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ABSTRACT OF THE DISSERTATION

Tunneling Studies of Superconducting Cuprate with Helium Disordered Barriers
by
Yan-Ting Wang

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, September 2021
Dr. Shane A. Cybart, Chairperson

Quantum computation has aroused many attentions toward the superconducting
devices. One of the essential elements is the Josephson junction. This dissertation presents a
novel technique for fabricating Josephson junction applying to several superconducting ma-
terials using a focused helium ion beam. The fabrication procedure and transport properties
of the devices made with different superconducting materials are reported individually.

One of the most well-know high-T ¢ superconducting cuprate material, YBasCusO7_g,
is first implemented with the helium ion technique. Numerous Josephson junctions have
been made with YBasCuzOr_s thin films. A deeper analysis for junction characteristics is
provided to point out the critical parameters for describing junction behaviors.

The other famous high-T¢ cuprate superconductor investigated in this dissertation
is BigSraCaCuy0Og45 single crystals. I fabricated the first planar Josephson junction on the
a-b plane of BiaSraCaCu0g4s with helium ion irradiation. The junction orientations are
confirmed by the magnetic field measurements, and the nearly perfect Fraunhofer patterns

is revealed. This is a breakthrough for development of multidimensional superconducting
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circuits.

The mechanisms for cuprate high-T¢ superconductivity hasn’t been fully under-
stood yet. This work compares the tunneling spectra of the cuprate thin films (YBasCuzO7_s)
and the cuprate single crystals (BigSroCaCugOg.s). I further study the direct tunneling
from a high-T¢ cuprate superconductor to another homogeneous high-T¢ cuprate super-
conductor. The spectra reveals tunneling from superconducting carriers and quasi-particles
for both materialss. The temperature dependence of the gap-like structures in the spec-
trum can be depicted with the Bardeen-Cooper-Schrieffer theory, which implies a potential
s-wave behavior. In contrast, the gapless spectra demonstrate the possible existence of
d-wave component.

Last, the same technique of high-energy helium ions was employed to irradiate
a conventional superconductor, niobium nitride, and a iron-based superconductor. The
effects of ion irradiation to these superconducting materials are also presented to assist the
potential extension of the technique.

In conclusion, this work provides another perspective to the fundamental mech-
anism for cuprate high-T¢ superconductivity through helium ion disorder barriers with
YBayCuzO7_s thin films and BipSroCaCuzOgys single crystlas. I also established the fab-
rication procedure for ion disordered a-b plane Josephson junctions on the fresh cleaved
BiaSraCaCusOgy s crystals at any desired angles, which can facilitate the advancement for
superconducting circuits. The technique of using helium ion irradiation is further extended

to other non-cuprate superconductors and set the footing stone for future applications.
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Chapter 1

Superconductivity

Superconductivity is the phenomena that a drastic reduction of materials occurs in
their resistivities when they are cooled down below their transition temperatures. The first
superconductor, mercury, was found by Kamerlingh Onnes in 1911. Following the break-
through discovery, other metallic superconductors such as aluminum and lead were also
discovered. It has drawn attention of researchers to study the mechanism behind supercon-
ductivity because of its fascinating property of perfect conduction. A lot of theoretical stud-
ies started blooming since 1950. The most well-known one is the Bardeen—Cooper—Schrieffer
theory which describes superconductivity precisely at an early stage of this field. These mod-
els have been well predicting the superconducting characteristics until a different class of
superconductors emerged. Explanations for these new found superconductors, with higher
transition temperatures in general, are still under debate. In this chapter, We will first
discuss the characteristics of superconductivity we observed in our experiments, the fun-

damental theories that is implemented a lot in our analysis, the essential differences of



categorizations for superconductivity, and a brief cover of overall historical review for the

superconducting field.

1.1 Characteristic Phenomena

1.1.1 Perfect Conductivity

The most noticeable property of superconductors is the zero resistances below the
critical transition temperatures (T¢). The perfect conductivity makes superconductors the
potential material candidates for high power transmission with low energy dissipation. At
room temperatures, superconductors can be metals or ceramics. The resistances of non-
superconducting metals decrease slowly when cooling down and eventually reach to the
lowest non-zero value. In comparison, the resistances of superconductors drop to zero dur-
ing the transitions. The transition width (AT) is defined by two values: (TZ™*) and (Tg).
The onset point T is where the reduction of resistance starts to accelerate and also
where the transition starts to happen. The value of T% denotes the material fully enters
into its superconducting state at temperatures and the resistance turns into zero absolutely
below this point. Narrower transition width (small AT) indicates the sharper transition,
and usually implies a stronger superconductivity. If the transition is broadened with large
AT, it usually indicates a weaker superconductor. Therefore, the resistance-temperature
measurements provide an effective method to examine superconductivity. Besides, the ex-
trapolation of the normal-state part to the zero-temperature axis is the residual resistance

which indicates the amount of defects within the material.
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Figure 1.1: The resistance-temperature relation of a superconductor.

1.1.2 Diamagnetism: Meissner Effect

The other important characteristic of superconductors is they demonstrate strong
diamagnetism when they transition into the superconducting state. The behavior of ex-
pelling magnetic flux further distinguishes the superconductors from perfect conductors.
The effect has been massively applied in running the maglev trains. The phenomenon was
discovered in the early metallic superconductors, tin and lead, by Meissner and Ochsenfeld
in 1933 which is twenty years later after the perfect conductivity of superconductors was
observed. The critical field (H¢) is the minimum magnetic field needed to fully destroy
superconductivity. Once the applied field is greater than H¢, the magnetic flux can pene-
trate through the superconductors as they are in the normal state. Some superconductors
exhibit two critical boundaries of applied magnetic field in their phase diagram, and thus

the superconductors can be categorized into two types.



1.2 Bardeen—Cooper—Schrieffer Theory

The model was proposed by John Bardeen, Leon Cooper, and John Robert Schri-
effer in 1952 and known as the BCS theory. It explains conventional superconductivity with
a microscopic perspective through the weak couplings between the electrons and phonons.
The presumption starts with the following condition: at zero kelvin (T = 0 K), all states
below the Fermi level is filled up, and two extra electrons with energy slightly above Fermi
energy are added into the system. The two electrons should possess the same-value mo-
mentum with opposite directions at the state of lowest energy based on Bloch’s theory. An
attractive potential between the two electrons is derived and proven to be required for elec-
trons forming the binding state. In other words, conventional superconductivity happens
when the two electrons are paired with each other and form a bound-pair state through a
weak attracting interaction. The pair is also known as the Cooper pair.

The readers may feel confused about the result conflicting with the Coulomb’s law
that two negative charges should sense repulsion rather than attraction. This is not intuitive
if the pairing is considered as the physical connection of two electrons. Instead, it will be
easier to understand when picturing them as two separate wave functions overlapping with
each together and thus forming a binding wave function as a pair. The attractive potential is
not induced by the electrons themselves which are both negative charges. They are paired
through the phonon-electron interactions. The vibration of atoms at the crystal lattices
stops at T = 0 K, so the electrons are able to move freely among the atoms. When one
electron transports through the lattices, the atoms along its path can be attracted by it

because they exhibit positive charges based on Coulomb’s law. The surrounding atoms



therefore move closer to the electron that just passed by and become a cloud of positive
charges, which induces attraction to another electron. Hence, the two electrons are paired
together through the interaction with phonons, that is, the perturbation from the movement

of atoms at the crystals lattices.

1.3 Categories

Superconductors can be classified into different groups based on their properties.

This section helps to differentiate the terms that are commonly used in this field.

1.3.1 Type-I and Type-I1 Superconductors

The classification of type-I and type-II is based on diamagnetism of superconduc-
tors. Superconductivity can be destroyed by magnetic field beyond the critical field of Hc.
The type-1 superconductor has only one critical value H¢, and therefore it is either in the
normal state which allows the magnetic flux to penetrate through or the superconducting
state that expels all the magnetic flux. Most metallic superconductors found in the early age
are in this classification. The other superconductor of type-II possesses two critical values:
the lower critical field (Hcp) and the upper critical field (Hog). Heg is the lower boundary
where the material transitions from the superconducting state where no flux can penetrate
through to the mixed state that only allows quantized vortex existing in the material. As
increasing the strength of magnetic field, Hcy is the higher boundary where the field is
strong enough to fully destroy superconductivity and all magnetic field can go through the

material as it is in the normal state.
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Figure 1.2: The phase diagrams of type-I (a) and type-II superconductors.

1.3.2 Conventional and Unconventional Superconductors

The classification of conventional and unconventional superconductors is judged
if its superconductivity can be described by the BCS model with assumption of isotropic
s-wave superconductivity. The conventional superconductors can be depicted by the BCS
model. Most metallic superconductors found in early age fall into the conventional type.
However, other superconductors are still under debate that if their mechanism of supercon-
ductivity should be explained by the BCS theory. These superconductors are unconventional
with gapless quasi-particles excitation spectra instead of obvious gap features with sharp
edges. The ceramic copper-oxide superconductors, cuprates, are one of the unconventional

superconductors with V-shaped tunneling spectra and high anisotropy.



1.3.3 Low-Transition-Temperature and High-Transition-Temperature Su-

perconductors

The classification of low-transition-temperature (LTS) and high-transition-temperature
(HTS) superconductors is based on the values of T¢. The conventional metallic supercon-
ductors generally have the transition temperatures below 20 K. Many research groups de-
voted to seeking new materials with higher T¢. The threshold of T¢ for HTS is the liquid
nitrogen boiling point 77 K. Most HTS members are the cuprate superconductors at one
atmosphere. Recent researches have revealed a superconductor with T close to the room

temperature under extremely high pressures [3].
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Chapter 2

Josephson Junctions

Josephson effect describes a macroscopic quantum phenomenon that cooper pairs
tunneling can happen across a thin insulating regime between two superconductors, and
it is predicted by Brian Josephson in 1962 [4]. Josephson junctions are the devices based
on the Josephson effect, and they are the fundamental elements in the superconducting
circuits, similar with the role of transistors in the semiconducting circuit layouts. They will
be massively studied in this work to understand the junction parameters and the tunneling
mechanism in different superconducting materials with the technique of a focused helium ion
beam. The introduction will start with the configurations and various fabrication methods
followed by multiple analysis methods for characterizing junction behaviors, and the current

existing applications.



2.1 Josephson Equations

Two superconducting electrodes are linked through a thin barrier, and a supercur-
rent of cooper pairs can flow across the barrier without voltage drop. Two superconductors
have their Ginzburg-Landau wavefunctions ®; and ®2 respectively. The phase difference
between them is A¢. The amount of supercurrent is determined by A¢ with the maxi-
mum value defined as the critical current Ic. The first equation represents the presence
of supercurrent without applying voltage and is known as the DC Josephson effect. While
maintaining a constant voltage across the barrier, A¢ will change linearly with time and
result in an oscillation of supercurrent. The second equation depicts the oscillation known

as the AC Josephson effect.

I = I.sin(Ag)
289 _ 20V
ot h
2.2 Geometry and Fabrication

The basic idea of Josephson junctions is to create a barrier between two supercon-
ductors. For classic metallic superconductors, it is common to build this configuration with
a sandwich-like geometry consisted by superconducting metal-metal oxide-superconducting
metal. The tunneling direction of sandwich-type junctions is out-of-plane to the thin films.

The same concept has been applied to HTS thin films as well. The trilayer struc-

tures of sandwich-type junctions involve most transport along the c-axis of HT'S due to the
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Barrier

Figure 2.1: The schematic illustrations of (a) a sandwich-type junction with out-of-plane
transport and (b) a planar junction with in-plane transport.

geometry. The preferable transport direction has been pointed out to be on the a-b plane
for HTS cuprate materials, which is in-plane with the thin films. In order to incorporate
the in-plane transport, several researches start to fabricate the planar junctions which have
the tunneling barriers with the normal vectors lying on the a-b plane. A thin supercon-
ducting wire can be a weak barrier like a weaker superconductor, and it is also known as
a Dayem bridge. The step-edge junctions have two superconducting electrodes not on the
same plane. The are connected together across a step height between them at a small angle
which prevents the discontinuity of the superconducting films caused by abrupt changes in
film orientations. The connection usually results a weaker link between the two supercon-
ductors in the step-edge junctions. With stronger barriers, the bicrystal grain-boundary
junctions and the ramp-edge junction are the most widely used designs for HTS devices
with in-plane transport.

Although the Josephson tunneling have been confirmed and the properties have
been investigated in these various junctions, the fabrication procedure remains complicated
for HTS Josephson junctions. The grain-boundary junctions require HTS films with good

quality and locate the grain boundaries precisely to make the devices. For the ramp-
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edge junctions, multiple patterning and milling process and films deposition are needed to
fabricate the smooth ramping structures and build the strong barriers along the ramps to
maintain transport in-plane with the a-b planes. The author will later introduce a technique
that has been revealed recently by Cybart et al. [5] to fabricate planar Josephson junctions
with the HTS YBayCu3O7_; thin films, and the technique has alleviated the complexity of

fabrication procedure for Josephson junctions.

