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C-axis transport in YBCO nanostructures
KLINTI SINOJMERI

Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract

Despite nearly four decades since the discovery of high-temperature superconductivity
(HTS) in cuprates, the underlying microscopic mechanisms remain one of the most profound
open questions, in Condensed Matter Physics. The presence of multiple, intertwined
electronic orders, driven by strong electron-electron correlations, adds further complexity
to their behavior. This is reflected by a highly intricate phase diagram. Specifically we
focus on YBayCuzO7_s5 (YBCO), as our choice of HTS.

While in-plane transport (ab-plane) has been extensively studied, little is known
about the out-of-plane (c-axis) transport, especially in thin film systems. This is due to the
challenges associated with growing the film in other, suitable orientations (most convenient
and highest quality YBCO films are c-axis oriented) or fabricating suitable nanostructures
to probe it. In addition, the out-of-plane conduction pathway is significantly more resistive
than the in-plane one.

Despite these challenges, thin film platforms offer the ability to investigate properties
that are inaccessible in bulk, single crystals. Modifications of the YBCO ground state by
an engineered superpotential can only manifest in thin film systems, where the substrate
morphology has been patterned into a superstructure (for example, nanofacets). This
superpotential has been shown to induce changes such as enhancement of superconductivity,
unidirectional Charge-Density Wave (CDW) and even nematicity. Therefore, developing
a platform to gain access to c-axis transport properties in thin films (where the effect of
such superpotential modifications on c-axis can also be observed) offers a complementary
perspective to the ab-plane studies. Together, they may hold the key to unlocking the
mystery of HTS.

Previous studies on c-axis transport in YBCO are mostly performed on bulk single
crystals. They have revealed that charge transport along the c-axis differs fundamentally
from that in the ab-plane. In underdoped samples, a crossover from metallic to semi-
conducting behavior is observed with decreasing temperature. This behavior could be
related with the opening of the pseudogap. Moreover, the anisotropy between the in-plane
and out-of-plane responses becomes more pronounced at lower dopings, suggesting a
quasi-two-dimensional character.

This thesis focuses on creating a reliable platform for probing the out-of-plane
transport by mesa devices. These devices are made on thin film YBCO, which is grown
by pulsed-laser-deposition (PLD). Furthermore, we describe two fabrication routes for
the mesa devices using single-lithography (but with larger areas), or by utilizing a more
intricate three-lithography method, which grants much smaller areas. Then we use them
to probe the c-axis transport on 50nm thick, YBCO films.

Keywords: HTS, YBCO thin films, c-axis transport, underdoped, mesa
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1

Introduction

Superconductivity is one of the most important and intriguing phenomena in Con-
densed Matter Physics. In this field, in 1986, a major milestone was reached with the
discovery of the first high-temperature superconductor (HTS), which exhibited a critical
temperature (7;.) of 30K [5]. This breakthrough challenged the current understanding
at the time, which had been established by the Bardeen-Cooper-Schrieffer’s (BCS) mi-
croscopic theory. Up to this point, that theory had provided a successful framework for
low-temperature, conventional superconductivity [6]. The material responsible for this
great leap forward, belonged to the family of ceramic cooper-oxides (referred to as cuprates
later on). Since then, the search for new superconductors with even higher even higher 7.
began [7, 8]. The ultimate goal of this research is the discovery of the room-temperature
superconductor, a breakthrough that would revolutionize modern technology. Despite
substantial progress over the past decades, there is still a lack of a complete microscopic
theory to explain the underlying mechanisms behind HT'S. This continues to limit the
practical application of these materials.

Such a difficulty arises from the strongly correlated electrons in these materials, where
the traditional single-particle approximation breaks down. Therefore, it is unable to
accurately describe the system’s behavior [9, 10]. Current computational methods, even
with supercomputers, struggle to model these strong electron-electron correlations with
enough precision to predict the properties of HT'S compounds. Over the past decades,
numerous theoretical models have been proposed to decode the underlying mechanisms
driving superconductivity in HTS [11-17], yet no single framework has succeeded in
capturing its full complexity.

Beyond their unconventional superconducting behavior, the normal state of cuprates
introduces additional layers of complexity. Due to pronounced electron-electron inter-
actions, various forms of spin and charge orders emerge, contributing to a rich and
intricate electronic phase diagram [10]. Although the precise origin of these local orders
remains elusive, some theoretical studies suggest that they may be connected with the
superconducting phase itself [18]. A particularly interesting region in the cuprates’ phase
diagram lies is the pseudogap phase, located in the underdoped regime. As its name
implies, this phase is marked by a partial suppression of the electronic density of states,
specifically along the anti-nodal directions of the Fermi-Surface [19, 20]. The consequence
is a transformation from the continuous hole-like cylindrical Fermi surface, to disconnected
segments known as Fermi arcs [21-23]. Two important quantities characterize this phase,
the critical doping p* and the onset temperature T%. Despite decades of research, the
precise connection between the pseudogap and superconductivity remains an open question.
Some experimental and theoretical works suggest a competitive interplay, noting that
the emergence of d-wave superconductivity near 7T, coincides with the collapse of the
Fermi arcs close to the nodal regions [24]. In contrast, other studies propose a precursor
scenario where the pseudogap contains pre-formed Cooper pairs lacking phase coherence
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20, 25-27]. Up to this day, the pseudogap stands as one of the central and most enduring
mysteries of HT'S.

In our context, out-of-plane (c-axis) transport offers a particularly powerful probe of
the pseudogap region. C-axis conduction depends on the anti-nodal states, the very states
suppressed by the opening of the pseudogap. This makes transport along this direction
very sensitive to the pseudogap or modifications of the anti-nodal states [19, 28]. Most
studies in c-axis transport have been done in single crystals. However, recent developments
in thin films (such as superpotentials induced via substrate effects, like nanofacets in
MgO (110) [29]) have shown the ability to modify the ground state of superconductors
(YBayCuz07_s (YBCO) for example). One of the consequences of this modifications, is
inducing a nematic transformation to the Fermi Surface. Therefore, it becomes important
to have a c-axis platform on thin films, as it can be used to indirectly probe nematicity.
A nematic distortion of the Fermi surface would lead to an additional suppression of the
anti-nodal states [29, 30], leaving a distinct fingerprint in the c-axis transport.

1.1 Thesis Objectives and Scope

In this thesis, we focus on the c-axis transport properties of YBCO, a very well-
studied HTS. Our ultimate goal, is to investigate c-axis transport in thin film YBCO
nanostructures, where its ground state properties have been modified by the presence of
a superpotential. That said, there are several difficulties with probing c-axis transport
in thin film systems. Therefore, in this specific work, we focus on creating a reliable
platform for probing the c-axis, and comparing our measurements with results reported
in single-crystal systems.

Our investigation is carried out in the underoped regime of YBCO, with a hole
concentration of p =~ 0.11 and an average superconducting transition temperature (TC)
in the range of 52-55K. At higher doping levels, YBCO exhibits more three-dimensional
superconducting behavior, while in the underdoped regime, its quasi-two-dimensional
nature and transport anisotropy are more pronounced.

In-plane transport has been extensively studied in the past (in both thin film and
single crystal platforms), partly due to its strong connections with superconductivity
originating in the CuO; planes. In contrast, much less is known about c-axis transport,
especially in thin film systems. This knowledge gap stems from inherent challenges
associated with measuring along the c-axis, the main one being to fabricate suitable
nanostructures for such measurements. To mention some of these difficulties are:

1. Establish reliable electrical contact from the top.

2. Small device areas are required to obtain measurable resistances

3. Out-of-plane conduction is inherently less favorable, making it highly sensitive to
structural or process-induced damage.

One could in principle grow the films in another orientation to study c-axis transport,
however, in the experience of our group this is quite a complicated process [31] as well.
In addition, it prevents us from having the tunability over the material’s properties by
superstructure effects, which is the ultimate goal of our investigation. An example of
this superstructure are the nanofacets on MgO(110) created by modifying the substrate’s
morphology by annealing [29, 30, 32, 33]. Such tunability and control over the material’s
properties, is invaluable for disentangling the intertwined orders present in the intricate
phase diagram of cuprates, thereby deepening our understanding of their fundamental
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properties. As two examples that are only available in thin film platforms, are the
nematic transformation of the Fermi surface or the unidirectional Charge-Density Wave
(CDW), which occur only in ultrathin films (10nm), modified by the nanofacets [30, 32].
This ground state modifications also lead to enhanced superconducting properties. Such
effects are not accessible for bulk single crystals. In addition, we can indirectly probe the
nematicity of the Fermi Surface, and look for any modifications to the pseudogap phase.
Thin films also provide additional insight (compared to single crystal results), as they
do induce confinement effects. Combining c-axis knowledge with in-plane measurements,
could be the key elements to unraveling the mystery behind HTS.

For testing our measurement platform, we will be focusing on probing the behavior
of underdoped YBCO thin films within the pseudogap regime.

Experimentally, the pseudogap manifests in Resistance versus Temperature (R(7T)
measurements below the characteristic temperature 7. Below this temperature, the
in-plane resistance decreases, despite the opening of an energy gap, a counterintuitive
behavior commonly observed in underdoped YBCO [34].

In c-axis transport studies for bulk single crystals [28], a crossover from metallic to
semiconducting behavior has been observed with decreasing temperature. This change is
often linked to the opening of the pseudogap. Notably, T (associated with the onset of
in-plane pseudogap behavior) is lower than 7" (the temperature at which an upturn in
c-axis resistance occurs). There are many theories attempting to explain this disparity,
such as the Resonance Valence Band (RVB) model [17]. In this work, we expect to observe
a similar transition from metallic to semiconducting behavior in our out-of-plane transport
measurements and look for any hints of anisotropic signatures through the differing values
for ab-plane and c-axis transport.

Another objective of this thesis is to characterize the YBCO-Au interface (superconductor-
normal metal (SN)), using conductance spectroscopy, for underdoped samples. This tech-
nique provides information about the symmetry of the superconducting order parameter
and the possible presence of subgap features, Zero-Bias Conductance Peaks (ZBCPs),
Andreev reflections, zero energy Andreev Bound States (ABS). All of these phenomena
are essential for understanding charge transport across the boundary. Understanding
these phenomena is not only critical from a fundamental physics standpoint, but also
for the development and optimization of quantum devices, where such interfaces play a
pivotal role. More importantly, we can search for any modulations to gap features, that
can be induced by the presence of a superpotential in the substrate.

The structure of this thesis is organized as follows:

o Chapter 2 provides a brief overview of the history of superconductivity and HTS,
including key properties of YBCO such as its electronic phase diagram, nematicity,
some brief background on Andreev Physics

o Chapter 3 describes the YBCO thin film deposition and its electrical characteriza-
tion

o Chapter 4 presents a detailed overview of the nanofabrication process used to
define YBCO mesa devices with a thickness of 50nm. The first section discusses the
fabrication of 100 x 100 pum?2-area mesas and their limitations. The second sections
explores the miniaturization to 10 x 10 pm?2-area mesas, requiring a more intricate
fabrication process

o Chapter 5 explains the types of measurements conducted on the mesa devices for
investigating c-axis transport, the experimental setup and theoretical calculations

o Chapter 6 discusses the experimental results of c-axis transport measurements.
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The first section focuses on the 100 x 100 gm?-area devices, while the second on the
10 x 10 pm?-area mesas. During this second section, a comparison with nanobridge
measurements (fabricated on the same chip) as representatives of ab-plane transport
is also presented

o Chapter 7 concludes the thesis by summarizing the key findings, and proposing
directions for future research



2

Background

This chapter provides an essential foundation about superconductivity. The first part
offers a brief historical summary of key developments and fundamental laws that govern
superconductors. The second part focuses on unconventional superconductors, also called
HTS. Particularly describing cuprates, specifically YBCO and its complex phase diagrams.
This information will form the basis to comprehend the work presented in this thesis.

2.1 History of Superconductivity

Superconductivity was first discovered in 1911 by Onnes in Leiden. He was able to
measure the electrical resistivity of mercury as a function of temperature using liquid
helium [35]. In his experiment, the resistivity of mercury vanished abruptly at 4.2 K (a
superconducting transition occurred). The temperature at which a material undergoes
this phase transition to a zero resistive state, is known as the critical temperature, 7..
Materials who exhibit this property are called superconductors.

A second essential property to classify a material as a superconductor, is perfect
diamagnetism. It was discovered in 1933 by Meissner and Ochsenfeld [36]. When a
superconductor is cooled below T, (even in the presence of a magnetic field), it will
expel all external magnetic fields from their interior. In their honor, this phenomenon
was named the Meissner effect. It is what distinguishes superconductors from perfect
conductors. The Meissner effect can be broken not only by temperature, but also if the
applied magnetic field exceeds a critical field H., which is material specific.

In 1935, the London brothers developed the first electrodynamic theory of super-
conductivity, introducing what nowadays are known as the London equations [37]. The
superconducting state was modeled as a two-fluid system, consisting of a superfluid. Its
carriers were superelectrons with zero viscosity and entropy. And the other part was a
normal fluid with regular electrons. The London equations are:

. D,
E=AZ 2.1
T (2.1)
B=—AV x J, (2.2)

where A = ez 1s the London parameter, m* = 2m and e* = 2e represent the effective
mass and charge of the superconducting charge carriers (later called Cooper pairs after
BCS), and n; is the carrier density of these superelectrons. Equation (2.1) describes the
dissipationless current of the superconducting state, while equation (2.2) accounts for
the expulsmn of magnetic fields (explains the Meissner effect). By using Ampere’s law,
V xB= ,LLOJS, and substituting into equation (2.2), one can obtain:
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9 - A

VB = )\%B, AL = o (2.3)
where A\j, is known as the London penetration depth. This is a very important, character-
istic length scale that describes the extent to which a magnetic field can penetrate into a
superconductor.

Although the London equations were able to describe two essential features of
superconductivity, they weren’t able to account for all properties of superconductors.
Therefore, a more comprehensive phenomenological theory was proposed by Ginzburg
and Landau in 1950 [38]. It is a thermodynamical theory, based on phase transitions
(superconductivity is second order phase transition). Ginzburg-Landau (GL) theory
introduces a complex order parameter 1 (7) = |¢(7)[e, where [)|* = n, is the density of
superconducting carriers. Using GL formalism, the free energy of the system is expressed
as:

F=Fy+ / laW!Q - ;ﬁlw\‘* - qun |(=ihV — e* A) zpf + 2;0\512] v (24)

where Fly is the free energy of the normal state, A is the magnetic vector potential,
and «, [ are the phenomenological parameters related to the system’s thermodynamics.
Minimizing the free energy with respect to 1* or A leads to the two GL equations:

arh + Bl + 27171 (—z’hV — e*/i’)2 Y =0 (2.5)
= we*h , . (e*)2 5 7
Js = =5 - (WTVY =y VYT = YA (2.6)

This theory was a great success in describing the macroscopic properties of superconductors.
It is also possible to re-derive the London equations, from the 2 GL equations. The
boundary condition associated with these equations, (—ihVi) — e*/Tw) -1 = 0, implies
that the supercurrent J, cannot exit the superconducting material, which is quite logical.

