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Abstract

In this thesis, the electron transport properties and the fabrication of Josephson junction
in a hybrid high-temperature superconductor and graphene were investigated. The idea of
adopting high-temperature superconductor, EuBaCuO (EBCO), and graphene derived
from the Andreev reflection and proximity effect observed between the interface of the
low-temperature superconductor and graphene; attempting to have a comprehensive
picture of the aforementioned effects and the fundamental properties of the

superconducting carriers in the Josephson junction in a variety of superconductors.

Besides what we mentioned in the previous paragraph, the rest of this thesis was
dedicated to the study of the electrons transport properties in the epitaxial graphene. The
behaviors of the insulator-quantum Hall transition and weak localization in the epitaxial
graphene were observed in this study. Moreover, our experimental results suggested that
the electron heating effect is a powerful tool for studying two scattering properties which
are difficult to study independently and physical phenomena in two-dimensional systems

or nanostructures.

Finally, we successfully demonstrated the fabrication of high-temperature
superconducting/graphene Josephson junction and evidences responsible for Andreev
reflection phenomenon observed in the high-temperature superconductors/graphene
Josephson junction. The results of this unprecedented materials combination shed a light

on the future development of its cutting-edge applications.
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Chapter 1  Introduction

In this thesis, we focused on the hybrid EuBaCuO (EBCO) and graphene device,
EBCO/graphene/EBCO Josephson junction. “Josephson” effect was considered by Phil
Anderson before 1962 [1], but he did not give a reasonable explanation for the
phenomenon; considering the junction was too short or the destruction of the insulating
wall responsible for the conduction between the superconductors. Brian David Josephson
gave the phenomenon an explanation [2] by claiming that it was due to the tunneling of
Cooper pairs through the weak link sandwiched by two superconductors; called
Josephson effect. In order to understand the physics of our device, made of
EBCO/graphene/EBCO, we need to know first the basic characteristics of
superconductors and graphene. The following sections will be dedicated to that followed

by mathematical explanations about the Josephson effect in the next chapter.

1.1  Superconductors

Heike Kamerlingh Onnes and his colleagues found a special phenomenon by cooling
mercury down to the boiling temperature of liquid helium (4.2 K) in 1911. They are the
first group observing the superconductivity while the electrical resistance of mercury
suddenly dropped to zero [3]. Since then, researchers started investigating
superconductivity of different materials, especially those with higher critical temperature
(Tc), defined by the temperature with zero resistance. The zero resistance is known as an

important phenomenon of the superconductor. When the temperature of a superconductor

1
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decreases to the T¢, a transition from normal state to the superconducting one happens.
Figure 1.1.1 shows the development of superconductors, as well as the corresponding T,
with time; from T¢ =7 K for lead in 1913 and 15 K for niobium in 1950 [4] to T¢> 150K
in 2013 [5]. A more aggressive purpose is that people are looking for a room-temperature
superconductor.

In this study, we choose EBCO to fabricate our device. It is very similar to the famous
high T superconductor, YBCO, and easy to grow at a critical temperature higher than the

boiling point of liquid nitrogen (77 K).
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Figure 1.1.1: The development of the superconducting transition temperature with

time [4].



1.1.1 Meissner effect

When a superconductor is at the temperature above its T, an applied magnetic field
can pass through its interior, i.e., a magnetic field is present inside the superconductor.
However, when the temperature is below T¢, the magnetic field applied inside the
superconductor will be expelled from within. That is called the diamagnetic
(Diamagnetism); a phenomenon used for the application of magnetic suspension. This
phenomenon was discovered by Meissner in 1933; known as the Meissner effect. The
application of the external magnetic field before or after the superconductor reaching its
Tc will result in the same phenomenon; no magnetic field existed inside the

superconductor [8]. It can also be explained by the electromagnetism. The relation among

magnetic induction B, magnetic field H, and total magnetization M can be expressed
as:

B = u,(M + H), (1.1.1)
where u, is the permeability of free space, and x = % is the magnetic susceptibility.

Susceptibility x = —1 represents a perfect diamagnetism in a superconductor
when the temperature of superconducting material is below its critical temperature. In
other words, the B field cannot exist inside a superconductor. When we applied a magnetic
field on a superconductor, it will generate an opposite magnetization M to oppose against
the applied field H.

M = —H. (1.1.2)
Two basic phenomena shown above can be observed in each superconductor and
explained by an important theory, Bardeen-Cooper-Schrieffer (BCS) theory [6]. However,

the BCS theory cannot explain all the phenomena observed in the high-T¢ superconductor



(HTS) very well.

1
+

Total Flux Uniform Applied Induced Magnetic
Density Distribution Magnetic Field Dipole Moment

Figure 1.1.2: Description of the perfect diamagnetism. [7]

1.1.2 Type-I and Type-11 superconductors

From the last section we learned that a magnetic flux will be excluded from inside
of the superconductor due to the Meissner effect. But the Meissner effect can be destroyed
when a strong enough magnetic field is applied to the superconductor. That critical

magnetic field, Hc, can be used to explain different behaviors of type I and type II

superconductors shown in figure 1.1.3.

Usually for type I superconductors, the superconductivity will totally disappear
when the applied magnetic field is above a critical value Hc; namely type I

superconductor is back to the normal state with zero magnetization M. Pure metals, such

as lead, aluminum, and mercury [7], typically exhibit type I superconductivity.



In case of Type II superconductors, they are normally alloys with three different

states, superconducting, normal, and mixed states. The mixed state, as the name implies,
means that the superconducting and normal states coexist at the same time. So there are
two different critical fields, Bci and Bcz, in the type-11 superconductor. All of the high-

temperature superconductors belong to type-11; EBCO is no exception.