2.3 Junction Characteristics

This section will cover the methods implemented in this work for data analysis. It
is important to correctly extrapolate the critical parameters of a junction to understand its

behaviors and give the appropriate explanations.

2.3.1 The Resistively Shunted Junction Model

The values of I¢ and Ry are the crucial parameters to analyze the junction be-

haviors. To extrapolate them from the data, the resistively shunted junction (RSJ) model
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is employed based on previous theoretical studies [6, 7, 8]. The essential idea is to consider
the device as a junction in-parallel with a known resistor (Ry). A simple analytical solution
is V. =Rny/I?— I% as shown in the middle firgure of Fig. 2.2. The coupling strength of
two superconductors is related to the value of I, and the barrier strength can be expressed

by Rx.

2.3.2 Flux Focusing with Rosenthal’s Method

The Josephson current can be interfered by a magnetic field with the direction
perpendicular to the current direction. The response of I values to the magnetic field can
form a Fraunhofer diffraction-like pattern with the period of ®( (the right figure of Fig.

2.2) with the following relation.

sin%
Ic(®o) = 1c(0)—
Dy

Rosenthal et al. studied the magnetic interference of the planar Josephson junc-
tions and deducted an equation for the relation between the period of Fraunhofer patterns
and the barrier width (w) [9]. The period of one packet in the pattern, except for the central
packet, is AB which corresponds to one single flux quanta ®y. The central maximum peak
covers two flux quanta with the period correlates to 2®(y. The equation is implemented in

this dissertation when analyzing the junctions made on the a-b plane by He-FIB.
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2.3.3 Excess Current: Andreev Reflection

At an interface between a superconductor and a normal metal, not only Josephson
tunneling can happen in carriers transport, but also Andreev reflection, which is the main
cause of excess current. The amount of excess current can be extrapolated by extending the
linear part at the normal-state range to the zero-voltage axis. This gives a rough estimation
of the amount of quasi-particles tunneling and acquires the real value of Josephson tunneling.
The ratio of excess current to the total critical current value I¢ can be an indication for the
strength of barriers. The more portion excess current occupies in the tunneling current, the
weaker the barrier is as a normal metal or even a weaker superconductor with suppressed
Tg. In the magnetic field measurements, excess current from tunneling of quasi-particles
will not respond to the applied magnetic field. Hence, excess current can also be concluded

from the variation of I¢ values with the magnetic field.
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Chapter 3

Techniques Summary

This chapter will summarize all techniques that have been used in each research
project. The techniques are divided into four main sections: deposition, fabrication, mea-
surements, and characterization. Deposition includes the methods for putting down the
metal layers and growing superconducting thin films. Fabrication introduces the techniques
involved in the complete procedure for making devices. Measurements will bring up all
different types of experiments that have been conducted to reveal various transport prop-
erties of devices. Characterization will mention the tools for obtaining surface morphology
and spectroscopic studies. The detailed processing parameters of procedure will only be

described here.

3.1 Deposition

Two means are employed to deposit metal layers for the capping layers or the

electrical contacts: electron beam (e-beam) evaporation and sputtering. For growth of
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superconducting thin films, I only used the sputtering chamber and the AJA system from
the oxide nano electronics laboratory (ONELab). The equipment used for metal deposition
(Temescal BJD 1800 e-beam evaporator and AJA sputtering system) is provided by the

UCR nanofabrication facility.

3.2 Fabrication

Devices for different projects were fabricated with the similar procedure assembled
differently by the following techniques. The order of applied techniques will be described
again later in each project separately. Here I will present the details including the controlled

parameters and the environment.

3.2.1 Exfoliation

The thin-film-like flakes were produced by cleaving the single-crystalline Bi-2212
using Nitto SPV224 tape. From observation of several exfoliation attempts, Nitto tape
has less tape residue comparing to conventional scotch tape. The substrate for the flakes
was a silicon wafer (100) with a 300-nm thick oxidized layer which varied color contrast
of BigSroCaCuy0g4s (Bi-2212) thin flakes with different thicknesses. Considering the pen-
etration depth of the helium ion beam into the Bi-2212 films, the thicknesses of flakes
will be roughly estimated from their colors under the optical microscope in this step [10].
This process allowed for a quick selection of viable flakes for further characterization and

lithography.
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Figure 3.1: The lithography procedure for YBagCu3zO7_s (YBCO) thin films in prior to
helium ion irradiation

3.2.2 Laser Lithography

The designed patterns are printed on the thin films with conventional lithography.
For thin films process, the circuit patterns are transferred by removing extra materials
using argon ion milling (Fig. 3.1). For making leads to cleaved single crystals, the contact
patterns are formed by depositing a metal layer and leaving the metal into the pattern by
lift-off. Lithography is required to print out the patterns on the samples for both thin films
and single crystals processing.

The photoresist OCG 825 by Fujifilm was spun onto the samples with rotation
rpm 5000 for 45 seconds. Extra solvent can be baked out from the photoresist at 90 °C
for 1 minute if needed. The photoresist will become harder if being baked. Baking is not
necessary for processing single crystals because the substrates will be heated up during metal
sputtering. After spin coating, a g-line laser directly wrote on the photoresist and broke the

long chemical chains. The photoresist at the exposed regions by the laser was thus dissolved
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by the developer, and the residue solvents were washed away by DI water. Therefore, the
circuit patterns need to be inverted to leave the circuit design on the thin films; whereas the
contact pattern can be directly drawn by the laser because the photoresist of the pattern
needs to be removed for metal deposition. To this step, a temporary mask of photoresist
was completed. The mask can be washed away if the resultant pattern is problematic such

as electrical shorts by photoresist residue or broken leads from overdeveloping.

Argon Ion Milling for Thin Films

The circuit pattern was printed on the thin film samples after first lithography
process. The pattern was transferred into the films by a dry etch technique of argon ion
milling. The samples were attached to a bronze stage that will be rotating for uniform
etching. The stage was tilted 45° downward to avoid dropping dust onto the sample surfaces
during milling. A shutter in front of the stage is closed for 10 seconds in between the milling
process of 15 seconds to prevent overheating the films. The total etching time for 30-nm
YBCO was tested to be 90~120 seconds, and around 300 seconds for 200-nm gold (shutter
time not included). It is important to check electrical continuity at the spare spaces after
ion milling to ensure the YBCO film was etched through without any electrical shorts.
After milling, the mask from the first lithography was washed away by acetone. The old
photoresist mask at the interested area, where will be irradiate by He-FIB, must be fully
removed to etch the gold and avoid any possible surface defects blocking ion irradiation.
The samples were thus rinsed by isopropanol to flush extra acetone and dried out by blowing
nitrogen gas to the surfaces for second lithography preparation. Second lithography process

was used to open the "window” to remove the gold layer at the areas where the helium ion
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Figure 3.2: The lithography procedure for Bi-2212 exfoliated single crystals in prior to
helium ion irradiation

beam will write through because the beam cannot penetrate through 200-nm gold and reach
the 35-nm YBCO films. The gold layer at the regions written by the laser was chemically
etched by KI, and the extra KI was flushed away by DI water. Use acetone to wash out the
photoresist mask from second lithography after confirming the gold was fully etched at the

interested areas. The patterned thin films were thus ready for helium ion irradiation.

Lift-off Process for Single Crystals

The processing for single crystals is different from the thin films after first lithog-
raphy process. The samples were sent to the AJA sputtering chamber without removing
the photroresist mask. The platinum layer was directly sputtered onto the samples along
with patterned photoresist. After sputtering, the samples were placed in a beaker filled with
acetone, and the photoresist was dissolved by acetone in a ultrasonic bath. Only platinum
at the areas exposed by the laser was left on the sample surface and thus the contact pads
were completed with the lift-off process. The single crystals with patterned contacts were

prepared for the next step: helium ion irradiation.
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3.2.3 Gallium Focused Ion Beam

The mechanism of gallium focused ion beam (Ga-FIB) is liquid metal ion source.
The instrument used in this work is the dual-beam Quanta 200i system in UCR CFAMM.
The system consists the primary beam of an electron beam for imaging and the gallium
source at the angle of 52° for etching. The two beams need to be precisely aligned at
the eucentric point for accurate milling. Ga-FIB is mainly employed to prepare lamella
samples for transmission electron microscopy (TEM). Some research studies presented in
this dissertation have used Ga-FIB to etch away extra materials that could potentially
caused electrical shorts, for example, YBCO residue between bridges from problematic

lithography or some fragments of cleaved Bi-2212 crystals between the fabricated contacts.

3.2.4 Helium Ion Microscope

The mechanism of a focused helium ion beam (He-FIB) microscope is gas field
ion source. The helium ions were ionized by a sharpened tungsten tip at a high voltage
to irradiate the samples. Two He-FIB microscopes by Zeiss were involved in the studies:
Orion Plus and NanoFab. The procedure can be divided into three main steps: trimmer

forming, beam tuning, and ion irradiation.

Trimmer Forming

The tip temperature is maintained at 80 K by liquid nitrogen with the dewar
temperature around 55 K. The trimmer source is first formed at the end of tip by the
automatic process. Generally, maintaining or increasing best image voltage (BIV) is selected

in this step. Decreasing BIV is only selected if the last trimmer was formed at too high of

20



voltages (> 45 kV). The trimmer source is appeared as a hexagonal-like crystal structure.
The crystal layers can be peeled off by bringing up the extraction voltage. The extraction
voltage has a maximum at 50 kV and is kept larger than the acceleration voltage and
less than two times of acceleration voltage (Vextraction 90 KV, Vacceleration < Vextraction <
2V acceleration)- Therefore, one can first raise the acceleration voltage close to 25 kV and start
increasing the extraction voltage. The BIV of a trimmer is lower than the forming voltage.
For example, if a trimmer is formed at 25 kV, it is less likely to have BIV above 20 kV for
this trimmer. This inhibits the system from applying the acceleration voltage higher than
20 kV to accelerate the helium ions for irradiation. Hence, an ideal trimmer is anticipated
to be formed within the extraction voltage range of 35~45 kV so that its BIV can fall within
25~35 kV. It is important to slow down the raising speed when the extraction voltage is
within the range where a trimmer is likely formed. The view of source becomes blurred at
high voltages, and only subtle changes in brightness and contrast can be discerned as an
indication of a new formed trimmer. Bring down the extraction voltage way lower than the
voltage where the subtle change was observed to prevent the loss of a trimmer since three
atoms at the tip apex is extremely unstable and may be peeled off quickly at such a high
voltage. Once the trimmer is formed, its BIV can be determined by slightly sweeping the
voltage to find the brightest spot.

Following the formation of a trimmer, the trimmer alignment for tilt and shift is
done mechanically and electrically. The air table needs to be initiated when adjusting the
tilt mechanically. Pick an atom of the trimmer, usually the brightest one, and observe its

positions in both of the upright and inverted images (above and below the focal plane) by
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Figure 3.3: The schematic illustration for the mechanism of a focused helium ion beam with
a zoom-in view of disordered region (image credited to Dr. Yuchao Zhou) and a screenshot
of a trimmer.

sweeping the lensl voltage. Adjust its position using the mechanical tilt knobs to make both
positions at the same spot in the screen. Once the positions of the same atom overlay in
both the upright and inverted images, turn off the air table. Choose the aligned the aperture
(usually 5 um) and focus at the aperture. Start driving the beam using the mechanical shift
knobs to place the beam, appeared as a bright circle, at the center. The distance between
the center and the beam should be less than the radius of the bright spot. The shift can be
tuned subtly using electrical tilt once the center falls within the circle when both mechanical
knobs are in loosen status. Focus at the edge of aperture to ensure the beam is finely tuned
and set the source distance automatically. To reach 0.5 pA, the average helium pressure is
around 107 torr. The trimmer is now ready for general operation. The current value is a

crucial parameter to tell if the atom of the trimmer is aligned well (low current if the beam
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Figure 3.4: Circular spots burned by a optimally tune helium ion beam.

is drifted away from the center).

Beam Tuning

The ion beam is optimized on top of the metal contacts or the reference graphite
TEM grids. Three adjustments are needed to obtain the optimum beam: focus, beam shift
(wobbling), and stigmation. The working distance for the sample surfaces is around 8 to
9 mm with z-height set as 4 mm. Beam shift needs to be adjusted to reduce wobbling
effects when the field of view is shifting when adjusting focus. Stigmation problems exist
if scratched patterns are visible when the sample is off focus. Tuning stigmation visually
is easier at the rough aluminum wire bonds because there are more features to observe.

When on a smooth metal surface, stigmation can be improved by observing the uniformity
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of burned spots. Beam stigmation can be finely adjusted by burning elliptical spots to

circular spots under field of view of 100 nm.

Ion Irradiation

The beam acceleration voltage was set to be 25 to 30 keV and focused to a beam
diameter of 0.5 nm based on previous tuning procedure with the 5-pym aperture. The
current is usually controlled to be around 0.5 pA. If the current is too low, increase helium
gas pressure, and vice versa. The spacing is set as the same with the ideal beam diameter
of 0.5 nm with dwell time 1.0 pys. The ion beam was normal to the surfaces of the target
samples, and irradiated the samples without etching any materials. The crystal structure
was disordered at the region where the helium ions penetrated, and the material properties
was altered. For materials that undergo a superconductor-insulator-transition with disorder,
the properties of the barrier can be tuned to a weaker superconductor, a normal metal, or

an insulator depending on the ion dose used.