From equation (2.5), a second characteristic length scale was discovered. This was the
coherence length ¢ and it can easily be derived by assuming the Rigid Gauge (superfluid
phase 0 is constant), negligible magnetic field, and a slowly varying, real-valued . The
equation reduces to:

Y h?
Vi = =, = 2.7
4 & ¢ 2m|a| (27)
By combining the 2 characteristic lengths, a dimensionless ratio k = A/ was

discovered. This is used to classify superconductors into two types: Type I (k < 1/4/2),
where magnetic flux is completely expelled up to H., and Type II (k > 1/ v2). Type
IT allow for partial flux penetration through Abrikosov vortices in their mixed state
(Ha < HoH.. The vortices were called Abrikosov vortices, as the theoretical basis for
their behavior in Type II superconductors was developed by Abrikosov in 1957 [39]. In
such materials, flux enters the superconductor during the mixed state H.y < H < H,s.
Below H,.; the system is in the Meissner state and acts a perfect diamagnet, while above
H .5 superconductivity is broken.
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2.1.1 Microscopic Theory - BCS

Another important experimental milestone occurred in 1950, when E. Maxwell ob-
served that the critical temperature of mercury changed with the isotope mass [40]. This
isotope effect hinted at a connection between lattice vibrations (phonons) and supercon-
ductivity. Independently, Frohlich [41] and Bardeen [42] proposed that electron-phonon
(e-ph) interactions played a fundamental role in the formation of the superconducting
state. The observed relation T, oc M~/2 where M is the isotope’s mass, supported this
view, as phonon frequencies also scaled with M~1/2.

Building on all of these developments, Bardeen, Cooper, and Schrieffer formulated
the first microscopic theory of superconductivity in 1957. This was known as the BCS
theory [43, 44]. The central idea is that in certain materials, there is an attractive
interaction between electrons, mediated by phonons (could also be another kind of boson,
but experimental data due to the isotope effect, suggests phonons). This attractive
interaction is strong enough, that it can overcome Coulombic repulsion. Such an attractive
potential, leads to the formation of correlated electron pairs (Cooper pairs), with opposite
spin and momentum (this gives the maximum overlap between the Fermi surfaces of the
two pairing-electrons). These pairs can then condense into a macroscopic quantum state
below T,.

Under the BCS framework, the density of states near the Fermi level is assumed
constant, N(eg) = Ny, and the interaction potential, matrix element is approximated as
constant (no momentum dependence), Vi = Vp, within an energy window determined
by the Debye frequency wp. These approximations are referred to as the weak-coupling
limit and are valid for conventional, low temperature superconductors with s-wave order
parameter. The superconducting gap A at zero temperature can be derived as:

kT, ~ 2hwpe™/NoVo (2.8)
and is related to the energy gap by:

A(0) = 1.76 kT, (2.9)

Although the BCS theory successfully explains the features of conventional super-
conductors, it predicts a maximum 7, of approximately 40 K even in the strong coupling
limit [45], a limitation that fails to account for the significantly higher critical tempera-
tures observed in HTS. In addition, most unconventional superconductors arise from a
non-metallic ground state and have a very complicated normal state. BCS theory fails to
account for either of these traits.
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2.2 High T Superconductor and YBa,Cu3;O;_;

One of the reasons HTS are considered unconventional (among many), is due to their
critical temperatures surpassing the limits predicted by BCS. Despite many decades of
research, a complete description of the mechanisms underlying their behavior remains a
mystery. This section provides a concise overview of HTS materials, before focusing on
the specific cuprate used in this work: YBayCuzO7_s (YBCO).

2.2.1 Brief History and Roadmap of HTS

In 1986, Bednorz and Miiller discovered the first HT'S material, which belonged to
the cuprate family, Lay_,Ba,CuO, (LBCO), with a critical temperature of 35 K [5]. This
cuprate exceeded expectations, not only by breaking the BCS’s theoretical T, limit, but
also by demonstrating superconductivity in a material type, whose ground state was
insulating and not metallic. All conventional, low-T. superconductors explained by BCS,
originated from a metallic ground state. Soon after, another cuprate, YBayCuzO7_;
(YBCO), was discovered with a T, near 92 K [46]. This was a bigger milestone, as it was
the first material to show superconductivity above the boiling point of liquid nitrogen (77
K). Such a discovery made cryogenic applications more accessible and cost-effective than
with liquid helium, which was absolutely necessary for low-T..

After this breakthrough, more cuprates with even higher 7, values were identified
under ambient pressure, reaching up to 135 K in mercury-based compounds by 1999 [10].
Unconventional superconductors don’t belong only to the cuprate family. Soon after,
new HTS families emerged in the 2000s. Figure 2.1 highlights key milestones in the
development of HTS materials [8]. Among these, YBCO remains as one of the most
extensively studied, alongside BisSroCaCusOg., (Bi2212) and Lay_,Sr,CuO,4 (LSCO),
due to its high critical temperature and practical relevance.

Figure 2.1: Roadmap of High-Temperature Superconductivity [4].
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2.2.2 Structure and Properties of YBa,Cu3O7 — )

Cuprate superconductors are known for their layered, quasi-two-dimensional crystal
structures. These materials consist of conducting CuO, planes, that are separated by
insulating blocks. These insulating blocks act as charge reservoirs and provide structural
stability. The CuQOs, planes are the primary sites of superconductivity, while the weak
interlayer coupling between these planes (due to the presence of the insulating layers)
leads to anisotropy between the in-plane (ab) and out-of-plane (c-axis) transport. In
particular, YBCO has a complex unit cell composed of three perovskite layers, with
Yttrium sandwiched between two Barium, containing layers, as shown in Figure 2.2 [30].

Figure 2.2: Illustration of YBCO crystal structure and the hole-doping mechanism
(adapted from [34]). The parent compound (Y BasCu3Og) has a tetragonal structure
with lattice parameters a=b=3.86 A,c=11.82 A. The formation of CuO chains from
oxygen (hole) doping distorts the crystal structure, resulting in orthorhombic with lattice
parameters a = 3.82 A, b = 3.89A, ¢ = 11.68A for the fully developed CuO chains.

The undoped parent compound (most stable form of YBCO), YBayCuzOg, exhibits
a tetragonal structure with Cu only chains. Empty sites are available in the chains. As
oxygen is added to these chains, it forms quasi-one-dimensional CuO chains along the
b-axis, modifying the crystal symmetry to orthorhombic with b > a [47]. These chains
introduce anisotropy and lead to subtle distortions (puckering) in the CuO, planes. The
c-axis lattice parameter becomes doping-dependent, as observed in both thin films and
single-crystals [48-50]. In fact, its length is usually used to indicate the doping level of
YBCO. The superconducting parameters such as coherence length and London penetration
depth also reflect this anisotropy. Table 2.1 compares the superconducting parameters
of YBCO with those of conventional superconductors [51-53].
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Material SC Type | Te (K) | A (meV) A@b:¢ (nm) €9 ¢ (nm) | HY ; HS, (T)
Al I 1.175 0.18 50 1600 0.01
Pb I 7.19 1.32 39 83 0.08
In I 3.405 0.52 64 440 0.028
Nb 1I 9.25 1.5 44 40 ~3
YBayCusOg o I 93 20-25 1507332630/ L2 1 g w024 | 250120

Table 2.1: Comparison of superconducting properties for optimally doped YBCO and
other conventional superconductors.

2.2.3 Order Parameter and Fermi Surface in Cuprates

As mentioned above, conventional superconductors usually have an isotropic s-wave
order parameter (Figure 2.3(a)), while in cuprates, the symmetry is predominantly
dy2_,2 (d-wave) (Figure 2.3(b)) [54]. In this form, the superconducting gap is wave
vector (momentum) dependent: Ay(k) = Ag(cosk, — cos k), resulting in nodal points
(zero gap even when the temperature is 0K) along the diagonal directions and a maximum
gap at the anti-nodal points. The Fermi surface in hole-doped cuprates like YBCO
typically resembles a large cylinder centered at (7, 7) in the Brillouin zone, as illustrated
in Figures 2.3(c) and (d). The anti-nodal regions, where the superconducting gap is
strongest, correspond to (0, +m) and (£, 0). The nodal directions lie along (£7/2, £7/2).
It is worth noting, that this is a simplified picture, as the actual Fermi surface is more
complex due to bilayer splitting and CuO chain contributions [55].

Figure 2.3: Illustration of (a) s-wave order parameter, (b) d-wave order parameter.
Both (c¢) and (d) are the sketch of the Fermi surface where (c) is centered at (0,0) and (d)
is centered at the (7, 7) point of the first Brillouin zone (adapted from [1])

2.2.4 Phase Diagram of YBCO

The physical properties of YBCO can be modulated through oxygen doping (p) within
the CuO chains. Based on the doping levels and its inherent complexity, YBCO has a rich
and intricate phase diagram, as depicted in Figure 2.4. Due to many different phases
acting simultaneously around the same doping region, there is a lot of added difficulty
to understanding this material. The superconducting region spans a hole concentration
of 0.05 < p < 0.23, with a maximum critical temperature (7., ~ 93 K) occurring at
optimal doping near p = 0.16. Unlike, the conventional parabolic behavior associated with
superconducting domes, YBCO displays an anomalous suppression around p ~ 0.125. This
is often referred to as the “1/8 anomaly.” Such a dip in 7, is attributed to a competing
charge order (charge density wave - CDW) that disrupts superconductivity [56]. In
addition, other orders like Charge Density Fluctuations (CDF) have been observed in
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YBCO, though they still have not been properly mapped as to where they lie in the phase
diagram. Pair Density Wave (PDW) order has also been hypothesized to exist in the
YBCO phase diagram, as it has been confirmed in other cuprate families [57, 58]. This is
a special ordering phenomena, which modulates the superconducting order parameter,
such that its spatial average vanishes. Many phenomena have been theoretically related
to PDW, although its existence in YBCO has not been confirmed yet. In the following
sections, we will discuss the currently known phase diagram of YBCO.

The phase diagram of YBCO is commonly divided into three doping regimes: under-
doped, optimally doped, and overdoped.

Figure 2.4: Phase diagram of YBCO as a function of hole doping (p) and oxygen
content (7 — ¢) per unit cell (adapted from [34]). YBCO is characterized by multiple
intertwined orders, depending on the level of doping as shown in the diagram. Ty, T,
and T,,, are Néel, pseudogap, and coherent temperatures, respectively.

Underdoped Region (p < 0.16)

The underdoped regime represents the most intricate part of YBCO’s phase diagram.
It is characterized by the coexistence of spin and charge orders. Below we outline a
summary of the normal-state behavior:

o« Mott Insulating Phase: In the absence of doping, YBCO behaves as a Mott
insulator, with each Cu site hosting one localized hole. Due to the strong on-site
Coulomb repulsion, the system becomes insulating instead of metallic, contrary to
predictions from simple band theory [59]. This regime exhibits antiferromagnetic
(AF) ordering, which is quite persistent in temperature. However, the introduction
of holes around p ~ 0.05 destabilizes the AF phase, allowing charge carriers to
delocalize.

o Spin Order: Following the suppression of the AF state, a Spin Density Wave
(SDW) emerges. It is a periodic modulation in spin density observed in the doping
window 0.05 < p < 0.08 [60]. In contrast to other cuprates such as LSCO, where
spin and charge orders overlap significantly, YBCO exhibits minimal overlap between

11
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these two phenomena [61-63]. It may be possible for residual, weak SDW signatures
to exist above p &~ 0.08.

Pseudogap Phase: One of the most important phases of the underdoped regime is
the pseudogap. It is a partial suppression of the electronic density of states along the
anti-nodal directions of the Fermi surface [64, 65]. This leads to a transformation
from a full hole-like cylinder Fermi Surface into disconnected segments known as
Fermi arcs (Figure 2.5(a)). Above the pseudogap opening temperature, the full
hole-like cylindrical Fermi Surface is observed (Figure 2.3(c)) [2, 21-23]. Two
quantities define the pseudogap: the critical doping level p* (where the pseudogap
abruptly ends), and the onset temperature 7. T* is typically identified as the
temperature where deviations from linearity in the resistivity curve p(7") [66] start.
The relationship between the pseudogap and superconductivity remains an open
question to this day. Some studies suggest competition between them, as the
emergence of d-wave superconductivity around 7, appears to coincide with the
disappearance of Fermi arcs near the nodal regions [24]. Others propose a precursor
relationship, in which the pseudogap contains at pre-formed Cooper pairs without
phase coherence or spin/pairing fluctuations [25, 26, 67].

Figure 2.5: Simplified illustration of the Fermi surface in the pseudogap phase (adapted
from [1]). The grey contour represents the full hole-like cylindrical Fermi surface; the blue
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arcs show the remaining coherent segments (Fermi arcs).

o Charge Order: Charge Density Wave (CDW) order occupies a broad region in

the underdoped phase, specifically the doping range 0.08 < p < 0.16. CDW in
cuprates involves incommensurate modulations of the charge density within the
CuOs planes. This order is short-ranged, quasi-two-dimensional, and exhibits biaxial
symmetry with in-plane correlation lengths going up to ~ 75 A (approximately 20
lattice constants) [68, 69]. X-ray scattering experiments reveal anisotropic charge
modulations, that are particularly pronounced near p ~ 1/8 (this is where CDW
is the strongest) [70]. Despite ongoing debates about its microscopic origin, there
is strong experimental evidence for CDW’s competition with superconductivity
(68, 69]. For instance, CDW intensity increases with decreasing temperature down
to T, and then weakens below it. This order is also enhanced by magnetic fields
that are known to suppress superconductivity [71].
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Optimally Doped Region (p = 0.16)

YBCO reaches its maximum critical temperature in this phase. The strange metal
phase domiantes the normal state. This phase is associated with unconventional transport
properties, most notably, its linear temperature dependence in resistivity p(7) over an
exceptionally wide range [72, 73]. Such behavior contrasts with the predictions of Fermi-
liquid theory, where p(T') should obey a T? law from electron-electron scattering [74, 75].
This deviation signals a breakdown of the quasiparticle picture.

Evidence from Angle-Resolved-Photo-Electron-Spectroscopy (ARPES) and shot-noise
measurements [76, 77] indicate that the scattering rate reaches the so-called Planckian
limit, 7, ~ A/kgT [78]. This implies ultrafast decoherence and renders the conventional
quasiparticle framework ineffective. Remarkably, these features are universal across many
cuprate families [79)].

The microscopic origin of strange metal phase remains the subject of intense debate
to this date. One widely discussed hypothesis ties it to a quantum critical point (QCP)
located at T'= 0 and p = p*, where quantum fluctuations dominate over thermal ones
80, 81]. Supporting this view, recent experiments have uncovered persistent charge density
fluctuations (CDF), shorter in range than the CDW order but extending up to room
temperature, which could be fingerprints of the strange metal regime [82-84].

Regardless of interpretation, the strange metal phase at optimal doping remains a
central piece of the HTS puzzle.

13
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Overdoped Region (p > 0.16)

The overdoped regime is considered simpler, as superconductivity persists only up
to p = 0.25, beyond which the system returns to a Fermi-liquid state. The transition to
coherent quasiparticle behavior is marked by the coherence temperature (7,.), signaling
the restoration of a conventional metallic phase. However, recent investigations have
revealed several non-trivial features even in this region.

