condensation of 3He. This is possible by releasing the *He from the
heated inbuilt charcoal absorber while the 1K pot is running by pumping the *LHe through the
pick-up tube. The liquid 3He then is collected inside the >He pot where the sample is situated.
Finally, by removing the heat from the inbuilt charcoal, the vapor pressure reduces on top of
the condensed *LHe and the temperature of the 3LHe pot goes down to 280 mK.

D.2 ELECTRICAL MEASUREMENT

All samples are characterized by measuring the current-voltage characteristics (IVC) curves of
the devices, which are current biased. The biasing circuit consists of a voltage source connected
in series with the bias resistor, Rpias. To measure the device’s current the voltage drop across
the sampling resistor, Rs, which is in series with the device is obtained. The device’s voltage is
determined by measuring the voltage drop across the device. The measured current and voltage
signals are amplified through the SRS560 low noise differential amplifiers and then are connected
to the DAQ system for further processing. The schematic of the device biasing and measuring
system is shown in Fig. D.2.
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works with inbuilt heater. The 1 K pot provide necessary cooling temperature requires to condense 3He gas.The liquid 3He
collected in 3He pot.
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Figure D.2: Electrical measurement setup used for DC characterizing of our devices.

For the magnetic field measurements, the fridge is equipped with the NbTi coil for the
application of a magnetic field around 20 mT. The coil is biased with the Yokogawa 7651 pro-
grammable DC source.

In order to shine radio frequency, the antenna is placed right above the sample and is connected
to the Anritsu microwave generator.
Following electronics were involved during the measurements:

HP 34401-A amplifier

Stanford research low noise voltage pre-amplifier
Agilent 33220A, function generator

Yokogawa 7651, programmable DC source

National instruments PCI 6052E data acquisition card

A I

Anritsu synthesized CW & sweep/signal generators

D.3 DRAWPLOT PLOTTING SOFTWARE

In order to plot and process the measurements, I developed a plotting software, named Draw-
plot, based on MATLAB. This software enables us to plot different kind of measurements as
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listed below:

e IV measurements

o Resistance-Temperature measurements

o Conductance dI/dV and Resistance dV/dI
o rf measurements

o Magnetic field measurements

e Critical Current-Temperature measurement.
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Nanofabrication processes

In this appendix, we look into the nanofabrication recipes developed and applied for making
different junction discussed in this thesis.

Note that the parameters given in this section are specified for the fabrication systems of the
Nanofabrication Laboratory at the department of Microtechnology and Nanoscience, Chalmers.

E.1 FABRICATION RECIPE FOR YBCO NANOWIRES/NANOGAP

E.1.1 Substrate cleaning procedure

1165 remover or Acetone- heated at 65 ° (5 min)
surface cleaning with a cotton tip

IPA bath

Ultrasonic bath- Maxcimum power (5 — 10 min)
Rinse in IPA bath and blow dry with Ny

Check under microscope and repeat the cleaning procedure if it is necessary.
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E.1.2 Growth of c-axis YBCO films on the MgO substrate (DCA UHV #1142)

After cleaning the MgO substrate, it is loaded inside the DCA ultra high vacuum system. The
Deposition conditions are as following.

Deposition temperature 760 °C
Deposition pressure 0.7 mbar
Target-substrate distance 54 mm
Annealing presure 900 mbar
Cooling rate 5 °C/min

E.1.3 Deposition of in-situ Au film (DCA metal sputter #1144)

A thin layer of Au film is insitu sputtered and acts mainly as the protection layer for YBCO
film. The deposition parameters are as following:

Deposition rate 9 A/sec
Pre-sputtering time 2 min
Au DC-power 50 W
Ar pressure 5 pubar
Ar flow 60 sccm
Final thickness 20 nm

E.1.4 Deposition of diamond-like mask (PLD Carbon System #11413)

We used diamond-like carbon as a hard etching mask. The deposition parameters are as follow-
ing:

Base pressure 1 x 10~ " mbar
Deposition pressure 3 x 10~* mbar
Target-substrate distance 50 mm

Laser Energy 90 — 105mJ
Laser frequency 10Hz
Deposition time 5 min

E.1.5 preparation of e-beam resist layer(s)

- The double layer resists system (ZEP:copolymer) has the benefit that the selectivity of the
developers for top and bottom layer is almost perfect, so the developing time can be tuned based
on our needs. The necessary exposure dose and obtainable resolution are equivalent or better
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than that of PMMA /Copolymer.

The procedure is as following:

Clean the surface with 5 sec oxygen ashing. Rinse in IPA and blow dry in Ny
Double layer resists

- Copolymer EL2* & ZEP520A diluted 1 : 2 in Anisole

- Copolymer EL4* & ZEP520A diluted 1 : 4 in Anisole

- Copolymer EL6* & ZEP520A diluted 1 : 4 in Anisole

* The bottom Copolymer layer thickness should be > 20% thicker than the thickness of the
deposited material to be lifted off.

Using single layer resist system allows you to avoid baking the resist twice and resist baking
temperature for the ZEP can be reduce down to 90 °C without compromise.