3.3 Measurements

Transport properties are revealed through various measurements. The setup for
each type of measurements will be introduced in this section. The resisitivity-temperature
(R-T) relations show superconductivity transition of the materials. The current-voltage (I-
V') characteristics present the behaviors of Josephson junctions. The voltage responses to
the magnetic field (V-B) can evaluate the performances of devices. The changes of critical

currents with the applied magnetic field (I¢-B) could be another evidence for Josephson
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junctions. The differential conductances (dI/dV) are measured in a wide voltage range to

investigate the gap-like structures in the density of states of superconductors.

Resistivity-Temperature (R-T))

Current-Voltage (I-V)

Critical Current-Magnetic Field (Io-B)

Differential Conductances (dI/dV)

3.4 Characterization

This section includes the methods for surface studies and element analysis. I stud-
ied the topography of the fabricated samples with the atomic force microscope (AFM),
the helium ion microscope (HIM), and the scanning electron microscope (SEM). The spec-
troscopic methods could provide both qualitative and quantitative analysis with energy-
dispersive X-ray spectroscopy (EDS/EDX), Raman spectroscopy, and X-ray Diffraction

(XRD).

3.4.1 Atomic Force Microscope (AFM)

Atomic force microscopy (AFM) is often used to acquire sample topography when
determining the surface roughness and the bubbling effects of helium ions. The aluminum
tips used in the experiments are the commercial probes from Bruker. The instrument is a
complex system consisted by HORIBA LABRAM and AIST-NT AFM from UCR optical

lab.
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3.4.2 Scanning Electron Microscope (SEM)

The scanning electron microscopy (SEM) and microanalysis was performed on
a the ThermoFisher Scientific (formerly FEI/Philips) Quanta™ 3D 200i and NNS450 in
CFAMM at UC Riverside. SEM was used massively in the early state for cuprate single
crystals fabrication. The damage from high-dose helium ions can be clearly seen on the
surface of the materials and the substrates underneath. SEM is very helpful to root the

failure reasons and improve the process.

3.4.3 Spectroscopic Methods

I have employed energy-dispersive x-ray spectroscopy (EDS/EDX) to study the
surface defects formed after oxygen annealing the cleaved crystals. X-ray diffraction (XRD)
was utilized to examine single crystallinity of Bi-2212. Raman spectroscopy is massively
used to determine the number of graphene layers after exfoliation, and I have attempted to

try to study Bi-2212 layers with Raman spectroscopy.
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Chapter 4

He-FIB Junctions with High-Tc

Superconducting Thin Films

First high-transition-temperature superconductor (HTS) was discovered by J. G.
Bednorz and K. A. Miiller with a copper-oxide ceramic system of La-Ba-Cu-O in 1986. The
T was found to be around 30 K which is relatively higher than conventional superconduc-
tors whose T is about 10 K generally. Although the T¢ of first HTS is not as much higher
as expected, the discovery predicts the debuts of potential HTS in the complex oxides, and
intrigues more interest in pursuing higher T'¢ in the cuprate family. Following this discovery,
a breakthrough for HTS materials happened. A superconductor, YBayCusO7_5 (YBCO)
was subsequently reported to have T at 93 K which is above boiling point of nitrogen 77 K

by Wu et al. [11].
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4.1 YBaQCU3O7,5

The crystal structure of YBapCuzO7_s (YBCO) is distorted orthorhombic per-
ovskite with the composition of ABO3. The lattice constants of YBCO are a = 3.82 A,
b =389 A, and ¢ = 11.68 A[12]. The unit cell appears to be anisotropic between the
a-b plane and c-axis. The similar anisotropy is also observed in the transport properties
of YBCO. In the noraml state, YBCO has the lowest resistivity along the b-axis parallel
to the copper-oxide chains and the largest resistivity along the c-axis. The resisticity is
measured to be lower in-plane with the a-b plane than the out-of-plane direction along
the c-axis because the copper-oxide planes are on the a-b planes. Superconductivity of
cuprate superconductors is from the carriers transport by oxygen vacancies on the copper-
oxide planes with the chains as the potential reservoir. Therefore, the oxygen content in
the structure can significantly affect superconductivity of cuprates. YBCO, a member of

cuprate superconductors, is also sensitive to oxygen concentration.

4.2 Growth Methods

The YBCO thin films studied in this chapter are mainly from two sources. One is
the commercial films from Ceraco Ceramics Coating GmbH in Germany grown by reactive

co-evaporation (RCE), and the other one is deposited by RF sputtering.

4.2.1 Reactive Co-Evaporation

Reactive co-evaporation (RCE) is a commercial technique for high quality thin

films deposition. Substrates are attached to a plate with rotation frequency of 5 Hz, and
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Figure 4.1: The unit cell of YBCO

thus are revolving between the main evaporation chamber and the oxygen ”pocket”. The
evaporation chamber is maintained vacuum at lower pressure of 7.5 x 10% torr, and the
metallic elements of yttrium, barium, and copper are thermally evaporated from the resistive
sources onto the substrates for YBCO deposition. The oxygen pocket is a black-body heater
filled with oxygen gas at a higher pressure of 7.5 x 10* torr. The quartz crystal micro
balances with collimators is used to inspect the evaporation rate of the metal sources to
maintain the accuracy within 1%. The temperature is one of the critical growth conditions.
In RCE process, the growth temperature is at 650 °C, which is almost 150 degrees lower than
other deposition techniques. The lower temperature benefits in preventing films cracking
down during the cooling process and also avoiding the formation of inter-metallic phases as

BaCeQ3 for example.
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RCE have been routinely producing in large numbers of HTS coated substrates
for commercial purposes. The stoichiometric composition is controlled precisely, and the
smoothness of these ultra thin films with thickness of the order of a few tens of nanometers
meets the grade for electronics applications. As another noticeable advantages of RCE, it
has very large deposition area and its rotating oxygen pocket heater further facilitates for

a large-size substrate or large number of wafers simultaneously.

4.2.2 RF Sputtering

Our group also grows YBCO thin films on our own using RF off-axis sputtering
[13]. The films properties are strongly dependent with the conditions during deposition such
as temperatures, pressures, gas flow rate (sccm), argon and oxygen gas ration, annealing
time and temperatures, and the distance from the substrates to the target sources. I studied
the surfaces of YBCO films at different positions of the rotating plate. The films located
at the nearest spot to the YBCO target has has a rougher surface with root mean square
(rms) roughness around 15 nm. The substrate placed further from the target has smoother
surface with smaller rms around 10 nm. From Fig. 4.2, the grainy structures on the surfaces
are clearly seen. Each grain has its own phase, and its a-axis and b-axis do not align to
other grains. The grain boundary and lattice mismatch are the main concern for uniform

junctions fabrication and tunneling spectra studies.
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Figure 4.2: The same batch of YBCO films grown by RF sputtering with substrates pac-
ing (a) closest to the target with rms = 15 nm and (b) furthest from the target with
rms = 10 nm.
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4.3 Multilayers for HTS Ground Planes

This section has been published in 2019 [14]. A multilayer heterostructure con-
sisting of 35-nm YBCO, 75-nm CeOs, 150-nm YBCO and 20-nm CeO (top to bottom)
on r-plane sapphire was grown at Ceraco GmbH using RCE. In the hetreostructures, the
layer thicknesses were chosen to be optimized for Josephson devices fabrication using the
He-FIB process in the top layer. To create a uniform disordered barrier with He-FIB, it
is important to control the film thickness under the penetration depth of helium ions with
acceleration voltage around 25 to 30 kV. High quality nanoscale devices can be created with
He-FIB, but they require very smooth and thin films with thickness around 35 nm.

The bottom YBCO layer, which served as a ground plane, was designed to have
thickness of the same order of the penetration depth of YBCO to ensure the secured shield-
ing ability. As for the insulating layer to separte the device layer and the ground plane,
the thickness of CeOs layer is maximized as thick as possible while maintaining the total
thickness of the multilayer heterostructures under 300 nm to prevent cracking, which is
common in films grown on sapphire.

Five 2”7 r-plane sapphire wafers were placed around the center of the plate(n) for
deposition for the multilayer heterostructures used in this section. First a 20-nm buffer
CeOgy layer was grown as the buffer layer to reduce the possibility of lattice mismatches
with substrates for the next grown 150-nm thick YBCO film as the bottom ground plane.
Smooth films are required to prevent pinhole shorts through the subsequent layers. Hence,
the copper content was reduced to eliminate copper-oxide precipitates on the surface at the

expense of a reduced T¢ and Jg. Second, a 75-nm CeOs layer was deposited, and the Tc¢
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Figure 4.3: (a) Schematic illustration of the multilayer structure consisted with 200-nm Au,
35-nm top YBCO, 75-nm CeQOs, 150-nm bottom YBCO and 20-nm CeOs buffer layer on
sapphire substrate. (b) The surface topography of 35-nm top YBCO and (d) 75-nm CeO,
scanned by SEM. (c¢)The surface topography of 35-nm top YBCO and (e) 75-nm CeOq
scanned by AFM.

and J¢ of the bottom YBCO were measured to be 83.6 K and 1.0 MA /ecm? respectively
using an inductive Cryoscan.

The wafers coated with the bottom 150-nm YBCO and the 75-nm CeOq layers
were returned to the evaporation vacuum chamber along with an additional CeOq buffered
sapphire test substrate. A 35-nm thick YBCO layer was grown followed by a 200-nm
gold contact layer. For this deposition the copper content was increased to obtain better
electrical properties. The 35-nm YBCO layer from this second deposition were measured
to have T¢ at 84.8 K and J¢ of 2.3 MA /cm? using a cryoscan of the extra test substrate.
A third cryoscan of the heterostructure exhibited a value of J¢ around 1.2 MA /cm? for the
whole stack of thin films (150 nm YBCO/75 nm CeOg2/35 nm YBCO). The bottom 150-nm

YBCO layer was measured to have a Jo of 1.0 MA/cm? from the first cryoscan; The top
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35-nm YBCO layer was estimated to have a Jc of 2.3 MA /cm? from the second cryoscan
of the test sample. The current density of the whole structure with these two layers can be
calculated as 1.25 MA /cm? by the weight ratio: (1.0 MA/em? x 150 nm + 2.3 MA /em? x
35 nm)/185 nm = 1.25 MA /em?. The approximation is consistent with the measured value
1.2 MA /cm? of the stack. This suggests that the quality of the 35-nm YBCO on top of the
CeO2/YBCO is similar to the YBCO film on the test substrate.

Atomic force microscopy (AFM) was used to inspect the surfaces to characterize
the surface morphology. To scan the surface of the top 35-nm YBCO layer, the gold capping
layer was chemically removed with KI-I™ gold etch. The surface topography of the 75-nm
CeOg insulating layer was acquired by removing the top YBCO by phosphoric acid of some
multilayer samples or from other test samples taken out from the evaporation chamber after
the 75-nm CeO3 deposition. Both the YBCO top layer and CeOq surfaces were smooth with
the exception of a small number of particles on the top of YBCO surface as shown in Fig.
4.3. Large scale defects or cracks were not observed. Surface roughness was determined to
be 0.7 nm and 4.7 nm for the CeO2 and top 35-nm YBCO respectively.

Resistivity as a function of temperature (R-T') was measured for both YBCO
layers using a four-point Van der Pauw geometry and lock-in amplifiers to examine their
superconducting transitions. The results are shown in Fig. 4.4. To access only the bottom
150-nm YBCO layer for this measurement, the top YBCO layer was fully removed with
phosphoric acid and the insulating CeO» layer was scribed through with a diamond cutter
to make contact with the bottom YBCO layer.

Both YBCO layers exhibit sharp transitions with the residual resistivities of 22
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Figure 4.4: R-T measurements of top 35-nm YBCO and bottom 150-nm YBCO (left) and
middle insulating 75-nm CeOs layer (right) individually

u-cm and 35 pf2-cm for the top and bottom layers respectively, which suggests that there is
small temperature independent defect scattering. The top 35-nm YBCO shows an apparent
room temperature resistivity of 500 p€2-cm which is much higher than the bottom 150-nm
YBCO layer with resitivity of 275 p{2-cm at room temperature. The result is interpreted
as an overestimate of the electrical thickness of the top layer. Processing damage, surface
roughness and a possible dead layer at the interface between the top 35-nm YBCO and
75-nm CeQq are likely the reasons contributing to a reduction of the electrical thickness
of the top YBCO layer. Assuming that the actual resistivity of the two layers is the same
yields a reasonable electrical thickness of 20 nm for the top YBCO layer.