For instance, anisotropic quasiparticle excitations have been observed [85]. In addition,
evidence has been reported for residual charge ordering beyond optimal doping [86].
These findings suggest a more nuanced picture of the overdoped phase, challenging the
assumption of a complete return to Fermi-liquid behavior. Unfortunately, systematic
studies for overdoped YBCO are limited by experimental constraints. Conventional oxygen
doping techniques can only reach up to p ~ 0.19 [34]. To explore higher doping levels,
more creative approaches such as chemical substitution must be employed [87, 88].

14
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2.3 Electronic Nematicity in Cuprates

The nematic phase, often described as an electronic liquid crystal state, occurs when
the electronic structure preserves translational symmetry, but spontaneously breaks the
four-fold (C,) rotational symmetry [89]. Just like in classical liquid crystals [90], the
ground state lies between that of a "liquid" (dominated by large quantum fluctuations)
and a "solid" (with minimal fluctuations). The concept of nematicity in cuprates emerged
following the discovery of stripe orders, dynamic modulations of charge and spin forming
stripe patterns in lanthanum-based cuprates [91]. Beyond cuprates, nematic signatures
have also been identified in other unconventional superconductors, including iron-based
systems [92], heavy-fermion compounds [93], and even topological superconductors [94].

In cuprates, detecting nematic order is challenging due to its subtle characteristics:
short correlation lengths and its small associated energy scale [95, 96]. Furthermore,
because nematicity is characterized by a wavevector () = 0, spectroscopic detection is
hindered by dominant elastic scattering signals [97]. As a result, evidence for nematicity
in these materials has often been indirect, emerging from anomalies in resistivity p(T),
the Nernst coefficient, and magnetic susceptibility [98-100]. Strain appears to be an
important factor that influences nematicity. This nematic transformation can also be
induced by the presence of superpotential.

One way to impose a superpotential on a thin film, is by modifying the substrate
morpholgy. This is done through surface treatments, by thermally annealing a MgO (110)
substrate at T = 770°C for 5 hours. This annealing process creates a surface reconstruction
of the MgO into nanofacets that are aligned along the b-axis of YBCO. These nanofacets
lead to the formation of untwinned YBCO films [33]. This effect combined with shrinking
of film’s thickness from 50nm to 10nm leads to some interesting effects, associated with a
modification of the YBCO’s ground state [29].

Our group reported an unusual anisotropy in the p(7") of underdoped, ultrathin (10nm)
YBCO films grown on MgO (110) substrates and observed the nematic transformation of
the Fermi Surface [2, 32, 101].

One promising approach to indirectly, probe nematicity is through c-axis transport.
Suppression of anti-nodal states (expected if nematic order is present), would be directly
reflected in c-axis electrical measurements, as they are the contributing states. This might
manifest as a reduction of resistance in the upturn (metallic-to-semiconducting transition)
associated with underdoped, c-axis transport [28].

)
3

Figure 2.6: (a) Typical hole-like cylindrical Fermi surface. (b) Nematic distortion of the
Fermi surface (adapted from [2]).
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2.4 Andreev Reflections and Zero Energy Andreev
Bound States

When a quasiparticle originating from a normal metal (N) reaches the interface
of a superconductor (SC), its transport properties are affected by the presence of the
superconducting gap A. If the incoming electron has an energy below that of the
superconducting gap, it cannot enter the superconductor as a single particle, due to the
absence of available states within that energy range. However, a unique process known as
Andreev reflection can occur [102].

Imagine a quasi-electron approaching a superconductor from a normal metal, with
an energy E/ < A (see Figure 2.7). The incident quasi-electron forms a Cooper pair by
combining with another quasi-electron of opposite spin and momentum from the Fermi
sea of the normal metal. This pair can now enter the superconductor. Simultaneously, a
quasi-hole is reflected back into the normal region with opposite spin and momentum of
the incident quasi-electron. This mechanism conserves both charge and momentum and
enables subgap transport across the SN interface.

Andreev reflection is a phase-coherent phenomenon that couples electron and hole
states. It is especially significant in the study of low-energy quasiparticle dynamics
in hybrid superconducting systems and for studying transport across interfaces. Its
characteristics, such as amplitude and phase, are highly sensitive to the interface quality,
the symmetry of the superconducting order parameter and the geometry of the junction.

Figure 2.7: Andreev Reflection (adapted from [3])

A particularly rich manifestation of Andreev physics occurs in unconventional su-
perconductors such as HTS cuprates, where the superconducting gap exhibits d-wave
symmetry. In such materials, the order parameter A changes sign depending on the
momentum direction. When quasiparticles reflect from a surface or interface with this sign-
changing gap structure, interference effects can arise [102], such as zero energy Andreev
Bound States (ABS). This process leads to the appearance of a Zero-Bias Conductance
Peak (ZBCP) in tunneling spectroscopy (see Figure 2.8) [3, 102].

Initially, a quasi-electron in the normal metal with £ < A specularly reflects at the
interface. Then it experiences a sign change due to the d-wave superconducting order
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parameter. It undergoes Andreev reflection, propagates into the superconductor, and
causes a quasi-hole to be reflected back into the normal region.

This quasi-hole, too, specularly reflects at the interface, again encountering a sign
change in A, and undergoes another Andreev reflection. As a result, a Cooper pair is
transferred into the superconductor (which traces the path of the quasi-electron) and
a new quasi-electron is reflected back into the normal metal. The entire cycle repeats
periodically, creating a standing wave pattern of electron—hole states. This standing wave
is confined near the interface.

For such resonant and periodic Andreev reflections to occur, the orientation of the
interface must be special. The quasiparticle trajectory must encounter alternating regions
of positive and negative A. The YBCO orientation that fulfills this criteria is the (110)
direction. In this configuration, the initial quasi-electron sees +A, and its reflected
quasi-hole experiences —A, leading to a m phase shift per cycle.

(a) Andreev Bound State formation (b) Andreev Bound State and Zero Bias
(adapted from [3]) Conductance Peak (adapted from [103])

Figure 2.8: Andreev Bound State formation and Zero Bias Conduction Peak

These zero energy solutions are called zero energy ABS. They manifest as sharp peaks
in the local density of states, which are detected via tunneling spectroscopy as a zero-
bias conductance peak. Their presence serves as a strong fingerprint of unconventional
superconductivity and indicates that the interface is aligned along a nodal direction,

specifically, the (110) axis in the case of YBCO.
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Deposition and Characterization of
YBCO thin films

The first and most critical step to develop our c-axis platform and perform our
measurements, is the deposition of high-quality YBCO thin films.

Thin films are the first and most essential building block for device fabrication. For
example, they are the starting point in Superconducting QUantum Interference Devices
(SQUIDs) [104, 105], and in single-photon detectors [106, 107]. In this thesis, we use them
as the first block needed to fabricate the mesa devices, with which we will examine the
c-axis transport of twinned YBCO films grown on SrTiOs (STO) substrates.

This chapter describes the thin film fabrication process, as well as the the deposition
parameters used. It also introduces relevant structural considerations such as strain and
twinning, which influence the physical properties of the YBCO films.

3.1 Thin Film Fabrication — Pulsed Laser Deposition
(PLD)

The deposition of high-quality YBCO thin films is a complicated process that demands
careful attention to multiple factors. YBCO is structurally complex and highly sensitive
to stoichiometric variations, particularly with respect to oxygen content. The amount
of oxygen has a direct influence on the hole doping level and thus the superconducting
properties. To achieve reliable nanoscale transport measurements, we require films with
exceptional homogeneity and surface smoothness.

The preferred approach to obtain high quality YBCO films is expitaxial growth. It
can be realized via several techniques, like pulsed laser deposition (PLD), molecular beam
epitaxy (MBE), and dc/rf magnetron sputtering. In this work, the PLD method is used
and it is widely recognized for its capability to yield stoichiometric films, as well as for the
high degree of control it provides over growth conditions. Nonetheless, obtaining good
films requires careful optimization of several parameters including laser fluence, substrate
deposition temperature, oxygen pressure, and post-annealing conditions.
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Figure 3.1: Illustration of the PLD system used to deposit YBCO thin films (adapted
from [1])

The working principle of PLD is based on the ablation of a bulk YBCO target by a
laser. A high-energy laser pulse, strikes the target’s surface, creating a vaporized plasma
plume with ions. This plasma plume propagates towards the heated substrate, where
the atoms condense and grow into a thin film. The composition of the deposited film is
determined by the plasma plume’s dynamics, which depend on the laser fluence (E), pulse
repetition rate (f), and the oxygen pressure during deposition (Pg,). Additionally, the
deposition temperature (Ty,) and target—substrate distance (d) influence atom adsorption
and surface diffusion. Thereby they are important parameters as they affect film nucleation
and growth. These parameters are all variable and highly depend on the chosen substrate
where the film will be grown (so they must be tuned for each substrate).

The number of pulses (n) determines the film thickness. After deposition, the film is
deficient in oxygen due to the high deposition temperature. This results in the tetragonal
parent phase YBayCu3zOg. To induce superconductivity, oxygen is reintroduced in the film
during cooldown through a post-annealing process. The final doping level is determined
by the post-annealing oxygen pressure (P,,,). In this thesis, the films are underdoped
with a hole concentration of p ~ 0.11, obtained by annealing at P,,, = 0.001 mbar
(corresponding to flow 5 sccm in the system).

Tuep (°C) | Piep (mbar) | £ (mJ) | f (Hz) | d (mm) | Pau, (mbar)
750 0.7 57-59 4 55 0.001

Table 3.1: Deposition conditions for underdoped YBCO thin films.

These deposition parameters have been chosen to get the right compromise between
electrical transport properties and surface smoothness (as it is impossible to obtain both
of them at the same time). For example, lowering the deposition temperature (Ty.,) is
known to generally improve the surface smoothness but broadens the superconducting
transition (worse electrical property).

3.2 Substrate, Strain, and Twinning

The choice of substrate plays a critical during epitaxial thin film growth. It governs
both the crystallographic orientation and the type of strain applied on the film. In order
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to closely replicate the properties of bulk, single-crystal YBCO, the substrate must exhibit
both structural and lattice parameter compatibility. Therefore, the lattice mismatch is a
key parameter, defined as:

Qs — Afilm
0" = ——— 3.1
- 3.)

where as and ay;;,, are the in-plane lattice parameters of the substrate and the thin film,
respectively.

An excessive lattice mismatch induces strain, which can lead to film distortion, defect
formation, or even strain relaxation. To have high-quality epitaxial growth, the typical
acceptable lattice mismatch should be below 1%. However, due to the limited thickness
(50 nm) of the films in this study, a slightly higher mismatch can be tolerated.

Oxide substrates such as SrTiO3 (STO), LaAlO; (LAO), LSAT, and MgO are
preferred for YBCO film growth due to their similar lattice constants and compatible
thermal expansion properties. For instance, the mismatch between YBCO and STO(001)
is approximately 2%, whereas YBCO/MgO(001) yields a much larger mismatch of around
9% [33]. The in-plane lattice parameters of these substrates and YBCO are summarized
in Table 3.2. Note that the orientation of the substrate’s surface also palys a role on the
mismatch.

Material & Orientation | In-Plane Lattice Parameters (A)
YBCO (Optimally Doped) a=3.82b=3.89
STO(001) a=b=391
LAO(001) a~b=3.79
MgO(001) a=b=421
MgO(110) a=4.21,b =596

Table 3.2: In-plane lattice parameters of YBCO and common oxide substrates. Values
adapted from [105] and vendor sources.

YBCO'’s crystal structure changes to orthorhombic upon oxygenation, due to the
formation of CuO chains. This leads to anisotropy in the a and b lattice parameters.
In theory, this would also result in anisotropic electronic transport. However, twinning
occurs during film growth and masks this anisotropy.

Twinning is a phenomenon that refers to the formation of multiple crystallographic
domains within the film, each rotated with respect to the others. This occurs when YBCO
is grown on substrates that have a square in-plane symmetry, like STO(001). Hence,
the a — axes and b — axes of the YBCO film are randomly exchanged across the twin
boundaries. This exchange, effectively averages out any intrinsic anisotropy, which would
arise from the CuO chains. Due to this averaging effect, we do not observe the anisotropy
in transport measurements [108]. However, there are techniques (such as annealing on
MgO (110)) [33] to obtain untwinned YBCO films, where the anisotropy between a and b
can be observed in transport as well.

For this thesis, YBCO films were grown on (001) oriented STO substrates. This is a
widely used substrate due to its close lattice match (agpo = 3.905 A). Given STO’s cubic
symmetry, the resulting YBCO films are fully twinned and experience an in-plane tensile
strain, as STO’s lattice constant is slightly larger than that of YBCO.

21



3. Deposition and Characterization of YBCO thin films

3.2.1 Transport Characterization

The electrical transport properties of the YBCO thin films were examined to assess
their behavior. This characterization was carried out through resistance versus tempera-
ture (R(T")) measurements using the Van der Pauw technique in the Physical Property
Measurement System (PPMS).

One quick and simple method to determine whether a sample lies on the underdoped
or overdoped side of the phase diagram, is by analyzing the shape of the R(T") curve.
In slightly overdoped samples (Figure 3.2(a)), the linear dependence of R(T") bend
upwards just before the onset of superconductivity [82]. In contrast, for underdoped
samples, the R(7T") curve bends downward near the transition, as shown in Figure 3.2(b).
Although the origin of this downward turn is still debated, it is thought to result from the
interplay between the pseudogap phase and other coexisting orders, such as CDW and
superconducting fluctuations (paraconductivity) [20, 27, 109].

(a) Slightly overdoped YBCO thin film. (b) Underdoped YBCO thin film and its
characteristic temperatures.

Figure 3.2: Examples of R(T') for (a) slightly overdoped and (b) underdoped YBCO
thin films. Measurements were performed on samples grown on STO (001).

If we neglect the effects of twinning (or used untwinned films), the in-plane transport
in YBCO is expected to be anisotropic due to the contribution of CuO chains. In particular,
the resistance is lower along the direction parallel to the chains. However, in twinned
YBCO films, where domains are randomly oriented along the a- and b-axes, the transport
becomes isotropic as the CuO chains are distributed along both directions (there is an
averaging effect between a and b).

The doping level and its homogeneity can be inferred from the characteristics of the
superconducting transition. Two key parameters are typically used: the onset temperature
(T°") and the width of the transition (AT,). 7" is defined as the temperature at which
resistance drops to 90% of its normal state value, while AT, is obtained from the full width
at half maximum (FWHM) of the first derivative dR/dT'. In general, a narrower transition
indicates more uniformity and better superconducting properties (narrow transitions
are preferred). Alternative definitions include the average transition temperature T, (or
referred to as 729 as well), determined at the peak of dR(T")/dT (or at the midpoint of
the R(T) transition), and the zero-resistance temperature 7.
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(a) R(T) plots for the two thin films (SUV2505 and
K(CS2519) used in mesa device fabrication. These are
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i
3 n
n
0 25t
25 1 S
ll |l 2F : 1
[ P \
. 2F [ < \
X [ = 15F Iy
= [ & I
515 . = 4 1 \
4 1o k) ! \
© 'Y o 1 KN
1F : ‘n © 05 U \\ -
1 1 ! ————
! \ et o - ———— — — - 4
05 ! \ 0
1 \
1 See 051
0 PO . R L kil el il . \ ) )
45 50 55 60 65 70 75 80 85 40 50 60 70
Temperature (K) Temperature (K)
(b) dR/dT — SUV2505 of an (¢c) dR/dT — KCS2519 of an
underdoped film 50 nm thick underdoped film 50 nm thick

Figure 3.3: Representative R(T") and dR/dT plots for two 50 nm underdoped YBCO
thin films that were used for mesa device fabrication (SUV2505 and KCS2519).

