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ABSTRACT

The non-linear current-voltage characteristics of Josephson effect phenomenon is always
being focused by scientists and engineers. Using Josephson junction phenomenon with
high-T, superconductors gives a wide scope of applications. Depending on in-plane size,
the application of Josephson junctions varied from the terahertz (THz) oscillator to the
single electron transistors. This thesis is focused on the study of submicron Josephson
junctions. The unit cell of layered high-T,. superconductors show intrinsic Josephson
junctions (IJJs) phenomenon. The Cooper pair tunneling in the 1JJs can be affected by
quantum phase fluctuations when the resistance of a submicron stack is in the range of
quantum resistance. To observe this quantum effect, we have fabricated stacks of 1JJs of
various in-plane area from 4 pm? down to 0.16 um? in Bi,SroCaCuyQOgys single crystal
whiskers using three-dimensional focused ion beam (3-D FIB) etching technique. For
stacks of in-plane area less than 1 pm? a strong suppression in critical current density
(J.) was noticed in current-voltage characteristics at 30 K. The possible mechanisms for
this suppression of J. are discussed and the data analysis points to the quantum phase
fluctuations as the most likely mechanism of this effect. We have achieved quantum
fluctuations at 30 K first time ever reported for BisSroCaCuyOg, 5 (Bi-2212) single crystal
whisker.

A-axis oriented thin films of YBay,CuzO; are potentially superior to c-axis films for
sandwich-type junction applications because of the larger coherence length in a-axis direc-
tion. Thus growth of thin epitaxial insulators or normal barriers on a-axis films, followed
by another a-axis superconductor, is an important goal. Considering this phenomenon,
we have studied a submicron stack of YBayCu3zO7 and PrBay,CuzO7 (Y123/Pr123) multi
layered thin film Josephson junction. The dimensions of submicron stack is about 300

nm X 200 nm with the height of about 200 nm. The submicron stack shows the transi-

Collection @ jeju



vii

tion temperature about 84 K and critical current of about 0.12 mA at 30 K. We noticed
the suppression in critical current as the effect of external microwave at different power.
As we increase the power, the superconducting state was suppressed and resulted in the
suppression of the critical current. However, we have not observed any voltage steps in
current-voltage characteristics with external microwave irradiation.

Further we have fabricated a superconducting quantum interface device SQUID using
focused ion beam etching technique. The microwave induced voltage steps are observed in
1I-V characteristics. The super current branch become resistive above a certain microwave
power and the value of J. was suppressed as we increased the microwave power. The power
dependence of voltage steps shows the number of Josephson junctions contributing to the
vortices-flow varies with the power of microwave. The formation of superconducting-
semiconducting-superconducting -like Josephson junction is confirmed by Ambegaokar-

Baratoff theory.
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1. INTRODUCTION

1.1 Introduction

The phenomenon of superconductivity was discovered in 1911 by a Dutch physicist
H. Kamerlingh Onnes and his assistant Gilles Holst in Leiden. They found that dc resis-
tivity of mercury suddenly drops to zero below 4.2 K, as shown in figure 1.1. The search
for new superconducting materials led to a slow increase in the highest known transition
temperature 7, over the decades, reaching a plateau at 23 K with the discovery of su-
perconductivity of NbgGe by Gavaler [1] in 1973. After 13 years, the discovery in 1986
of superconductivity at ~ 35 K in "LBCO"(LaBaCuO phase) by Bednorz and Muller
[2, 3] which opened the door for higher transition temperature superconductors and they
were awarded Noble prize in 1987. This discovery was surprising and excited because it
revealed that the oxides formed an unsuspected new class of superconducting materials
with great potential other than large increase in T.. Quickly the T, ~ 90 K reached
with the discovery of RE123 (RE is rare earth elements) class of material [4, 5, 6]. The
achievement for more higher T, were found in BiSCCO system [7] and TBCCO system
[8]. In all these copper oxide planes form a common structural element, which is through
to dominate the superconducting properties. Depending on the choice of stoichiometry,

the crystallographic unit cell contains varying number of CuQO, planes.

1.2 Josephson Junction

1.2.1 The Josephson effect

A tunnel junction consists of two strips of conducting materials separated by an insulator

where_the insulator i@o tém Lt]hat electrons can tunnel through it. A Josephson effect
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Fig. 1.1: The superconducting behavior observed in mercury by Gilles Holst and H.
Kamerlingh Onnes in 1911, showing for the first time the transition from the
resistive state to the superconducting state.
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1. Introduction 4

[9] is a phenomenon when these two strips are superconducting in the tunnel junction
and the Cooper pairs can tunnel through the insulating barrier. Josephson predicted
the occurrence of some unusual phenomenon in this situation a tunneling current at zero
bias voltage. Shortly, this was observed experimentally and lead to the Nobel Prize to
Josephson and Anderson. The structures which exhibits these phenomenon are known
as Josephson junctions or weak links like Ref [10, 11, 12, 13, 14, 15]. Apart from these
structures, in high 7, copper oxide materials (e.g. Bi-2212) intrinsic Josephson junctions
(LJJs)tunneling occurs in the c-axis direction [16]. Figure 1.2 shows the schematic of
different type of Josephson junctions. The insulating barrier is so thin that Cooper pairs
can tunnel through it.

In Josephson junction, the thin insulating layer allows the overlap of wave functions
in two superconductors, resulting in the Cooper-pair tunneling. The current density (j)

in a superconductor can be described using the second Ginzburg-Landau (G-L) equation

[17],

j =5 ——— (V0 + 2¢A 1.1
= ge 96+ 20A) (11)

where A is the London penetration depth and A is the vector potential. Equation 1.1
shows that the dc current in superconductor can be determined by the phase difference
in absence of magnetic field. If a junction is biased with current and the Cooper pairs
tunnel through the tunneling barrier, the phase difference between two superconductors

is defined by ¢ = 6; — 6. This super current is defined by the dc Josephson effect as

IJ = IC sin¢ (12)

where [, is the Josephson critical current. However the phase difference in an external
magnetic field should be invariant under a gauge transformation of the vector and scalar

potential. So the value of ¢ can be defined as

2e¢ 1
¢:91_92+E/2 Al (1.3)

When the junction is voltage biased, ¢ temporally oscillate according to the ac Joseph-
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(b)

Point contact

(d)

Dayem bridge (constriction)

Fig. 1.2: The Schematic of different type of Josephson junctions. Where S stands for
superconductor, S’ for a superconductor above T,, N for normal metal, Se for
semiconductor, and I for an insulator.
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1. Introduction 6

son effect,

2e 2
—y =T 1.4
o0 =2V =2y (1)
2
f ~ 483.6 GHz/mV (or ®. is 2.067 x5 wb) (1.5)

where &, = h/2e is the flux quantum. The equation 1.2 and 1.4 predict that the
oscillating current exists across the junction with the frequency f; = V/®, when a
finite voltage V is biased across the junction. This properties provide the possibility
of applications to the voltage standard devices and the high frequency devices such as

oscillators and mixers [18].

1.3 The Quantum Regime

The Josephson junction shows a unique phenomenon when the size is sufficiently small so
that the charge of a single electron matters. In quantum regime, the quantum conjugate
properties of phase and number play an important role. This opens a wide path for new

applications of Josephson junctions in quantum regime [19, 20, 21].

1.3.1 The Coulomb charging energy

The Coulomb charging energy (E.) of a single electron, E. = €?/2C should be consider-

ably larger than thermal energy (KgT'), in order to eliminate thermal fluctuations.

1.3.2 Tunneling resistance

The tunneling resistance must exceed the quantum resistance Rg = h/4e? = ®,/2e =~
6.45 kQ to avoid the effect being washed out by quantum fluctuations in the particle

number.

1.3.3 The Josephson energy

The Josephson energy (FE;) is given by,
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1. Introduction 7

o,
E;=—1. 1.6
T o (1.6)
where &, = h/2e is the flux quantum and I, is the superconducting critical cur-

rent. The critical current is given by the Ambegaokar-Baratoff relation [22, 23],

(1.7)

where Ry is normal state resistance of the junction and A is the superconducting gap.

1.4 The RCSJ Model

In the resistively and capacitively shunted junction (RCSJ) model, an external bias cur-
rent flows through three channels connected in parallel. The schematic of the model is
shown in figure 1.3. In which the total current through the junction is the sum of the
three components: the dissipation current Ir due to the effective ohmic resistance R, the
displacement current Ip due to the effective capacitance C, and the super current I; by

the Josephson pair tunneling as,

I=1Ip+1,+1Ip=V/R+Ising+CdV/dt (1.8)

Substituting the value of V' in the term of ¢ using equation 1.4 which gives the second

order differential equation

h 1 .
I = % (C@mﬁ + R@(ﬁ) + [c Sl (19)
further,
n\’ 1
- (C@ttqﬁ + Rﬁtgb) 40U () =0 (1.10)

where U(¢) is the potential energy given by,

U(¢) = —E, (cos¢ + I[C¢> (1.11)
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JJ

Fig. 1.3: In the RCSJ model, the junction consists of three elements, an ideal junction,
a capacitor, and a linear resistor. In this case, the junctions is driven by a dc

current source.
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Fig. 1.4: The RCSJ model has a mechanical analog in the form of a particle in a washboard
where the potential landscape changes with the slope of the board, given by 1/I..
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Here, F; = hl./2e is the Josephson energy. A mechanical analog can be described
by equations 1.10 and 1.11, a phase with mass m = C(71/2¢)? and an ohmic damping
constant 1/RC moves along the ¢ axis in an effective tilted washboard potential U(¢) as
shown in figure 1.4.