The electrical properties of the CeO4 insulating layer needs to be characterized to
examine the presence of pinhole shorts. The R-T measurement of CeOy was performed with
a four-terminal configuration from the top to the bottom YBCO layer. In order to make

proper electrical contact with the buried YBCO, a 3-mm diameter circle was printed on
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top of the sample using a drop of photoresist. The circle pattern was transferred into both
gold and the top YBCO layer by chemical etching with KI-I+ and 0.1% phosphoric acid
respectively. The CeOs layer was thus etched using a 500-V argon ion mill. To ensure the
CeOg layer was totally milled through and the bottom YBCO layer was exposed, electrical
continuity was tested between the bottom contacts and the etch step height of the milling
step between the circle pattern and the milled surface was measured to be 320 nm with a
KLA Tencor P-7 profilometer. I first measured R-T across the CeOq layer by flowing the
current from the top YBCO layer to the bottom YBCO layer. The result revealed that
the insulation of the CeOs layer grew stronger at low temperatures. To fully examine its
insulating property, a set of I-V measurements across the CeOs layer was done at different
temperatures, and R-T results was extrapolated from the I-V with various bias voltages.
Two electrical contacts were attached to the top gold electrode of the patterned
3-mm circle. The other two were attached to the exposed bottom YBCO layer by argon ion
milling process with silver paint. Current as a function of voltage (I-V') was measured by
using an arbitrary function generator to drive the current source across the sample and the
series resistor at 1 Hz. Low noise pre-amplifiers were used to measure the voltage across the
CeO3 (V) and the current across the series resistor (I). The I-V curves were continuously
recorded and the sample was cooled to low temperature using cryogenics. Selected curves are
shown in Fig. 4.5(a) measured at a series of different temperatures. At room temperature,
the insulating CeOs layer appeared to be ohmic with a resistance of 351 2. However as
temperature was reduced below 200 K, non-linearity started to be observable (Fig. 4.5 (a)).

To investigate the temperature dependence further, the resistivity was calculated
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Figure 4.5: (a) Current-Voltage across 75-nm CeOs insulating layer measured at different
temperatures. The inset is the step height obtained by the profilometer to ensure etching was
through the layers. (b) Resistivity-Temperature of 75-nm CeOsg insulating layer obtained
from (a) for different constant voltage ranges.

assuming the uniform current density through the patterned area from the resistance ob-
tained from the data in Fig. 4.5 (a). The result was plotted for several ranges of biased
voltage in Fig. 4.5 (b). A strong dependence of the resistivity on both temperature and
voltage was observed, which is reminiscent with variable range hopping transport. The ap-
pearance of the data approaches an asymptotic value at low temperature, and this is likely
an artifact from using a measurement voltage much greater than the thermal energy kpT.
From these large area measurements of I-V and R-T, two conclusions are drawn that there
are no pinhole shorts through the dielectric and that the transport mechanism is thermally
activated variable range hopping.

In this section, superconducting YBCO-CeO2-YBCO thin films in multilayer het-
erostructures grown by RCE were investigated through surface and electrical characteriza-

tions. The top 35-nm and the bottom 150-nm YBCO layers both exhibited high T¢ values
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at 83.6 K and 84.8 K and large critical current density with moderate surface roughness.
The CeO5 insulator demonstrates activated transport but provides more substantial insu-
lation with high resistivty of 11.5 MQ-m at 77 K. Additional structural characterization
such as x-ray diffraction and transmission electron microscopy could potentially yield more
insight into the quality of these structures. In terms of electrical properties, these films ap-
pear very suitable for high-T¢ thin film electronics. This is a step further walking towards
a large scale commercial multilayer RCE process for HTS electronics. The incorporation of

interconnecting vias and crossovers is envisioned for more complex integrated HT'S circuits.

4.4 YBCO a-b plane Junctions

The same fabrication procedure introduced in chapter 3 was applied to the com-
mercial YBCO films to make numerous circuit patterns. To study the junction parameters,
the design of YBCO twenty bridges (the left picture in Fig. 4.6) was used a lot to test the
ion dose. Before processing, the ion disordered level of YBCO can be simulated with SRIM
[15]. The scale of right images of Fig. 4.6 is comparable, and the difference of disordered
range can be clearly seen. The masked ion irradiation has a broader disordered region while
the range is much narrower if a focused beam is used instead.

While studying the different ion doses, the barrier strength is found to be strongly
related to the disordered level. The barrier exhibits higher strength with higher diordered
level. The heavier ion dose results in a more insulating barrier. The metal-insulator tran-

sition is observed in the He-FIB junctions of YBCO films by controlling ion doses.
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Figure 4.6: Left: an optical image of a 20 bridge YBCO sample. Right: (a) SRIM results of
ion disorder level of YBCO using a mask. (b): SRIM results of ion disorder level of YBCO
using direct writing with a focused helium ion beam
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Figure 4.7: The barriers of YBCO He-FIB junctions as (a) a normal metal, (b) in the middle
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Chapter 5

He-FIB Junctions with High-Tc

Superconducting Single Crystals

This chapter covers the content of using He-FIB to fabricate Josephson junctions
on the widely studied HT'S single crystals, BiagSroCaCugOg s (Bi-2212). The junction char-
acteristics of Bi-2212 He-FIB junctions share the same metal-insulator transition with the
YBCO He-FIB junctions by different helium ion doses. Studying the controllable Bi-2212
He-FIB junctions on its a-b plane is helpful to develop multidimensional superconducting
circuit designs combing with the intrinsic Josephson junctions along its c-axis. We first
start with the introduction of the material properties, how we processed and measured the

samples, and the last part about analysis of our results.
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5.1 Introduction

Cuprate HTS single crystals possess high uniformity with less disorder in the
materials comparing with thin films. Since cuprate superconductors are generally sensitive
to the amount of disorder in the crystal structures, the single crystals with high quality
can thus provide a platform to study the superconducting mechanisms behind cuprate HTS
excluding the effects from non-uniformity. Single-crystalline HT'S may also be beneficial to
fabricate He-FIB junctions with more stable performances and less ion doses deviations. In
this dissertation, BigSroCaCuaOgys is chosen as the target material for investigating helium

ion disordered Josephson junction properties and compared with the results of YBCO.

5.1.1 Discovery of Bi-Sr-Ca-Cu-O System

Bismuth strontium calcium copper oxide system (Bi-Sr-Ca-Cu-O, BSCCO) is found
as the first HT'S without a rare earth element by Maeda et al. in 1988 [16]. They observed
the crystals transitioned into a diamagnetic state around the same temperatures where the
sudden dropped resistivity occurred, and thus confirmed its T¢ to be around 75 K at which
the resistivity turned into zero completely. The group also noticed that the presence of
calcium and the ratio of copper elements in the composition significantly affect Tc values
of the crystals. The absence of calcium in the crystals (BiaSroCuOgys5, Bi-2201) were found

to have the lowest T¢ below 30 K [17] among the members in BSCCO family.
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Figure 5.1: (a) The resistivities versus temperature of two BSCCO crystals grown in dif-
ferent conditions. Crystal a was grown at 800 °C for 8 hours, while crystal b was grown at
882 °C for 20 minutes with post-annealing at 872 °C for 9 hours. (b) The magnetization
level versus temperature of BSCCO crystal b in an 100-Oe field.

5.1.2 Bi-Sr-Ca-Cu-O Family

BSCCO members share the common chemical formula BisSroCa,—1Cup,Oopygys
in which n denotes the number of cooper atoms and the number of copper-oxide planes in
a unit cell in the same time. The calcium atoms separate the copper-oxide planes where
superconductivity happens. Besides the metal elements, the oxygen content can also affect
superconductivity of BSCCO crystals including T¢ [18, 19], anisotropic normal-state resis-
tivities [1, 2], and vortex pinning [20]. Similar with other oxide superconductors, BSCCO
is sensitive to oxygen composition. These BSCCO compounds can have different T values
with varied amount of oxygen in the materials. The doping level of oxygen is defined to
be optimal doping when their highest T is achieved. Any doping level above (overdoped)
or below (underdoped) the optimal doping can lead to lower T¢. Precise control of doping
is quite challenging but necessary during the synthesis process by controlling the annealing

temperatures and oxygen pressure. A series of studies of oxygen doping level has been done
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to control the crystal properties [21, 22, 23, 24] The change in stoichiometric structures can
significantly affect the phases of BSCCO crystals with different properties [25, 26].
BisSraCaCugOgys (Bi-2212) [27, 28] with two copper-oxide layers in the unit cell
and BigSraCagCusO1045 (Bi-2223) [29] with three copper-oxide layers were reported to have
Tc of 80 ~ 110 K higher than 30 K in Bi-2201 case which only has a single copper-oxide
layer in its unit cell. Their crystal structures and lattice constants were also identified.
These members share similar values on the a-b plane with ¢ ~ 5.4 A and b ~ 5.4 A. The
differences between them is the height of a unit cell along the c-axis. More copper-oxide
planes in the unit cell indicate a taller crystal structure. Bi-2201 has ¢ ~ 24.6 A; Bi-2212 has
¢~ 30.7 A; Bi-2223 has ¢ ~ 37 A. Some groups also tried to synthesize BSCCO crystals with
more copper-oxide planes such as the phases of Bi-2234 and Bi-2245 [30, 31, 32]. However,
with more copper-oxide planes, the crystal structures also grow taller with ¢ ~ 42 A for
Bi-2234 and ¢ ~ 50 A for Bi-2245. Therefore, these phases are less stable and more sensitive
with the substrate temperatures during synthesis which makes them more difficult to grow.
Their T values start to drop and become lower comparing with Bi-2223 phase which has

the highest T¢ among BSCCO members so far.

5.1.3 Two-Dimensional HTS with Anisotropic Properties

The crystal structures of BSCCO were revealed by high-resolution transmission
electron microscopy and x-ray diffraction patterns [17]. Tarascon’s group further calculated
the distances of bonds in the structure of Bi-2212 [25]. They found one of the bismuth-oxide

bonds has the longest distance about 3.0 Aamong all other bonds. This implies that the
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Figure 5.2: The unit cells of Bi-2201, Bi-2212, and Bi-2223

bismuth-oxide layers are only weakly bonded with each other. Later in the reports using
scanning tunneling microscopy, they further confirmed the cleaved surfaces were bismuth-
oxide layers by comparing the periodicity of corrugation [33, 34]. BSCCO was confirmed
as a two-dimensional layered cuprate HTS with the cleaved planes at bismuth-oxide layers
where are weakly bonded by the van der Waals forces. The BSCCO single crystals employed
in this dissertation is Bi-2212, and the following discussions will mainly focus on the studies
of Bi-2212 properties.

Bi-2212 single crystals have the perovskite structure (ABOs composition) [35]
with the lattice constants of ¢ = 5.4 A, b = 5.4 A, and ¢ = 30.7 A. Such a tall structure
of Bi-2212 leads to the extremely anisotropic transport properties in both of its normal

and superconducting states. The normal-state resistivities of Bi-2212 single crystals were
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Figure 5.3: The anisotropic resistivity along different directions of single-crystalline Bi-2212
[1, 2]

found different along different orientations [1] and the results were reproduced again [2].
Significant anisotropy has been found between in-plane (a-b plane) and out-of-plane (c-
axis) orientations. The resistivity along c-axis (p.) was measured about four to five orders
of magnitude larger than the resistivities along the a (p,) and b-axis (pp). On the a-b plane,
pp is less than p,, and this indicates the highest conductivity is along with the direction of
superlattice of Bi-2212.

Aside from in the normal state, Bi-2212 single crystals also exhibit high anisotropy
in the superconducting state. Penetration depths at 0 Kelvin vary a lot between the in-plane
(Aa—p(0)) and out-of-plane (A.(0)) directions based on the results of microwave experiments

[36, 37] and the critical field measurements [38, 39, 40, 41]. The average value of A\,_4(0)
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from previous reports ranges from 200 nm to 300 nm, whereas A.(0) is up to micrometer
level (40 pm in ref. [36] and 100 pm in ref. [38]). The huge difference between A,_;(0)
and A.(0) in the superconducting state can be correlated with the results between p,_;
and p. in the normal state. The big value of A\.(0) leads to a speculation of weak cou-
pling superconductivity between the layered copper-oxide superconducting planes in the
structure.

Coherence lengths at 0 Kelvin were extracted with the similar experiments for
penetration depths. From the critical field measurements, the coherence lengths were de-
termined around 2 ~ 4 nm on the a-b plane (£, 5(0)) and only a few angstroms (A) along
the c-axis (£.(0)) [42, 43, 44, 45]. The values are quite close to the results in other ex-
perimental methods of conductivity [46] and point-contact tunneling [47] and theoretical
calculations [48]. Similar with other cuprate superconductors, Bi-2212 has extremely short
coherence lengths along any directions, and some concluded this is a consequence of low
current density in cuprate HTS [46].

The small value of in-plane £, (0) is the main challenge for fabricating the planar
Josephson devices on the a-b plane of Bi-2212. The barriers of the devices need to be
very thin to maintain carriers couplings, and with high potential to observe cooper pairs
tunneling without too much quasi-particles tunneling. Thus, to fabricate an a-b plane
Josephson junction with Bi-2212; the barrier needs to be narrow and insulating. The
thickness of a double cooper-oxide layer separated by a calcium atom (Cu-O/Ca/Cu-O) in
a unit cell of Bi-2212 is around 4 Awhich is comparable with the average &.(0) value of 1

~ 4 A. This supports the statement that superconductivity comes from the copper-oxide
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planes.The coupling along Bi-2212 c-axis is very weak based on the short £.(0). This value
is even smaller than the spacing between the double copper-oxide layers separated by the
bismuth-oxide layers ((Cu-O)2/Bi-O/(Cu-0)2) in Bi-2212 crystal structure, which is about
s =12 ~ 15 A. The condition of & = s becomes the critical crossover for determining the
dimensions of the materials. When & is larger than s (§, > s), the three-dimensional (3D)
Ginzbur-Landau mean-field theory is applicable to to describe the superconducting order
parameters. However, the two-dimensional (2D) Lawrence-Doniach model [49] modifying
from the Aslamazov-Larkin equation [50] will be more realistic to depict the behaviors when

& is less than s (& < s).