The sample illustrated in blue in Figure 3.3(a) was later used to fabricate single-
lithography mesas for c-axis transport measurements, while the sample in red was used to
fabricate three-lithography mesas.

The transition width AT, is approximately 2.5 K, which is comparable to values
reported for high-quality single crystals [110]. The onset superconducting temperature for
this sample was 77" = 55.7 K. Notably, non-uniform doping can also be inferred from the
presence of multiple transitions within the same R(7") curve. Achieving a sharp and single
transition in 50 nm underdoped YBCO films required substantial optimization of the
deposition parameters, as increased thickness and lower oxygen content tend to promote
inhomogeneities.

The superconducting transition temperatures of both films suggest a doping level
near p ~ 0.11.
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Figure 3.4: Estimated doping positions of the YBCO thin films in the superconducting
phase diagram (adapted from [2])

Table 3.3: Superconducting transition parameters for SUV2505 and KCS2519 films

Sample T (K) T, (K) AT, (K) To (K)

SUV2505  55.75 52.45 2.5 49.19
KCS2519  60.10 04.25 3.8 50.95
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4

Fabrication of YBCO Mesas

In this thesis, mesa structures were fabricated to investigate the c-axis transport
properties of YBCO thin films. One of the primary challenges in fabricating with YBCO
lies in maintaining the intrinsic bulk properties of YBCO throughout the patterning
steps. This difficulty arises from the compound’s high sensitivity to structural defects,
stoichiometry and environmental exposure, primarily due to its chemical instability
(notably, oxygen can easily diffuse out and is reactive to water) and its short coherence
length (§), which makes its superconducting properties particularly sensitive to damage.
This chapter outlines the fabrication procedure, that was utilized during this thesis work
and was specifically optimized to preserve the HTS characteristics of YBCO for both
single-lithography and three-lithography mesa devices.

The nanofabrication techniques applied to YBCO have been systematically refined by
our research group over the past decade [111-113], and have proven effective for multiple
HTS materials [114]. In this work, we utilized electron-beam lithography (EBL) to pattern
the devices, in conjunction with an amorphous carbon hard layer for definition of the
mask and a cryogenic ion beam etching (IBE) process cooled by liquid nitrogen for etching
of the patterns into YBCO. The carbon (C) mask was selected for its strong resistance
to ion milling and its capability of being cleanly removed via oxygen plasma, while also
offering excellent pattern fidelity and edge definition. However, the c-axis measurement
configuration presented specific fabrication challenges. Oxygen mobility is reduced along
the c-axis so the risk of de-doping YBCO is less. However, the ab-planes were always
exposed during fabrication (oxygen-out diffusion risks), making the process highly sensitive
to damage. Furthermore, the mesa geometry involved high aspect ratios, which introduced
additional complexity. Several fabrication-related issues were successfully addressed during
this work, in both the single-lithography and three-lithography processes.

Figure 4.1: Schematic drawing of a mesa device, along with the respective current
source and voltmeter

The mesa devices fabricated for c-axis transport measurements consisted of three
YBCO pillars, each with a thickness of 50 nm and capped with a gold (Au) top contact,
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4. Fabrication of YBCO Mesas

as illustrated in Figure 4.1. A key requirement was to keep the slit (spacing) between
adjacent pillars relatively small to ensure efficient electrical contact, although not too
small, as empirical testing showed that a separation in the range of 1—2 um was sufficient
for our measurements. In order to have the required electrical conduction path, it was
necessary to etch through the YBCO film while leaving behind a thin, conductive base
layer approximately 10—20nm thick. Due to the high sensitivity of YBCO to etching-
induced damage, this step’s parameters proved to be particularly critical for maintaining
good device performance. This is also the reason why the slit’s size was a limiting factor.
Making the slit larger than 2um would make the fabrication easier, but it would increase
the risk that the remaining YBCO in the slit would turn completely insulating, disrupting
our measurement scheme (see Chapter 5 for more details). For narrower slits, this would
be less of an issue, however it would make the nanofabrication process significantly harder,
as we would have to reliably pattern a slit with a very large aspect ratio (very narrow,
yet quite long). Nevertheless, 100nm slits were also achieved by our improved fabrication
techniques.

4.1 Nanofabrication Mesa — One-Lithography Ap-
proach

Representative optical images of the finalized mesa devices are shown in Figure 4.2.
Each YBCO pillar has an area of 100 x 100 um?, and the spacing between two adjacent
pillars (the slit) is 2 ym. During initial testing, various slit widths were explored, and
slits as narrow as 100 nm were consistently achieved using our optimized nanofabrication
protocol. However, a spacing of 2 um was ultimately selected to ensure consistent YBCO
thickness in the slits and around the mesas. Each pillar has a thickness of 50 nm and
capped with a 70nm Au layer. The YBCO remaining between the mesas and surrounding
the structures was approximately 20 nm thick. This value was fine-tuned through IBE
parameter optimization and confirmed via Atomic Force Microscopy (AFM) measurements.

Figure 4.2: Optical image of the completed device. Each YBCO pillar has an area of
100 x 100 pm? with 2 um spacing between adjacent pillars.

The complete fabrication sequence is outlined below (illustrated in Figure 4.3):
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4. Fabrication of YBCO Mesas

10.

. YBCO Deposition: 50 nm of underdoped YBCO was deposited on a 5 x 5 mm?

STO substrate via PLD. Underdoped films are more fragile and exhibit faster
oxygen loss compared to optimally or overdoped counterparts. This necessitates
extra caution throughout the fabrication process to preserve its properties.

. In-situ Au Sputtering: Immediately following YBCO deposition, a 70 nm Au

layer was sputtered in-situ (without vacuum breaking) at room temperature. This
layer serves both as an electrical contact surface for wire bonding and as a protective
chemical shunt, preventing oxygen out-diffusion from the underlying YBCO.

Carbon Hard Mask Deposition: An amorphous C film of approximately 100 nm
thickness was deposited via PLD at ~ 75mJ. This deposition energy ensured strong
adhesion and sufficient hardness for subsequent ion milling steps.

Spin Coating of Resist Layers: Two layers of positive-tone resist were spin-coated
atop the carbon mask for EBL patterning. Each layer was spun at 6000 rpm with
an acceleration of 1000 rpm/s for 90, followed by baking at 96°C for 5 minutes on a
hotplate. While this temperature is on the lower end of the resist’s specification, it
was chosen to reduce oxygen loss from YBCO. The bottom layer was MMA 8.5 EL4
(for adhesion), and the top layer was ARP 13 1:1 6200 (for better pattern definition).
The reason we use two different resists is that they have slightly different doses in
exposure. Specifically, the bottom layer will develop an undercut with respect to
the top layer, which makes the lift-off of the metal much easier and precise.

Electron-Beam Lithography (EBL): The mesa pattern was defined using EBL
with a 100kV beam, 1 nA current, and aperture 300. Development was performed in
96% o-xylene for 35s to remove the ARP layer, followed by a 10s IPA rinse (which
stops the development). The MMA layer was then removed using MIBK 1:3 for 33s,
followed by another 10s IPA rinse.

Chromium Deposition: A 10nm Cr layer was deposited via e-beam evaporation
(rate: 0.2 A/s), serving as the metal mask, to which the pattern will be transferred
to, and also protect the carbon underneath in the following step. The sample was
then immersed in hot Remover 1165 (75°C, 20 minutes) to facilitate lift-off.

Lift-Off: Unwanted Cr was removed using sonication at 75% power: 1min in
Remover 1165 followed by 1 min in IPA. Successful lift-off was confirmed via SEM
and optical microscopy.

Oxygen Plasma Etching (RIE): Exposed areas of the carbon mask were etched
with RIE at 50 W under 100 mTorr for 20 minutes. The Cr-covered regions remained
protected, and the underlying YBCO was shielded by the full Au layer, protecting
it from damage.

. Ion Beam Etching (IBE): Etching of exposed Au and YBCO was performed

using Ar™ ion beam milling under cryogenic conditions (liquid nitrogen cooling) to
reduce heat-induced oxygen loss in YBCO. The parameters were optimized to retain
a 20nm YBCO base layer in the slits and between mesas. SIMS (Secondary Ion
Mass Spectrometry) was used for in-situ depth control and compositional analysis.

Carbon Mask Removal: The remaining carbon layer was removed using a two-
step RIE process—50 W for 3 min followed by 15 W for 1h at 100 mTorr. Gentle
RIE conditions were used to minimize damage to the exposed YBCO, as aggressive
oxygen plasma can induce oxygen vacancies and reduce conductivity.
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4. Fabrication of YBCO Mesas

Figure 4.3: Step-by-step nanofabrication workflow for YBCO mesa devices

Several challenges arose during the definition of the mesa structures. Specifically, the
large aspect ratio of the slits (100 um long and only 2 ym wide) created complications in
the lift-off process, resulting in rough sidewalls or, in some cases, electrical shorts (due to
Cr failing to lift off) between adjacent pillars (see Figure 4.4). Although 2 pm slits posed
no major issues, narrowing the slit to 100 nm significantly exacerbated these defects. To
address this, we refined the fabrication process based on techniques outlined in [115]:

1. Optimized MIBK Development Time: Reduced from 35s to 33 s to improve
the resist profile’s quality.

2. Lowered Chromium Evaporation Rate: Decreased from 1 A/s to 0.2A/s. At
higher deposition rates, tensile stress (due to thermal expansion) in the Cr layer
could deform the resist profile and increase sidewall roughness due to Cr collapse
during lift-off. Lowering the rate minimized stress-induced cracking and improved
edge definition.

3. Increased Sonication Power: Raised from 50% to 75% during lift-off. This
enhancement improved lift-off completeness but required close monitoring to avoid
cracking of the carbon mask, which could compromise the subsequent IBE step and
damage the pattern.
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Figure 4.4: Nanofabrication improvements: enhanced sidewall definition in a 100 nm
slit, achieved by reducing Cr deposition rate to 0.5 A/ s. Further refinement was obtained
at 0.2A/s.

One inherent limitation of the single-lithography process is the large contact area of
the mesas, which results in low c-axis resistance, often approaching the noise threshold
of the measurement system (see Chapter 5). However, using underdoped films with
p ~ 0.11 allowed measurable signals to be obtained. For better signal quality, higher
resistance values would be ideal, which could be realized by reducing the mesa area. Yet,
this reduction poses challenges for making reliable wire bonds (needed for electrical contact
with the structures). To address these concerns, a more advanced three-step lithography
method was implemented (detailed in the following section).

Additionally, the contact resistance between the underdoped YBCO and the Au
layer was consistently high across all samples, which masked the intrinsic c-axis transport
properties. As four-point measurements were not feasible in the single-lithography design,
we instead employed UV /ozone treatment.

The fabricated chip underwent UV /ozonation at 150°C for 2 hours, followed by a 2-
hour cooldown to room temperature under continuous UV /ozone exposure. This ozonation
protocol, as previously established by our group [116], was effective in improving transport
in YBCO nanowires. Their results showed that the transition temperature became sharper
and the critical current density J. improved, due to partial oxygen reintroduction into
damaged regions. This effect helped reduce contact resistance and enabled the observation
of the characteristic c-axis upturn behavior expected for underdoped YBCO More details
are discussed in Chapter 6.

4.2 Nanofabrication of Mesa Devices — Three-Lithography
Process

To address the issue of low resistance values in the previous design, we implemented
a new mesa structure with a significantly reduced pillar area to 10 x 10 um?2. Achieving
this reduction required transitioning from a single-lithography process to a more complex
three-step lithography procedure. In parallel, we attempted to eliminate contact resistance
by converting the setup into a four-point measurement configuration. This involved
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splitting the Au layer on the central pillar. However, due to a minor oversight in the
design, the middle pillar remained laterally connected through the Au layer, preventing
successful four-point isolation. Despite this, the issue is relatively minor and can be
corrected in future device iterations.

Employing multiple lithography steps on YBCO presents a significant challenge,
as the material is highly sensitive and prone to degradation, especially due to oxygen
out-diffusion. Nevertheless, we developed a reliable approach that involved protecting the
YBCO with an insulating CeO, layer. This allowed us to successfully fabricate working
mesa structures with reduced pillar areas and large contact pads suitable for wire bonding
(to ensure electrical connection to the devices), as shown in Figure 4.5.

Amorphous CeO, was selected (after careful evaluation among other potential options),
due to its excellent insulating properties, which mitigate the risk of lateral shorts during
contact patterning. Additionally, it can be sputtered at room temperature, which is ideal
for preserving YBCO integrity. Our group also has prior experience using CeO, as a
buffer layer in SQUID magnetometer fabrication on bicrystals [117]. This novel process,
though initially untested and risky, was ultimately successful after optimization.

The YBCO film thickness remained at 50nm, while the residual YBCO in the
surrounding areas after etching was approximately 10nm. The slit spacing between pillars
was reduced to 1 pm, and the contact pad dimensions were set to 200 x 400 pm. Two
fabrication paths were pursued in parallel: on chip KCS2520, contact patterning was done
via ion beam etching (IBE), while on chip KCS2521, a wet etch using Au etchant was
employed.

(a) Optical image of mesa device after (b) Zoomed optical image of the pillar
three lithography steps region

30



4. Fabrication of YBCO Mesas

(c) SEM image of the pillar region

Figure 4.5: Optical and SEM images of the finalized mesa devices.

The fabrication steps of the first lithography round followed the same procedure
outlined in the previous section for the 100 x 100 pm? mesas, with the only difference
being the reduced pillar area (10 x 10 um?) and slit spacing (1 pm). Chips KCS2520 and
K(CS2521 were processed in parallel and only diverged during the third lithography step.

Overview of the Second Lithography Process

The second lithography was necessary to define the contact pad openings in the CeOq
insulating layer, allowing for contact patterning in the subsequent lithography step. The
process is illustrated in Figure 4.6 and summarized as follows:

1. Devices were ozonated after the first lithography step. While not essential, this step
was performed to repair potential damage in the YBCO layer [116].

2. A 115 nm, thick amorphous CeO, layer was sputtered over the entire chip. This
layer acts as an insulating barrier, protecting YBCO during subsequent fabrication
stages and preventing lateral shorts, as it is highly insulating.

3. Approximately 100 nm of amorphous C was deposited via PLD. As in the first
lithography, this carbon layer functioned as a hard mask. Good adhesion of C on
CeO4y was observed.

4. The same two-layer EBL resist system used previously was spin-coated: MMA 8.5
EL4 and ARP 13 6200 (1:1 ratio).

5. Electron-beam lithography was used to define the negative of the 8 x8um contact
pad openings. The chip was fully exposed due to the use of a positive resist (so
everything but the contact pads were exposed). A 100 kV, 1 nA beam was used, and a
multipass strategy was adopted to avoid stitching errors. Standard development was
performed using Oxylene, IPA, and MIBK (3:1). The 8x8um openings were initially
chosen to have a good tolerance on alignment mistakes, since it is fundamental that
we don’t access the YBCO on the sides of the pillar (to avoid ab-plane conduction).
However, this revealed a small issue which would affect our measurements. In future
fabrications the size of the holes (contact pad openings) will be corrected to match
almost exactly the dimensions of the pillar, since our lithography alignment is very
robust.
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10.