Type I superconductor
Type II superconductor

Superconducting

|
|
|
|
|
I
. |
L Mixed state %| Normal state
I
|
I
|
I
|

H. H.

N
/

Figure 1.1.3: Magnetization M and applied field H for type-l and type-II

Superconductors [9].



1.2 Graphene

Graphene is a single atomic layer of graphite. The structure of graphene contains a
honeycomb lattice of carbon atoms in a perfect two-dimensional (2D) layer. It was not
known to exist in an isolated form until 2004. The electron transport properties were
reported from some research groups [10-12].

Due to the unusual properties of graphene, such as quasiparticle, massless Dirac
fermion and the relativistic-like behaviors [11, 12], ambipolar field effect [10], “half-
integer” quantum Hall effect [11], high crystal quality, and ballistic transport at submicron
distances [10, 11]. More explorations of graphene have been conducted since its discovery

for the years to come.

(a) (b)

p (kQ)

zigzag edge

noa o
armchair edge

Figure 1.2.1: (a) Honeycomb lattice of a carbon monolayer [15]. (b) Ambipolar electric

field effect in single-layer graphene. [16]



Recently, several methods of producing graphene films were proposed. Graphene
can be fabricated by exfoliation, chemical vapor deposition (CVD) on copper (Cu) [13],
or epitaxially grown on Silicon carbide (SiC) [14]. Exfoliated graphene is the simplest
one; formed by mechanically using tape cleavage. Nevertheless, there is an inherent
problem in this technique: the size of graphene can be only in microns. It is not a scalable
technique and really hard to locate the graphene film. CVD graphene and epitaxial
graphene can be used to produce large area pieces. Moreover, epitaxy produces higher
quality and uniform films than CVD, which is not detailed in this study. The epitaxial
graphene was formed on the Si face of a high-purity SiC wafer by thermal annealing and
that is the main source of graphene in this thesis. We will show more measurements results

regarding to epitaxial graphene [17, 18] in the later chapters.
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Chapter 2  Josephson effect

The Josephson effect is the phenomenon of a supercurrent; a current that flows
through a junction without any applied voltage. Devices known as the Josephson junction
consist of two superconductors sandwiching a weak link, which can be an insulating layer
(superconductor / insulator / superconductor junction, or S-1-S), a non-superconducting
metal (S-N-S), or a thin layer of graphene (S-G-S). From another perspective, the
Josephson effect can be viewed as an example of a macroscopic quantum phenomenon,

which will be explained in the following section.

2.1  Macroscopic quantum model

When a superconductor is at the temperature below its critical temperature, two
electrons with opposite momentums and spin directions near the Fermi surface can be
combined into Cooper pairs, which are composite bosons [5]. It is not affected by the
limit of the Pauli exclusion principle which allows different bosons in the same quantum
state. Large number of Cooper pairs will condense into the same quantum state, the
ground state. A macroscopic phenomenon, Josephson effect, can be observed when most
of the bosons with the same behavior stay in the same state. Therefore, the behavior of
Josephson junction related to the Cooper pairs can be described by using a single wave
function. A macroscopic quantum model followed can be utilized to explain this quantum
phenomenon. Josephson tunneling junction formed by combining two superconductors
exhibits a barrier to the electrons. A certain phase difference, attributed to the tunneling
effect and phase interference, between the macroscopic wave functions of the device,

cause the Josephson effect.

10
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2.2 Josephson equation

P [nsulator

Superconductor 1 Superconductor 2

Figure 2.2.1: A schematic view of Josephson junction.

A schematic description of a Josephson junction obtained by inserting an insulating
layer between two superconductors is shown in figure 2.2.1. When the insulating layer is
very thin, some degree of weak coupling between two superconductors exists. A phase
correlation, due to the weak coupling, between superconductors makes Cooper pairs
penetrating this barrier from superconductor 1 into superconductor 2. In order to realize
the tunneling of the Cooper pairs in a Superconductor/Insulator/Superconductor (SIS)
device, the thickness of the insulating layer needs to be within approximately 10 A due
to the slim probability of tunneling in the SIS structure. Figure 2.2.2 (a) and (b) illustrate
two possible schemes to observe the tunneling phenomenon. Figure 2.2.2 (b) shows
another structure called a Superconductor/Non-superconducting metal/Superconductor
(SNS) device. As long as the thickness of the non-superconducting metal is kept below

about 100 nm, there is the opportunity to observe the tunneling effect of the Cooper pairs.
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(a) (b)

S |If S S |N| S

— —l |-
~20A ~ 1 um
Figure 2.2.2: Different types of weak links: (a) SIS tunneling junction; (b) SNS

tunneling junction. [1]

For a mathematical explanation, let us consider two superconductors, denoted as 1
and 2, respectively, separated by an insulating barrier (SIS structure). From a macroscopic
quantum model, the time-dependent Schrodinger equation for the superconductor can be
given by:

in2t = Hy, (2.2.1)
where Y and H are the wave functions and Hamiltonians for superconductors,
respectively.

So we can write down the wave functions of the electrons in the superconductors

with the weak coupling as follows:
ih 2 = Eyy + K, (2.2.2)
ih 22 = Ey, + Ky, (2.2.3)

where K is the coupling constant, deciding the tunneling probability of Cooper pairs. Due
to the weak coupling existing between the superconductors, the constant K is very small.