5.1.4 Intrinsic Josephson Effect

From previous discussions, there are bismuth-oxide layers and double copper-oxide
superconducting planes in a unit cell of Bi-2212. The bismuth-oxide layers are weakly
bonded with van der Waals forces so that Bi-2212 can be easily cleaved like other two-
dimensional materials such as graphite. From the crystal structure of Bi-2212, the distance
between two double copper-oxide planes is revealed to be around 12 A, which is way longer
than its estimated & around 1 to 4 A based on any current theoretical models. All of
these factors contribute to the fact that transport along c-axis is less preferable then the
directions in-plane with the copper-oxide planes on the a-b plane. Such highly anisotropic
characteristics make Bi-2212 a two-dimensional cuprate HTS, and even lead to formation
of the intrinsic Josephson effect.

In 1991, existence of intrinsic Josephson effects has been found between the stacks

of Bi-2212 crystal structure by Kleiner’s group [51]. The intrinsic junctions are oriented

47



6 o
|
(mA) ]
2 -
£ ]
= £
9 i
5 ]
o
0 O L 1

0 2 4 .6 0 20 40
Vv
uv) Voltage (mV)

Figure 5.4: Intrinsic Josephson junctions measured by Kleiner et al. (left) and us (right).

along the c-axis of the crystals. The weakly bonded bismuth-oxide planes serve as the
insulating barriers of the intrinsic junctions, and the double copper-oxide planes act as the
separated superconducting electrodes.

They observed several branches in the current-voltage (I-V) relations of a small
Bi-2212 single crystal. The discrepancy between two consecutive branches in the normal-
state region is equally distributed. The reason of this phenomenon is thus concluded to be
that the number of involved intrinsic junctions in the resistive voltage range is increasing
when applying higher energy. In other words, each step of the branches implies adding one
more additional in-series intrinsic junction of the Bi-2212 stacks. The uniform distribution
also rules out the potential exotic junctions caused by cracks in the crystals. As shown
in Fig. 5.4, we also obtained similar results from our Bi-2212 crystals with less branches
because the thickness of our exfoliated thin-film-like crystals were less than 100 nm in

contrast to the thicker crystals they used in the work. The number of branches in I-V
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Figure 5.5: Mesa-like devices to expose the intrinsic junction stacks for microwave emission
and detection.

also correlates with thickness of crystals since a single intrinsic junction has a stack height
around 15 A (half of a unit cell height 30 A). They also did AC measurements and microwave
experiments to verify mutual phase locking and self-synchronization of intrinsic junctions.
The number of locked intrinsic junctions was reported to be around the order of ten and
up to 200 intrinsic junctions are involved in the microwave emission and form the Shapiro
steps. The strong responses and synchronizations can be the indications that these intrinsic
Josephson junctions share uniform junction properties and only have small deviations in
the characteristics.

The same group further confirmed the type of intrinsic junctions to be SIS with
the layers of bismuth-oxide and strontium-oxide as the insulating barriers instead of weak
links [52]. From the microwave experiments, they found all 2000 intrinsic junctions in a
3-um thick crystal contributed to the radio-frequency (7f) emission. This again proves the

uniformity of intrinsic junctions and makes Bi-2212 crystals an excellent radiation source
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or sensors of high-frequency signals for communications [53, 54, 55, 56]. Bi-2212 crystals
are often fabricated into mesa-like structures (as shown in Fig. 5.5) to expose the intrinsic
junctions for detecting their rf radiation. With the intrinsic c-axis Josephson junctions,
Bi2212 can be a potential platform to realize the multidimensional superconducting circuits

if any fabricated junctions can be created on the a-b plane.

5.1.5 Ion Disordered Bi,Sro,CaCuy0Og s

In previous studies, a new technique of a focused helium ion beam (He-FIB) has
been implemented to fabricate Josephson junctions on the a-b plane of YBCO thin films [5],
and furthermore these He-FIB junctions were applied in SQUIDs [57, 58]. This technique
utilizes the effect of ion irradiation that causes significant impact on superconductivity of
cuprate HTS. Similarly, superconductivity of BSCCO, also a cuprate HTS, can also be
affected by ion disorder with reduction of the critical temperatures T¢ and widening of the
transition widths [59, 60]. They become insulating after ion implantation with sufficiently
high doses of neon and helium ions.

In the report of Matsui et al. [59], they used 200-keV neon ions to implant the
bulk crystals of Bi-2212 and observed noticeable damage on the irradiated crystal. Above
a certain ion dose, the transition was vanished and the resistance grew extremely high at
lower temperatures. They also provided comparisons between the resultant T ¢ of Bi-2212
and YBCO irradiated with different ion doses. The required dose for BSCCO transitioning
to an insulator from a superconductor is lower than YBCO with the same thickness, which

implies BSCCO can be more sensitive to ion disorder than YBCO.
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Figure 5.6: The effects of neon ions onto Bi-2212.

Later Aruga et al. [60] did the similar experiments with 400-keV helium ions to
Bi-2212 films and acquired the same tendency of more suppressed superconductivity by
ion implantation with increasing ion doses. They tried to process the samples with post-
annealing to recover damaged superconductivity after helium ion irradiation. However,
beyond the critical ion dose, the superconducting transition never presents again even with
post-annealing. Superconductivity of Bi-2212 can be totally destroyed after being irradiated
with a helium ion dose greater than the critical dose. Therefore, He-FIB can be a potential
technique to irradiate Bi-2212 single crystals and locally disorder the structure for studying
a-b plane transport properties across the irradiated area. Recently, the author has applied
He-FIB to Bi-2212 thin-film-like cleaved single crystals and successfully fabricated a SNS
Josephson junction on the a-b plan [61]. Chapter 5 will continue the studies of He-FIB
junctions on Bi2212 a-b planes, and reveal more details of different characteristics of junction

fabricated in this way.
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Figure 5.7: The effects of helium ions onto Bi-2212.

5.2 Experimental Methods

This section has been published in early 2021 [61]. Therefore, the details of pro-
cessing parameters will be reiterated and reordered, but the focus will be shifted to the
characteristics of other unpublished junctions. A schematic illustration of a Bi-2212 He-
FIB junction is attached below with the defined dimensions for references in the following
contexts. The dark and light grey planes indicate the insulating barriers (bismuth-oxide
and strontium-oxide layers) and the superconducting copper-oxide planes of the intrinsic
junctions in the Bi-2212 crystals. The orange plane perpendicular to the grey planes is the

He-FIB junction we proposed to insert.
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Figure 5.8: The schematic illustrations of He-FIB junctions on a Bi-2212 cleaved crystal
with defined dimensions.

5.2.1 Synthesis

The Bi-2212 single crystals presented in this dissertation were synthesized with
the traveling solvent floating zone method (TSFZ) by our collaborators from University of
Tsukuba [62, 63]. The processing was partially tested with the crystals grown by the other
collaborator, Genda Gu from Brookhaven National Laboratory [64]. The oxide powder
of each element (bismuth oxides, strontium oxides, and calcium oxides) was mixed with
the corresponding stoichiometric ratio. The infrared light was focused by pairs of elliptical
mirrors to form the heat source. The mixture of oxide powder was heated with flowing gas of
oxygen and argon at specific temperatures and pressures. Studies of BSCCO single crystals
synthesis have presented the BSCCO crystal properties with varying oxygen contents by
carefully controlling annealing temperatures and oxygen pressure. These single crystals

have large sizes with the dimension of one side up to 1 cm.
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Figure 5.9: Synthesis of bulk Bi-2212 single crystals

5.2.2 Fabrication

Exfoliation

The thin-film-like crystals were mechanically first exfoliated from single-crystalline
bulk Bi-2212 using Nitto SPV224 tape (the blue tape), and then stuck the tape without
creating any bubbles to the substrates. In prior to removing the tape, the substrates were
heated up by a hot plate with surface temperature at 70 ~ 90 °C for 30 sec to assist the
attachment between the crystals and substrates. To complete transferring, peel off the tape
carefully from the substrates and look for appropriate crystals with a optical microscope.
The substrates are 5 mm by 5 mm silicon substrates with 300 nm thick oxidized layer
(300 nm SiO9 /Si).The specific substrates were chosen to pick thin cleaved crystals for helium
ions to penetrate through. The thickness of Bi-2212 crystals can be roughly estimated by

observing the different colors of crystals on the substrates with an optical microscope since

54



the absorbance ratio of green light varies with thickness [10] (See Table. 5.1).

Color Description | Thickness (nm)
green blue < 30
light blue 40

yellow green 60 ~ 70
burgundy red 80
grey purple 100
bright yellow 120
dark purple 140 ~ 200

Table 5.1: Color-Thickness map.

From SRIM simulation results [15] for stopping helium ions distribution, we learned
that most of 25-keV helium ions will shoot through an 100-nm thick Bi-2212 layer and stop
in the substrate layer. Therefore, a crystal below 100 nm is ideal for the following He-
FIB process. Although the penetration depth of helium ions was determined to be around
137 nm, which is greater than the thickness of Bi-2212 layer and means helium ions penetrate
through the layer, there is still a wide ion straggle about 100 nm at the bottom of the Bi-
2212 layer (r ~ 100 nm at t = 100 nm). The most disordered area is confined within only
a few nanometers (r ~ 3~4 nm) at the surface and is narrower than 20 nm at thickness
less than 50 nm (r ~ 20 nm at ¢ < 50 nm), whereas the range starts to spread out with
lower disorder level at deeper thickness (¢ > 50 nm). In order to have a narrow and strong
barrier, thinner crystals (¢ < 50 nm) with larger areas are more ideal candidates for the

studies.
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Figure 5.10: SRIM results of a 25-keV into 100-nm thick Bi-2212 and 300-nm thick SiO»
layer: The distribution of stopping helium ions into both layers (left); A zoom-in view of
the disorder level in the 100-nm Bi-2212 layer (right).

Lithography

After transferring the flakes to the substrates from the tape, the substrates along
with the cleaved crystals were directly spun with Fujifilm OCG 825 photoresist. Lithography
with a g-line laser was thus employed to draw contacts pattern on the sample, and the sample
was developed to form the contact pattern on the resist. At least four four contacts are
needed to be fashioned on each exfoliated Bi-2212 crystal to do the measurements with the
four-terminal configuration. This is especially important to Bi-2212 samples because the
leads are made with a normal platinum metal after exfoliation and can cause big contact
resistances between the metal layer and the surfaces of Bi-2212 cleaved crystals. In contrast
to the case of YBCO, YBCO samples were fabricated with the entire thin films and the
metal capping layer was in situ evaporated on top of the films, so the electrical contacts
were also superconducting because of the YBCO films underneath. The resolution of laser

lithography is around 1 pm when patterning YBCO thin films. However, since the lift-off
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process is required for Bi-2212 samples, the patterned photoresist of Bi-2212 usually needs
to be over-developed. Hence, the safe resolution for Bi-2212 is 2 pym considering the lift-off
process. The most stable procedure is established with 4-ym patterned electrodes and at
least 4-um spacing in between because of ultrasonic vibration in the lift-off process.

The number of contacts needs to be more than four, and the minimum width
of the contacts is 4-um and also the smallest spacing of 4-um. To fit these contacts, the
areas of Bi-2212 need to be large with at least one lateral dimension greater than 30-um
so that the electrodes can be evenly distributed on top of the crystals. We also found This
is the additional constraint except for thickness when choosing which crystals to process.
In conclusion, during lithography process, we tend to choose a larger and thinner cleaved

crystal under the optical microscope for a successful lift-off step and helium ion irradiation.

Argon Plasma Cleaning

After conventional lithography process, the samples were cleaned by 50-Watt argon
plasma for 30 seconds to 1 minute. Platinum of 80 ~ 100 nm was deposited onto the sample
with the AJA sputtering system in situ right after the plasma cleaning. This cleaning
procedure is extremely critical to the whole fabrication for making contacts. The thin-film-
like exfoliated Bi-2212 crystals, which are only a few nanometers thick, are more sensitive
to the surrounding than the whole bulk Bi-2212 single crystals [65]. Hottaet al. studied
the effects of organic solvents to BSCCO crystals by soaking them into various solvents
and water for long time. They found exposure to water and these solvents can be harmful
for superconductivity of bulk crystals by reduction of T¢. This is more severe for the thin

cleaved crystals.
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Therefore, once the crystals are cleaved, it is better to finish contacts fabrication
as soon as possible to avoid photoresist sitting on the crystals and air exposure for too
long. While the use of solvents is inevitable, the fabrication procedure mentioned in this
section still reduces much exposure to other chemicals comparing to the general fabrication
processing which involves multiple times of lithography and milling.

