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ABSTRACT

The single-crystal whiskers of BiySraCaCusOgys (Bi-2212) have attracted much attention
because they have perfect crystallinity, are free of dislocations, show peculiar dimensions
with extremely small cross-sections, and have excellent superconducting properties. The
developments suggest that whiskers might be used in the fabrication of new electronic
devices using intrinsic Josephson junctions and related phenomena, such as Josephson
plasma oscillations. Stacked junctions have been fabricated by using Bi-2212 whiskers and
are thought to be prospective candidates for high-frequency applications of the intrinsic
Josephson effect.

All studies on Bi-2212 whisker growth so far have been based on flux flow method. The
whiskers are grown by annealing only melt-quenched glassy precursors that dope Al. We
have successfully grown Bi-2212 whiskers directly from the sintered pellets of polycrys-
talline precursor including Te that had not passed through a melt-quenched glassy state.
These whiskers have excellent crystallinity with a small amount of Bi-2223 intergrowth
and a very uniform multibranched structure of the current (I) - voltage (V) characteristics
due to the intrinsic Josephson junctions along the c-axis, suggesting that the whiskers are
homogeneous and of good quality.

We have succeeded in the growth of superconducting Bi-2212 single crystal whiskers
with a Te-doped method. We use a Te-doped precursor with the mixed pure powders
Bi; O3, SrCO3, CuO and TeOs into the ratios of BisSroCasCussTeg50,. Bi-2212 single
crystal whiskers have grown through the pellet surface 2-4 mm in length and 20-100 pgm in
width. Characteristics of whiskers were investigated by the resistance-temperature (R-T),
X-ray diffraction (XRD) and current-voltage (I-V') measurements. The R-T characteris-
tics in ab-plane of the whiskers showed that their 7 ,, and T .,q were about 106 K and 75
K, respectively and confirmed that the whiskers had Bi-2212 single crystal phase by XRD
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1. INTRODUCTION

1.1 Introduction

Superconductivity was discovered in 1911 by the Dutch physicist Heike Kamerlingh
Onnes. He dedicated his entire carrier to exploring extremely cold refrigeration. In 1908,
he successfully liquified helium by cooling it into 4 K. In 1911, he starting investigating
the electrical properties of metals extremely at cold temperatures. At that time, he found
that dc resistivity of mercury wire suddenly drops to zero below 4.2 K. The search for
new superconducting materials led to a slow increase in the highest known transition
temperature T, over the decades, reaching a plateau at 23 K with the discovery of su-
perconductivity of Nb3Ge by Gavaler [1]. In 1986, the discovery of superconductivity at
~ 35 K in "LBCO"(LaBaCuO phase) by Bednorz and Muller [2] which opened the door
for higher transition temperature superconductors and they were awarded Noble prize in
1987.

This discovery excited all researchers since it revealed that the oxides formed an un-
suspected 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 [3, 4]. The achievement for more higher 7, were found in
BiSCCO system [5] and TBCCO system [6]. In all these copper oxide planes form a com-
mon structural element, which is through to dominate the superconducting properties.
Depending on the choice of stoichiometry, the crystallographic unit cell contains varying

number of CuO, planes.
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1. Introduction 3

Tunneling

Superconductor
Current

K ' 4
~10 nm f - Insulator

Superconductor

Fig. 1.1 The schematic of a Josephson junctions.