According to the washboard potential model, a particle is initially confined in the
potential well at ¢ ~ ¢, without a bias current. As we increase the bias current, the wash
board potential is effictively tilted as shown in figure 1.4. Then a phase particle slides
down the washboard, gaining an additional phase difference and a voltage drop occurs

across the junction.

1.5 Intrinsic Josephson junction

Bi-2212 is a layered high-temperature superconductor which has highly anisotropic electric
characteristics in the normal and superconducting states. Bi-2212 crystals are a closely
packed naturally grown Josephson junctions as shown in figure 1.5. The CuO, bilayer
plane (0.3 nm in thickness) and the BiO-SrO layer (1.2 nm in thickness) act as the
superconducting electrode and the tunneling barrier, respectively. The layered crystal
forms a three dimensional superconductors by a weak Josephson coupling between the
superconducting layers and referred as intrinsic Josephson junctions (1JJs). The evidence
for the existence of the Josephson junctions effect in the Bi-2212 intrinsic junctions has
been revealed in the observation of the Fraunhofer diffraction pattern, Shapiro steps, Fiske

steps, etc [24, 25, 26, 27].

1.6 SSeS type Josephson junction

A Josephson junction consists of semi conducting layer as a tunneling layer and sand-
wiched by superconducting layer referred as superconducting-semi conducting-superconducting
(SSeS) Josephson junctions. A part of the thesis is based on SSeS type Josephson junction
in which a-axis oriented PrBasCuzO7 (Pr123) and a-axis oriented YBayCuzO7 (Y123) act
as a semi conducting layer and superconducting layer, respectively. The orientation of
Y123 thin film can be controlled in any axis from a-axis to c-axis [28]. A-axis oriented thin

fllrxzfaf% wpc,)ten}n;a,lly @(Térjtj c-axis films for sandwich-type junction applications be-
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Fig. 1.5: Schematic of intrinsic Josephson junctions and the unit cell of Bi-2212 single

crystal.
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cause of the larger coherence length in a-axis direction [29]. Thus growth of thin epitaxial
insulators or normal barriers on a-axis films, followed by another a-axis superconductor,
is an important goal. The application of microwave irradiation on such multi layered thin
film Josephson junctions (JJs) can be use in the quantum electronics devices [30]. Figure
1.6 shows a schematic of Y123/Pr123/Y123 Josephson junctions. The thin films are de-
posited on (100) SrLaGaO, (SLGO) substrates with buffer layer of GdyCuO4(Gd214) by
pulse laser deposition (PLD) technique. The red lines in the figure indicates the CuO

planes.

SLGO (100)

Fig. 1.6: Schematic of SSeS Josephson junctions and the red planes indicates the CuO
planes in multylayered thin films.

1.7 Applications

Since the discovery of superconductor many potential applications are achieved. Table 1.1
is a summarized view in our knowledge based on superconductivity. A few of applications

based on Josephson junction phenomenon are described in detail in following subsections.
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Tab. 1.1: Various application of superconductivity

Concepts Applications

R = 0 and high critical cur- Magnets for various application

rent, density
Passive microwave devices
Interconnects in microelectronics
Electrical energy transport by cables

Josephson tunneling Microwave detectors and mixers
In physical measurements (SQUIDs etc)
Computers (fast logic and memory circuits)
Plasma and space

High critical current at high Electrical power industry

critical magnetic field
Plasma confinement (in high energy physics)
In transport (levitation trains, MHD-propelled ships)
Medicine (nuclear magnetic resonance tomography)

1.7.1 The Coulomb blockade

A Josephson junction or a tunnel junction has a wide scope for application based on
Coulomb blocking phenomenon such as a voltage standard, single electron transistor, etc
[19, 20, 21]. The Coulomb blockade refers to the modifications of the tunneling current-
voltage characteristics which occur in the junctions with capacitance sufficiently small so
that the Coulomb charging energy E, = ¢2/2C of a single electron is large enough to play
a major role.

Considering the electrostatic energy of an isolated capacitor C' with charges Q (>0)
and -Q on the two electrodes is Q*/2C or CV?/2 where V. = Q/C. Now if a electron
tunnels from the negative electrode to the other one, the charge on the capacitor becomes
Q — |e|, so that the energy of the capacitor becomes (Q — |e|)?/2C. This represents an
increase in system energy unless the initial charge @ > |e| /2, or equivalently, V' > |e| /2C.
Thus the electron transfer is energetically forbidden for voltages such that |V| < |e| /2C.
This regime of zero tunnel current despite a finite voltage across the junction is an example

of Coulomb blockade.
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Gate L \Joseph.son (f)r tunnel)
A / junction
e Gate capacitance

Bi-2212 whisker

Fig. 1.7: The first image shows a schematic of SET and second image shows a fabricated
device in Bi-2212 single crystal whisker taken from ref [31].
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Single Electron Transistor (SET)

The simplest device in which the effect of Coulomb blockade can be observed is known
as the single electron transistor (SET). It consists of two Josephson junctions or tunnel
junctions sharing one common electrode with a low self-capacitance, known as the island.
The electrical potential of the island can be tuned by a third electrode (the gate), capaci-
tively coupled to the island. Figure 1.7 shows a schematic of SET along with a fabricated

device in Bi-2212 single crystal whisker is referred from previous report [31].

1.7.2 Terahertz applications

The Josephson effect has always been focused by the researcher because of its wide ap-
plication in science and technology. The Josephson effect provides a unique principle
to excite high-frequency electromagnetic (EM) wave in the single junctions or in arrays.
The Josephson junctions can be used as the terahertz (THz) oscillator because of large
superconducting gap. Although the emission from a single junction is weak and many
junctions can emit high enough power for different applications [32, 33, 34]. The solid-
state THz radiation sources are useful for the application such as medicine, diagnostics,
bio-science, ultrahigh-speed communication, environmental studies, security systems, and
nondestructive and noninvasive sensing and imaging [35].

There are many studies have been done in high temperature layered superconductors.
It has been challenging to synchronize all Josephson junctions in the stack. Various
approaches for synchronizing the junctions have been studied such as applying a magnetic
field to induce coherent Josephson vortex flow [36, 37, 38, 39, 40, 41] or putting the the
device into a microwave cavity [42]. However the emitted power is in the range of pW
only. Further a few of studies have shown a synchronized radiation of THz in the mesa
of Bi-2212 of the power in range of pW. This synchronization was generated by a voltage
biasing in c-axis in the absence of an external magnetic field. The EM emission takes
place at the biasing voltage when the frequency determined by the ac Josephson relation
equals to the fundamental cavity mode and corresponds to a half-wavelength of the plasma
in the mesa. Synchronization of [JJs and mechanism behind the emission has given with

coupling the cavity resonance with Josephson plasma frequency[43]. Wang et al. [43]
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presented the cavity resonance can’t be the only mechanism to synchronize the 1JJs and
THz radiation. The hot spot (a region above the transition temperature) formed within

the mesa give rise to coherent THz emission.

1.8 Conclusions

The quantum devices using Josephson junction phenomenon has been demonstrated. The
application is focused on single electron transistor and teraherz devices. The low capac-
itance devices is demonstrated in this thesis. A part of this thesis also concentrated on
the teraherz irradiation on submicron devices. These devices are expected to be next

generation devices for science and technology.
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2. GROWTH OF BI-2212 SINGLE CRYSTAL
WHISKERS

2.1 Introduction

Whiskers can be used in the fabrication of new electronic devices with the application
of intrinsic Josephson junction effects and related phenomenon. Growth and characteriza-
tion of high temperature superconducting single crystal whiskers have always been focused
by researchers because of perfect crystalline structure and the ability to study in small
cross sections (when width and thickness are less than the magnetic field penetration
depth). There are three compounds in the Bi-family high temperature superconductors,
differing in the type of planar CuOs layers; single-layered BisSroCuQOgys (Bi-2201) sin-
gle crystal, double-layered BisSraCaCuyOgys (Bi-2212) single crystal, and triple-layered
BiySraCagCuzOqg,s (Bi-2223) single crystal. The Bi-2212 single crystal has the one of the
most stable state in this family [1, 2, 3, 4].

In Bi-2212 single crystal whisker, the conducting CuO, planes are separated by an
insulating BiO-SrO layer. This layered phenomenon gives high anisotropy to Bi-2212 sin-
gle crystal whiskers and a naturally grown superconductor-insulator-superconductor (SIS)
intrinsic Josephson junction (IJJ). These junctions are attractive because the current -
voltage (IV') property along the c-axis of the 1JJs has anomalous nonlinear characteristics
and a series of several hundred Josephson junctions can be easily obtained [5].

The various methods to grow the high-quality Bi-family single crystal whiskers has
been suggested so far and most studies on Bi-2212 whisker done by melt quenched glassy
precursors [6, 7, 8, 9, 10]. Nagao et al. reported the growth of Bi-2212 single-crystal

whiskers by using tellurium (Te) -doped precursors [9]. This method shows more homo-
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2. Growth of Bi-2212 single crystal whiskers 20

geneous and better qualities with different growth mechanisms and supposes that the Te
element acts as a catalyst to enhance whisker growth. We have followed the same recipe

to grow single crystal whiskers for the study in this thesis.