In the beginning, we tried to deposit gold as the contact metal with e-beam evap-
oration. However, the evaporator doesn’t have a plasma system inside the chamber, so
the cleaning process cannot be done in situ which leads to extra surface exposure to the
air. In addition, gold doesn’t stick very well with Bi-2212 crystals with very few diffusion
into Bi-2212, which may due to large differences between the chemical potential of gold
and Bi-2212 at the contact surfaces. The electrical leads are easier to be broken after lift-
off with evaporated gold. The contact resistances of Bi-2212 samples fabricated with this
method were very large with values up to megaohms, which hindered observation of I-V
relations through clean measurements. We speculated the cause of huge contact resistances
is the potential dead layers on the surface after long exposure to the environment during
processing. To improve the attachment of leads to Bi-2212 surfaces, a surface treatment is

required, and another alternative for metallic contacts is needed to replace gold.

Sputtering

Based on previous experiences, I adjusted the procedure and switched to the AJA
sputter system with in-situ argon plasma and a heater for heating up substrates. The
contact metal was selected as platinum, which has exhibited better stick ability to the

sample surfaces. The detailed procedure is explained in three parts as follows: sample
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loading, sputtering and sample unloading.

Sample loading: After venting the load-lock, the samples were first tapped on
to the iron plate as the sample holder and loaded into the arm. The plate has the carving
markers at its side, and it needs to be placed with markers facing the window for later steps.
Start to pump down the load-lock parking space until its pressure goes below 5 x 1076 torr
to open up the valve between the sample parking arm and the main chamber to avoid
contamination. Remember to raise the central grabbing stick to the highest position before
extending the arm into the main chamber in order to prevent crushes. Push the arm into
the sputtering chamber and the sample plate should locate right underneath the stick. The
central stick for grabbing the sample plate has three claws. Lower down the central stick
slowly to approach the arm and align one of its claws to the plate markers. Insert the
central stick into the plate and turn clockwise to grab the plate. Check if rotation of the
stick along with the iron plate is smooth or not. If not, the iron plate needs to be dropped
back down to the arm and redo the alignment. If the plate rotates uniformly, retract the
load-lock arm and close the valve.

Sputtering: Turn on the DC power supply and set the main chamber to the
pressure mode. This will close halfway of the valve between the chamber and its pump to
control the argon pressure later. Drop down the rotating plate to be close to the plasma
source at the bottom of the sputtering chamber, flow argon gas (~ 10 sccm) and ramp up
the power supply to around 50 Watt (6 %) to fire up the plasma. See the button of plasma
turn pink. Time 30 second to 1 minute for the argon plasma cleaning. Set the substrate

heater to 70 °C at the first, and once it reaches 70, increase the temperature to 90 °C slowly
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to prevent overheating. Bring up the plate to the height at the value of 40 and ramp down
the power to the corresponded output (20 Watt at 2.5 %) for platinum sputtering. Close
the window port shutter to avoid extra coating to the glass. Open the target shutter of
platinum and start timing for 35 to 40 minutes. Shut off the heater when the target shutter
has been opened for 5 minutes. Once sputtering is finished, close the target shutter and
ramp down the power supply to zero.

Sample Unloading: Turn off the power supply and stop flowing argon. Set
the main chamber to the "Open” position to pump out extra argon gas. Stop rotation
and raise the central stick along with the sample plate to the highest position. Open the
valve between the main chamber and the load-lock and insert the arm into the chamber.
Bring down the plate to the arm and turn the stick counterclockwise to loosen the plate.
Retract the arm and shut off the valve. Vent the parking space and take out the iron plate.
Be cautious when touching the plate because the surface may still be hot after the heat

treatment.

Lift-Off

The final step for making the electrical contacts is the lift-off process. The whole
surfaces of samples were covered with platinum with a layer of patterned photoresist under-
neath. The samples were thrown into a small beaker filled with acetone. The photoresist is
washed away by acetone in ultrasonic bath around 35 to 45 °C for 10 seconds at first, and
increase 5 seconds each time to avoid broken leads if there is platinum residual between the
contacts. Flush the samples with isopropanol and dry them with nitrogen gas to reduce

possible solvents residue on their surfaces. The thin-film-like cleaved single crystals of Bi-
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Figure 5.11: Left: A schematic illustration for fabrication procedure. Right: R-T result of
a Bi-2212 crystal after contacts preparation with the lift-off process.

2212 has been prepared with the platinum electrical contacts. The schematic illustration of

the complete procedure for contacts fabrication is presented in Fig. 5.11.

Resistance-Temperature Measurement

To examine superconductivity of Bi-2212 crystals, a measurement of resistance
versus temperature (R-T) is done after preparation of the contacts. The superconducting
transition at around 82 K is observed from the result of Fig. 5.11. Low residual resistance
shows that the Bi-2212 crystal after processing still preserves its pristine properties with
very few defects in the crystal lattice and therefore low carriers scattering. In summary,
the fabrication recipe recorded in this section provides the method to make secured elec-
trical contacts for the next following low-noise measurements without significant harm to

superconductivity of Bi-2212 crystals.
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Helium Irradiation

Last, to create an a-b plane junction in Bi-2212; the method introduced here is
to locally disorder the material by helium ion irradiation by a focused helium ion beam
(He-FIB). This step can be separated into two parts as junction writing and size trimming,
and an optical image of a Bi-2212 device in the top right panel of Fig. 5.12 shows the
configuration of the electrodes and the traces of both steps using He-FIB. The beam is first
focused and tuned at the contacts to reduce extra damage on the crystals by irradiation.
After the beam is optimized, a full view of the crystal is imaged and a line is drawn across
it at the desired position for junction writing as shown in the bottom left panel of Fig. 5.12
and the junction will be located at the position of the red dotted line in the top right panel
of Fig. 5.12. The junction width w, as indicated in Fig. 5.8, is thus determined by the
lateral dimension of the cleaved crystals which is different for each cleaved crystal. It is
unrealistic to find a cleaved crystal with ideal thickness ¢ and width w. To solve this issue,
a trimming process is needed to control w.

If the defined w of the cleaved crystal exceeds the Josephson penetration depth,
the size of the crystal can be trimmed down with high doses around 10'7 ions/cm? to keep
the junction within the short junction limit. To accomplish this, two lines are drawn from
two sides of the crystal to the center and overlay on top of the junction line drawn previously
as shown in the top right panel of Fig. 5.12 (black solid line: trimming, red dotted line:
junction). By doing so, w is redefined to be the size of the small portion in the center
which remains as the junction. The bottom right panel of Fig. 5.12 shows a resultant trace

irradiated by a helium ion beam with the dose of 6 x 10'7 ions/cm? at the edge of a Bi-2212
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15 um

Figure 5.12: Top left: a schematic illustration for a Bi-2212 device irradiated by He-FIB.
Top right: an optical picture of a Bi-2212 device and indication for the junction (red dotted
line) and trimming traces (black solid lines). Bottom left: the GUI screen view to show
the drawn line when writing junction with Zeiss Orion Plus. Bottom right: the resultant
trimming trace at the edge of a Bi-2212 crystal cut by a heavey helium ion dose



crystal. The images at the bottom row of Fig. 5.12 are taken with the helium ion microscope
(Orion Plus by Zeiss).

Writing junctions is processed before trimming to fabricate uniform junctions. The
ion doses for trimming is much larger than the ion doses for writing junctions. If the crystal
is trimmed first and the junction is written later, the abrupt change in the ion doses between
the two steps, or the sudden switch from the high dose (trimming) to low dose (junction

writing), may result in unstable ion doses when fabricating junctions.

5.2.3 Characterization

To ensure the junction was properly narrow down, the topography of the devices
was acquired with a commercial atomic force microscope (Horiba/AISt-NT). The round
bumps on the background are also observed on the other regions of silicon substrates without
the Bi-2212 single crystals on top. Therefore, those bumps are considered as the flakes lifted
by the bubbles of substrate after ion irradiation [66]. The traces of helium ion beam with
different ion doses are inspected on the surfaces of Bi-2212 flakes with the same thickness
55 nm in Fig. 5.13. The distance between two cuts is about 360 ~ 380 nm, which is slightly
smaller than the designed value of 400 nm. Considering the spreading of helium ions,
wider damage range may exist below the surface and cause the additional enhancement in
resistance. The height of the Bi-2212 crystal is raised by accumulated helium ions after
irradiation and compared between different doses. The five repeated cuts with the heavy
ion dose of 6 x 107 ions/cm? lifted the flake up to 20 nm and caused the widest damage

range. In contrast, the crystal is only raised by 3.5 nm and 2.0 nm separately by the doses
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Figure 5.13: (a) Left: Topography of a junction of ion dose 6 x 10'¢ jons/cm? on a 55-nm

Bi-2212 cleaved crystal. Right: Topography of the device with a 400-nm wide (w = 4)
junction of ion dose 7 x 106 ions/cm? on a 55-nm Bi-2212 cleaved crystal. (b) The profile
of the 55-nm Bi-2212 crystals with raised height by different ion doses.

of 7 x 10% ions/cm? and 6 x 10 ions/cm?.

5.3 Bi-2212 a-b plane Junctions by He-FIB

The results of Bi-2212 He-FIB junctions will be discussed in this section. I first
studied the junction characteristics with the thin-film-like Bi-2212 fresh cleaved single crys-
tals at t = 45, 55, and 80 nm. The junction orientations were confirmed to be on the a-b
plane by the magnetic field measurements and thus differentiated from the intrinsic junc-
tions of Bi-2212. Similarly with YBCO, I observed the metal-insulator transition in Bi-2212
He-FIB junctions. Furthermore, the junction properties is editable by post-modifications

with He-FIB.

5.3.1 I-V Characteristics of Bi-2212 at Different Thickness

The different junction behaviors will be presented with the following controlled

parameters: junction width (w = 0.4, 4, 8, and 10 pm), helium ion doses (3, 4, 6, and
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7 x 10% ions/cm?), and thickness of the Bi-2212 cleaved crystals (45, 55, and 80 nm).
The fabrication parameters of He-FIB is revealed for Bi-2212 single crystals with different
thickness for future studies on Bi-2212 crystals with He-FIB.

The other crucial evidence presented here is to confirm the junction orientation
through the magnetic field measurements. One of the biggest challenges is to differentiate
the fabricated He-FIB junctions on the a-b planes from the intrinsic junctions of Bi-2212
along the c-axis. Based on the geometry of a planar junction, the critical current of the
junction should respond to the magnetic field perpendicular to the current flow direction.
When applying an external magnetic field applied along the c-axis, the I-V branches of
intrinsic junctions are hardly affected with the current flow parallel to the c-axis, whereas
the He-FIB junctions on the a-b planes will have a changing amount of Josephson current

by sweeping the field.

Cleaved Bi-2212 Crystals with ¢ = 80 nm

As references, a set of I-V was measured before helium ion irradiation. I observed
the branch-like structures in the non-linear I-V at 77 K. The first I¢ appeared to be around
1 mA and indicated the critical current of the first intrinsic junction. The inset shows the
configuration of voltage and current leads during the measurements.

Ton dose = 3 x 106 ions/cm?, w = 8 um: The first sample was made from
an exfoliated 80-nm Bi-2212 crystal. The lateral dimension of the crystal is about 100-pm,
which is much longer than the Josephson penetration depth for a short junction. The ion

dose for writing the junction is 3 x 10'¢ ions/cm? (line dose: 150 ions/nm), and the junction
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Figure 5.14: Left: I-V relation of an 80-nm Bi-2212 cleaved crystal with no helium ion
irradiation (Inset: the optical picture of the sample denoted with the current and voltage
leads.) Right: the zoom-in view of I-V at zero voltage and the observed I¢ at 1 mA.

width w is defined as 8 um by the trimming traces of a heavy ion dose of 6 x 10'7 ions/cm?
(line dose: 3000 ions/nm). The first non-zero voltage jump was observed at a suspected I¢
of the He-FIB junction of 1 mA at 77 K below T¢ of 82 K of Bi-2212. The value of 1 mA is
very close the the first branch of Bi-2212 intrinsic junctions, and the suspicious I¢ at 1 mA is
not responding to the external sweeping magnetic field. More non-linear branches appeared
when the sample was cooled down to 10 K. Hence, the 1 mA I¢ at 77 K is concluded to be
the critical current of the first intrinsic junctions, and no significant changes is found after
helium ion irradiation. The ion dose of 3 x 10'6 ions/cm? may be too low to fabricate a
8-pm Josephson junction on an 80-nm crystal. 1 first tried to increase the dose and kept
w = 8 um the same.

TIon dose = 6 x 10'® ions/cm?, w = 8 pum: At the other Bi-2212 crystal,
the ion dose for the junction was doubled as 6 x 10'6 ions/cm? with the same w = 8 pm.