1.2 Josephson Junction

A Josephson effect [7] is a phenomenon when two superconductors are seperated by thin
insulator layer. Josephson predicted the occurrence of some unusual phenomenon in
this situation a tunneling current at zero bias voltage. Shortly, this was observed ex-
perimentally 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 [8, 9, 10, 11, 12, 13]. Apart from these structures, in high 7. copper oxide materials
(e.g. Bi-2212) intrinsic Josephson junctions (IJJs)tunneling occurs in the c-axis direction
[14]. Figure 1.1 shows the schematic of a Josephson junction. The insulator barrier is so
thin that cooper pairs 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 in a
superconductor can be described using the second Ginzburg-Landau (G-L) equation [15],
RV + 2eA) (1.1)

= _Zeuo)\z (

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 diffrence

in absence of magnetic field. If a junction is biased with current and the Cooper pairs
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1. Introduction 4

tunnel through the tunneling barrier, the phase diffrence between two superconductors is

defined by @ = 6; — 65. This super current is define by the dc Josephson effect as

IJ = Ic Sil’l¢ (12)

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

potential. So the value of ¢ can be define as

2e 1
¢:91—92+%/2 A.dl (1.3)

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

son effect,

2e 2m
=y =20 1.4
00—V = 2V (14)
2
Ee ~ 483.6 GHz/mV (or ®, is 2.067 x ° 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 [16].

1.3 Intrinsic Josephson junctions

In a layered high-temperature superconductor such as Bi-2212 which has highly anisotropic
electric characteristics in the normal and superconducting states are a closely packed nat-
urally grown Josephson junctions as shown in figure 1.2. The CuOs 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 di-

mensional superconductors by a weak Josephson coupling between the superconducting
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1. Introduction 5

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 Fraunfofer diffreaction pattern, Shapiro steps, Fiske steps, etc

[17, 18, 19, 20].

1.4 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.

1.4.1 Single Electron Transistor (SET)

A Josephson junction or a tunnel junction has a wide scope of application based on
Coulomb blocking phenomenon such as a voltage standard, single electron transistor, etc
[31, 32]. The Coulomb blockade refers the modifications of the tunneling current-voltage
characteristics which occur in the junctions with capacitance sufficiently low so that the
Coulomb charging energy E. = ¢2/2C of a single electron is large enough to play a major
role.

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 1.3 shows a schematic of SET along with a fabricated
device in Bi-2212 single crystal whisker is taken from ref [21].

1.4.2 Terahertz Application

The Josephson effect has always been focused by the researcher because of its application
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
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1. Introduction 6

S

Fig. 1.2 Schematic of intrinsic Josephson junctions with axial representation.
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Tablel.1 Various application of superconductivity

Concepts

Applications

R = 0 and high critical cur-
rent density

Josephson tunneling

High critical current at high
critical magnetic field

Magnets for various application

Passive microwave devices
Interconnects in microelectronics
Electrical energy transport by cables

Microwave detectors and mixers

In physical measurements (SQUIDs
ete)

Computers (fast logic and memory cir-
cuits)

Plasma and space

Electrical power industry

Plasma confinement (in high energy
physics)

In transport (levitation trains, MHD-
propelled ships)

Medicine (nuclear magnetic resonance

tomography)
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Gate capacitance

Z fﬁfm('a

Josephson(or tunnel}
junction

Bi-2212 whisker

Gate

-

e iy,

Fig. 1.3 Schematic of SET along with a fabricated device in Bi-2212 single crystal
whisker taken from ref. 21.
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1. Introduction 9

gap as schematic shown in figure 1.4. Although the emission from a single junction is weak
and many junctions can emit high enough power for different applications [22, 23, 24].
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 [25].

There are many studied 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 [26, 27, 28, 29, 30, 33] or putting the the
device into a microwave cavity [34]. 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 W. 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[35]. Wang et al. [36]
presented the cavity resonance can’t be the only mechanism to synchronize the 1JJs and
THz radiation. The hot spot (a region heated above the transition temperature) formed

within the mesa give rise to coherent THz emission.