Then we express the wave functions in terms of the pair density as the following:
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Y, =/p,e% and (2.2.4)
P, = \[pe'®, (2.2.5)

where p,and p, are the densities of super electrons in superconductors.
If the wave functions in equations (2.2.4) and (2.2.5) are substituted into equations
(2.2.2) and (2.2.3), we can separate the real and the imaginary parts and obtain equations

as the following:

% = %m sin(6, — 6,) (2.2.6)
% = —% - %\/%COS(Gz -6y (22.7)
% = —% p1pP2 sin(6, — 6;) (2.2.8)
% = —% - %\/%COS(Gz -6y (2.2.9)

If both of the superconductors are the same material, which means p; = p, = p, we

can have the relation between equations (2.2.6) and (2.2.8) as the following:

dp1 __ 0py
e (2.2.10)

The equation shows the increasing rate of the Cooper pairs density in superconductor 1
is equal to the decreasing rate of the Cooper pairs density in superconductor 2. The current

density of the Cooper pairs can be shown as the following:

. dp, 2eK .
=2e— = — in
js=2e—~=——psin¢

js = jcsin ¢, (2.2.11)

where j. = % is the critical current density, ¢ is the phase difference, and K is the
coupling constant. Then we subtract eq. (2.2.7) from eq. (2.2.9) and obtain:

(0,-0,) @ 1
TN == (B - Ey). (22.12)
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If the potential difference between the superconductors is V, the energy difference for an

electron traveling through them is 2 eV; therefore,

ap _ 2eV
<= (2.2.13)
Egs. (2.2.11) and (2.2.13) are called “Josephson relations”, and that describe the

basic tunneling behavior of Cooper pairs across the junction.

2.3 RCSJ model

The resistively and capacitively shunted junction (RCSJ) model is an easy and useful
equivalent-circuit model to quantify the behavior of a Josephson junction. It is composed
of a resistor and a capacitor, parallelly connected to an ideal Josephson junction with a
critical current. A supercurrent exists when we apply a constant current | < Ic because
there is zero resistance in the junction. On the contrary, if we apply a constant current | >
I flowing through the Josephson junction, a normal current I, must start flowing because

the supercurrent cannot exceed Ic. That can be seen more clearly in figure 2.3.1.

! =0 /

0 (E)ZA(O) 2A(0) v
47 e e

Figure 2.3.1:  Shows the I-V characteristic for a Josephson junction at T =0 K. I¢is

the maximum supercurrent at zero voltage, and I is the normal-state current [1].
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Then, we can simplify RCSJ model illustrated in figure 2.3.2. By the mathematical
derivation followed, more details of this model will be revealed. When the current flowing
through the Josephson junction is | > I, the voltage V across the junction is not zero while
the superconductors are still in the superconducting state. Not only the Josephson current
but also the normal current flows through the junction. The time-dependent current

passing through the junction in terms of capacitance can be represented as follows:

e | vo

I = Id + In + Is =C dt T + Ic sin (;t), (231)

where Is, In, and 4 are the supper, normal, and displacement currents, respectively. (I; =

av(t)
Ca)
From the AC Josephson equation:

dp _ 2ev(b)
220 (2.3.2)

, eqn. 2.3.1 can be written as:

[ = hCed?o® | h dp®
T 2e d2t 2eR dt

+ 1. sin ¢. (2.3.3)
In fact, Josephson junction in an electric circuit can be substituted by the following
equivalent circuit shown in figure 2.3.2. The equivalent circuit model is called resistively

and capacitively shunted junction; abbreviated as RCSJ model.

Current source ) % c= X [ =1, sing
_ =1

Figure 2.3.2: Shows a schematic representation of RCSJ model, represents an ideal

Josephson junction, R is resistor, and C is the capacitance.
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2.4  Andreev reflection

In this thesis, we study the Josephson effect in a high-temperature/graphene hybrid
junction. Andreev reflection in our devices happened when the temperature of device is
below T¢, at which electrodes were in the superconducting state leaving the graphene in
the normal state; therefore, a superconducting state/normal state (S/N) interface formed.
The Andreev reflection occurs at the S/N interface. A hole in the N region will be reflected
when an incoming electron from the N region hits the S/N interface as shown in figure
2.4.1. Therefore an electron pair (Cooper pair) will transport in S region. In other words,
if the electron in the conduction band is in the excited state below the superconducting
gap, two possible ways occur. The electron can be either normally reflected at S/N
interface or paired with another electron possessing opposite momentum and spin to form
a Cooper pair tunneling through the S/N interface. Each Andreev reflection transfers a
charge of 2e across the interface and causes a retroreflection (AR) [3] of a hole of opposite

spin and momentum to the incident electron.

electron =———{—>
hole €===)====
N S

- - '“- = =% electron pair

Figure 2.4.1: Shows a schematic of Andreev reflection in S/N interface.
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But difference between using the normal metal or graphene as the sandwiched layer
exists. The Andreev reflection of a normal metal behaves the same as mentioned above
in figure 2.4.1. If graphene is used to replace the metal between the superconductors,
retroreflection (AR) and specular Andreev reflection (SAR), which will be present in the

superconductor/graphene/superconductor devices [2], can be observed.

(b) t

©) (d)

[¢]

S N S

Figure 2.4.2:  Shows different scenarios of Andreev reflection in graphene: (a) Ep >
eV, retro-reflection. (b) Er = 0, spercular reflection. (c) the incoming electron,
reflected electron, and the Andreev reflected hole, called retro-reflection, denoted by

e, h, and e’ , respectively; (d) shows the specular reflection [4].
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The basic idea of Andreev reflection in graphene is shown in Fig 2.4.1. It is known
that any Cooper pair will exist only at a finite bias; therefore, the applied bias (V) should
not exceed the superconducting gap in order to keep the superconducting state. Two
conditions can be considered. Firstly, when Fermi energy (Er) is much larger than the
superconducting gap and the bias of junction is smaller than the superconducting gap
(V< AK Ep) asshown in figure 2.4.2 (a) and (c), referring to the retro-reflection (AR).
Secondly, if the Fermi energy is smaller than the superconducting gap, normally at Er =
0 possibly achieved by tuning the gate, fabricated by graphene, to adjust the junction bias
below the superconducting gap and the electron energy above Fermi energy (0 = Ex <
eV < A), corresponding to the specular reflection (SAR) as shown in Fig 2.4.1 (b) and
(d).