The I-V characteristics were measured in a temperature ranging from 8 to 30 K. The I-
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Figure 5.15: Left: the optical image of the 80-nm Bi-2212 device indicated the junction
position with 3 x 106 jons/cm? and the trimming traces. I-V characteristics of the device
measured at 77 K (Middle) and 10 K (Right)

V was obtained in the range of 8 ~ 30 K because the Josephson current vanished above
30 K and became too large and exceeded the limit of achievable measured current values
below 8 K. I observed the I¢ of this device to be 220 pA at 8 K. Warming up the device
is coupled with a decreasing I¢ value. In contrast, the normal-state resistance is shown to
increase with warming up. The behavior of this device is categorized as a SNS junction
with a weak-linked barrier. To extract the junction parameters, each I-V curve was fitted
with the resistively shunted junction (RSJ) model. As shown in Fig. 5.16 (a), I¢ increased
rapidly as cooling down due to the increased excess current from quasi-particles tunneling.
Additionally, the resistance decreased as the temperature decreased, and showed a normal-
metal-like behavior with less scattering at low temperatures. These characteristics are
typical SNS junction behaviors. Therefore, this device is categorized as a SNS junction
with a metallic or weaker superconducting barrier. Furthermore, a magnetic field along the
c-axis of the film was applied with an external coil of the dip probe and a nearly perfect
Fraunhofer pattern in changing I was observed. The period of the pattern is estimated to

be between 32 ~ 45 u'T, which corresponds to a junction size of 9 ~ 11 um using Rosenthal’s
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Figure 5.16: (a) The I-V relations measured from 8 to 30 K. (b)The nearly perfect Fraun-
hofer pattern formed by the changing Ic of the Bi-2212 device in (a) by modulating an
external magnetic field perpendicular to the crystal.

equation [9]. This estimation is close to the intended value set during the irradiation with
He-FIB. The other noticeable point is the local minimum of I¢ didn’t fall to zero exactly,
for example, at the magnetic field B ~ 25 uT, 50 4T, and the side bands. This is because
only the supercurrent from Josephson tunneling will respond to the magnetic field while
the excess current from quasi-particles tunneling through a weak barrier will not. The
remaining current at the side band is around 50 pA, which implies there is excess current

around 50 pA in the total I value of 220 pA.

Cleaved Bi-2212 Crystals with ¢t = 55 nm

The lateral dimension of the 55-nm thick Bi-2212 cleaved crystal was measured to
be around 12 pm, which is comparable to the short junction limit, so the first attempted
junction was irradiated by the ion dose of 6 x 10'6 ions/cm? without additional trim-

ming process on this crystal as shown in the left image of Fig. 5.17. The ion dose of

69



-
o

|

Profile | 400

Profile
50 - 200
[ [ <
= 40 Thickness = 55 nm = ol
£ 30 =
=y o
[ 5 200}
T 20 8
10 I, S -400
0 1 L L 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 -6 -4 -2 0 2 4 6
Junction Distance (um) Voltage (mV)

Figure 5.17: Left: the optical image of the 55-nm Bi-2212 device indicated the junction
position with 3 x 10'® ions/cm? without the trimming traces. Middle: the profile of the 55-
nm cleaved crystal along the red arrow shown in the left image. Right: I-V characteristics
of the device measured at 73 K.

6 x 106 ions/cm? resulted again in a SNS type Josephson junction with w = 12 pm de-
fined by the lateral dimension of the cleaved crystal. The behavior of the junction with
w = 12 pm and ¢ = 55 nm (the left graph of the top row in Fig. 5.18) was fabricated by the
same dose of 6 x 106 ions/cm? with the junction with w = 8 ym and ¢ = 80 nm in Fig.
5.16. Their I-V characteristics appeared to be similar in the values of I¢ around 200 pA
and Ry less than 1 . Notice the junction (w = 12 um; ¢ = 55 nm) has Ic = 220 pA at
4.2 K, and the other junction (w = 8 pm; ¢t = 80 nm) has I¢ ~ 200 pA at higher tempera-
tures around 8 K. From the similar characteristics, the same ion dose may cause equivalent
disorder level in the 55-nm crystal with wider width of 12 ym (0.055x12 = 0.66 ym?) and
80-nm cleaved crystals with a narrower width of 8 um (0.08x8 = 0.64 um?), because they
have similar areas for the current to flow through.

Another junction was also made on a 55-nm thick exfoliated crystal with a slightly

016

heavier ion dose of 7 x 10'¢ ions/cm? (line dose: 350 ions/nm) and a narrower defined

w as 4 pm by trimming. There is a significant reduction in the value of Ig from 220 to
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Figure 5.18: Temperature dependent I-V characteristics of the Bi-2212 device with
t = 55 nm and w = 12 pm by the helium ion dose of 6 x 10 ions/cm? (left column),
w = 4 ym by the helium ion dose of 7 x 106 ions/cm? (middle column), and w = 0.4 pm
by the helium ion dose of 6 x 106 ions/cm? (right column).
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20 pA and an increment in the value of Ry from 0.7 to 8 Q2 at 4.5 K which are presented
in the middle graph of the top column in Fig. 5.18. From the temperature dependent I-V
measurements in the middle graph of the bottom column in Fig. 5.18, Ry is increasing while
the sample is cooling down and thus results in a crossing point by multiple I-V curves at
varying temperatures comparing with the SNS behavior of parallel I-V curves in normal-
state range with no crossing point. The junction (w = 4 pm; t = 55 nm) is therefore a SIS
junction with a more insulating barrier. For the tunneling experiments introduced in the
next chapter, the junction can even be modified to be more resistive by shirking down the
junction width from w = 4 pm to w = 0.4 pm whose results shown in the rightmost column
of Fig. 5.18. The modified junction (w = 0.4 um; ¢t = 55 nm) has the the parameters of I
around 238 nA and Ry roughly 500 ). The critical current was drastically suppressed and
the resistance was increased by almost 62 times. The huge change in both parameters is

concluded to be caused by the extra damage underneath the surface of the Bi-2212 crystal.

Cleaved Bi-2212 Crystals with ¢ = 45 nm

Another Bi-2212 cleaved crystal has thinner thickness of 45 nm and narrower

0'6 jons/cm? (ion dose: 200 ions/nm)

dimensions of 10 pym. A lighter ion dose of 4 x 1
was used without trimming to avoid damaging the material, and therefore w was defined
as 10 pm. The I-V characteristics is shown in Fig. 5.20 with large I of 200 A at 8 K and
Ry of 15 €. When biasing the input current at a fixed voltage, the voltage modulated to

the sweeping external magnetic field, and the response therefore confirmed the existence of

Josephson junction.

72



Profile ' '
50 W
—~ 40}
£
— 30+ . _
% Thickness =44 nm
I

' %0 0.5 1.0 15 20
Junction Distance (um)

Figure 5.19: Left: the optical image of the 45-nm thick Bi-2212 crystal Right: the profile
along the red arrow in the left picture.
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Figure 5.20: Left: I-V characteristics of the Bi-2212 device with ¢t = 45 nm and w = 10 pm
measured at 8 K. Right: the voltage response of the device with the magnetic field (V-B).
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A post processing was performed on this device that addition junction was inserted
on the same crystal. The light dose leaded to a SNS-like junction and another junction with
heavier dose and narrower width was fabricated on the spare area of the cleaved crystal. The
new inserted crystal was irradiated by the ion dose of 6.5 x 10'® ions/cm? (line dose: 325
ions/nm) with a defined w as 4 pm by the trimming process. The two junctions coexisted
on the same cleaved crystal and the new I-V measurements after re-irradiation provided the
evidence of two in-series junctions. At 4.2 K, I¢ was measured as 22 pA, which was a very
different value from the previous 200 A at 8 K, and thus it is the critical current from the
new inserted junction with w = 4 um made in post processing. The new Ry was measured
to be 8.8 () instead of the original value of 15 € or an add-up value of two resistances. The
reason may be due to extraction of 15 §2 from a small segment not too far into the normal-
state voltage regime. In the temperature dependent I-V measurements, the behavior were
clearly dominated by the new SIS-like junction with w = 4 pm at temperatures below 20 K,
while the original SNS-like junction (w = 10 pm) started be more involved while warming
up above 20 K.

To examine the junction with w = 4 pum, the magnetic field was applied again to
observe the changes of I¢. To exclude the behaviors of the previous SNS-like junction, the
sweeping range of current source was maintained below its I¢ to focus on the changes of
new inserted junction with w = 4 um. Again the modulating I¢ formed a nearly perfect
Fraunhofer pattern with the local minimum falling close to zero. This implied the value of
Ic is mostly consisted by the supercurrent from Josephson cooper pairs tunneling and very

few by the excess current from the quasi-particles tunneling, and therefore the new inserted
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Figure 5.21: Left: I-V characteristics of the new inserted junction with w = 4 pm at 4.2 K.
Right: the temperature dependent I-V measurements of two junctions in-series.

junction with w = 4 pm has a strong barrier to screen out tunneling by the electrons (from
the broken pairs). The estimated w is 3 ~ 5 um with a period of 144 ~ 162 uT using
Rosenthal’s method again. The approximation is close to the defined value of w = 4 pm by
He-FIB, and therefore the Bi-2212 a-b-plane junction fabrication procedure using He-FIB
is firmly established with controllable parameters of ion doses and junction widths w based

on thickness of cleaved single crystals.

5.3.2 Metal-Insulator Transition

Based on previous investigation for different He-FIB junction parameters, the same
phenomenal of metal-insulator transition in YBCO thin films is again found in Bi-2212 single
crystals. The junction characteristics are controllable by the ion dose and defined width w of
He-FIB. The junctions can be designed with He-FIB parameters only considering thickness

of the Bi-2212 cleaved crystals. The dimensional size of cleaved crystals is regardless because
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Figure 5.22: A nearly perfect Fraunhofer pattern formed by the responses of I¢ to the
magnetic field.

the trimming process can confine the current flowing area and thus define the junction
width w. The barrier can be tuned as a weak superconductor, normal metal, or insulator
by increasing the helium ion doses according to the crystal thickness. A complete detailed

table including thickness (¢), junction width (w), and the ion dose will be helpful for future

processing and further studies. The superconducting circuit can be advanced with the

controllable He-FIB junctions and further developed into a three-dimensional design with

incorporating c-axis intrinsic Josephson junctions of Bi-2212.

5.3.3 Post Modification

Another advantage of He-FIB junctions presented here is the flexibility to design

and re-modify the junction position and behaviors. One can avoid surface defects or dusts
easily by placing junctions at another chosen regions at any angles. For circuit development,

this process provides the convenience of direct-written junctions like a printed circuit board.
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Figure 5.23: Metal-insulator transition of He-FIB Josephson junctions on Bi-2212 single
crystals

Furthermore, as I demonstrated in the 45-nm and 55-nm case, the transport properties are
adjustable by post processing. This accepts the possibility to improve the circuits when the

original barrier is found too weak for performances.
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Chapter 6

Tunneling Conductance Studies

Cuprate HTS single crystals with high quality provide a platform to study the
superconducting mechanisms behind cuprate HTS because of their uniformity with less dis-
order in the materials comparing with cuprate thin films. The pairing symmetry of super-
conducting order parameters remains one of the biggest questions for cuprate superconduc-
tors. Several research groups have tried different experimental methods such as microwave
measurements to solve the mystery; however there are large variations between their results
for the critical values of superconducting parameters such as penetration depths. These
studies argued that the differences may come from the disorder and defects in cuprate thin

films.

6.1 Introduction

The curtain of new era for advanced computing has been lifted by quantum com-

putation and neuromorphic computation. The essential components of these computa-
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tional architectures, such as qubits and artificial synapses, can be built with superconduc-
tors. Conventional superconductivity in metallic superconductors has been well predicted
by Bardeen-Cooper-Schrieffer (BCS) theory, while the microscopic mechanisms for high-
transition-temperature (high-Tc) superconductivity in the complex copper-oxide ceramics
(cuprate) remain unclear for years since its discovery. Studying the superconducting (SC)
order parameters of cuprate materials can help to understand the functionality of high-Tc
SC-based devices and further facilitate the hardware development for the quantum and
neuron network.

Direct observation of density of states reveals the characteristic features in the
electronic band structures of materials. One noticeable feature is the central peak of su-
percurrent shown at the zero applied voltage where the Cooper pairs tunneling happens.
The bosonic Cooper pairs are formed by the pairing bound states of fermionic single elec-
trons at degenerate energy levels at temperatures lower than Tc. At low temperatures,
the supercurrent peak demonstrates the Bose-Einstein condensate of these Cooper pairs.
Another important feature is the SC gap in the quasiparticle excitation spectrum at the
high-voltage range ( 100 mV). The size of SC gap (2J) is the minimum energy required
to break the Cooper pairs apart into quasiparticles, that is, the singlet states of electrons.
Conventional superconductors exhibit sharper and well-defined edges of SC gap and obey
the BCS model, whereas cuprate high-Tc superconductors (HTS) are reported to be gapless
in previous works. The V-shape spectra of cuprate are immensely discussed and believed
to be a different pairing symmetry from conventional superconductors.