11.

. A 10 nm Cr layer was deposited via e-beam evaporation at a rate of 0.2 A /s to serve
as a lift-off mask.

Lift-off was carried out using heated Remover 1165 (20 minutes), followed by 1
minute of sonication in Remover 1165 at 75% power, and 1 minute in IPA with the
same power. The resulting structures were inspected via optical microscopy and

SEM.

. The unprotected carbon was removed using a gentle oxygen plasma process. RIE
was performed for 5 minutes at 50W, 100mTorr, followed by a 1-hour etch at 15W,
100mTorr.

Cryogenic IBE was then used to etch through the CeO, layer in the defined openings,
stopping at the Au layer beneath. The cryo stage was chosen to minimize YBCO
damage. This step was particularly challenging due to the weak Au signal in SIMS.
It is worth noting that a thin Ti layer was added to enhance the SIMS signal and
give better indication of when we are fully touching Au in the holes, without any
CeO; remaining.

A final gentle oxygen plasma step (3 minutes at 50 W and 1 hour at 15 W, 100
mTorr) was used to remove any remaining carbon.

As a final step, the chips were ozonated again to heal any microcracks potentially
formed in the CeOy layer. These microcracks would otherwise result in lamination
(and therefore destruction) of the CeO, layer later in the process.

Figure 4.6: Nanofabrication process flow for the second lithography step

As shown in the SEM images (Figure 4.7), the holes are clearly visible and match the
expected dimensions from our design.
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(a) SEM image of mesa device (b) Zoomed-in SEM image of mesa device

Figure 4.7: SEM images of the holes through CeO, for both chips

The overall logic and workflow of this fabrication round followed a similar methodology to
the first nanofabrication round. However, introducing CeO, as a new material introduced
various unforeseen issues. While C adhesion on CeOq proved unproblematic, microcracks
developed in CeOy during IBE and oxygen plasma steps, alongside weak adhesion of Au.
These problems were hidden during the second lithography round, and manifested quite
visibly during the third round, as shown in Figure 4.8.

(a) Optical image showing poor Au (b) Optical image showing cracks in CeO,
adhesion on CeO,

Figure 4.8: Optical images of problems encountered during the third lithography step

It was discovered then that both IBE and oxygen plasma induced microcracks in the
CeO, layer. These cracks grew further during thermal steps such as Au evaporation, or
chemical treatments like Au etching. This is evident in Figure 4.8(b). The local heating
during the evaporation of thick Au films induces stress on CeQO,, potentially expanding
the cracks and in the worst-case, interfacial delamination (visible as wrinkles), especially
in large structures like the nanobridges. In addition, Au exhibited poor adhesion to CeOs,
as observed in Figure 4.8(a), where Au wrinkles and lifts off, removing entire contact
pads.
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Overview of the Third Lithography Process

The following outlines the nanofabrication procedure during the third lithography, required
to define the large contact pads for wire bonding. Figure 4.9 shows the process for
KCS2520, where IBE was used for patterning, while Figure 4.10 depicts the Au-etchant
method used for KCS2521.

KCS2520 - The IBE sample

1.

w

10.

130nm of Au was sputtered at room temperature over the entire chip to form the
contact layer.

100nm of C was deposited using pulsed laser deposition (PLD).

. A bilayer of MMA 8.5 EL.4 and ARP 6200 1:1 was spin-coated.

Contact patterns were exposed via EBL at 100 kV, 1 nA. Standard development
followed.

. A 10 nm Cr layer was evaporated at 0.2A /s to serve as a lift-off mask.

Lift-off was performed in heated Remover 1165 at 75°C for 20 minutes, followed by
1 minute sonication in Remover 1165 and 1 minute in TPA.

Oxygen plasma was applied at 50 W, 100 mTorr for 20 minutes to remove unprotected
C. No gentle RIE step was necessary, as Au was already present beneath the C layer,
hence protecting CeO,.

Cryogenic IBE was used to etch Au shorts and define the contact pads.

. A final gentle oxygen plasma cleaning step (5 minutes at 50W + 1 hour at 15W,

both at 100 mTorr) was done to eliminate residual C.

Ozonation was performed to enhance Au adhesion. Although adhesion was acceptable
prior to this step, ozonation improved bonding reliability.

Figure 4.9: Nanofabrication flow during the third lithography for KCS2520, with
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KCS2521 - The Au-etchant sample

1. 130nm of Au was sputtered at room temperature to form the contact layer.

2. The standard bilayer EBL resist was spin-coated. No C deposition was done, since
Au-etchant induced cracks in amorphous C even after just 3 seconds (Figure4.11).

3. EBL exposure of the entire chip was done here. Multipass was again utilized to
avoid stitching issues, as large areas were involved. Development times were also
modified. Oxylene process remained the same, but MIBK was different. 30s in
MIBK:IPA 3:1 for the MMA layer, followed by the usual 10 seconds in IPA to stop
the developer’s action. This ensured a smaller undercut to protect the Au contacts
during wet etching.

4. The chip was dipped in Au-etchant for 3s, followed by immediate rinsing in HyO to
neutralize the etchant. This wet process removes Au laterally and must be carefully
timed. Au on the contact pads is protected by the resist layer. However, prolonged
exposure in Au-etchant would remove them as well. This happens because wet
etching does not affect the resist itself and can easily get underneath it, aided as well
by the smaller, yet still present, undercut. In addition, water is very well known to
damage the superconducting properties of YBCO, especially in underdoped samples.
However, CeO, was acting as a protection and encapsulating mask for the ab-planes
at this stage, so that only a very small section of c-axis YBCO was exposed on
top of the pillars. Therefore this minimizes the risk of damage to the material, as
oxygen mobility is reduced in c-axis (out-difussion of oxygen is slower). To conclude,
our short rinse and CeO, encapsulation minimized this risk.

5. The sample was placed in hot acetone at 50°C for 12 minutes to remove remaining
resist.

6. Ozonation was performed to improve Au adhesion.

Figure 4.10: Nanofabrication flow during the third lithography for KCS2521, with
contacts patterned via Au-etchant
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Figure 4.11: YBCO covered by in-situ Au and C. Cracks formed in C after only 3s

immersion in Au-etchant

Conclusions of the Three-Lithography Process

As we hinted at the end of the previous sections (Overview of the Second Lithog-

raphy Process and Overview of the Third Lithography Process), we faced several
problems and had to introduce changes in the nanofabrication process to resolve them:

1.

2.

We introduced an ozonation step after the second IBE. In [118], CeO, was employed
as an insulating layer for memory devices. They demonstrated that UV /ozone
treatment could suppress crack formation due to chemical processes. We adopted a
similar treatment to reduce microcrack formation and heal CeO,.

The in-situ Au thickness was reduced from 70nm to 20nm to alleviate stress. More-
over, Au evaporation was replaced with Au sputtering, which ensures better adhesion,
more uniform coverage (especially in the etched holes), and is considered less dam-

aging.

. To further improve Au adhesion on CeQO,, ozonation was repeated. As discussed

in [119], UV /ozone treatment oxidizes Au slightly, enabling electron sharing with
the oxide layer and improving interfacial adhesion. Since Au oxide is unstable, it
naturally disappears later. In that work, noticeable improvement of both Au and Pt
adhesion to oxides was reported. We observed improved adhesion in KCS2520 and
KCS2521, despite performing the ozonation after the contacts had been patterned
and not immediately after deposition of Au as suggested in [119]. However, it is
important to note that washing ozonated Au in solvents, especially H,O, can reduce
adhesion effectiveness.

An important consideration was the effect of ozonation on the encapsulated YBCO
layer. This was previously investigated in [116], where nanowires encapsulated with
Pt and Au were subjected to ozonation. The study found that UV /ozone treatment
primarily affects the ab-plane exposed YBCO, where oxygen has higher mobility. For
fully encapsulated YBCO, the encapsulation blocks oxygen in-diffusion. Nonetheless, the
UV /ozone environment at 150°C helps redistribute the existing oxygen content, leading to
a slightly increased T, and a narrower transition width. Additionally, contact resistance
was improved.

Despite the challenges faced throughout the three lithography steps, we successfully
fabricated smaller area mesa devices using both IBE and Au-etching techniques.
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(a) Optical image of KCS2520 with (b) Optical image of KCS2521 with
IBE-patterned contacts Au-etched contacts

Figure 4.12: Final fabricated chips after third lithography step

Unfortunately, wire bonding could not be performed on KCS2521 due to continued poor
Au adhesion on CeQOs, even after ozonation. In contrast, the KCS2520 sample, with
IBE-defined contacts, exhibited good adhesion and all devices were functional.

Potential improvements for future fabrication rounds include:

1. Correcting the CAD mask design to enable proper four-point measurements, elimi-
nating the influence of contact resistance. As hinted at earlier, the 8 x8um openings
were initially chosen to have a good tolerance on alignment mistakes and avoid lateral
contact with YBCO (on the sides of the pillar). However, this extra precaution step,
made all of our measurements effectively three-point (more explained in Chapter 5
about the experimental setup and measurement scheme), due to Au-shorts around
the opened holes. This meant we would always have contact resistance present in
our measurements. In future fabrications, the size of the holes will be corrected to
match almost exactly the dimensions of the pillar, since our lithography alignment
is very robust. This would enable us to achieve 4-point measurements.

2. Reducing the mesa pillar area further to 3 x 3 um? or even 1 x 1 um? to achieve
higher resistance values. However, this will introduce additional challenges, which
are the reason we have not managed yet at this point.

3. Refining fabrication steps by minimizing the number of ozonation treatments by
introducing interfacial adhesion layers such as Ti, which may improve both adhesion
and SIMS signal quality. Additionally, using other encapsulation materials like
Parylene-N, which can be removed with oxygen plasma alone, could simplify the
process and eliminate IBE steps.
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Transport in YBCO Mesas

In this thesis, nanofabricated mesa structures are used to investigate the c-axis
transport properties of underdoped YBCO thin films. This chapter presents an overview
of the transport measurements performed on these mesas, with particular focus on
temperature-dependent resistance (R(7')), current—voltage characteristics (IVCs), as well
as on the design strategies used to isolate and probe the c-axis conduction.

(a) Mesa device fabricated with a (b) Mesa device fabricated using three
single lithography step. Voltage lithography steps
probe and current source are
connected for out-of-plane
transport measurements.

Figure 5.1: Measurement schematics for YBCO mesa devices

5.1 Experimental Setup

Transport measurements were carried out using a Physical Property Measurement
System (PPMS) with a base temperature of 300 mK and a magnetic field capability of up to
14 T. The mesa devices were designed to access the c-axis transport in underdoped YBCO.
Two device architectures were used: a simpler one-step lithography process (Fig. 5.1a)
and a more refined three-step lithography design (Fig. 5.1b).

Our measurements focus on underdoped YBCO films with a hole concentration
p ~ 0.11 and an average superconducting transition temperature 7, in the range of
52-55 K. At this doping level, YBCO is expected to exhibit enhanced anisotropy between
ab-plane and c-axis, revealing YBCO’s quasi-two-dimensional nature more prominently.

39



5. Transport in YBCO Mesas

R(T) Measurements

One of the key goals of this work is to study the temperature dependence of the c-axis
resistance, R.(T). These measurements allow us to observe the characteristic transport
behavior of c-axis, in the pseudogap phase. In underdoped YBCO, the c-axis resistance
exhibits a crossover from metallic to semiconducting behavior as temperature is lowered
as reported by [28] in single crystals. There are many theories, attempting to explain this
behavior.

(a) Temperature dependence (b) Normalized resistivity plots
of in-plane (p,) and [p(T) — p(0)]/aT for (a) c-axis and (b)
out-of-plane (p,) resistivity for a-axis transport, showing correlated
YBCO crystals with different crossover behavior for different doping
oxygen contents (adapted levels (adapted from [28]).
from [28]).

Figure 5.2: R.(T) in single crystals

Through these measurements, we aim to identify this transition through detailed
R.(T') measurements and compare the behavior to in-plane transitions, shedding light on
the anisotropic superconducting properties.

Current—Voltage Characteristics and Conductance Spec-
troscopy

We also characterized the YBCO-Au interface by performing superconductor-normal
metal (SN) conductance spectroscopy on the mesa structures. This is achieved by
measuring the -V characteristics (IVCs) at various temperatures and extracting the
differential conductance dI/dV .

The IVCs are obtained by applying a bias current in fine steps and recording the
corresponding voltage response. The differential conductance is calculated by numerical
differentiation. Features such as zero-bias conductance peaks (ZBCPs), subgap features,
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or Andreev reflection signals can provide crucial information about the superconducting
order symmetry.

In the case of c-axis transport, the YBCO surface is oriented along the (001) crys-
tallographic plane, which yields a characteristic V-shaped conductance profile, as shown
in Figure 5.3 (a). Typically in BCS-like superconductors, the conductance profile has
more of a U-shape. The reason for the V-shape in our case, is due to the symmetry of
the order parameter, which is d-wave. This means that along the nodal directions, the
superconducting gap is 0, even at 0 K. Therefore the shape of the conductance is different
for YBCO compared to conventional, BCS-like superconductors.

Due to surface roughness in the grown YBCO films and the size of the mesa pillars
junctions, other crystallographic orientations may be present during measurements. This
means there will also be (100), (010), and (110) surfaces potentially exposed. The shape
of the measured conductance curve can thus provide insight into the actual surface
orientation. For instance, the appearance of a Zero Bias Conductance Peak is indicative of
an ab-plane (110) orientation. This feature also suggests the presence of Andreev Bound
States (ABS) at zero energy.

Figure 5.3: Different conductance shapes depending on the YBCO surface orientation
(adapted from [4])

In addition, our mesa devices offer a new way of performing conductance spectroscopy
measurements, without relying on Scanning-Tunneling-Microscopy (STM) tips.

These measurements are essential both for understanding fundamental supercon-
ducting phenomena and for optimizing device performance in hybrid superconductor
structures, where the quality of the interface plays a decisive role.
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5. Transport in YBCO Mesas

5.2 Measurement Configurations and Resistance Ex-
traction

Figure 5.4 shows the equivalent circuit used to model the mesa structure and its
various resistive components during transport measurements. The goal is to extract the
c-axis resistance, R., of the YBCO mesas. Due to the current device layout, two primary
measurement configurations are employed, based on three-point (Mesa) and two-point
(Groove) measurements respectively.

R_slit1 R_slit2

Figure 5.4: Equivalent electrical circuit for the mesa device, illustrating the two
measurement configurations.

The first approach is referred to as the Mesa configuration, which corresponds to a
three-point measurement. In this configuration, we use a current bias between pillars 1
and 2, while probing the voltage between pillars 2 and 3. The total measured resistance
in this case includes both the intrinsic c-axis resistance and the contact resistance at the
central pillar:

Rmesa = Rc + Rcontact (51)

This configuration is optimized to measure R, with minimal contributions from lateral
transport. However, it does include one R ontact term, making absolute extraction of R,
dependent on contact quality. As we will see in Chapter 6, the contact resistance was
quite high and has an unknown temperature dependence.