In order to understand how the hybrid HTS/graphene device, structured by
EBCO/graphene/EBCO works, the aforementioned fundamental properties of
superconductors and graphene are necessary to investigate and analyze the results of the

devices in this study.
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Chapter 3 Experimental technique and Sample

fabrication

In this thesis, two novel materials were fabricated to form the EBCO/grphene/EBCO
structure. The configuration of the RF sputtering system, used to grow EBCO thin film,
will be introduced first; followed by the fabrication of graphene on the EBCO bridge and

then the measurement.

3.1 Fabrication of EBCO thin films

In order to produce EBCO/graphene/EBCO devices, we need to grow EBCO thin

film on SrTiO3 (STO) substrate. The RF sputtering system used is shown in figure 3.1.1.

Ar+0, gas

EBCO Target

water-cooling

stainless-steel shield J li Sputtering gun

quartz lamp shutter

Figure 3.1.1: A schematic of the RF sputtering system.
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Two 2-inch in diameter targets made of stoichiometric superconducting EuiBa>CuszO
compound were installed in the RF sputtering chamber. A mixture of Ar and O at a ratio
of 9 (Ar/O2) was used as the sputtering gas at the pressure of about 350 mTorr. The STO
substrates were mounted on the quartz holder. The growth temperature of the substrates
was controlled by three 1kW quartz lamps underneath the holder. The growth time of the
EBCO films was two hours by activating two 50W RF sputter guns. The post-growth
annealing time is approximately 1 hour at the same deposition output power of three 1kW
quartz lamps. The profile of the cooling process consists of two stages: (1) the temperature

was cooled down to 250°C from the deposition temperature at the rate of 5°C /min, (2)

followed by a rate of 15°C /min down to the room temperature.

3.2 Fabrication of SNS devices

Once the growth of EBCO thin film on STO was completed, the fabrication of the
EBCO/AU/EBCO devices shown in figure 3.2.2 was followed. Extra care should be
exerted at each step to ensure the successful fabrication of the SNS devices since no one
had ever tried it at the time. We patterned our EBCO thin film as shown in figure 3.2.1
(b) by photolithography. Figure 3.2.1 (a) is a schematic of our mask, and (b) is the SEM
image for the region that circled by dotted line in (a) and (b). The edge accumulation was
observed during the fabrication since the size of the STO substrate was about 3.3x3.3
mm?; too small for a homogeneous spin coating. Nevertheless, it would not affect the

results of the electrical characterization.
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Figure 3.2.1: Optical lithography technique for the SNS device. (a) Mask. (b) Patterned
EBCO thin film on STO. (¢) The SEM image for the superconductor bridge is the

region that circled by dotted line in (a) (b). W is the width of bridge, W~10 ¢ m.
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(b) (©)

:
i foo%
H

x15,000 18 40 SEM_SEI

X700 20um

Figure 3.2.2: (a) Shows the schematic of the EBCO/AU/EBCO structure, (b) is the
SEM diagram of the EBCO bridge cut by focus ion beam (FIB), and (c) is the SEM

image of the squared region in (b), where W, ~10 ¢ m, is the width of bridge, and L,

~107 nm, is the length of the gap.

The focus ion beam (FIB) was employed to cut the superconducting bridge as shown
in figures 3.2.2 (b) and (c) after patterning the EBCO thin film. The depth of each cut is

1 - m, which will assure the separation of the EBCO on both sides of the bridge from

each other. Before the deposition of Au to fill up the region cut by FIB, a thermal
annealing is needed to recover the damaged structure in the EBCO film by the Ga* during
the FIB process and to evacuate the inevitably implanted Ga* ion. Figure 3.2.2 (a)

illustrates the final structure of the EBCO bridge device.
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3.3  Fabrication of SGS devices

In the bridge structure, the Au contact can be replaced by graphene to form SGS
devices. Exfoliated graphene was used for the purpose of feasible fabrication of
EBCO/graphene/EBCO structure. Most of the SGS devices were done in an opposite
fashion as shown in figure 3.3.1 (a); depositing superconductors on the graphene thin film
transferred onto the Si/SiO> substrate. The reason why we reversed the process was due
to the high-temperature superconductors used for investigation. Unlike metallic
superconductors, the growth of high-temperature superconductors needs a lattice-

matched substrate. This is why EBCO was positioned under graphene.

(a) (b)

Si

Figure 3.3.1: Shows a schematic representation of different structures of SGS
devices; (a) structure previously used for metallic superconductors, and (b) a novel
device structure for high-temperature superconductors, where SC is the abbreviation

of superconductor.



3.4 Four-terminal resistance measurement

The four-terminal resistance measurement is a common technique for the high
accuracy, especially in cryogenic experiments. This technique can minimize the
measurement errors caused from the contact resistance. If we perform a two-terminal
measurement, the contact resistance would usually severely compromise the measuring
results; therefore, we chose a four-terminal resistance measurement. However, the
resistance measured by the four-terminal resistance measurement method are obtained

from the van der Pauw method.