The pairing symmetry of SC order parameters is another puzzle in terms of the
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microscopic SC model for cuprate HT'S. The BCS theory pictured conventional supercon-
ductivity with the spherically symmetric pairing model, s-wave symmetry. The SC char-
acteristics of conventional superconductors are isotropic and uniform along any direction.
In contrast, cuprate HT'S possess obvious anisotropy in their transport properties of both
the normal and SC states. The normal state resistivities of most cuprates are measured
to be different along the a, b, and c-axis of their unit cell. For example, a widely studied
cuprate HTS,Bi-2212, was found to have much larger resistivity along its c-axis comparing
to the a-b plane. It is preferable for carriers to transport along the a-b plane where the
SC copper-oxide planes exist in the crystal structure. The SC characteristic 20 values of
cuprate vary a lot along different orientations, and most believe this variation comes from
the model of d-wave symmetry with the lobes and nodes. The d-wave model hints the
gapless behavior of cuprate HT'S can happen at the nodes and the largest gap can be ob-
served along the lobes. Similarly, other SC parameters such as the coherence lengths and
penetration depths appear to be highly anisotropic. Careful studies for the electronic band
structures of cuprate are beneficial to identify their actual SC mechanisms.

Tunneling conductance measurement is the most common way to provide direct
information of the excitation spectrum of quasiparticles and the density of states of ma-
terials. The gap-like features in the spectrum are the critical observable to compare with
the fundamental SC order parameter 26. These measurements require a well-established
barrier to obtain clean spectra from the pristine materials. This is difficult especially for
cuprate materials because they are sensitive to the environment and the surfaces are easily

degraded due to deficiency of oxygen content in the crystal structures. Potential degra-
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Figure 6.1: The module of current source for dynamic conductance measurements. The
signal with higher frequency (;1) is locked by a lock-in amplifier.

dation and contamination can cause difficulty for distinguishing the SC features from the

tunneling spectra.

6.2 Methods

6.2.1 Scanning Tunneling Microscopy

The tunneling conductance of Bi2212 have been reported through various experi-
mental methods. Scanning tunneling microscopy (STM) was employed to reveal the surface
electronic structure through vacuum tunneling in which vacuum acts as the high-potential
barrier. if a normal-metal tip was used during the STM experiments, the spectra indicate
the superconductor-insulator-normal metal (SIN) tunneling. The background conductance
also accounts for the results, and the measured spectra need to be calibrated [67, 68]. Some
studies characterized the SC order parameters of HTS with a conventional SC tip such

as lead through superconductor-insulator-superconductor (SIS) tunneling [69, 70]. These
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studies have resolved the quasiparticles coherence peaks and observed the spectral inhomo-
geneities point-to-point on the a-b plane surfaces because STM probes the density of states
along the c-axis.

The cleaved planes of Bi2212 are mostly along the bismuth-oxide (Bi-O) layers
which are only weakly bonded with the Van der Waals forces. Therefore, the SC copper-
oxide (Cu-O) planes are buried underneath the non-metallic Bi-O planes in the STM ex-
perimental setup. The SC characteristics are not acquired directly through transport on
the SC a-b planes, but through the non-metallic layers along the c-axis. Therefore, STM is
beneficial to resolve the density of states spatially, but it is not the ideal tool to solve the

pairing symmetry of SC order parameters.

6.2.2 Point-Contact Junctions

Point contact junctions are also a common geometry to acquire the tunneling
conductance spectra [47]. However, it is difficult to differentiate the contribution from
the a-b plane tunneling and the c-axis tunneling since the contacts penetrate through the
tested materials. In contrast, break-junctions hold the advantage of isolating the a-b plane

tunneling from c-axis tunneling by the cleaving directions [71].

6.2.3 Break-Junctions

Break-junctions hold the advantage of isolating the a-b plane tunneling from c-axis
tunneling by the cleaving directions. As mentioned earlier, Bi2212 is a two-dimensional SC
material that can be exfoliated between the Bi-O planes with a normal vector parallel to

the c-axis. Hence, both tunneling along with the a-b plane and c-axis can be measured
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depending on the cleaving orientation in this way. However, the preparation processes for
break-junction conductance measurements makes it difficult to control the barrier orienta-
tions on the a-b plane. The cleavage needs to be performed under vacuum for the a-b plane
tunneling. The previous studies [71] have shown the a-b plane of Bi2212 is sensitive to the
environment, and no well-developed junctions can be achieved if cleavage happens under
atmosphere.

As mentioned earlier, Bi2212 is a two-dimensional SC material that can be exfo-
liated between the Bi-O planes with a normal vector parallel to the c-axis. Hence, both
tunneling along with the a-b plane and c-axis can be measured depending on the cleaving
orientation in this way. However, the preparation processes for break-junction conductance
measurements makes it difficult to control the barrier orientations on the a-b plane. The
cleavage needs to be performed under vacuum for the a-b plane tunneling. The previ-
ous studies have shown the a-b plane of Bi2212 is sensitive to the environment, and no

well-developed junctions can be achieved if cleavage happens under atmosphere.

6.3 Challenges for HTS

One of the challenges to study cuprate HTS thin films is the film quality. Most
cuprate thin films exhibit grain boundaries, detwinning, and mismatches with the sub-
strates. The non-uniformity may partially contribute to the ambiguity of SC characteristics
and the the spatially inhomogeneous energy spectra of HTS thin films. Although the qual-
ity of cuprate films have been optimized and the root mean square roughness has been

reduced from 10 nm in average down to 4 nm, the roughness value is still much higher than
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a thin-film-like exfoliated single crystals. As a single-crystalline cuprate HTS, Bi2212 is
known to have atomically flat surfaces after cleavage with average roughness around 1 nm,
and thus can be a good platform to study the SC characteristics in the energy spectra of

cuprate HTS with such uniformity.

6.4 Tunneling Spectra with Bi2212 He-FIB Barriers

To perform tunneling conductance measurements, a highly resistive barrier is
needed to limit the amount of current at high-voltage regions to observe the full spec-
trum. If the current values hit the intrinsic critical currents, it will activate the Josephson
tunneling between the layers along the c-axis and the characteristics will appear in the
tunneling spectrum. The first intrinsic I-V branches usually show up at around 1 mA.
Therefore, to focus on the quasiparticle tunneling through the a-b plane transport exclud-
ing c-axis Josephson tunneling, we want to be able to enter the normal state of the a-b
plane junction and observe the gap-like features below the critical currents of intrinsic junc-
tions. We trimmed down the 4-um (w = 4 um) SIS junction down to 0.4 um (w’ = 0.4 um)
with He-FIB to make the barrier more resistive. Here comes another advantage of He-FIB,
post-modification. We followed the trimming traces of the junction (w = 4 um) from the
sides of the crystals and further extend them to the center. The I-V characteristics of the
junction were thus altered by changing the junction width (w). The value of Ic at 4.2K
was decreased from 20 uA to 250 nA, and the value of Rn was increased from 8 ohms to
500 ohms after the post-modification. This is around 60 80 times difference in their I-V

characteristics with 10 times smaller junction area. The changes are not proportional to
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the modified junction size. We suggest this is due to extra disordered regions created by
extending the insulating traces. The modified junction (w’ = 0.4 um) is more resistive and
has a barrier with higher potential after processing.

We add a smaller modulation with higher frequency ( 2k Hz) onto the sweeping
1-Hz main signal for measuring I-V. The differential conductance results are measured by
locking the small modulation and dividing the differential current by differential voltage.
The SC characteristics can be observed clearly in the spectrum with the gap-like features
and the peak of supercurrent at zero voltage. STM studies have demonstrated that only
a junction with good quality allows the investigation for the tunneling conductance of the
pristine materials without uncertainties from the junctions. If the tunneling experiment is
done with a contaminated junction, the SC characteristics can become unclear due to the
leakage current from contamination in STM experiments. In our results, the SC features
such as the supercurrent peak at zero bias and the gap-like features, are obviously inves-
tigated, and hence it is persuasive that the barriers are well-established in junctions made
by He-FIB.

We have found our results agree with the previous works using break-junctions.
The spectra appear gapless similarly with non-zero states between two peaks at the local
maxima on both voltage sides. This is not rare in other experiments by directly probing the
a-b plane conductance of cuprate HTS. Although the curves of the excitation spectra are
nothing resembling the BCS model, the temperature dependency of the gap-like features
falls into prediction of the BCS theory. We define half of the distance between the two

local maxima in the conductance spectra as the order parameter of the SC gap. The black
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Figure 6.2: The temperature dependent differential conductance measurements

data points are acquired from the serial measurements of tunneling conductance within a
temperature range from 4.2 K to 74 K. The curves for 72 K and 74 K are not presented
in the differential conductance results for clarity. We calculated the constant of 2delta/kT
to be around 5, which is deviated from the typical value for conventional superconductors
3.52. The V-shape spectra between the two local maximum are mostly considered as the
evidence for the anisotropic d-wave component in HT'S because of the presences of the nodes
and lobes. However, we also found our results follow the BCS model in the temperature
dependency of differential conductance, which may suggest contribution from the isotopic
s-wave component. Further investigation on angular dependency of the gap-like features can
provide another perspective for pairing symmetry, and this is achievable with the He-FIB
technique we used in this work.

In conclusion, we have demonstrated the plane tunneling conductance measure-
ment are achievable with He-FIB junctions to study quasiparticles excitation spectrum on
the a-b plane of single-crystalline Bi2212. The I-V characteristics of He-FIB junctions can

be tuned by the fabrication parameters such as ion doses and defined sizes. The orientation
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Figure 6.3: The tunneling experiment done with a Bi-2212 extremely resistive barrier instead
of a Josephson junction.

of the He-FIB junctions is confirmed to be on the a-b plane by magnetic field modulation
with Fraunhofer-like diffraction patterns. Another benefit to have a-b plane junctions is
to allow three-dimensional SC circuit designs if one can incorporate them with the c-axis
intrinsic junctions of Bi2212. The metal-insulator-transition is observed in the He-FIB
junctions of Bi2212 with strengthening the barrier potential. The quasiparticle a-b plane
tunneling are directly probed by HTS, and the clear superconducting features shown in the
spectrum point out the good quality of the barrier in the a-b plane He-FIB Bi2212 junc-
tion. Although the spectra themselves don’t resemble the BCS behaviors, the temperature
tendency of the defined gap parameters can be well predicted with the BCS model. Our
study on the angular experiments of differential conductance of Bi2212 single crystals using
He-FIB junctions are expected in near future.

Another attempt of the differential conductance measurement gave us a different
gap-like feature with wider distance between two peaks. The orientation of the tunneling

barrier on the cleaved Bi-2212 crystal may be the reason for different gap values. The
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Figure 6.4: The tunneling experiment done with a Bi-2212 weak barrier that hits the
intrinsic critical current steps.

central peak of supercurrent was very weak and only could be observed within a smaller
voltage range, which may be caused by extra ion damage that made the device a resistor
instead of a junction.

If the barrier is not resistive enough, the effect of intrinsic junctions can be seen
on the results of differential conductance. The branches-like structures will also appear in

dIdV at the same voltage position in I-V.
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Chapter 7

Conclusions

The technique using a focused helium ion beam (He-FIB) for Josephson junctions
fabrication has been applied to the cuprate thin films of YBasCusO7_s (YBCO) and the
cuprate single crystals of BigSroCaCusOg.s (Bi-2212). The orientations of junctions fabri-
cated in this way are in-plane with the a-b planes, that is, in-plane with the superconducting
copper-oxide planes. The first a-b plane Bi-2212 junction was successfully made with he-
lium ion irradiation. The junction parameters were analyzed and discussed with different
variables such as ion doses, junction widths, and thickness of cleaved Bi-2212 crystals. The
junction orientations were confirmed by applying an external magnetic field along the c-axis
and the Fraunhofer patters formed by modulated critical currents were investigated. By
studying the barrier strenth through the I-V characteristics, the metal-insulator-transition
of barriers was found in both YBCO thin films and Bi-2212 single crystals.

The tunneling experiments were measured through a direct tunneling between two

homogeneous high-transition-temperature superconductors (HTS) across a He-FIB barrier.

89



Tunneling through the He-FIB barriers allows investigations for both Josephson tunnel-
ing and quasi-particles tunneling. The sharp peak at the zero bias voltage in the tunneling
spectra demonstrates the supercurrent from cooper pairs tunneling. The full range of quasi-
particles excitation spectra can be observed in the high voltage regimes. The V-shaped spec-
tra of YBCO and Bi-2212 both show the gapless behaviors, which intrigues the speculations
of d-wave component. The distances between the two local maximum in the spectra are
defined as the gap-like features. In the temperature dependent measurements, the temper-
ature dependence of the gap-like features can be fitted with the Bardeen—Cooper—Schrieffer
theory model. The fitting result revealed a depressed T¢ around 76 K, which is lower than
the R-T result, due to the input current exceeding the current density of materials.

The detailed Bi-2212 He-FIB junction parameters are reported in this dissertation,
and the report can assist the further advancement of three-dimensional superconducting
circuit designs with the intrinsic Josephson junctions of Bi-2212. The mechanisms of cuprate
HTS was slightly peeked from the results of tunneling experiments on the Bi-2212 cleaved
single crystals. To further understand the pairing symmetry, angular tunneling experiments
with Bi-2212 single crystals can be further proceeded with He-FIB with its advantage of

flexible abilities to place the a-b plane junctions at any desired angles.
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