The second configuration, termed the Groove configuration, is essentially a two-point
measurement across two pillars and the slit in-between. We send a current bias through
pillars 1 and 2, while probing the voltage between these two pillars as well. This is what
we referred to as Groove 1 (G1) measurement in Chapter 6. When current biasing pillars
2 and 3, as well as measuring the voltage between them, we called it Groove 2 (G2). In
this case, the measured resistance includes contributions from two pillars, two contacts,
and the intervening exposed YBCO region:

Rgroove = 2Rc + 2Rcontact + Rslit (52)
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The Ry, term refers to the resistance of the ion-milled YBCO region between the two
pillars. During later parts and Chapter 6, we refer to this part specifically as the "Slit",
not to be confused with "Groove', which includes the contributions from the 2 pillars as
well. This slit region has undergone additional processing and thus often exhibits degraded
superconductivity or enhanced scattering, resulting in a significant resistance contribution.
In practice, Ry, tends to dominate this configuration. While it would be ideal for the
slit region to retain some superconducting properties, the measurement remains useful as
long as the region remains conductive and Ohmic.

5.3 Estimation of c-axis Resistance and Underdoped
samples

This section provides a quantitative estimation of the expected resistance values for
mesa devices fabricated with both single- and three-step lithography processes, using
both optimally doped and underdoped YBCO. These calculations help justify the use of
underdoped films for effective detection of c-axis transport. As the value of the contact
resistance is unknown, we neglect it in the following sections.

5.3.1 One-step Lithography: Resistance Limitations in Opti-
mally /Overdoped YBCO

The following estimates are based on the known resistivity values for YBCO thin
films from our group [34] and the anisotropy ratios reported in [28]. For overdoped YBCO,
the in-plane resistivity at 100 K is approximately:

pLOK — 65 Q- cm = 65 x 107° Q- m (5.3)

The anisotropy ratio at this temperature is:

100K
_ Pe

"= 00K
ab

~ 75 (5.4)
Using this ratio, the estimated out-of-plane resistivity is:

prOOK — . ook = 4.88 x 1075 Q- m (5.5)

Assuming a typical mesa thickness of ¢ = 50 nm = 50 x 107 m and a contact area
A =10000 um? = 1078 m?, we can estimate the c-axis resistance using:

t 50 x 107
R.=p.,-— =48 x107°%. —————
Per 4 105
As seen, the expected R, at 100K for optimally or overdoped YBCO with this mesa
area is extremely small. It is in the order of a few hundred micro-ohms. To generate a
detectable voltage signal (e.g., 1 ©V), one would need to apply a current of approximately
4.1 mA:

=244 x 107* Q = 0.244 mQ (5.6)

V 1 uV
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11V of signal is still very small signal close to the noise floor of the measurement setup.
Meanwhile the current to obtain is already half of the operational limit of the PPMS
system, which is restricted to 8 mA. These low current levels are to avoid sample heating
and equipment damage. Although external setups were attempted to reach higher than 8
mA current levels, these devices tended to overheat, which made a proper interpretation
of the data cumbersome.

In the groove configuration, the current flows laterally from one mesa pillar to the
other through the ion-milled slit region. This configuration introduces a significant
resistance contribution from the exposed YBCO area, especially after etching. Based
on fabrication parameters, the thickness of the YBCO film in the slit is estimated to be
approximately 20 nm.

From prior measurements, the sheet resistance at room temperature for a 30 nm
thick YBCO film [34] is known to be:

RE™3OK = 63 O (5.8)

Using the inverse scaling with thickness, the sheet resistance for a 20 nm film becomes:

30
REM™ 30K — 63 () x o = 9459 (5.9)

In optimally or overdoped YBCO, the sheet resistance typically decreases by a factor
of 3 when cooling down from 300 K to 100 K. Therefore, the sheet resistance at 100 K is
estimated as:

4,
R 100K 935 =31.5Q (5.10)

The geometry of the slit, where current travels from one pillar to the other, has a
length [ = 2 pm and width w = 100 pm. The resistance of the slit at 100 K is given by:

[ 2
RIVK — RIOK . —3150. — =0.63Q 5.11
slit () w 100 ( )
Similarly, at room temperature:
[ 2
R3OK — R3OK .~ —945Q. — =1.89() 5.12
Sllt D w 100 ( )

Taking into account the contribution of the two mesa pillars, each with R. ~ 0.244
mf) at 100 K, the total resistance measured in the groove configuration becomes:

RN, = RIVK + 2RIOK = 0.63 Q +2-0.000244 = 0.630488 Q (5.13)

groove

As evident from the estimation above, the total groove resistance is overwhelmingly
dominated by the resistance of the slit region. The contribution from the intrinsic c-axis
resistance of the two pillars is negligible, on the order of sub-milliohms (only 0.08% of the
Ryroove), compared to the slit’s value.

Furthermore, this high slit resistance not only masks the c-axis contribution but also
introduces practical challenges during measurement. When higher currents are applied in
an attempt to improve signal levels, the large power dissipation in the slit region leads to
localized Joule heating. This thermal effect causes overheating issues.

These results further reinforce the earlier conclusion: in optimally or overdoped
YBCO mesa devices, neither the mesa nor the groove configuration provides a viable path

44



5. Transport in YBCO Mesas

to reliably extract the c-axis resistance with the current design. The use of underdoped
YBCO, which exhibits higher out-of-plane resistivity, is therefore essential for enabling
measurable and thermally stable R. values within the operational current range (internal
setup) of the PPMS system, which is limited to I;,.x = 8 mA. For IVC measurements, we
used an external setup, allowing us to reach higher currents.

5.3.2 One-step Lithography: C-axis Resistance Estimations in
Underdoped YBCO

For underdoped YBCO with a hole concentration of approximately p = 0.11, the
in-plane resistivity at 100 K is reported in [34] to be:

PrOK =103 pQ-em =103 x 107° Q- m (5.14)

The corresponding anisotropy ratio between the c-axis and ab-plane resistivities at
this temperature is [28]:

100K
. P
~ 100K
ab

~ 2000 (5.15)

From this, the c-axis resistivity can be estimated as:

prOOK — . pl0OK — 9000 x 103 x 107% = 0.0021 Q - m (5.16)

Using the mesa geometry with a thickness t = 50 nm = 50 x 10~ m and a contact
area A = 10000 um? = 107® m?, the estimated c-axis resistance is:

t x 107" m
RC_pC'A_O'OO2O6Q'm'5Om—SOm2_0'011 Q=11 mQ (5.17)

Compared to overdoped devices, the R, value is significantly enhanced in underdoped
films, bringing it within a measurable range. For instance, a detectable voltage signal of
1 uV would now require a current of:
[ Vi 1uV
R 11mQ

Although this is still a relatively small signal, we can increase the bias current without
running into the potential trouble of overheating and setup limitations. Moreover, as
we will detail in Chapter 6, imperfect contact resistance at the pillars, led to a low-
transparency interface, which enabled conductance spectroscopy measurements and the
manifestation of some interesting transport related to Andreev reflection phenomena.

In the same one-lithography design, the slit region is also composed of YBCO, with
an estimated remaining thickness of 20 nm after ion milling. Based on our group’s prior
measurements [34]:

~ 91 puA (5.18)

REM™IOK — 104 O (5.19)

Using the inverse scaling with thickness, the room-temperature sheet resistance for a
20 nm thick film is:

30
RE™™ 30K — 104 O x 5 = 156 9 (5.20)

45



5. Transport in YBCO Mesas

Assuming a similar temperature dependence as in optimally doped YBCO, we estimate
the sheet resistance at 100 K to decrease by a factor of approximately 3:

156
RéOnm, 100K - = 52 O (5.21)

With the slit dimensions remaining the same (I = 2 pm, w = 100 pm), the resistance
of the slit region at 100 K becomes:

) 2
100K 100K
0K _ 500 2 1040 22
Ry R5 " 5 100 0 (5.22)

Likewise, the slit resistance at 300 K is:

2
ROK =156 Q - oo = 3120 (5.23)

Including the two mesa pillar resistances (R, = 0.011 €2 each), the total resistance in
the groove configuration at 100 K is:

RIOK — RIOK L oRIOK — 104 Q+2-0.011 Q=1.062 Q (5.24)

groove

While the contribution of R, is still small compared to the slit, it is no longer negligible
(now it is 2% of the Ry oove), and subtle changes in c-axis transport can now be resolved,
especially when temperature-dependent behavior is considered.

The analysis confirms that by reducing the doping level, and consequently increasing
the c-axis resistivity, the one-lithography mesa design with 100 x 100 pum? pillar areas
becomes viable for probing out-of-plane transport properties. The resulting resistance
values fall within an accessible range for standard transport and spectroscopy techniques,
without requiring excessive currents that could jeopardize device stability.

5.3.3 Three-step Lithography: Enhanced C-axis Resistance in
YBCO Mesas

In this section, we focus on the three-lithography mesa design, which enables reduced
contact areas. While all measurements were performed on underdoped samples, despite
being more challenging to fabricate, this approach is, in principle, also applicable to
optimally doped or overdoped YBCO films. The underdoped film used here exhibited an
average transition temperature 7, of 55 K, suggesting a doping level close to p = 0.11,
which justifies the use of the same resistivity values from the previous section.

Mesa Resistance Estimation

In the three-lithography geometry, the mesa thickness remains ¢ = 50 nm = 50 x
1072 m, but the contact area was significantly reduced to A = 100 gum? = 107° m2. The
estimated c-axis resistance at 100 K is then:

t 50 x 107
By shrinking the pillar area by a factor of 100 compared to the one-lithography
design, we achieved a hundred-fold increase in R.. This improvement directly translates
to enhanced voltage signals. For instance, a voltage of 1 4V can now be obtained with

just 1 pA of current:
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[ Vi 1uV
R 110

This is a substantial improvement over the previous geometry and allows for clearer
detection of the characteristic c-axis behavior, such as the expected upturn in resistance
indicating a crossover from metallic to semiconducting transport. In fact, further reduction
of the pillar area to 1 — 3 x 1 — 3 um? would push R, into the 10s of  range at 100 K.

In the same three-lithography device, the slit region also consists of YBCO, with an
estimated thickness of 10 nm after ion milling. Using previous calibration data [34], the
sheet resistance at room temperature is:

~ 1 pA (5.26)

30
R%Onm,SOOK —104Q = leonm,:aOOK — 104 o= 312 Q (5.27)

Assuming a similar temperature dependence as in optimally doped films, we estimate
a threefold reduction in resistance at 100 K:

12
RE ™ 100K 33 =104 Q (5.28)

With the slit dimensions of [ =1 pm and w = 10 pm, the slit resistance becomes:

l 1
WOK — RIOK. — — 104 Q- — =104 Q 2
1
RIWK =312 Q- 15 = 3129 (5.30)

Including the contributions from the two mesa pillars (R. = 1.1 Q each), the total
groove resistance at 100 K is:

RIOK _ RIOK 4 9R, =104 Q+2-1.10Q =126 (5.31)

groove

This value clearly demonstrates a measurable impact of c-axis resistance on the total
signal (the contribution is increased to 17.5% of the Ry o), making it possible to resolve
c-axis effects even in standard groove configurations.

Comparison to Overdoped Case

If instead an overdoped film was used, where c-axis transport is less resistive—the
expected R, with the same mesa geometry would be:

ROP =0.0244 Q = 24.4 mQ) (5.32)

This is two orders of magnitude greater than the R, values obtained in our one-
lithography devices using overdoped films. However, this is not yet a sufficient rescaling
of the resistance. Therefore, overdoped samples would benefit from a further reduction in
area to more reliably extract c-axis behavior.

To conclude this chapter, probing c-axis transport in YBCO remains a delicate
task, requiring careful control of fabrication, geometry, and contact interfaces. Both
the single-lithography and three-lithography approach allowed us to successfully resolve
out-of-plane resistance contributions.
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Results and Discussions

In this section, we present measurement results from two chips of mesa devices.
Specifically, we discuss R(7) and current-voltage characteristics (IVC) obtained from
both single-lithography and triple-lithography fabricated mesas. The single-lithography
devices are referred to as KCS2512, while the triple-lithography structures are labeled
KCS2520. These names are related to the names of the chips, from which they were
fabricated onto. The KCS2520 chip contains seven mesa devices and two Au-shunted
nanobridges, whereas KCS2512 consists of thirty-six mesa structures only (arranged in a
matrix layout). No nanobridges were present on the KCS2512 sample.

As a reminder from Chapter 5, three-point measurements are called "Mesa" mea-
surements, while two-point measurements are referred to as "Groove" measurements. In
the Groove measurements, when referring specifically and only to the ion-milled YBCO
remaining between 2 pillars, it is called "Slit".

6.1 Single-lithography Mesas KCS2512 - Before Ozona-
tion

In this part we will discuss the results of devices from chip KCS2512, made with the
single-lithography process. The dimensions of the devices are pillar area = 100 x 100um?,
pillar thickness = 50nm, size of the slit’s width = 2um and the remaining YBCO thickness
in the slit = 20nm.

R(T) Measurements

Figure 6.1 (a) displays the R(T") for three mesa devices, recorded using Mesa
configuration. The only difference between these devices is that they are in different
locations of the same chip. These different locations are included in the device name,
where the device name contains the type of measurement (mesa or groove) and its location
on the chip (for example device 21 refers to row 2, column 1 position on the chip). The
observed R(T) behavior deviates significantly from what is typically expected for c-axis
transport in underdoped YBCO, as previously reported in [28]. Notably, there is no
large characteristic upturn in resistance that would indicate a transition from metallic to
semiconducting behavior, but only a very small one. Additionally, the absolute resistance
values are roughly 40-50 times higher than our estimated R. at 100 K (see Chapter 5),
which strongly suggests excessive contact resistance, as that is the only factor outside of
our calculations.

Although the Au contacts were deposited in-situ, immediately following the YBCO
film growth, the interface between Au and underdoped YBCO appears to exhibit poor
electrical coupling, likely due to intrinsic interfacial issues. This is believed to be the
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main reason behind the elevated contact resistance, which obscures the intrinsic c-axis
transport characteristics (meaning the upturn is less pronounced than expected).

In Figure 6.1 (b), a subtle kink is visible around 38-40 K in all three devices,
measured on different days but on the same chip. Due to its low temperature, we interpret
this consistent feature as indicative of the superconducting transition along the c-axis. The

hint of Andreev reflections at the interface, also makes us think of this as a superconducting
feature [102].

R(T) measurement in mesa configuration R(T) measurement in mesa configuration
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(b) Zoomed-in view near the upward kink
region

Figure 6.1: R(T) curves for three different mesa devices using 3-point measurement
configuration. The measured resistance includes both R, and contact resistance.

Additional measurements were performed using the groove configuration, shown in
Figure 6.2 (a). Similar to the mesa measurements, the resistance values in the grooves
also far exceed the expected estimates at 100 K by a factor of 40. This again suggests
a dominant contribution from contact resistance, as well as damage of the slit region.
Groove 1 (G1) corresponds to a two-point measurement between the central and left pillar,
while Groove 2 (G2) measures between the central and right pillar.

Each groove consists of two pillars with c-axis transport contributions, separated by
a narrow slit representing the ab-plane component. The R(T) behavior indicates that
the slit region is not superconducting, but ohmic. Nevertheless, the influence of the
pillar structures on the measurement becomes evident upon closer inspection. As seen in
Figure 6.2 (b), we normalized each dataset by its resistance at 300 K (Rsp0x) to enable
meaningful comparison. A distinct upward kink is present in both groove measurements
as well as in the mesa configuration, occurring around 38-40 K. This further supports our
identification of this feature as the c-axis superconducting transition, as the behavior is
reflected both in mesa and groove configurations at the same temperature.
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Figure 6.2: R(T) of device 44 measured in both mesa and groove geometries. The
features around 38-40 K are consistent across configurations.