2.2 The growth process

The BiySroCaCusOgys (Bi-2212) single crystal whiskers are grown by the solid state re-
action method. A high-purity commercial powder of Bi;O3, SrCO3, CuO and TeO, were
used to grow a single crystal whisker. These powders were mixed in the proportional
ratio of BisSroCagCus 5Tey50,. The mixture was ground and calcinated at 760 °C twice
and at 820 °C once, in presence of air. Te was used to enhance whisker growth. The
calcinated powder was pressed by a force 60 kN into a pellet. The pellet was 10 mm
in diameter and 2~3 mm in thickness. The pellet was kept in a pure alumina boat and
annealed at 870 °C for 100 hours. Figure 2.1 shows the heat treatment process for single
crystal whisker growth. Prior to that, the sample was heat treated at 880 °C for 15 min
to promote partial melting as shown in the inset of figure 2.1. During the process we used
an oxygen atmosphere with a constant flow of 150 mL/min. The whiskers were grown
on the surface of pellet, being of various dimensions in length (0.5 to 3 mm), width (10
to 30 um) and thickness (0.5 to 3 pm). Figure 2.2 shows the optical image of Bi-2223
single crystal whiskers have grown on a precursor pellet of BiySroCasCus sTeg50,. The
whiskers grow on the surface of pellet in every direction. These whiskers can be easily

placed on the MgO substrate by a tweezer.
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Fig. 2.1: The heat treatment process to grow Bi-2212 single crystal whiskers.
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2. Growth of Bi-2212 single crystal whiskers 22

The magnified SEM image of a whisker indicates smooth surface of whisker. The
smooth surface reflects good quality of the whisker see Figure 2.3. All four electrodes
were prepared with silver paint on a whisker and attached on an MgO substrate. The
sample was annealed at 450 °C for 5 min in presence of oxygen to reduce the contact

resistance between whisker and silver paint.

2.3 Summary

The BiySroCaCusOg. s single crystals have been grown successfully using solid state reac-
tion method. The SEM image showed a smooth surface of the whisker. These whiskers

have been used in this thesis for submicron device fabrication and characterizations.
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Fig. 2.3: A SEM image showing the smooth surface morphology of Bi-2212 single crystal
whisker.
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3. FABRICATION TECHNIQUE

3.1 Introduction

A number of fabrication methods have been applied to develop high 7, supercon-
ducting devices [1, 2]. The fabrication of mesa structure in thin films and single crystal
needs an intricate process and limits the minimum junction size due to required spaces for
establishing electric contacts. The fabrication of tunneling devices of Josephson junctions
in the layered high T, superconductors are needed a special attention because of a perfect
stacked structure with a very small lateral size compared with the Josephson penetration
depth (Ay = v4) [3, 4, 5], where ¥ = A./As is the London penetration depth anisotropy
ratio and d is interlayer spacing [6].

The three dimensional focused ion beam (3D-FIB) etching method is a reliable and
versatile technique for the fabrication of nanoscale Josephson junctions in single crystal
whiskers. In FIB, a finely focused beam of gallium ions is used. As the beam rasters across
the surface, an image of nanoscale resolution can be built up using secondary electrons
when the FIB is operated at low beam currents. The FIB can also be operated at high
beam currents for site specific sputtering or milling. The material is eroded like nanoscale

sandblasting when the high-energy ion beam dwells on the sample.

3.2 The Focused lon Beam

The FIB system has introduced in late 1980s and become an essential tool in the mi-
croelectronics industry. The principle of operation is similar to a Scanning Electron
Microscope (SEM). The major difference is that in place of an electron source a gallium

liquid metal source is used. This helps both imaging and milling of the sample. In addi-
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Fig. 3.1: The schematic of FIB operation.
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Fig. 3.2: A photograph of FIB machine (SII NanoTechnology SMI12050) in Reseach Intru-
ments Center (RIC).
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tion, deposition of extra material can be achieved by ion beam-induced decomposition of
an organometallic gas. Hence this versatile instrument allows faulty circuits to be both
inspected and modified. Recent researches have exploited the ability of this instrument
to create sub-micron scale features without resorting to complex and time-consuming

techniques.

3.2.1 Operation of Focused lon Beam

A liquid metal ion source (LMIS) is placed at top of the ion source chamber. A high
vacuum (= 6 X 107° Pa) environment is maintained in the ion source chamber to avoid
ion beam interference with gas molecules. An acceleration voltage is applied to ions to
make ions pass through the ion column and move toward to the main chamber. The ions
are focused to the fine ion beam by the aperture and electrostatic lenses in the ion column
while passing through the ion column. The schematic of FIB machine is shown in figure
3.1.

To minimize the beam diameter it is necessary to use the highest beam voltage. The
column voltage is 30 kV. The beam current (1 pA to 20 nA) is the rate at which ions
strike the sample and is controlled by the variable aperture. A sample is fixed at the
sample holder which is located in the main chamber (base pressure 5 x 107* Pa). When
ion beam is irradiated, the secondary electron and the secondary ions are generated from
the specimen surface. The secondary electrons or ions are converted into the electric
signals and the two dimensional distribution of these signals is displayed as a microscope
image. The atoms of the surface materials are expelled when ion beam is irradiated to
the specimen. This phenomenon is used for etching to remove materials from the sample.
When the irradiating ions beams while spraying a specific compound gas on the specimen
surface, the solid elements of gas are adhered to the specimen surface and accumulated.

This phenomenon is used for deposition of the material to the specimen surface.
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Side view

Fig. 3.3: The steps of fabrication process of Josephson junctions by FIB. (a) The inclined
sample stage where we mount a sample. (b) A side view of as mounted sample
on sample stage. (c) The first etching process to mill junctions in-plane area.
(d) The final etching in two grooves.
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3.3 Fabrication of Josephson junctions

In our laboratory the FIB machine (SII NanoTechnology SMI12050) can be used for etching
as well as deposition of the materials. A picture of FIB machine is shown in figure 3.2.
The FIB machine has a freedom of tilting and rotating the sample stage up to 60° and
360° respectively. A sample stage that itself inclined by 60° with respect to the direction
of the ion beam is used for 3-D milling. The detailed fabrication process is shown in figure
3.3.

In the first step we milled sample in bridge pattern from the top direction. As shown
in figure 3.3 (c), we tilted the sample stage by 30° so that the in-plane of sample was set
to be perpendicular to the ion beam and the sample was milled in bridge pattern with
desired junction area.

We turned sample stage back to the initial orientation and rotated it by 180° so that
the inclined plane was set to be 60° with respect to the ion beam. We then tilted the
sample stage by 60° so that the thickness of the sample was set to be perpendicular to
the ion beam and two grooves of similar depths were etched the whole length and the

distance between grooves was set according to the required junction size [7].

3.4 Summary

The fabrication process used to fabricate intrinsic Josephson junctions in BisSroCaCusOgy g
(Bi-2212) single crystal whiskers is discussed in detail. We have achieved in-plane area
down to 0.16 ym? for BiySroCaCuyOgs (Bi-2212) single crystal whiskers. We have also
fabricated the Josephson junctions of a-axis oriented YBayCuzO7/PrBasCusO7 (Y123/Pr123)
multi layered thin films. In the case of Y123/Pr123 we have achieved in-plane area down
to 200 nm x 300 nm. The results in this thesis shows that the submicron Josephson
junction devices have been fabricated successfully using three dimensional focused ion

beam milling technique.
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4. INTRINSIC JOSEPHSON JUNCTIONS
STACK OF BI-2212

4.1 Introduction

Since the discovery of Bi-based high-T, superconductors, much effort has been given
to grow single crystal. Single crystal whiskers are always be in focused due to perfect
crystallinity and unique properties in an ultra small sizes. In Bi-based single crystal
whisker, the conducting CuO; planes are separated by insulating BiO-SrO layer [1]. This
layered phenomenon gives high anisotropy to Bi-based single crystal whisker. Bi-based
single crystal whisker is a naturally grown intrinsic Josephson junctions (IJJs). These
junctions are attractive because the anomalous nonlinear current-voltage (I-V') charac-
teristics along the c-axis and a series of several hundred Josephson junctions can be easily
obtained [2].

The junctions are considered to be a one-dimensional array of Josephson junctions
in the stack. IJJs are attractive objects for studying the Josephson effect. There are
three compounds in the Bi-family high temperature superconductors, differing in the
type of planar CuQj layers; single-layered BiySroCuOg,s (Bi-2201) single crystal, double-
layered BiySraCaCuyOgys (Bi-2212) single crystal, and triple-layered BisSraCasCuzOqg4s
(Bi-2223) single crystal [3]. The compounds have transition temperature (7,) about 20
K, 85 K, and 110 K for Bi-2201, Bi-2212, and Bi-2223, respectively. However Bi-2223 has
highest T, in this family but the phase is not stable and difficult to grow. In our study,
we have used Bi-2212 single crystal whiskers which has stable phase and high 7,. Figure
4.1 shows the unit cell of Bi-2212 single crystal whisker. The conducting CuO layers are
separated by insulating BiO-SrO layers. The characteristics of 1JJs can be measured by
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Fig. 4.1: The unit cell of Bi-2212 single crystal whisker.
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Fig. 4.2: The red arrow indicates the direction of current to measure the characteristics
of 1JJS in Bi-2212 single crystal whiskers.
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flowing current in vertical direction as shown in figure 4.2. The red arrow in figure 4.2

shows the direction of current.