()
©
[
Figure 3.4.1: The configuration for van der Pauw method with an arbitrary shape and

four contacts located at the peripheral. The resistance Rwn,op iS measured across

contacts M and N, and the current source is passing through contacts O and P. [1].
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The van der Pauw method is usually used for measuring the resistivity, and this method
can be applied to any sample with an arbitrary shape, but the thickness of the sample need
to be uniform and the area of contacts should be as small as possible.

As shown in figure 3.4.1, current will pass through contacts O and P (lop). The
potential difference between contacts M and N (Vwun) is measured. By Ohm’s law, the

resistance between contacts M and N can be found as in eq. (3.4.1).

v
Ryn,op = 7 (3.4.1)

Iop

Rwmn,op is a resistance between contact M and N. By van der Pauw formula [4], the relation

between resistances can be expressed as the following

_ mdRmN,0P _ mdRno,PM

e P +e rpoo=1 (3.4.2)

where d is the sample thickness and p is the resistivity of the sample.

For our measurement, a high resistance resistor (~ 100 M) was connected to the
sample in series., as shown in figure 3.4.2. The longitudinal resistance Rxx and Hall
resistance Ryy are defined as:

Ryx = Vix /Isp
and Ryy = Viy /lsp,
where Vi and Vyy are the electric potentials parallel and perpendicular to the direction of

source-drain current, respectively.
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Figure 3.4.2: The configuration of four-terminal measurement [2].

3.5 Cryogenic system: Sorption pumping *He cryostat

In order to measure the sample at the low temperature, a top loading ®He cryostat
from Oxford Instrument, as show in figure 3.5.1, was utilized. The maximum magnetic
field is about 15 Tesla at the temperature of approximately 0.3 K. The condensation of
3He gas, as shown in figure 3.5.2, can cool the temperature down to 1.2 K. By lowering
the vapor pressure of liquid “He in the 1K pot, which can be kept at around 2 K below the
boiling point of helium. Then, warming up the sorb to 30 K to release *He gas stored from

the sorb into the sample space. That is the condensation of *He.
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Figure 3.5.1: Shows a schematic diagram of Oxford instrument [3].
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Figure 3.5.2: The process of *He condensation. It shows releasing of 3He gas [4].
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Chapter 4 Results of epitaxial graphene

This part of thesis will discuss the experimental results of epitaxial graphene, i.e.,
the electric properties of graphene grown on the SiC substrate. The preliminary results
showed weak localization, current heating, and insulator-quantum Hall transition in the
epitaxial graphene. The fundamentals of these findings will be introduced first; followed

by the experimental results.

4.1  Characteristics of epitaxial grapheme

At first, we should know how graphene can grow on SiC. Usually, epitaxial graphene
can grow on two different faces of SiC, SiC (0001) carbon-terminated face (C-face) or
SiC (0001) silicon-terminated face (Si-face) [1, 2]. Our epitaxial graphene was grown on

(0001) surface of 6H SiC, of which the structure is shown in figure 4.1.1.

(@) (b)

3.08A

Figure 4.1.1: (a) the unit cell structure of SiC, (b) a kind of SiC polytypes, 6H. “6”
refers to a stack of periodically arranged number (ABCACB), the letter “H” denotes
the hexagonal symmetry of the SiC crystal. A and B only difference between shift of

the lattice, their orientation do not change. But C means twisting the lattice by 60° [3].
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It was easier to control the number of graphene layers grown on the Si-face than on
the C-face because the growth of graphene on the Si-face is slower. For example, 2
monolayers of graphene were formed on Si-face after annealing at 1320 °C, but 16
monolayers on C-face at the same condition [4].

The epitaxial graphene was grown in a vacuum (107 torr) furnace by heating the SiC
sample up to the temperature between 1100 °C and 1600 °C to form the graphene layer
due to the sublimation of the Si atoms. This method provided a graphene layer with higher
quality and more uniform film, as well as large area graphene layer, than the CVD

graphene on Cu.

4.1.1 Weak localization

The collision of electrons with particles while moving can be elastic or inelastic. In
general, when the temperature is increased, the increased number of phonons will raise
the chance of inelastic scatterings between electrons and phonons; destroying the
coherence of the wave function of electrons; In contrast, when the temperature is lowered,
the effect of inelastic scattering with phonons will be reduced. At the same time, the
elastic scattering will be enhanced; without energy loss or momentum change. An
interesting quantum effect, known as weak localization, can be observed.

We consider electrons transport in a system with impurities at low temperatures
without external magnetic field, as shown in figure 4.1.2. It is no doubt that C=C’ in time
reversal symmetry, in the classical case, electron appear at origin O is no different
between clockwise path and counter-clockwise path, i.e. electron maybe appear at origin

O by two different trajectories; if we consider the quantum mechanics, then, we can write
31



the down the equation of total probability density between A and B is given by [5]

Prap) = Xij AiAT=8ilAi > + X jixj AiAS (4.1.1)
where Aj, Aj are amplitudes of probability. The first term we known that it is the same
result as classical case, and second term is interference phenomenon in quantum case,
moreover, the phase of electrons are random, so the second term which sum over different
phase between two electrons will be zero. However, there is no phase difference and no
different path between two electrons come from to origin O, because of elastic scattering,
SO we can re-write eq. (4.1.1) to

Praal = Xij AiA; =2l Ai 1> + X A7 = 234 (4.1.2)
we can clearly find that the eq. (4.1.2) shows twice probability density than classical result
in eq. (4.1.1), simply to say, we will see the resistivity lager than classical result, the
quantum effect called weak localization. So if we break the phase coherence of electron,

like applied magnetics or increased temperature, the weak localization will be suppressed.