IVC Measurements

Figures 6.3 (a) and (b) show the differential conductance versus voltage characteristics
for mesa devices 42 and 44, respectively. In both devices, a pronounced Zero Bias
Conductance Peak (ZBCP) is observed at low temperatures, which gradually diminishes
as the temperature increases. This behavior is indicative of superconductivity and is
consistent with the formation of zero energy Andreev Bound States (ABS).

The presence of ZBCPs is characteristic of transport involving ab-plane (110) surface
orientations rather than the expected c-axis (001) orientation. This effect is due to the
roughness of the thin film combined with the large area of the pillar. As we will see when
discussing the results of the three-lithography mesas, the differential conductance plots all
show the expected V-shape, associated with (001) surfaces.
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Figure 6.3: Differential conductance plots for mesa devices 42 and 44
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Figure 6.4 shows the conductance behavior of mesa 33, which displayed a distinctly
different profile compared to the other two devices. The reason for this different behavior
is unknown to us, as this device experienced an unexpected increase of its resistance values
by a factor of 10 within just 2 days. Other devices on the chip have been rather stable
and showed no changes within the span of a month. Specifically, after this change, the
mesa 33 device exhibited the desired V-shaped differential conductance curve, associated
with c-axis (001) transport. Within this V-shaped feature, we observed an unusual subgap
feature located around 3 meV.

By monitoring the evolution of this feature with temperature, we found that it gradually
disappears above 10 K, as seen in Figure 6.4 (b).

Differential Conductance

-40 -20 0 20 40 -5 10 5 0 5 10 15
v (mV) V(mv)

(a) Differential conductance for mesa 33 (b) Zoom-in on the subgap region for mesa
33

Figure 6.4: Differential conductance for mesa 33 at different temperatures

One possible explanation for this subgap feature involves the mixing of the d-wave
superconducting order parameter from the CuO, planes with the s-wave order parameter
from the CuO chains. Such mixing can give rise to new subgap states at energies
corresponding to d + s and d — s. Similar subgap features have previously been reported
in overdoped YBCO, particularly in samples with Ca doping [3, 120], where they typically
appear around 5 meV. However, since the CuO chain contribution is significantly stronger
in overdoped compounds than in underdoped ones (as is the case in our samples), it is
possible for the subgap feature to appear at a lower energy, such as the 3 meV observed
here.

Of course, we cannot rule out that this is a feature related to the contacts, or a form
of device degradation. In this regard, a future check would be to apply magnetic field, in
order to suppress this subgap feature. Such an approach could help determine whether
the feature is indeed linked to superconductivity.

Performing conductance spectroscopy in our current mesa devices is quite challenging
due to the low resistance of our devices. The main reason is because it is difficult to observe
high-energy features such as the superconducting gap (15-20 meV) or the pseudogap
(around 35 meV), as we would need to supply very large currents, which would force
our devices out of the superconducting state by overheating issues or surpassing the
critical current (I.) that the mesa device can sustain. Detecting these features would
serve as confirmation that we are indeed probing intrinsic YBCO characteristics rather
than contact-related effects. And would indicate that any other features observed would
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be linked to YBCO properties. Although the low transparency of our interface increases
resistance, (thereby assists conductance spectroscopy), still the currents required to reveal
such features are larger than our devices can sustain. This is a limitation of the mesas
under the current design.

6.2 Single-lithography Mesas KCS2512 - After Ozona-
tion

Since contact resistance seemed to be cloaking the c-axis transport (weaker upturns),
we performed ozonation on the fabricated chip. As previously reported by our group
for nanowires [116], ozonation on non-encapsulated YBCO improves superconducting
parameters and homogenizes the oxygen distribution at the interface, effectively reducing
contact resistance. This improvement is also evident in our c-axis measurements. However,
due to wire bonding challenges, even with 100 x 100 um? contact pads, bonding on the
same device proved difficult because the spacing between pillars is only 2 ym. Attempting
to place two bonds on the middle pillar (position 2 in Figure 5.4) while keeping both
wedges within the contact pad area was highly challenging. As a result, the measurements
in this section were performed on newly bonded devices rather than those used in the
previous section.

R(T) measurements

The improvement in contact resistance is clearly visible in Figure 6.5, where the
R(T) for device 31 is shown in both mesa and groove configurations.

R(T) for ozonated device 31 in mesa and G2
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Figure 6.5: R(T') of ozonated device 31 in mesa and groove configuration. The first
dashed line at 50K is speculated to correspond with the few healed layers near the
contact interface. The second dashed line at 38-40K is associated with the intrinsic c-axis
transition of the pillar, which corresponds to the layers of YBCO which were not affected
by ozonation. There are also two features evident in the G2 measurements, corresponding
to these temperatures as well.
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Despite this improvement, the measured resistance values are still higher than our
estimations, by a factor of 16 for the mesa and 5 for the groove configuration. This
discrepancy arises because the slit corresponds to the ion-milled region of the YBCO,
which is the most damaged. Since ozonation is a non-homogenous healing process that
redistributes oxygen to areas that have been depleted of it. It would seem the majority
of the healing, or the greatest impact, is felt by the slit, which is quite reasonable as it
is the area where ion-milled YBCO lies. Following ozonation, both the mesa and the
groove regions exhibit superconductivity, with the residual resistance in the R(T') curve
attributable solely to contacts. The contact resistance for G2 seems to be higher than
that of the mesa. A likely reason for this, is that ozonation is not a homogenous process,
so the redistribution of oxygen at the interface is not the same for all contacts and in the
G2 measurement, there are 2 contacts involved (that of the middle pillar in position 2,
shared with the mesa, plus the contact of the pillar in position 3 Figure 5.4). One could
conclude that the contact in position 3 is less healed than that of position 2. In addition,
the groove measurement includes the slit as well, so that can account for some part of the
high resistance observed in G2.

From Figure 6.5, two additional features are noteworthy. The first peak in the mesa
R(T), occurring at approximately 52K, likely corresponds to the transition of a few
healed YBCO layers near the interface. The groove R(T') curve also changes slope at this
temperature and its resistance is higher than 2R, + 2R oniact, indicating that the slit is
not yet superconducting. This suggests that this first kink could be associated with the
pillar. The second peak occurs around 38-40K, which aligns with the c-axis temperatures
previously observed in devices 42, 44, and 33 (before ozonation). This feature seems to
persist after ozonation. At this temperature, the slit becomes fully superconducting. This
is further corroborated by the resistance values: Rgoove = 2R: 4+ 2Rcontact,; With R, =1 Q
per pillar and the total groove resistance measured at 2 €2. This correlation between
the second kink in the mesa measurement and the fact that the Rge = 2R, 4+ 2Rcontacts
leads us to believe that this kink is related to c-axis superconductivity. As for a potential
reason, as to why we observe two transitions during our mesa measurement (unlike what
has been reported in single crystals), we believe that due to ozonation, the first transition
creates a healed layer near the interface by redistributing the oxygen, while the second
corresponds to the other layers of YBCO which were not affected by the ozonation,
therefore retaining the same temperature transition, as the one observed prior to ozone
treatment. Of course, we cannot exclude the possibility, that there could be another
explanation for this behavior.

As mentioned earlier, the effects of ozonation are not uniform across the chip, as the initial
damage distribution is also non-uniform. Thus, different devices benefited differently from
the healing process. Figure 6.6(a) presents the R(T") of mesa 21, which showed more
significant contact resistance reduction.
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R(T) for mesa 21
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Figure 6.6: Comparisons with R(T") in our thin film and p(7) in single crystals.

Figure 6.6(a) clearly exhibits the desired upturn in c-axis transport. However, the
transition between metallic and semiconducting behavior begins at a lower temperature
compared to the one observed in single crystals. This discrepancy may still be influenced
by residual contact resistance, which could have its own, unknown temperature dependence.
As shown in Figure 6.6(a) and (c), two transitions are evident: the first at 50K and the
second at 39K (for which we attribute the same explanation as the one given for device 31
above). Comparing with the thin film data in Figure 6.6(d), we observe that the first
transition aligns closely with the thin film 7,. This indicates that our ozone treatment
does not change the YBCO doping above that of the thin film. Such a result aligns with
has been observed before in our group [116].

Comparing the second transition, which we consider to be the true c-axis transition
(layers unaffected by ozonation) with the thin film’s ab-plane transition, they seem to
occur at different temperatures. This could be an indication of anisotropy in transport
between the two orientations, which is introduced by the reduced doping and dampening
of the coupling between the CuO, planes. From this measurement and comparison alone,
we cannot rule out the possibility, that the observed discrepancy is due to damage induced
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during the fabrication (there were no nanobridges on this chip to represent ab-plane
transport) or some influences by contact behavior.

For this device, the resistance values are also consistent with our estimates. Specifically,
Ripox = 0.013 €2, which is close to the calculated value of 0.011 2. Furthermore, the
increase in resistivity from 300 K to the onset of the upturn is approximately 7.2x, which
aligns well with the 7x increase reported in [28].

In conclusion, ozonation significantly improved the device interfaces, allowing us to
observe the expected c-axis upturn behavior, consistent with the low doping level in
YBCO. It also reinforced our earlier speculation that the pre-ozonation transition is indeed
linked to c-axis superconductivity. Moreover, ozonation healed the slit regions, enabling
superconductivity in them as well. Lastly, the effect of ozonation on the pillar’s (c-axis)
superconducting properties (besides a few layers near the interface), seem to have been
mostly negligible, which can be attributed to the large area of the pillar and that only
one ozonation was performed.

IVC measurements

The ozonation has improved the interface by lowering the resistance; however, this
improvement has also made it more difficult to observe interesting spectroscopic features.

In Figure 6.7(a), we observe the transition into the superconducting state, previously
invisible due to contact resistance. What we mean by this, is that the ozonation improved
the YBCO-Au interface, and left the superconducting properties of the pillar mainly
unaffected. Therefore, the current (I) that we used to supply causes a smaller voltage
drop than before ozonation. To reach voltage levels where gap-related features could be
observed, we would need larger currents, which drive the system out of the superconducting
state (as the supplied current becomes larger than the I, of the pillar). Therefore, it is
impossible to resolve these features as their voltages stand at I > I. now.

(a) Differential conductance for mesa 21 (b) Zoom-in on the superconducting region

Figure 6.7: Differential conductance for mesa 21 at different temperatures

The zoomed-in region in Figure 6.7(b) highlights the actual spectroscopic features
observable in this device, corresponding to the superconducting state. The widening of
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the central peak at lower temperatures is likely due to the sample’s increased ability
to sustain higher supercurrents as temperature decreases. A similar behavior was also
observed in mesa 31.

Although ozonation improved the R(T) characteristics, it proved disadvantageous for
conductance spectroscopy in the current configuration. This is due to the now much
higher interface transparency and reduced contact resistance.

6.3 Three-lithography Mesas KCS2520

Single-lithography mesas treated with ozonation enabled the observation of the upturn
behavior in c-axis transport. However, this approach introduced challenges such as
low R. and high contact resistances (before ozonation treatment), making c-axis R(T)
measurements difficult. Moreover, conductance spectroscopy predominantly revealed
ab-plane features (from the (110) surface), such as zero-energy ABS, rather than the
expected V-shaped spectra for the c-axis (001) orientation.

To overcome these limitations, we fabricated three-lithography mesas with smaller
pillar areas (10 x 10 yum?), resulting in an increased R.. The measurements remained in
a three-point configuration, as described in Chapter 5. As mentioned in Chapter 4,
multiple ozonation steps were used during fabrication, which likely enhanced the interface
transparency, beyond what would be ideal for our measurements.

The dimensions of the mesa devices here were: pillar area = 100um?, pillar thickness
= 50nm, slit width = 1pm and the YBCO thickness in the slit = 10nm. This chip also
contained 2 Au-shunted nanobridges with length = 3um and width = 1um.

For these devices, we performed R(T), R(T') with magnetic field, and IVC measurements.

R(T) measurements

In Figure 6.8(a), we compare the R(T) of a Au-shunted nanobridge (length [ = 3 um,
width w = 1 um) to that of the pristine, bare thin film. The nanobridge was included for
two primary reasons: (1) to quantify fabrication-induced damage by comparing it to the
pristine film, and (2) to serve as a reference for ab-plane transport, complementing the
mesa measurements. In Figure 6.8(b), plotting the resistance on a log scale highlights
two transitions in the Au-shunted nanobridge: the first corresponding to the electrodes
(closer to the thin film), and the second to the constriction region of the bridge itself.
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Figure 6.8: R(T') comparison between Au-shunted nanobrige and bare thin film

This two transitions behavior has previously been observed by our group [121] for
narrower nanowires and has been attributed to thermal phase slips, modeled using the
vortex entry framework, but in higher YBCO dopings than the one used here. In this
case, the tailing behavior was not expected to appear in nanobridges (width is much
larger compared to the nanowires where the effect has been reported). However, in recent
measurements of our group, in 10 nm thick, underdoped nanowires (p ~ 0.11), this tailing
behavior was also observed for widths = 500 nm. As a further confirmation of this
phenomena, in a previous sample, where the same Au-shunted nanobridge pattern (same
dimensions and similar doping level) was fabricated, it revealed a tailing effect. Though
the tailing of the single-lithography nanobridge was not as broad in temperature as the one
of the three-lithography. This could imply that with underdoped samples (p=0.11) there
is some degree of phase slips even for wider constrictions (bridges), though they may not
be modeled with the standard vortex entry theory. Of course, some damage is expected to
occur and influence the broadening observed in the three-lithography nanobridge’s R(T)
data.

Based on Figure 6.8, we extract and compare the superconducting parameters of the
Au-shunted nanobridge and the bare thin film:

Table 6.1: Extracted superconducting parameters for the bare thin film and the
Au-shunted nanobridge

Ton T, AT,

Bare Thin Film 61K 5245K 38K
Au-shunted Nanobridge 64K 52K 11-12K

The slight increase in 7" for the nanobridge aligns with expected ozonation effects [116].
However, the broader transition width (AT.) suggests there has been some damage
introduced during the multi-step fabrication process.

All devices on this chip exhibited superconductivity, and the mesa structures showed the
upturn behavior in c-axis transport, a strong indication of a successful fabrication. Despite
the challenges of underdoped YBCO and multiple lithography steps, the superconducting
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properties were mostly preserved. Compared to large single-lithography mesas, the
three-lithography design allowed c-axis features to emerge more evidently.

In Figure 6.9, we show R(T) curves for devices A and C, comparing mesa and
groove (G1) configurations. Both exhibit superconducting behavior. For device C, c-axis
superconductivity’s onset begins around 55 K, where the groove resistance is Rgy ~ 412
and the mesa resistance is Ryesa ~ 20.4 €2, implying Rg1 = 2R, + 2Rcontact. Similarly, for
Device A, superconductivity starts near 58 K with Rg ~ 35 and Ryesn =~ 17.4€). This
shows that the slit (area between 2 pillars where the 10nm ion-milled YBCO remains)
is superconducting for both of these devices, as the only resistance visible in the groove
measurement, is that of the 2 pillars (c-axis contribution plus contact). The remaining
resistance at very low temperatures is attributed to the three-point contact geometry
(residual contact resistance left).