4.2 Experimental details

Bi-2212 single crystal whiskers used in this study were grown by solid state reaction
method as described in chapter 2. A Bi-2212 whisker was placed on MgO substrate. The
silver paint was used to make four electrodes for electrical characterization. To minimize
contact resistance, the sample was annealed for 5 minutes at 450°C in presence of oxygen.
The stacks were fabricated using three dimensional focused ion beam (3-D FIB) milling
process. The stacks of various in-plane areas (S > 1) were fabricated using 3-D FIB
machine (SII NanoTechnology SMI2050) in a Bi-2212 whisker, operating with a gallium
ion beam of energy 30 keV and beam current from 1 pA to 20 nA. The detailed fabrication
process is described elsewhere [4, 5]. Briefly in this process, the FIB machine has a freedom
of tilting and rotating the sample stage up to 60° and 360° respectively. We used a sample
stage that itself inclined by 60° with respect to the direction of the ion beam. We tilted
the sample stage by 30° so that the ab-plane of sample was set to be perpendicular to the
ion beam and the sample was milled along the ab-plane. We turned sample stage back to
the initial orientation and rotated it by 180° so that the incline plane was set to be 60°
with respect to the ion beam. We then tilted sample stage by 60° so that the c-axis of
the sample was set to be perpendicular to the ion beam and the sample was milled along
the c-axis. The Bi-2212 single crystal whisker was then etched the ab-plane. With the
precise control in 3-D FIB fabrication process, we were able to achieve the height of stack
about 100 nm. In this study, all whiskers were annealed before the 3-D FIB fabrication

process to avoid Ga™ ion contamination. All the measurement were done at 30 K. Table

Tab. 4.1: Parameters of Stacks of different in-plane area at 30 K

Stack S . N J. C' Damping rate K, NxE, £y
(pm?) (K) =~ (KA/em?) (fF) (neV) (peV) (meV) (meV)

J1 4 77 130 1.2 118 1 2.7 0.3 82.4

J2 3.5 80 100 0.86 103 0.4 3.1 0.3 72.1

J3 225 76 130 0.79 66 0.9 4.8 0.6 46.3

1 78 130 1.1 29 1 10.8 14 20.6
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4.1 describes the parameters of 1JJs of the stacks with different in-plane areas at 30 K.

Fig. 4.3: FIB image of stack J1 (scale bar of 2 ym) and schematic of the 1JJs configuration
in the stack. The blue arrow indicates the direction of current flow which is along

the 1JJs.

Keithley 2182A nano voltmeter and Keithley 6221 AC & DC current source were
used to measure resistance-temperature (R-T') characteristics and current-voltage (J-V')
characteristics for different in-plane stacks using conventional four probe technique in
current biasing mode. The low pass filters were used in signal line to reduce the external

noise at room temperature.
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4.3 Results and discussion

An FIB image of a stack J1 with the scale bar of 2 ym is shown in figure 4.3 along with
the schematic of the stack. The dimensions of the stack J1 are 2 pm x 2 pm with height
of 200 nm. The description of fabricated stacks of various S are summarized in Table 4.1.
Conducting CuO planes are sandwiched by insulating BiO-SrO planes which work as 1JJs
[1]. These LJJs are arrange in series of an array in Bi-2212. The schematic of stack is also
shown in figure 4.3. The spacing between these elementary 1JJs is about 1.5 nm. The
number of elementary 1JJs (N = z/1.5) can be calculated from the height (z) of the stack
[6, 7]. Therefore, the stack J1 has approximately 130 elementary [JJs. The approximate

number of 1JJs for various stack are shownn in table 4.1.

3L 4
g
< 2r y
[ ]
()
(&)
C
g
X0
O
x 1 I

50 100 150 200 250 300
Temparature (K)

i

Fig. 4.4: The resistance vs temperature characteristics of stack J1.

Figure 4.4 depicts resistance vs temperature (R-T') characteristics along the c-axis,

shows single phase superconducting transition (7,) at about 77 K. The over all magnitude

of f~axi$ vesistance @ri@flﬂﬂonomnically and become about zero after. The non-
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linearity of R-T characteristics before transition temperature can be described by the

relation given by Yan et al [8] as equation 1.

R(T) = (a/T)eAT +b/T +d (4.1)
where a, b, and d are T independent parameters, while A represent pseudo gap

The charge transport between adjacent layers can be better described as tunneling
between metallic layers, instead of the band conduction due to the high magnitude of
c-axis resistance [8]. loffe et al.[9] have described para conductivity which contribute to
increase resistance in c-axis above T,.. The single particle density of states at Fermi level
has suppressed due to strong fluctuations into three-dimensional and reduces the c-axis

current, also gives nonlinear resistance [9].
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Fig. 4.5: The voltage vs current characteristics of stack J1 at 30 K.

Voltage dependence of current along the c-axis has been measured at 30 K and found

to Mawvd honliriecas ck@cj:@ﬁii as shown in figure 4.5. We estimated critical current
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density (J..) of stack J1 at 30 K abot 1.2 x 10* A/em?. The superconducting gap in I-V
characteristics (/= 600 mV) shows a few hundred of elementary Josephson junctions in the
stack, that are arranged in series as an array. The step structure near the super current
branch indicates towards the tunneling from one 1JJ to another I1JJ and appeared as multi
branch structure. To avoid the damage of the stack we have not flowed more current to

observe resistive branch.
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Fig. 4.6: The voltage vs current characteristics of stack J1 for various temperature 25 K,
30 K to 70 K in the interval of 10 K.

The I-V characteristics of the stack J1 were measured at different temperature and
shown in figure 4.6. With increase in temperature, the critical current and the gap between
the branches decreases. At high voltage at all temperatures, the I-V curve approaches to
the straight line. This behavior is a consequence of usual tunneling theory. And above
transition temperature it behave like Ohm’s law (not shown here). The normal tunneling

resistance is defined as the static resistance at high voltage where I-V curve sufficiently

ap%qllnééﬁé‘ﬁai@ l‘lléjeﬂji cross the origin. Figure 4.6 is also following the same
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phenomenon at high voltage biasing at any temperature 25 K, 30 K to 70 K with interval

of 10 K. The maximum value of J. about is observed at 25 K.
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Fig. 4.7: Comparison of experimental data (solid square points) with the theoretical esti-
mation of A-B theory for stack J1.

Further we have analyzed the type of [JJs in the stack. We plotted the temperature de-
pendence of normalized critical current (I./1, 4 105 ) in figure 4.7. The experimental data
is compared with theoretical estimation of the Ambegaokar-Baratoff (A-B) theory [10].
The characteristics show superconducting-insulating-superconducting (SIS)-like Joseph-
son junction which follows a good agreement with our experimental data. The results
are same as reported before for SIS -like Josephson junctions. In figure 4.7 the blue solid

squares are experimental data points and line is the theoretical estimation of A-B theory.
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4.4 Conclusions

In conclusion, we have fabricated stack of intrinsic Josephson junctions of Bi-2212 whiskers
of different in-plane areas. The transition temperature and critical current density are
about 77 K and 1.2 x 10* A/em? at 30 K is observed. The Ambegaokar-Baratoff relation
indicates towards the superconducting-insulating-superconducting -like intrinsic Joseph-

son junctions.
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5. QUANTUM FLUCTUATION INDUCED
SUPPRESSION OF CRITICAL CURRENT
DENSITY IN SUBMICRON 1JJS

The Cooper pair tunneling in the intrinsic Josephson junctions (IJJs) can be affected by
quantum phase fluctuations when the resistance of a submicron stack is in the range of
quantum resistance. To observe this quantum effect we have fabricated stacks of 1JJs of
various in-plane area from 4 pum? down to 0.16 pum? in BiySroCaCuyOg, s single crystal
whiskers using three-dimensional focused ion beam etching technique. For stacks of in-
plane area less than 1 ym? a strong suppression in critical current density (J.) is noticed
in current-voltage characteristics at 30 K. The possible mechanisms in this suppression
of J. are discussed and the data analysis points to the quantum phase fluctuations as the
most likely mechanism of this effect. We have achieved quantum fluctuations at 30 K

first time ever reported for BiySroCaCuyOgys (Bi-2212) single crystal whisker.

5.1 Introduction

Intrinsic Josephson junctions (IJJs) are attractive objects for studying the Josephson
effect. Depending on lateral size, large 1JJs can be used as high frequency applications
[1, 2]. The applications of submicron range 1JJs can be related with Coulomb blockade
and quantum phase fluctuations effect on Cooper pair tunneling [3, 4, 5]. The value of
critical current density (J.) can be highly affected by both, thermal or quantum phase
fluctuations (QFs) [6]. Thermal fluctuations are important when the value of thermal
energy (kpT) is higher than charging energy (E.). While QFs become important when:
i) the resistance of jl@JzijJéiﬁroaches quantum resistance (Rg=h/4¢e?), ii) the value of
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E, is higher than kp T' and comparable with Josephson energy (E;) [7, 8, 9]. In the present
work we found a suppression of .J. of submicron lateral sizes IJJs. The data analysis points
to the QF's are the most likely mechanism of this effect.

To observe these QF's, the stacks are fabricated with different in-plane areas (.S) from
4 pm? down to 0.16 ym? using three-dimensional focused ion beam (3-D FIB) etching
technique in BiySroCaCuyOgys (Bi-2212) single crystal whisker. The value of J. has

suppressed when S approaches lower than 1 um? which is the result of QFs in the phase.

5.2 Experimental details

Bi-2212 whiskers were grown by solid state reaction method using the high-purity powders
of BiyO3, SrCO3, CuO and TeO,. These powders were mixed in the proportional ratio
of BiySryCasCug5Tey50,. Further this powder was calcinated twice at 720 °C and once
at 860 °C with intermediate grinding. The calcinated powder was pressed into a pellet
of diameter 10 mm with a force of 60 kN. The pellet was heat treated at 880 °C for 100
h in an oxygen environment with the flow of 150 mL/min [10]. The whiskers of various
dimensions in length (0.5 to 3 mm), width (10 to 30 um) and thickness (0.5 to 3 um)
were found to grow from the surface of pellet.