Figure 4.1.2: A schematic shows the time reversal trajectory of electrons between A
and B, where O is the origin, C and C’ denote the amplitudes of the wave functions of

electrons moving clockwise and counter-clockwise, respective [6, 7].



4.2  Insulator-quantum Hall transition in epitaxial graphene

The experimental evidence of direct insulator-quantum Hall (I-QH) transition in a
multi-layer graphene was revealed [8]. In this thesis, the I-QH transition in epitaxial
graphene was observed as illustrated in figure 4.2.1, showing the change of resistivity
P (B) at different temperatures with a magnetic field varying from 0.1 T to -1.7 T. The
critical magnetic field (Bc) at -1.286 T was observed in figure 4.2.1.The temperature

dependence of p,,(B) was reversed around Bc; at which the 1-QH transition occurred.

6600 :
[ 15K i
400 o5k
—— 34K |
6200 |- :
| 42K
6000 | 95K
| 70K
~ 5800 —9.0K:
c _ 5
& 5600 -
5400 |-
52001 B,=-1.286 T
5000 /
4800 1 1 E 1 1 L 1 L 1 L 1 L 1 L 1

16 -14 12 -10 -08 -06 -04 -02 0.0
B (T)

Figure 4.2.1: The curves of pxat different temperatures in high-field 1-QH transition.
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A theoretical model is needed to interpret the evidence of I-QH transition observed
in figure 4.2.1. Universal scaling theory, which usually was used to check whether this
kind of transitions are real phase transition [9], can be used to verify the I-QH transition.
The longitudinal resistivity can be denoted as

Pxx = fI(B = BJ)T™*], (4.2.1)
near the transition point we get
|dpxx/dBlg=p, < T, (4.2.2)

where k denotes the critical exponent.
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Figure 4.2.2: The diagram of In | dpy /dB | B. vs InT. From the slope, we obtain

the scaling exponent k = 0.26.
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AdPxx

Figure 4.2.2 indicates a linear relationship between In |E and T7* atalog-

B=Bc

log scale; where the critical exponent x = 0.26. The experimental result indicated the
behavior of a conventional two-dimensional electron gases. The I-QH transition could be

attributed to the spin-degenerate Landau levels and dominant short-range disorder [10].
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4.3 Weak localization and electron heating in epitaxial

graphene

In this section, we want to study two different scattering mechanisms, electron-
phonon and electron-electron scatterings, in a two-dimensional electron system by current
heating effect. In general, it is difficult to study these two different scattering mechanisms
independently in a two-dimensional electron system. When the electron effective
temperature (Te), heated by a current or an electric field, is considerably larger than the
lattice temperature (TL), it was known as the current heating effect. In this study, the weak
localization was utilized as a thermometer for the measurement of Te; showing that
current heating effect is a powerful tool for the studies of nanodevices.

First part, we use the weak localization effect as thermometer to calculate Te [11].
Figure 4.3.1 shows the relationship between the magnetoresistance and the applied
magnetic fields, in the epitaxial graphene at different temperatures. The magnetic field is
from -1 teslato 1 tesla (B = -1T~B = 1T), and the temperature is between T = 1.95 K and
T =25 K. The negative magnetoresistance indicates the presence of the weak localization.
We can use the resistance peak value, decreasing with the increasing temperature, of the

weak localization effect as a thermometer to calculate Te.
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Figure 4.3.1: Depicts the results of weak localization observed in an epitaxial graphene
in the low magnetic field at different temperatures.
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Figure 4.3.2: Shows the resistivity p,, as a function of temperature.
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The relationship between the resistance peak and the temperature in figure 4.3.1 is
rearranged in figure 4.3.2, showing a better visualization of the temperature dependence
on the measured resistivity. Figure 4.3.3 shows the results of the weak localization effect
in the epitaxial graphene at the low magnetic field by varying the current. In order to
clearly observe the phenomenon, the temperature dependence of the peak resistivity was
shown in figure 4.3.4, in which the temperature was fixed at 1.95 K (T = 1.95 K), and

the injecting current was varied between | =2 ¢ Aand | = 225 ;2 A to achieve the heating
effect. When the applied current 1 > 20 12 A, the resistivity is a function of the injecting
current. If the applied current, I <10 1 A, the peak resistivity and the applied current are

independent, i.e., the current heating effect can only be observed in the high injecting

current region.
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Figure 4.3.3: Weak localization of epitaxial graphene in the low magnetic field with
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Figure 4.3.4: Shows resistivity p,, linear dependence on the increasing temperature.
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Figure 4.3.5: Shows the electron effective temperature Te as a function of current | at
T =1.947 K in a logarithmic scale. The linear line represents a power law T, o [¢

with the exponent a =0.54. When the current is below 10 ¢ A, we cannot observe the

dependence between Te and I; on the contrary, we observe the linear dependence at

high current (I > 20 ¢ A).
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From figure 4.3.5, it is observed that Te is a function of the injected current at higher

current values (I >20 ¢ A); therefore, we could use the weak localization effect as a

thermometry to measure the electron effective temperature Te by interpolation.
In Figure 4.3.5, we found the relation of T, o« 1795, Applying the work by Scherer
and co-workers [12] on our data - the inelastic scattering length is given by
lin~TP/2, (4.3.1)
where p is an exponent related to inelastic scattering - The Fermi distribution function
was characterized by Te and it is given by the energy acquired by the electron diffusing
distance, l;;,, in an electric field E [13]; therefore,
kgT,~eEl;,. (4.3.2)
By inserting eq. (4.3.1) and E ~ | into eq. 4.3.2 leads to
T,~1%/2+P), (4.3.3)
In our result, the exponent a = 0.54, therefore p is ~ 1.7, which is similar to the results
published by other groups [12, 14]. Moreover, our exponent p approximately equals to 2,

meaning that the scattering mechanism of our system should be electron-phonon

scattering (Ti o T2), which will introduce inelastic scattering between electron and
ep

phonon, where 7., is electron-phonon scattering rate [12].