R(T) - Comparison of Device A in mesa and G_1 R(T) - Comparison of Device C in mesa and G1
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Figure 6.9: R(T') for Devices A and C in mesa and groove (G1) configurations

The measured resistances for both configurations are significantly higher than expected,
about 8x for mesas and 12x for grooves. This is likely due to contact resistance. Although
multiple ozonation steps were used to enhance oxygen homogenization, their effect across
the chip is nonuniform. Additionally, because mesas are encapsulated, ozone penetration
is less effective compared to exposed ab-planes [116]. Furthermore, the presence of a new
material, CeOs, capping YBCO, may contribute to oxygen exchange between the two
oxides during processing. This could introduce local oxygen inhomogeneities that are not
fully recoverable by ozonation. Despite these limitations, observing upturns in mesas, and
superconductivity in the slit, demonstrates a successful novel fabrication technique.

In Figure 6.10, we focus on Mesa Device C and summarize its superconducting
parameters in table 6.3:

Table 6.2: Superconducting parameters for Mesa C

™ T, AT. Ty
55K 43K 18K 32K

In Figure 6.10, we also compare Mesa C with the Au-shunted nanobridge on the same
chip. This contrast between in-plane and out-of-plane transport reveals some level of
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anisotropy, indicating that at low doping, YBCO behaves as a quasi-2D superconductor.
From panels (a) and (b) we can see a hint of 2D superconducting fluctuations in the
ab-planes, as there is a decrease in the R(T') of the nanobridge, while the c-axis remains
resistive (the resistance even increases). This indicates a worsening of the Josephson
interlayer coupling. Unfortunately, the temperature-dependent behavior of R, is not fully
visible in the nanobridge measurement as the Au shunting, masks the true R(7') start of
the superconducting transition.

The behavior observed in these plots could be a hint of pair-density wave (PDW)
order in YBCO, as it seems to follow a similar phenomenology reported in La-based
cuprates [57, 58]. Although this is not conclusive evidence and further, complementary
measurements are required to confirm this. In addition, proper 4-point investigation is
needed to eliminate all contact effects.

(a) R(T') comparison: Mesa C vs. (b) Log scale R(T") comparison: Mesa C
Au-shunted Nanobridge. Normalized by vs. Au-shunted Nanobridge. Normalized
R3nok - by R3oox -

Figure 6.10: (a) and (b) display the R(7") measurements in linear and log scale,
comparing mesa C with the Au-shunted Nanobridge.

Figure 6.11 provides a summary of the R(T") characteristics for various mesa devices
on this chip. Each device exhibits a different value of R3gok, pointing to variability in
contact resistance. Devices E, C, and D display a 7" of approximately 55 K, while devices
A and B reach To" ~ 60 K, and Mesa F shows 7" ~ 58 K. The T}, also vary: Device E
reaches T,g ~ 24K; B and D, ~ 42K; A and F, ~ 38 K—with A and F exhibiting nearly
identical behavior after the onset; and C at approximately 32 K. These variations suggest
both nonuniform contact resistances and oxygen inhomogeneities across the sample. Three
primary factors could contribute to this variation:

1. Oxygen exchange between YBCO and CeQO,: During fabrication, several
thermal processing steps may promote oxygen migration between the YBCO and
CeO, layers.

2. Nonuniform ozonation effect: Ozonation of encapsulated YBCO induces oxygen
redistribution, and this process likely differs between devices (in the previous section
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we showed that the ozonation process is nonuniform across the chip for YBCO with
ab-planes exposed). In contrast to Pt/Au-capped YBCO nanowires studied in [116],
where oxygen diffusion into YBCO during ozonation is effectively blocked, our CeO,
capping layer contains oxygen and may facilitate some oxygen exchange during this
step.

3. Thin film quality: The film used in this fabrication appears slightly worse,
compared to that employed in the single-lithography process. This impacts device
performance and showcases again the challenges of working with thick (50 nm),
underdoped YBCO films, as they are highly sensitive to the deposition conditions
and often require repeated fine tuning over even short time periods.

R(T) for different mesa devices on the same chip
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Figure 6.11: R(T') summary for 6 devices on the chip

Another important aspect is the resistance increase from Rsgok to 72", corresponding
to the onset of the c-axis transition. Based on results from single-lithography mesas and
single-crystal studies in [28], for a doping level of p ~ 0.11, an increase of approximately
7x is expected. However, such behavior is not observed here, even though an upturn in
resistance is clearly present. The measured resistance increases for each mesa device are

as follows:

e Mesa E: 1.5x
Mesa B: 0.8x
Mesa F: 1.3x
e Mesa A: 1.3x
e Mesa C: 1.9x

e Mesa D: 1.3x
These suppressed ratios are most likely the result of contact resistance effects. In single-

lithography mesas, we observed that prior to ozonation, the upturn was masked due to
contact resistance, which was hiding the true c-axis behavior (upturn appeared weaker
than it actually was and its starting temperature was also hidden). After ozonation, a
metallic-to-semiconducting transition became clearly visible, but only Mesa 21 exhibited
resistance values in agreement with our expectations and matched the 7x increase (Mesa 31
did not). In contrast, these devices show resistance values deviating from those estimations
by factors ranging from 3x (Mesa D) to as high as 18x (Mesa E). To resolve this problem,
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we would to need to employ 4-point measurements by fixing the design of the devices as
elaborated in the end of Chapter 4.

A further distinction between single- and three-lithography mesas is seen in the number
of transitions present in the R(T") curves. In single-lithography mesas, two transitions were
typically observed: one attributed to a healed region of the pillar near the interface, and
the other to the unaffected layers by ozonation. In the current three-lithography devices,
only a single transition is detected. Based on comparisons with Au-shunted nanobridge
measurements, this has been identified as the c-axis transition, as it differs in behavior
from the ab transition. The absence of the second transition in the mesa measurements,
could come from a homogenization of the oxygen content in the pillar. This higher degree
of homogenization, despite the encapsulation could arise from the multiple ozonation
steps.

R(T) Under Magnetic Field Measurements

To further investigate the nature of c-axis transport, we performed temperature-
dependent resistance measurements under various out-of-plane magnetic fields (where the
magnetic field is parallel with the c-axis transport).

Figure 6.12 presents R(T') curves for mesas E and F measured under applied magnetic
fields of 0, 1, 3, 5, and 9 T. Both linear and logarithmic scales are shown to highlight
features across a wide resistance range.

A notable feature in these measurements is that the magnetoresistance effect in the R(7T')
curves begins at temperatures significantly higher than the c-axis’s transition temperature
7", In fact, the deviation starts around 85-90 K or higher, which exceeds even the 77"
associated with ab-plane transport by at least 20-25 K.

Another unusual observation is a reduction in resistance at 72" for the c-axis under
applied magnetic field. Typically, applying a magnetic field suppresses superconductivity,
resulting in an increase in resistance and broadening of the transition. In our data, while
the broadening is present, we do not observe the expected increase in resistance. Rather
the resistance appears to decrease slightly at the onset. These behaviors were consistent
and observed in all the magnetic measurements we conducted.
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Figure 6.12: R(T') and log R(T) under magnetic fields (1, 3, 5, 9 T) for mesas E and F

The measurements show the evolution of the c-axis resistive transition with applied field

From the observed behavior, it would seem that the magnetic field is somehow

improving the coupling between the CuO, planes and it is affecting a state which lies
30-35 K above the c-axis transition. As for the mechanism behind it, further investigations

are required and proper 4-point measurements to exclude any strange contact influences

Unlike

IVC Measurements
Lastly, we performed IVC measurements on the fabricated mesa devices.
the single-lithography batch, all devices exhibited the expected V-shaped differential

conductance, a hallmark of transport along the c-axis (001 direction).
However, due to the multiple ozonation steps necessary throughout the fabrication

process, the Au-YBCO interface became more transparent than needed for our spectroscopy
measurements. As a result, the currents required to resolve features associated with the

superconducting gap or pseudogap were greater than our pillar’s /.. This was the same
issue we experienced with single-lithography mesas, after ozonation.
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Differential Conductance
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Figure 6.13: Differential Conductance for 2 different mesa devices, F and B

In Figure 6.13, we present the differential conductance (dI/dV') spectra for two mesa
devices, B and F. Nevertheless, a potential subgap feature was observed around 3 meV in
Figure 6.13(b), which appears at low temperatures and vanishes above 10 K. A similar
feature was previously seen in the single-lithography mesas before ozonation (mesa 33
Figure 6.4). The same possibilities discussed there, apply to this device as well (see
single-lithography mesas before ozonation, the IVCs section).

In a future work, we plan to perform differential conductance spectroscopy under
magnetic fields, particularly on device B, to investigate whether this subgap feature
exhibits a superconducting origin or is simply a measurement artifact.

In conclusion, the implementation of the 3-lithography process marked a clear im-
provement over the single-lithography approach. Specifically:

1.

64

We successfully observed the transition from metallic to semiconducting behavior in
all devices, as expected for underdoped c-axis transport.

R(T") measurements showed a superconducting transition at lower temperatures along
the c-axis, distinct from the one related to the ab-plane transport. This supports the
picture of quasi-two-dimensional superconductivity in underdoped YBCO (p ~ 0.11),
where interlayer coherence is decoupled from in-plane superconductivity (ab-planes
become superconducting before the c-axis). As for any implications or confirmations
of this fact, further investigations with 4-point measurements are required, as well
as complementary measurements besides transport ones

. All pillars and slit structures reached the superconducting state, indicating robust

device fabrication.

. While contact resistance remains a limiting factor, this can be addressed in future

iterations by transitioning to a true 4-point measurement geometry via splitting of
the central pillar’s Au contact.

A peculiar magnetoresistance effect in R(T, B) was observed, which occurred at
much higher temperatures than the superconducting transition. It also improved the
coupling between the CuQO, planes, leading to a restoration of 3D superconducting
behavior. Further work is required to investigate the mechanisms and origin of this
effect.

. We successfully probed the c-axis via differential conductance spectroscopy on (001)

oriented surfaces, with the previously encountered zero-bias conductance peaks
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(ZBCP) at zero energy, no longer present.
7. A potential subgap feature near 3 meV was detected again and warrants further
investigation under field-dependent spectroscopy
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Conclusion and Future Outlook

This thesis focused on creating a reliable platform for investigating the c-axis transport
of YBCO thin films. With this goal in mind, mesa devices with a thickness of 50 nm were
nanofabricated using two distinct approaches: single-lithography devices with a pillar area
of 100 x 100 pum?, and three-lithography devices with a reduced pillar area of 10 x 10 pm?.
On these devices we measured electrical, c-axis transport on underdoped (p =~ 0.11 YBCO
thin films and compared with results from single crystal measurements to confirm the
validity of our platform.

As a byproduct of our measurements and doping level of YBCO, we looked for hints of
anisotropy in transport between the c-axis and ab-plane conduction, as YBCO is theorized
to behave as a quasi-two-dimensional superconductor (and anisotropy should be more
pronounced when going to the underdoped regime). In our three-lithography devices, we
observed two different superconducting transitions, one associated with ab-plane (which
started at slightly higher temperatures) and another for c-axis (which appeared at lower
temperatures).

In the single-lithography devices, high contact resistance initially masked the c-axis
behavior (the upturn in resistance was quite dampened compared to results from single-
crystal data). Ozone treatment was used to effectively redistribute oxygen and improve
the interface quality. Post-ozonation, we observed the characteristic upturn in R(T),
indicating a transition from metallic to semiconducting behavior, as expected for c-axis
transport in underdoped YBCO. Moreover, the measured resistance values closely matched
both our theoretical estimations and values reported for YBCO single crystals.

Spectroscopy measurements on the Au-YBCO interface revealed the presence of zero
energy, Andreev bound states (related with (110) surfaces in YBCO) in the form of a
zero-bias conductance peak in most devices prior to ozonation. One device exhibited a
subgap feature near 3 meV, which may be attributed to order parameter mixing, or some
other effect. A similar behavior was also observed on one of three lithography devices.
This feature disappeared above 10 K.

Numerous fabrication challenges were overcome during this thesis, necessary for making
the mesa devices, especially for the more complex three-lithography devices. This new
process enabled the reliable fabrication of superconducting mesa nanostructures with
reduced pillar areas. They provided a reliable platform for exploring c-axis transport
phenomena across a wider range of doping levels, not just underdoped.

For the three-lithography devices, the transition from metallic to semiconducting in
R(T) was consistently observed, as expected with transport along the c-axis. Due to
encapsulation, ozonation treatment was not as effective post-fabrication, leaving contact
resistance still an issue. Nonetheless, all fabricated structures (including the 10 nm thick
slits between pillars) exhibited superconductivity, marking this a big success for this
fabrication route, especially considering the fragility of underdoped YBCO.

A peculiar magnetoresistance effect in R(7") under magnetic field was observed, which
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occurred at much higher temperatures than the superconducting transition. Magnetic
field also improved the coupling between the CuO, planes, leading to a restoration of 3D
superconducting behavior, which was quite odd and very unexpected. Further work is
required to investigate the origin of this mechanism.

Differential conductance spectroscopy confirmed the V-shaped characteristics associated
with c-axis tunneling in YBCO, and the previously observed ZBCP was absent. One
device (mesa B) again showed a subgap feature at 3meV, reminiscent of the one seen
in single-lithography mesa 33. This observation warrants further spectroscopy studies,
particularly under magnetic field, to probe the potential superconducting origin of the
feature.

Future Outlook

o Implement true 4-point measurements in the three-lithography design.
This will eliminate contact resistance and allow more accurate probing of c-axis
transport, removing the uncertainties from our results. It would also enable a
detailed comparison between the upturn in R(7") and the onset of the pseudogap
in ab-plane transport, potentially uncovering a deeper connection between the two.
Lastly, it will allow us to fully confirm the existence of two distinct transitions
between the ab-plane and c-axis for underdoped samples.

o Further reduce mesa area to ~3 x 3 pm?. This would increase c-axis resistance
to tens of ohms, enabling more stable measurements across a wider doping range,
including overdoped samples. Such capability could enable the construction of a full
phase diagram for c-axis transport in YBCO (to indicate at which doping level, the
quasi-2D behavior appears and disappears).

o Improve fabrication by controlling contact resistance We propose limiting
ozonation to a single step after the second IBE, to prevent the risks of CeO,
microcracks and delamination. In addition, we plan to test alternative encapsulating
materials such as Parylene-N, which can be removed via oxygen plasma. This
approach would also decrease the number of ion-milling steps, which despite cryo-
IBE remain the most damaging in our current process.

o Perform shot noise measurements. Thanks to the higher resistance in the
current three-lithography platform, we can probe the nature of charge carriers in
c-axis transport by analyzing shot noise characteristics.

e Study c-axis transport in ultrathin (10 nm-20 nm) mesas These structures
could provide an indirect method for probing nematicity through its influence on
c-axis transport properties.

« Investigate the effect of induced superpotentials on c-axis transport Test-
ing mesa devices on substrates such as reconstructed MgO(110) surface (nanofacets
are present) or those patterned with a superstructure that could induce a superpo-
tential, modifying the ground state of YBCO. That would enable us to study these
superpotential effects on the c-axis transport.This is the main, long-term goal, for
which we developed the mesa platform.
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