A Bi-2212 whisker was mounted on MgO substrate. The silver paint was used to make
four electrodes for electrical characterization. To minimize contact resistance, the sample
was annealed at 450 °C for 5 minutes in presence of oxygen. The stacks of various in-plane
areas (S) were fabricated using 3-D FIB machine (SII NanoTechnology SM12050) in a Bi-
2212 whisker, operating with a gallium ion beam of energy 30 keV and beam current from
1 pA to 20 nA. The detailed fabrication process is described elsewhere [11, 12]. Briefly in
this process, the FIB machine has a freedom of tilting and rotating the sample stage up to
60° and 360° respectively. We used a sample stage that itself inclined by 60° with respect
to the direction of the ion beam. We tilted the sample stage by 30° so that the ab-plane
of sample was set to be perpendicular to the ion beam and the sample was milled along
the ab-plane. We turned sample stage back to the initial orientation and rotated it by
180° so that the incline plane was set to be 60° with respect to the ion beam. We then

tilted sample stage by 60° so that the c-axis of the sample was set to be perpendicular
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Tab. 5.1: Parameters of 1JJ of different in-plane area at 30 K

Stack S . N J. C'  Damping rate K, NxE, £y
(pm?) (K) ~ (KA/em?) (fF) (neV) (peV) (meV) (meV)
2 4 77 130 1.2 118 1 2.7 0.3 82.4
J33 3.5 80 100 0.86 103 0.4 3.1 0.3 72.1
J20 225 76 130 0.79 66 0.9 4.8 0.6 46.3
J19 1 78 130 1.1 29 1 10.8 1.4 20.6
J11 025 78 130 0.07 7 14 43.3 5.6 5.1
J24 0.16 77 130 0.03 4 2 67.8 8.8 3.3

to the ion beam and the sample was milled along the c-axis. The Bi-2212 single crystal
whisker was then etched the ab-plane into the size of 0.4 x 0.4 um? and the height of
200 nm along the c-axis. Table 5.1 describes the parameters of 1JJs of the stacks with
different in-plane areas at 30 K.

Keithley 2182A nano voltmeter and Keithley 6221 AC & DC current source were
used to measure resistance-temperature (R-7') characteristics and current-voltage (J-1)
characteristics for different in-plane stacks using conventional four probe technique in
current biasing mode. The low pass filters were used in signal line to reduce the external

noise at room temperature.

5.3 Results and discussion

An FIB image of the submicron stack J24 with the scale bar of 1 pm is shown in figure
5.1. The dimensions of the stack J24 are 0.4 ym x 0.4 pm with height of 200 nm. The
description of fabricated stacks of various S are summarized in Table 5.1. Conducting
CuO planes are sandwiched by insulating BiO-SrO planes which work as I1JJs [13]. These
[JJs are arrange in series of an array in Bi-2212. The schematic of stack is also shown
in figure 5.1. The spacing between these elementary 1JJs is about 1.5 nm. The number
of elementary 1JJs (N = z/1.5) can be calculated from the height (z) of the stack [14,
15]. Therefore, the stack J24 has approximately 130 elementary IJJs. The approximate
number of 1JJs for various stack in shown in Table 5.1.

In-plane area (S) dependence of J. was measured at T = 30 K. The value of J, is
calculated from (critical current I.)/S. Further the value of I. is extracted by subtracting

the qua§1part1cle Current [8].. As shown in Table 5.1, for S > 1 pum?, J. is considerably
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Fig. 5.1: FIB image of stack J24 (scale bar of 1 ym) and schematic of the 1JJs configuration
in submicron stack.

independent of S and approximately equal to 1 x 10® A/cm?. This value of J, is used as
unfluctuated value of the critical current density (J.,). The value of J,, is consistent with
the theoretical value of J, at T = 0 K (J.(0) = ¢®,/87%s\?) about 3 x 10*> A/cm?, which
is considered to be fluctuation free, where @, is flux quantum, v = A./Agp &~ 1300, Ay =
0.3 wm [14]. However for the submicron stacks, J, is suppressed.

Figure 5.2 shows a comparison of J-V characteristics for big stack J22 and submicron
stack J11 at 30 K. The value of J. at 30 K is calculated about 1.2 kA /cm? and 0.07 kA
/em? for stack J22 and J11, respectively. A strong suppression of J, of stack J11 can be
noticed in this plot. The suppression of .J, is in order of 102> when § is reduced from 4 to
0.16 um? (see Table 5.1). The suppressed J. of submicron stacks J11 and J24 are shown
in the figure 5.3 at 30 K. The curve like structure near zero voltage state is observed.
This curve structure is because of insulating behavior of stack at low temperature due to

cha(f ﬁeffect [16]. The possible mechanism behind this suppression can be the effect of
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Fig. 5.2: The comparison of J-V characteristics for stack J22 and submicron stack J11
(J22 is plotted on a 16 times expanded scale of J for better comparison)

gallium ion implantation during fabrication process, thermal fluctuations and quantum
fluctuations of phase.

Starting with the effect of gallium ions implantation: the gallium ions are penetrated
into the surface of stacks up to some distance while fabrication process. The maximum
gallium ions penetration depth and area in our experimental conditions of FIB are about
60 nm and 0.01 pm? (4 x (60)? nm?), respectively as reported in previous study [17]. The
effect of gallium ions cannot be neglected during the fabrication process which can effect
Je. To confirm the effect of gallium ion in J,., two stacks of same width 0.5 pm, J33 and J11
were fabricated. Both stacks have same level of gallium ion penetration but the value of .J,.
suppressed only in case of stack J11 (S less than 1 um?) (see Table 5.1). This observation
concludes that the gallium ion implantation did not contribute in the suppression of J. in

our case. Considering the effect when kg1 is greater than E;, thermal fluctuations can

be e for, suppression-in JdlS The lower limit of critical current value (= 4mwekT'/h)
Coifectioh @&
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Fig. 5.3: The suppressed J. in the J-V characteristics along the c-axis of submicron stacks
J24 and J11 of Bi-2212 single crystal at 30 K

at 30 K is about 1.2 pA which is an order less than the critical current value for biggest
stack (J22 ~ 49 pA). In our case, the value of kg T is less than the value of F; as shown
in Table 5.1 which eliminate the thermal effect. Interesting feature for submicron stacks
is that the hysteresis of the J-V characteristics is suppressed even at low temperature and
we have not seen any heating effect at high biasing in J-V characteristics. This analysis
shows thermal fluctuations can not be the only mechanism to suppress the J..

Now we are extending our analysis for the cause of suppression of J. on the basis of
the quantum fluctuation of phase. The conditions to observe the quantum effects are: E,
should be comparable with the damping rate h/RC and E; (where R is the resistance
and C' (= €,€.5/s) is the capacitance) [7]. Mathematically, the first condition E, > h/RC
is fulfilled if the stack area S < 1um?. Table 5.1 shows the stacks are following the first
condition as the value of E, is greater than i/ RC.

The,second condit'@l to observe quantum effects can be written as an inequality E;/E,
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Fig. 5.4: The dependence of critical current density at 30 K upon the inverse area (semi
log scale). The squares are our experimental data and the line is an exponential
fit of the experimental data.

< 1. The value E; and E, can be calculated using the relations: F; = ®,J.,,5/2r and E.=
2¢%s/e.€.S, where @, is flux quantum, e is electron charge and ¢, = 5 is dielectric con-
stant of Bi-2212 along the c-axis [14, 19]. For a single Josephson junction, the condition «
(=E;/E.) <1 can be rewritten as S < (4W62/®0Jceoec)1/2 and as per our experimental
conditions, we obtain § < 0.002 wm?. From this value of S, it can be expected that the
stacks reported in Table 5.1 might be unaffected by QF's.

However in nano-periodic Josephson junction array of N junctions, F. can be enhanced
by a factor of N because of inter-junction Coulomb interaction [9, 20, 21] and tunneling of
Cooper pair. The quantum fluctuations cannot be neglected if N > 2a%5 for the stacks
of N 1JJs with a > 1 [7]. Therefore, the stacks with 100 IJJs quantum fluctuations are
effective even if F; is 10 times larger than E.. Also, to observe quantum effects the value

of thermal energy should be smaller than the charging energy. In our case, the value of
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thermal energy is about 2.6 meV (30 K) which is smaller than the charging energy for
submicron stack (J24) 8.8 meV (see Table 5.1).
For further verification, we used equation 5.1 to analyze our data. According to this

equation in presence of QFs, the value of J. drops exponentially as [7, 15, 22]:

J() o exp ( (5.1)

%)
2Va
since S o v/, therefore current density should be proportional to exp(-N/2S) if there is
quantum fluctuation! Taking into account that for our stacks N was nearly constant, we
expected J. to be proportional to exp (1/5), if J, is affected by quantum fluctuations.
So we plotted the log(J.) versus 1/S as shown in figure 5.4. The observed data show a
good agreement with the equation 5.1 as evident from the fitted line. This agreement
implies that QFs are responsible for the observed suppression of J, in junctions having S

less than 1 um? as indicated in Table 5.1 and in figure 5.4.

5.4 Conclusions

In conclusion, we have fabricated stack of intrinsic Josephson junctions of Bi-2212 whiskers
of different in-plane areas (S) from 4 ym? down to 0.16 ym?. The quantum fluctuations
(QFs) in submicron stack at 30 K are observed first time ever. The presence of QF's
are verified with strong suppression in critical current density. The conditions to observe
quantum effects are discussed. The application of quantum effect can be use in a single

electron device at 30 K.
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The equation represents a relation between critical current density and alpha in
presence of quantum fluctuations. The quantum regime can be achieved by two
ways i) to decrease the Josephson energy, ii) to increase charging energy. In most
of the cases people try to suppress the critical current and decrease the value of
Josephson energy using magnetic field. In our case, we increase the value of charging
energy by decreasing the in-plane area of stacks, which lead to quantum fluctuation
effects. In Bulaevskii et al [7], they described the crossover to see the quantum
regime using magnetic field. The use of magnetic field is to observe the effect of
quantum fluctuation which means the relation of critical current density and alpha
will be valid if quantum fluctuations exist and do not depend how the quantum
fluctuations are generated. Hence the equation can be applicable in both magnetic

and non-magnetic field cases.
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6. CHARACTERISTICS OF SUBMICRON
JOSEPHSON JUNCTIONS OF Y123/PR123
MULTI LAYERED THIN FILMS

We fabricated intrinsic Josephson junctions (IJJs) in a-axis oriented Y123 thin film of
thickness about 500 nm. [JJs (CuO, planes) were aligned perpendicular to the substrate
in the thin films. The bridge type pattern was fabricated using focused ion beam milling
technique in such a way that the current flow along the c-axis in thin film. The dimensions
of bridge were about 1 pym x 5 pum. The value of 7. and J. for micron bridge are about
89 K and 2x10% A/em? at 10 K, respectively. The samples were irradiated with external
microwave at 20 GHz and the J. was suppressed with increase in power. This suppression
in J, indicates the formation of layered structure with strong coupling. The voltage steps
were appeared with microwave irradiation in /I-V characteristics. The value of voltage
steps were irregular and change with increase in power. The dc-Josephson current relation
shows formation of superconducting-insulating-superconducting type Josephson junctions
in micron bridge.