In this part, we can observe the current heating effect in epitaxial graphene from
another perspective. First, we should transform the data from figure 4.3.1 to figure 4.3.6
by Apyx(B) = pxx(B) — pxx(B = 0), it not only let us observe weak localization clearly,
but also let us easily analyze the data by the following formula. In order to show how we
fit the data, we select the data obtained at T = 3 K, as shown in figure 4.3.7. The phase

coherence length L, intervalley scattering length Li and intravalley scattering length L+,

respectively, can be extracted by fitting the following equations [15]:
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200 =~ |r ()~ ()~ (3m)) - s

hc . _
F(z)=Inz+(3+2), By = L2, (4.3.5)

where 1 (z) is the digamma function. This method can be only used for conventional

weak localization to the resistivity and not the non-backscattering correction.

a I ' ——1.947K
= ' —3K
Q? r "'\“ e i — 4K
N 15 F m“-,._ T ey :2§
' — 7K
—8K
20 | 2k
I —— 10K
251 —— 12K
—— 15K
I ——18K
-3.0 —21K
I ——25K
-3.5 L 1 L 1 N 1 i L . | ) !
0.0 0.2 0.4 0.6 0.8 1.0 1.2
B (T)

Figure 4.3.6: Shows the results of the weak localization in the low magnetic field at
different temperatures. Curves are shifted such that the peak of WL peak is at 0 Q. We

can clearly observe the decreasing peak height of WL with the increasing temperature.
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Figure 4.3.7: Shows a diagram Ap,,(B) = pxx(B) — pxx(B = 0) (in black curve)

vs. magnetic field B, the red curve is a fitting curve by eq. (4.3.3), at T = 3K.

Eq. (4.3.4) was used to fit the experimental results since it could analyze the relation
between weak localization and temperature or that between weak localization and current
heating; we will get some information by fitting, the value of phase coherence length (L

»), intervalley scattering length (Li) and intravalley scattering length (L=), In this thesis,
we only considered the L, since our goal is to find out the relation between L, and
temperature T or current I. Figure 4.3.8 (a) shows the relation between L, and temperature
T . Figure 4.3.8 (b) depicts the relation between L, and current I. It can be seen that the
coherence length L, decreased with the increasing temperature, as well as the linear

dependence of the coherence length, L., on the high injecting current region.
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Figure. 4.3.8: (a) The lattice temperature dependence of the coherence length. (b) The

current dependence of the coherence length.
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Figure 4.3.9: (a) The lattice temperature (T.) shows a linear dependence on the phase

coherence rate (1/7,). (b) It shows current dependence of the phase coherence rate at

a fixed temperature T = 1.95K.
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Furthermore, the relation between phase coherence length L, and phase coherence
rate 7, (where 7, = L?,,/D, D is diffusion constant) can be used to observe the

temperature and current dependence of phase coherence rate.

In figure 4.3.9 (a), we observed the linear temperature dependence of phase

coherence rate (Ti = 2.13 X 10'% + 1.85 x 10%*T;). The result of the linear dependence
P

shows the phase-breaking mechanism is caused by electron-electron scattering, instead
of electron-phonon scattering, at low temperature [16]. In figure 4.3.9 (b), the phase
coherence rate is independence of low injecting current; meaning the effective electron
temperature Te is equal to or less than the lattice temperature T, (Te < Ti, when current is
low). We note that T. can be considerably higher than T. when a higher current was
applied. Moreover, in order to calculate the effective electron temperature, we did the
interpolation on the data in figure 4.3.9 (a) and (b).

In figure 4.3.9, the slope, i.e. exponent a, of the straight line is equal to 0.48, which

leads to p = 2.16. The result of p was also close to 2, indicating the electron-phonon

scattering (Ti o T2) in our system. The same results were derived by different methods,
ep

using the weak localization, as well as the phase coherence rate, as a thermometer for the
extraction of the exponents «, and p. Both of results suggested the electron-phonon
scattering mechanism in our system.

In general, it is difficult to study electron-electron and electron-phonon scattering
independently. By utilizing the electron heating effect, our experiments results suggested
that the electron heating effect is a powerful tool for studying two inelastic scattering

properties and physical phenomena in the two dimensional system or the nanostructures.
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Figure 4.3.10: Shows the electron effective temperature Te as a function of current | at
T = 1.947K. The linear line represents a power law T, « [* with the exponent o =

0.48.
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Figure 4.3.11: Illustrates the comparison of the results from two different analyses of
the relationship between the injected current and the electron temperature in a
logarithmic scale. The slopes of the straight lines obtained by the analyses of weak

localization peak height and phase coherent rate are 0.54 and 0.48, respectively.
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Chapter 5 Results of SGS

In this chapter, we show the data about EBCO films, SNS, and SGS devices. First,
the characteristics of EBCO films and the optimum condition at which EBCO on STO
could be grown by RF sputtering will be shown; followed by the important characteristics

of SNS and the results of the SGS device.

5.1 Experimental results of EBCO thin films

EBCO thin film was grown on SrTiOs (STO) substrate by the RF sputtering system.
The crystallization of EBCO thin film was examined by using X-ray diffraction (XRD)

as shown in figure 5.1.1, and superconductivity properties by resistance-to-temperature

Mmeasurement.
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Figure 5.1.1:  Shows the XRD diagrams of the EBCO thin film.
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From the sharp peaks shown in figure 5.1.1, we knew that our EBCO films are
monocrystalline. There are some peaks detected are from STO substrate. The peaks from
[001] to [009], except [008] peak whose intensity is too small to be detected, can be
clearly seen in figure 5.1.1.