Single layer resist

- ZEP520A diluted 1 : 4 in Anisole

- ZEP520A diluted 1 : 2 in Anisole

Spin both resist layers at 5500 — 6000 rpm for 1 min
Resist copolymer-EL baked at 110 °C for 5 min
ZEP resist baked at 90 °C for 2 min

E.1.6 Electron beam lithography (JEOL JBX-9300FS #217)

Process steps in making the ebeam-lithography are as following:

1- Mask preparation with AutoCAD or layout editor

2- Proximity correction with PROXECCO !®® or BEAMER

3- Writing small structures: V.. = 100kV, aperture 5, I= 1nA, base dose= 160 uC/cm?
4- Writing big structures: Vg = 100kV, aperture 7, I = 10nA, base dose= 250 uC/cm?
5- Writing huge structures: V.. = 100kV, aperture 8, I = 35nA, base dose= 300 C/cm?

E.1.7 Resist Development

The resist development is one of the crucial steps in achieving very small and dense structures.

E.1.8 Oxygen ashing (Plasma Therm BatchTop #418 — 419)

- Power 50 W, 250 mTorr Oxygen plasma, for 3 — 5sec
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Develop top resist (ZEP)
o-xylene 30 sec*
n-amyl acetate 30 sec*

Hexyl acetate (highest resolution) 30sec*
Dip in IPA and below dry with Ng

Develop bottom resist (copolymer)

H>O:IPA 90 : 10% 80 sec*
H>O:IPA 75 : 25% 60 sec*
MIBK:IPA 1:1 60 sec*
MIBK:IPA 1:4 70 sec*

Dip in TPA and below dry with Ng
*The mentioned development time is the general one, and it will be fine tuned for different patterr

E.1.9 Cr deposition (e-beam evaporator Lesker-1 #451)

- Chamber pressure below 107 mbar
- Masking layer (Cr) 120, A /sec

E.1.10 Lift-off process

During the lift-off process, the resist under the film is removed with solvent (remover), taking
the film with it, and leaving only the film which was deposited directly on the substrate.

Lift-off in 1165 remover* 60 — 75 °C** for t > 15 min
Ultrasonic agitation low powers for 20 — 30 sec
Rinse in IPA and below dry with Ng

*Acetone is not recommended as it does not remove ZEP layer.
** The flash point of the 1165 remover is around 85° C.

E.1.11 Carbon mask stripping with oxygen plasma

Un-protected carbon layer (by the Cr-layer) can be removed through Os plasma etching in the
Batchtop system. - Power 50 W*, 100 mTorr Oxygen plasma, for 30 — 35 min *the power can be
reduced down to 10 W for specific applications.

E.1.12 Ar-ion milling (CAIBE Oxford Ionfab #417)*

The YBCO and Au layer which are not covered by the C mask, can be etched softly and gently
in Ar ion milling system.
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Beam voltage 300 V

Acc voltage 300 V

Beam current 5—5.3 mA

Stage tilt b—17°

Base pressure 1 x 10~ mbar
Process pressure 1.5 —2.3 x 10~ mbar
Ar flow 4 sccm

Neutralizer OFF

* in some applications, we used the oter Ar ion milling system: CAIBE Oxford Ionfab 300
Plus (416)

E.2 FABRICATION RECIPE FOR ENCAPSULATING NANOWIRES/NANOGAP

In this section, we look into the fabrication steps required in encapsulating YBCO nanowire/nanogap
with Pt/Au layer avoiding any chemicals touching YBCO structures.

E.2.1 Sputter deposition of Pt/Au bilayer

Deposition parameters for the Pt layer:

Sputter deposition of Pt layer with the NORDIKO 2000 (# 401)

Base pressure < 1.1 x 1075 mbar
Ar flow 50 sccm

rf cleaning 50 W (1 min)

Ar pressure 5 mTorr
deposition time 50 sec

Deposition parameters for the Au layer:

Sputter deposition of Au layer with the FHR MS150 (# 400)

Base pressure < 5x 1077 mbar
Ar flow 40 sccm

rf cleaning 50 W (1 min)

Ar pressure 5 x 1073 mbar
deposition time 50 sec

The rest of fabrication procedure is summarized as below:

119



DLC carbon deposition
Spin ZEP 1 : 2 Anisole
bake on hotplate

almost perfect sample alignment
Expose JEOL JBX-9300FS
Develop in Hexyl acetate
Oxygen ashing
Metalization with Cr layer
Carbon stripping

Ar ion milling

Carbon stripping

70nm
6000 rpm
90°C

Vaee = 100 kV, I= 1nA and 10nA

45 — 60 sec
3 — 5sec
10 — 20 nm

50 W for 30 — 35 min
V=100V, I=5mA, for 120 min
50 W for 30 — 35 min

E.3 FABRICATION RECIPE FOR DEFINING THE NORMAL LAYER IN SNS JUNCTIONS

This section is to finalize SNS junctions. The fabrication procedure is as following:

Oxygen Ashing

Rinse in IPA and dry with No
Spin ZEP

Bake on hotplate

Spin anti-charging layer, Espacer
Expose JEOL JBX-9300FS
Develop in Hexyl acetate

Rinse in TPA and blow dry in Ny
Oxygen ashing

Metalization (Ti/Au) layer
Evaporate Ti layer,

Evaporate Au layer,

Lift-off in 1165 remover

X 2

50 W, 20 sec

5000 rpm

90°C for 2 min

no backing

Viaee = 100 kV, I= 1nA and 10nA
5 min

10 sec

3 — Hsec

Lesker \#1 , 5nm

Lesker \#1 , 70 nm
heated at 65 — 75°C, for at least 1 hour
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