To extend our study, we have also fabricated a submicron stack in a-axis oriented
multi layered thin films of YBayCu3zO7 (Y123) and PrBa,Cu3O; (Pr123) using three
dimensional focused ion beam milling technique in such a way that the current was forced
to flow along Josephson junctions in multi layered thin film. The in-plane of the stack is
about 300 nm x 200 nm. The transition temperature (7) and critical current density (.J..)
of submicron stack were about 70 K and 2x10° A/cm? at 30 K, respectively. The stack
was irradiated with external microwave of 10 GHz with different power and studied at 30

K. The supercurrent branch become resistive above a certain microwave power and also
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6. Characteristics of submicron Josephson junctions of Y123/Pr123 multi layered thin films 54

the .J. was suppressed as we increased the microwave power. The temperature dependence
of de-Josephson current relation was analyzed with Ambegaokar-Baratoff (A-B) theory.
The relation shows formation of superconducting-semiconducting-superconducting type

Josephson junctions.

6.1 Introduction

High T, superconductors (HT'SCs) REBay,CuzO, (RE-123), where RE denotes rare earth
element, are the most fascinating material for second-generation superconducting devices.
YBayCuzO7 (Y123) is one of the HTSC family superconductor having lattice parameters
of a =382 A b =388 A ¢ = 1168 A [1]. The orientation of Y123 thin film can be
controlled in any axis from a-axis to c-axis. Y123 can be a prospective candidate for
nano device fabrication because of high 7, and higher value of critical current [2, 3]. A-
axis oriented thin films are potentially superior to c-axis films for sandwich-type junction
applications because of the larger coherence length in a-axis direction [4]. Thus growth
of thin epitaxial insulators or normal barriers on a-axis films, followed by another a-axis
superconductor, is an important goal. The layered structure of superconducting Y123
gives the phenomenon of intrinsic Josephson junctions (IJJs) and these junctions are
arranged as an array along the c-axis.

The application of microwave irradiation on IJJs can be use in the quantum electronics
[5]. The IJJs are very sensitive to the external electromagnetic environments and when
it is irradiated by microwave a constant voltage plateaus appear in current-voltage (I-V')
characteristics in a sequence of equality separated voltage [6, 7, 8]. The dynamics of vor-
tex can be one of the causes for these steps. In case of array of Josephson junctions the
steps appear in giant value and show the collective response of many Josephson junctions.
The suppression in critical current takes place when microwave is irradiated. This unique
property of Josephson junction can be apply in many applications such as superconduct-
ing quantum interface device (SQUID), high frequency devices, voltage standard, photon
detection, and many more. In this study, we have used a-axis oriented Y123 thin films
which works as the Josephson junctions array along the parallel direction to the sub-

strate (c-axis). The devices were fabricated using 3-D focused ion beam (3D FIB) milling
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Current |
HEREREERE L

Fig. 6.1: FIB image of micro-bridge (scale bar of 4 pum) and schematic of the 1JJs
configuration in the micro-bridge fabricated on a-axis oriented Y123 thin films.
The arrow indicates the direction of current to observe 1JJs. The axial direction
of thin film is shown in the inset.
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technique. The I-V characteristics have been measured for devices with microwave ir-
radiation. Devices show the response with microwave irradiation in different power and

critical current suppress as increase microwave power.

6.2 Experimental details

6.2.1 Growth of a-axis oriented multi layered thin films

The a-axis oriented Y123/Pr123 multi layered thin films were grown on (100) SrLaGaO,
(SLGO) substrates with buffer layer of GdaCuO4(Gd214) by a pulse laser deposition
(PLD) technique using ArF excimer laser (by Dr M. Takamura and Prof M Mukaida, De-
partment of Material Science and Engineering, Kyushu University, Japan). The thickness
of Y123 and Pr123 is about 50 nm and 10 nm respectively in multi layered thin films.
The detail recipe of growth of thin films have described elsewhere [9]. A sintered target
with 38 mm in diameter and 4 mm in thickness of Y123/Pr123 and Gd214 is used to
grow the thin films. The targets are rotated during the irradiation of laser beam. The
SLGO substrate were glued with silver epoxy on a substrate heater specially designed
for ultrahigh vacuum applications. First of all, the buffer layer of Gd214 of 50 nm were
deposited on clean surface of SLGO substrate at 730 °C in a 40 mTorr oxygen pressure.
After the buffer layer, alternate Y123 and Pr123 thin films of thickness 15 nm and 5
nm respectively were deposited at 700 °C. The deposition parameter such as deposition
temperature of films is in the range of 680 - 700 °C, pulse frequency is 5 Hz, and rotation
speed of the target is about 0.5 rpm. We grow two types of film; i) a-axis oriented Y123
thin films for 1JJs study (micron bridge) and ii) a-axis oriented Y123/Pr123 multi layered

thin films for submicron Josephson junctions (submicron stack).

6.2.2 Fabrication of submicron stack of a-axis oriented multi

layered thin films

We have fabricated submicron stack using 3-D FIB machine (SII NanoTechnology SM12050),
operating with a Ga™ ion beam of energy 30 KeV and beam current from 1 pA to 20 nA

in thin films. The detail fabrication technique is described in our previous reports [10, 11].
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Fig. 6.2: The R-T characteristics of micro-bridge fabricated in a-axis oriented Y123 thin
films. Transition temperature starts about 89 K. Inset shows enlarge area near

the transition temperature.
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Fig. 6.3: The I-V characteristics of micro-bridge fabricated in a-axis oriented Y123 thin
films at 10 K without microwave irradiation.
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Briefly in this process, the FIB machine has a freedom of tilting and rotating the sample
stage up to 60° and 360° respectively. We used a sample stage that itself inclined by
60° with respect to the direction of the ion beam. We tilted the sample stage by 30° so
that the sample was set to be perpendicular to the ion beam and the sample was milled
along the bc-plane. We turned sample stage back to the initial orientation and rotated
it by 180° so that the incline plane was set to be 60° with respect to the ion beam. We
then tilted sample stage by 60° so that the sample was set to be perpendicular to the ion
beam and the sample was milled along the ac-plane of the multi layered thin film. The
in-plane area of submicron stack is about 200 nm x 300 nm. The number of Josephson
junctions is 12 in the multi layered thin film and at least two Josephson junctions belong
in submicron stack as the height of stack is about 240 nm. The micron bridge is fabricated
in a-axis oriented Y123 thin films by etching only in in-plane, the dimensions are about 1
pm along the c-axis and 4 pm along the b-axis of thin film. Intrinsic Josephson junctions
are aligned along the c-axis of a-axis oriented Y123 thin films. The detailed fabrication
process is discribed in chapter 3. For electric transport characterization, Keithley AC-DC
source 6221 and Keithley nano voltmeter 2182A are used. The resistance-temperature
(R-T) characteristics and current-voltage (I-V') characteristics are performed using four

probe technique. Low pass filters are used in signal line to reduce the external noise.

6.3 Results and discussion

Figure 6.1 shows FIB image of micro-bridge fabricated on a-axis oriented Y123 thin film.
The expended view shows schematic diagram of array of IJJs in micro-bridge with a
buffer layer of Gd214 (50 nm) on SLGO substrate. The direction of flow of current in
micro-bridge is along the c-axis and shows a combined effect of array of [JJs. The dark
lines perpendicular to substrate indicate the CuO planes. The layered structure with
CuO planes forms [JJs. The micro-bridge is in such a way that current flows across these
junctions and the Cooper pairs tunnel through these barriers. The R-T characteristic of
micro-bridge of a-axis oriented Y123 is shown in figure 6.2 and transition temperature
(Teon) is about 89 K (where T,oy is the temperature from where superconductivity state

starts). Before T.oy, micro- brldge shows the usual semiconducting behavior along the
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Fig. 6.4: The I-V characteristics of micro-bridge at 20 GHz frequency of microwave irra-

diation of different power at 65 K. Inset shows the voltage steps at the indicated
region.
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Fig. 6.5: Comparison of experimental data (solid square points) with the theoretical es-
timation of A-B theory for micro-bridge fabricated in a-axis oriented Y123 thin
films.
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Fig. 6.6: FIB image of submicron stack (scale bar of 4 pm) and schematic of the JJs
configuration in the submicron stack fabricated on a-axis oriented Y123/Pr123

i1 re@h' él . The arrow indicates the direction of current to observe
CO"é‘ﬁlﬁﬁa :i“ mn of thin film is shown in the expended view.
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Fig. 6.7: The R-T characteristics of submicron stack fabricated in a-axis oriented
Y123/Pr123 multi layered thin films. Transition temperature starts about 84

K. Inset shows enlarge area near the transition temperature.
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c-axis.