In figure 5.1.2, the R-T curves of EBCO films show the zero-resistance when the
experimental temperature is below its Tc. The best condition for the growth of EBCO
films was found at pressure = 350 mTorr with the mixture of Ar and O at a ratio of 9

(Ar/O2) and T =575°C for the deposition. The superconducting transition temperature of

optimum EBCO thin film for the best deposition condition was around 91 K; approaching

the historical records, 91 K ~ 93 K, of EBCO grown on STO by an RF sputtering system.
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Figure 5.1.2: Shows the R-T diagrams of the EBCO thin films, at different temperature

and sputtering gas pressure.
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5.2  Experimental results of SNS

Extra care had been taken at each step to ensure the successful fabrication of the
SNS devices since no one had ever tried the synthesis of EBCO/graphene/EBCO before.
The fabrication of the EBCO/AU/EBCO devices was carried out after the growth of
EBCO film on STO was optimized. The focus ion beam (FIB) was employed to make the
superconducting bridge, separating the EBCO on both sides of the bridge from each other,
as shown in figures 5.2.1. Then we recovered the damaged structure in the EBCO film by
the Ga* during the FIB process by thermal annealing. After the recovery of EBCO thin
film, we deposited Au to fill up the cut , and we measure the junction by four-terminal

measurements. Finally, the result was shown in figure 5.2.2.

(@) (b)

x550 20pm 18 40 SEM_SEI x15,000 18 40 SEM_SEI

Figures 5.2.1: (a) is the SEM diagram of the EBCO bridge cut by focus ion beam

(FIB), where W, ~10 1z m, is the width of the bridge, and (b) is the enlarged SEM image

of the squared region in (a). The gap is about 120nm.
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Figure 5.2.2: The R-T diagram of the SNS sample.

In figure 5.2.2, we show the R-T diagram of the EBCO/AU/EBCO sample. We
observed the zero resistance in the junction. That means there are Cooper pairs tunneling
across the EBCO bridge. After we deposited Au to fill up the cut, the device of

EBCO/AU/EBCO was annealed at 543°C for an hour to improve the interface between
EBCO and Au. Then it was cooled down to room temperature slowly at the rate of -5°C

/min.
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5.3 Experimental results of SGS

After the successful fabrication, discussed in the previous section, of the SNS
devices, we tried to fabricate the unprecedented EBCO/graphene/EBCO junction. In this
section, we show the experimental results of SGS.

Figure 5.3.1 shows the resistance-temperature (R-T) diagram of the EBCO
electrodes in our SGS device. The inset to figure 5.3.1 is an enlarged picture to illustrate
the zero resistance in the EBCO electrodes. In figure 5.3.2, we show the current-voltage
(1-V) curve of the EBCO electrodes at T = 11K. The critical current can be found at around
I = 50 mA. Both information means that superconducting behavior in our EBCO film

existed. That is very important for the SGS device we fabricated.

4l EBCO electrodes
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Figure 5.3.1: Shows the R-T diagram of the EBCO electrodes.
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Figure 5.3.2: Shows the I-V curve of the EBCO electrodes at T = 11 K. The critical

current can be seen at around | = 50 mA.
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Figure 5.3.3: Shows the I-V curve of the SGS junction at T = 11 K.
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Figure 5.3.3 shows the I-V curve of the SGS junction at T = 11 K. Though we did
not observe the conventional 1-V curve of Josephson junction [1], some other interesting
physical properties can be extracted from the data. We observed different linear
dependence in the I-V curve of the SGS junction, i.e., different resistances existed. The
resistance is lower when the injected current was between | =-40 nAand | = 40 nA. Once
the current flow is outside of the aforementioned range, a higher resistance is observed.
It means there exists a transition at a critical current value (I = + 40 nA). It is suggested
that the tunneling, which resulted in a lower resistance than that in a normal state, of the
Cooper pairs is responsible for the transition. When the injected current exceeded a
critical value, the coupling of the Cooper pairs was destroyed; giving rise to a higher
resistance as shown in figure 5.3.2..

Although a perfect conventional I-V curve was not observed on the SGS device in
this study, the results of the investigation showed the existence of Josephson effect. The
fact that a conventional I-V curve for Josephson junction could be attributed to the contact
resistance, which is too large, between graphene and EBCO. The quality of the

graphene/EBCO interface is a crucial factor in the future investigation of the SGS systems.
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Chapter 6 Conclusion

In this thesis, current heating effect was utilized to study the scattering mechanisms,
electron-phone and electron-electron scatterings, in a two-dimensional electron system,
I.e., the epitaxial graphene. The same result from weak localization and phase coherent
rate used as different thermometers to measure the electron effective temperature Te
suggested that electron-phonon scattering dominated in the epitaxial graphene. However,
electron-electron scattering was also observed from the linear temperature dependence of

phase coherence rate at the low temperature.

In general, it is difficult to study electron-electron and electron-phonon scatterings
independently. The results of the analyses of the experiments data suggested that the
electron heating effect is a powerful tool for studying two inelastic scattering properties

and physical phenomena in the two-dimensional system or the nanostructures.

An interesting transition observed in the measured |-V curve of the SGS junction
suggested the existence of Josephson effect although the conventional I-V curve of
Josephson junction was absent possibly due to the quality of the graphene/EBCO
interface. More effort on improving the interface quality would be beneficial to the further

investigations of SGS systems in the future.
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