The super current branch in I-V characteristics corresponds to all [JJs in micro-bridge
and the number of IJJs can be calculated (N = length of micro-bridge/1.16 nm) about
833. The critical current density (J,) of about 2 x 10° A/cm? has been calculated from
I-V characteristics at 10 K without external microwave irradiation. We have not found
any hysteresis in -V characteristics. The I-V characteristics of micro-bridge fabricated
in a-axis oriented Y123 thin films at 10 K without microwave irradiation shown in figure
6.3.

We measure [-V characteristics with external microwave irradiation of 20 GHz and
different power at 65 K. Figure 6.4 shows the effect of microwave irradiation on micro-
bridge. With increasing microwave power, the critical current (I.) has suppressed grad-
ually. The power of microwave has increased vortices in IJJs and caused suppression of
I.. The suppression in I. shows the effect of microwave. The maximum suppression is
occurring at maximum power of 20 GHz frequency of microwave. The superconducting
branch is sensitive to the microwave power. The value of I. suppress with increase in the
microwave power. The microwave power is varied from 0 dbm to 15 dbm in the step of
2.5 dbm. The super current branch become resistive above a certain microwave power.

The microwave induced voltage steps have been appeared in I-V characteristics with
different power. The voltage steps are clearer as we increase the biasing voltage. The value
of voltage steps are increasing with increase in power. The relation with power indicates
these voltage steps are induced because of flux flow behavior of Josephson vortex.

The temperature dependence of critical current density (J. — 7') has been fitted
with the Ambegaokar-Baratoff (A-B) theory. The fitted curve with experimetal data
indicates towards superconductor-insulator-superconductor (SIS) type Josephson junc-
tion [12]. Figure 6.5 shows the temperature dependence of normalized critical current
(Ie/Teatior ). The solid blue squares are the experimental data and the line is theoret-
ical estimation of A-B theory. The experimental data are well fitted with theoretical
estimation.

We have extended our study of a-axis oriented Y123 films to a-axis oriented multi
layered Y123/Pr123 thin films. Figure 6.6 shows FIB image of submicron stack fabricated

in t1 layered Y123/Pr123. The number of Pr123 layers is 36 in multi layered thin
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films. The thickness of Pr123 and Y123 are about 5 nm and 15 nm, respectively. The
schematic diagram of multi-layered thin films is also shown in the figure. The axial
orientation of multi-layered thin films is shown in inset. We have used the current direction
as shown by the arrow to observe the Josephson junction effect. The films are deposited on
SrLaGaQ, substrate with buffer layer of 50 nm GdyCuQOy4. The dimensions of submicron
stack in-plan area are 0.3 pum x 0.2 pm with height of 200 nm. In the stack Pr123 layer
works as a semiconducting layer and Y123 works as a superconducting electrode. This
layered structure is a superconducting-semiconducting-superconducting type Josephson
junction.

Figure 6.7 shows the R-T characteristics of multi layered thin film of Y123 /P123. We
find transition temperature ON (7;) of about 84 K. Inset of figure 6.7 shows the magnified
region near the transition temperature. The value of T, for submicron stack has found
lower than the pure a-axis oriented Y123 thin film which is the effect of Pr123 layered
sandwiched with Y123.

The I-V characteristics of submicron stack fabricated on multi layered thin film of
Y123/P123 is shown in figure 6.8 at 30 K. The supercurrent branch shows a tilte because of
resistance which can be confirm from the R-T characteristics. Further we have measured
the I-V characteristics of submicron stack with different power of 10 GHz microwave
frequency at 30 K. Figure 6.9 shows the [-V characteristics of submicron stack with
10 GHz of microwave frequency at different power at 30 K. The critical current has
suppressed as we apply any microwave power. The suppression of critical current indicates
that the microwave is suppressing superconductivity and pinning in the submicron stack.
We calculate critical current about 0.12 mA from [-V characteristics at 30 K without
any microwave irradiation. The suppression in critical current has occurred when we
apply the microwave with any power. The maximum suppression is occurring at +15 db
power of 10 GHz frequency of microwave. The voltage steps have not appeared in the
I-V characteristics which can be the cause of fabrication technique and quality of multi
layered film. However, the suppression in critical current shows the effect of microwave

irradiation in Josephson junctions.
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Fig. 6.8: The [-V characteristics of submicron stack fabricated in a-axis oriented
Y123/Pr123 multi layered thin films at 30 K without microwave irradiation.
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Fig. 6.9: The [-V characteristics of submicron stack at 10 GHz frequency of microwave

irradiation of different power from 0 to +15 dbm in the steps of 2.5 dbm at 30
K.
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6.4 Conclusion

We have fabricated a micro-bridge (in a-axis oriented YBayCuzO; thin films) and sub-
micron stack (in a-axis oriented YBayCuzO7/PrBasCuzO; multi layered thin films) using
3-D FIB etching technique to observe Josephson junctions characteristics. The transition
temperature for micro-bridge is about 89 K. The critical current of about 2 x 10% A/cm?
has calculated at 10 K from [-V characteristics. We notice suppression in critical current
as the effect of external microwave at different power. As we increase the power, the
superconducting state is suppressing and results to suppress the critical current. The
value of flux flow voltage steps are increasing with increase in power of microwave. To
extend our study, a submicron stack has been fabricated in multi layered thin films of
Y123/Pr123 and submicron stack gives response with microwave irradiation. We believe
these results give scope for future analysis to grow the multi-layered thin film of all a-axis

oriented YBayCuzO7; and PrBasCusO5 for high frequency device applications.
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7. MICROWAVE IRRADIATION ON A-AXIS
ORIENTED Y123/PR123 NANO-SQUID

A submicron superconducting quantum interference device was fabricated in vertical
Josephson junctions of a-axis oriented YBayCuzO7 and PrBay,CuzO7 (Y123/Pr123) multi
layered thin films using three dimensional focused ion beam milling technique. The tran-
sition temperature and critical current density (.J.) of the device are about 83 K and 2
x 10% A/cm? at 20 K, respectively. The device was irradiated with external microwave
up to 40 GHz and studied at 20 K. The microwave induced voltage steps are observed
in I-V characteristics. The super current branch become resistive above a certain mi-
crowave power and also the J. was suppressed as we increased the microwave power. The
temperature dependence of dc-Josephson current relation was verified with Ambegaokar-
Baratoff (A-B) theory. The relation shows formation of superconducting-semiconducting-

superconducting type Josephson junctions.

7.1 Introduction

Since the discovery of the layered high-T. superconductors (HTSCs) REBayCu30,, (RE123,
RE denotes rare earth elements), it has been accepted one of the most fascinating mate-
rial for second-generation superconducting devices using Josephson junction phenomenon.
Highly anisotropic YBayCuzO7; (Y123) is one of the HT'SC family superconductor having
higher electrical conductivity in ab- plane than c-axis [1]. The orientation of Y123 thin
film can be controlled in any axis from a-axis to c-axis [2]. A-axis oriented thin films
are potentially superior to c-axis films for sandwich-type junction applications because

of the larger coherence length in a-axis direction [3]. Thus growth of thin epitaxial insu-
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lators or normal barriers on a-axis films, followed by another a-axis superconductor, is
an important goal. The application of microwave irradiation on such multi layered thin
film Josephson junctions (JJs) can be used in the quantum electronics [4]. These JJs are
very sensitive to the external electromagnetic environments. A constant voltage plateaus
appear in current-voltage (I-V') characteristics in a sequence of equally separated voltage
when JJs are irradiated by external microwave [5, 6, 7]. The dynamics of vortices under
the influence of external microwave can be one of the reason for the occurance of these
steps. This unique property of JJs can be apply in many applications such as super-
conducting quantum interface device (SQUID), high frequency devices, voltage standard,
photon detection, and many more [8, 9, 10, 11, 12, 13].

In this study, we have used a-axis oriented Y123 and PrBayCuzO; (Pr123) multi
layered thin films which work as the Josephson junctions across the multi layered thin films
(a-axis of thin films). The submicron SQUID devices are fabricated using 3-D focused ion
beam (3D FIB) milling technique. The I-V characteristics have been measured for devices
with microwave irradiation. The device shows the response of microwave irradiation in

different power and the value of critical current suppress with increase in microwave power.

7.2 Experimental details

7.2.1 Growth of multi layered thin films of a-axis oriented

Y123/Pr123

The a-axis oriented Y123 /Pr123 multi layered thin films were grown on (100) SrLaGaOy
(SLGO) substrates with buffer layer of GdyCuO4(Gd214) by pulse laser deposition (PLD)
technique using ArF excimer laser (by Dr. M. Takamura and Prof. M. Mukaida, Depart-
ment of Material Science and Engineering, Kyushu University, Japan). The detail recipe
of growth of thin films have been described elsewhere [14]. Briefly, a sintered target with
38 mm in diameter and 4 mm in thickness of Y123 and Gd214 is used to grow the thin
films. The targets are rotated during the irradiation of laser beam. The SLGO substrate
were glued with silver epoxy on a substrate heater specially designed for ultrahigh vac-

uum applications. First of all, the buffer layer of Gd214 of 50 nm were deposited on clean
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Fig. 7.1: Scheme of 3-D FIB milling process (a) The incline sample stage plane has an
angle of 60° with ion beam (where we mount sample). (b) The initial orientation
of sample and sample stage. (c¢) Sample stage titled by 30° anticlockwise with
respect to ion beam and milling along bc-plane of the mulilayered thin film.
The axis notation indicates the orientation of multi layered thin films. (d) The
sample stage rotated by an angle of 180° and also tilted by 60° anticlockwise
with respect to ion beam and milled along the ac-plane of the mulilayered thin
film.
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Fig. 7.2: (a) FIB image of submicron-SQUID device in Y123/Pr123 multi layered thin
films; (b) The schematic of fabricated device (all dimensions are in nm); (c¢) The
schematic shows alignment of CuO planes in multi layered Y123/Pr123.
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surface of SLGO substrate. After the buffer layer, we deposited alternate Y123 and Pr123
thin films of thickness 15 nm and 5 nm respectively. The deposition parameter such as
deposition temperature of films is in the range of 680 - 700 °C, pulse frequency is 5 Hz,

and rotation speed of the target is about 0.5 rpm.

7.2.2 Fabrication of SQUID structure in a-axis oriented

Y123/Pr123

We have fabricated devices using 3-D FIB machine (SII NanoTechnology SMI12050), op-
erating with a Ga™ ion beam of energy 30 KeV and beam current from 1 pA to 20 nA in
thin films. The detail fabrication technique is described in our previous report [15, 16].
Brifly in this process, the FIB machine has a freedom of tilting and rotating the sample
stage up to 60° and 360° respectively. We used a sample stage that itself inclined by 60°
with respect to the direction of the ion beam (as shown in figure 7.1 (a)). We tilted the
sample stage by 30° so that the sample was set to be perpendicular to the ion beam and
the sample was milled along the be-plane (as shown in figure 7.1 (c)). The axis notation in
inset of figure 7.1 (c¢) shows the orientation of multi layered thin film. We turned sample
stage back to the initial orientation and rotated it by 180° so that the incline plane was
set to be 60° with respect to the ion beam. We then tilted sample stage by 60° so that
the sample was set to be perpendicular to the ion beam and the sample was milled along
the ac-plane of the multi layered thin film (as shown in figure 7.1 (d)).

The four probe technique and low pass filters in signal line are used for electrical
characterization in current biasing mode. We use Keithley 6221 AC & DC current source
and nano voltmeter 2182A for resistance vs temperature (R-T') characteristics and current
vs voltage (I-V') measurement. A coaxial line from Wiltron sweep generator to the sample

is used to supply the microwave.

7.3 Results and discussions

Figure 7.2 (a) shows FIB image (scale bar 1 pum) of device along with schematic. The
device is fabricated on all a-axis oriented Y123/Pr123 multi layered thin films. The

layeTed |$txuetire of @8'] @j]ﬁrl% give the phenomenon of Josephson junctions when
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of the device with out microwave irradiation at diffrent temperature of 10, 20,
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the current flows across the multi layered thin films (a-axis of thin films). Figure 7.2 (b)
shows the detail description of device. The device has two submicron stacks of Josephson
junctions with a submicron-loop of dimensions about 300 nm x 200 nm. The width of
device is about 200 nm. The length of submicron stacks are different (200 nm and 100
nm) which is because of fabrication process. The red circle is magnified in next schematic
figure 7.2 (c) which shows the layered structure of Y123 and Pr123 in submicron stack.
The perpendicular red lines indicate CuO planes of Y123 and Pr123 thin films.

Figure 7.3 (a) shows R-T characteristics for the device. The value of transition temper-
ature (7T,) about 83 K is observed. The value of critical current density (J,) about 2 x 10°
A/cm? at 20 K was estimated from -V characteristics for the device without any external
microwave irradiation. Figure 7.3 (b) shows I-V characteristics at different temperatures
from 10 to 30 K. The device shows resistively shunted-junction (RSJ) characteristics be-
low transition temperature also we did not observed any branch structure or hysteresis in
1I-V characteristics. The critical current suppresses with increase in temperature.

Figure 7.4 (a) shows the microwave power dependence of I-V characteristics at 20 K.
The microwave of frequency 10 GHz is introduced by a coaxial cable. The voltage steps are
observed in the flux flow (FF) type I-V characteristics caused by the Josephson vortices-
flow in the junctions. These steps are more clear at high voltage and high microwave
power. The inset of figure 7.4 (b) shows the magnified region at high microwave power
with a voltage step.

The superconducting branch is sensitive to the microwave power. The value of I.
suppress with increase in the microwave power. The microwave power was varied from
0 dbm to 15 dbm in the step of 2.5 dbm. The first step (V) in I-V characteristics
appears at 21 pV (for 2.5 dbm power), and then the step shifts towards higher voltage
while showing a complicated change due to the interference of different resonant modes.

Figure 7.4 (b) shows V; dependence on the microwave power P. The square point
shows experimental data and solid line shows a linear fit of these data. We linear fitted
the experimental data with two ranges, R1) 0 < P < 10 and R2) 7.5 < P < 10. The
value of Vi and Vi, increase proportionally to the microwave power (P) in both range.

However, the rate dV,,/dP is about 2 and 1.5 times higher than dVy;/dP in first range

and-second range, respectively. This may be due to an increase in number of Josephson
Coflectivn &ieju
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junctions contributing to the vortices-flow. The difference in slope in first and second
ranges may be due to the coupling of Josephson junctions with the microwave power.
The temperature dependence of normalized critical current (I./I. . 10x) is plotted
in figure 7.5. The experimental data is compared with theoretical estimation of the
Ambegaokar-Baratoff (A-B) theory [17]. The characteristics shows superconducting-
semiconducting-superconducting (SSeS)-like Josephson junction which follows a good
agreement with our experimental data. The results are similar as reported before for
SSeS -like Josephson junctions [18]. We have successfully observed resonant like I-V

characteristics of device under microwave irradiation.

7.4 Conclusions

We have grown the multi layered thin films of all a-axis oriented YBay;CuzO7 and PrBay,CuszO5
(Y123/Pr123) using pulsed laser deposition technique. The transition temperature (7)
and critical current density (J.) of multi layered thin film are about 83 K and 2 x 10°
A/em? at 20 K, respectively. A SQUID type structure device was fabricated using fo-
cused ion beam milling technique. The microwave induced voltage steps are observed
in I-V characteristics. The super current branch become resistive above a certain mi-
crowave power and the value of J. was suppressed as we increased the microwave power.
The power dependence of voltage steps shows the number of Josephson junctions con-
tributing to the vortices-flow varies with the power of microwave. The formation of
superconducting-semiconducting-superconducting -like Josephson junction is confirmed

by Ambegaokar-Baratoff theory.
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8. SUMMARY

The application of Josephson effect is always being focused by scientists and engineers.
This thesis gives a flavour of application of Josephson effects in submicron range. Depend-
ing on lateral size, large Josephson junctions can be used as high frequency applications.
The Josephson effect provides an unique principle to excite high-frequency electromag-
netic (EM) wave in the single junctions or in arrays. The Josephson junctions can be
used as the terahertz (THz) oscillator because of large superconducting gap. Although
the emission from a single junction is weak and many junctions can emit high enough
power for different applications. The solid-state THz radiation sources are useful for the
applications in different fields such as medicine, diagnostics, bio-science, ultrahigh-speed
communication, environmental studies, security systems, and nondestructive and nonin-
vasive sensing and imaging.

The applications of submicron range Josephson junctions can be related with Coulomb
blockade and effect of quantum phase fluctuations on cooper pair tunneling. The Joseph-
son junctions shows an unique phenomenon when the size if sufficiently small so that the
charge of a single electron matters. In quantum regime, the quantum conjugate properties
of phase and number play an important role. The quantum regime can be observe when
the value of charging energy is high enough to eliminate the thermal effect. In experi-
mental point of view we took critical current density (J.) which can be highly affected
by both, thermal or quantum phase fluctuations. In this thesis, we showed that the pos-
sibility of quantum fluctuations which have suppressed the critical current density. This
phenomenon have been achieved at 30 K. To observe this quantum effect we have fab-
ricated stack of intrinsic Josephson junctions of BisSroCaCuyOg,s (Bi-2212) whiskers of

2

different in-plane areas (S) from 4 pym? down to 0.16 um?. The charging energy of the

stack is increasing with decrease in in-plane area which lead to quantum fluctuations.

Collection @ jeju



8. Summary 83

The presence of quantum fluctuations are verified with strong suppression in critical cur-
rent density. The conditions to observe quantum effects are obeyed. The application of
quantum effect can be use in a single electron device at 30 K.

Further extending the application of submicron Josephson junctions, we have stud-
ied the multi layered thin films of all a-axis oriented YBayCu3O; and PrBay,CusO;
(Y123/Pr123) grown using pulsed laser deposition technique. The orientation of Y123
thin film can be controlled in any axis from e-axis to c-axis. Y123 can be a prospective
candidate for nano device fabrication because of high 7. and higher value of critical cur-
rent. A-axis oriented thin films are potentially superior to c-axis films for sandwich-type
junction applications because of the larger coherence length in a-axis direction. Thus
growth of thin epitaxial insulators or normal barriers on a-axis films, followed by another
a-axis superconductor, is an important goal. Considering this phenomenon we have stud-
ied a submicron stack of Y123/Pr123 multi layered thin film Josephson junction. The
submicron stack shows the transition temperature about 84 K and critical current of
about 0.12 mA at 30 K. We notice suppression in critical current as the effect of external
microwave at different power. As we increase the power, the superconducting state is
suppressed and resulted in the suppression of the critical current. However, we have not
observed voltage steps in current-voltage characteristics with external microwave irradia-
tion which can be possibility of fabrication process. As during the fabrication process the
Josephson junctions can be damaged.

With improving fabrication control, we fabricated a superconducting quantum inter-
face device (SQUID) using focused ion beam milling technique. The microwave induced
voltage steps are observed in [-V characteristics. The super current branch become
resistive above a certain microwave power and the value of J. was suppressed as we in-
creased the microwave power. The power dependence of voltage steps shows the number
of Josephson junctions which are contributing to the vortices-flow varies after a certain
power of microwave. The formation of superconducting-semiconducting-superconducting

like Josephson junction is confirmed by Ambegaokar-Baratoff theory.
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