1.5 Summary

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

generation devices for science and technology.
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tunneling current

l “ | | l “ Josephson vortex

Fig. 1.4 Schematic of terahertz device using layered superconductor.
(Figure by Prof. H.-J. Lee, POSTECH.)
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2. GROWTH OF BI-2212 SINGLE CRYSTAL
WHISKERS

The thesis concern about the growth of BisSroCaCuyOg, 5 (Bi-2212) single crystal whiskers.
We have succeeded in the growth of superconducting Bi-2212 single crystal whiskers with
a Te-doped method. We use a Te-doped precursor with the mixed pure powders BisOg,
SrCO3, CuO and TeO, into the ratios of BisSroCasCus 5Teg50,. Bi-2212 single crystal
whiskers have grown through the pellet surface 2-4 mm in length and 20-100 gm in width.
Characteristics of whiskers were investigated by the resistance - temperature (R-T'), X-ray
diffraction (XRD) and current - voltage (I-V') measurements. The R-T characteristics in
ab-plane of the whiskers showed that their 1 ,, and T, ,q were about 106 K and 75 K,
respectively and confirmed that the whiskers had Bi-2212 single crystal phase by XRD
pattern. The I-V curves showed multi-branch structures of intrinsic Josephson junctions

(IJJs) as evidence of c-axis transport characteristics.

2.1 Introduction

Since the discovery of Bi-based high-T, superconductors (HTS) BiySraCaCusOg,s
(Bi-2212), much effort has been focused on the growth of their single crystals [5, 37,
38, 39, 40, 41, 42]. Recent developments suggest that whiskers might be used in the
fabrication of new electronic devices using intrinsic Josephson effects (IJE) and related
phenomena, such as Josephson plasma oscillations [43, 44]. Stacked junctions have been
fabricated by using Bi-2212 whiskers and are thought to be prospective candidates for
high frequency applications of the IJE [45, 46].

When we use single crystal whiskers for fabrication of intrinsic Josephson junctions

@ jeju



2. Growth of Bi-2212 single crystal whiskers 12

(IJJs) using layered structures, single phase transition of critical temperature (7,.) without
any crystal defects is one of the most important factors for controlling the I1JJs charac-
teristics. Although a few of growing methods were introduced, the reproducible electrical
transport characteristics of single phase transition were not studied in detail.

In this chapter, we investigate the growing methods and growing conditions of Bi-2212
single crystal whiskers for using a base material of HTS devices with high quality and

good crystallinity.

2.2 The growth process

The starting materials were prepared by mixing and grinding pure powders of BiyOs,
SrCO3, CuO and TeOs in the ratios of Bi : Sr: Ca: Cu:Te=2:2:2:2.5:0.5. The
mixed powders were calcined in air and ground three times at 760-820 °C. The calcined
powders were pressed at 60 kN into pellets 10 mm in diameter and 2-3 mm in thickness.
The pellets were set in a pure alumina boat and heat treated at 870 °C for 100 h in flowing
oxygen at rates of 150-500 ml/min.

The phases of crystal structures of Bi-based whiskers were investigated with X-ray
diffraction (XRD) measurements. 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).

2.3 Results and discussion

Figure 2.2 shows the Bi-2212 whiskers grown from a pellet. Those whiskers grow through
the pellet surface in the range of 2-5 mm in length and 20-100 pgm in width.

The growth conditions of Bi-based whiskers were summarized in table 2.1. The Te
content is one of the important factors in whisker growth. We fixed the Te contents to

be 0.5 as shown in Ref. [47]. In our experience, the next important factor is Ca and Cu

COl@eﬁﬂeTét Rﬁ‘ﬁn@o?@]tﬂare 2.0 and 2.5 for Bi-2212 single crystal whisker growth.
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Fig. 2.1  The heat treatment process to grow Bi-2212 single crystal whiskers.

Table 2.1 Typical conditions for whisker growth: the nominal compositions of precur-
sors and oxygen flow rates

BisSr»Ca, CuyTey Oy Oy Thax | tmax | Length L, | Phase
(ml/min) | °C | (h) (mm)
u | v W
1.0 | 2.0 0.5 150 875 | 100 | No Whisker
2.0 (25 0.5 150 870 | 100 2-3 2212
2.0 (25 0.5 300 870 | 100 3-4 2212
20125 0.5 500 870 | 100 4-5 2212
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2. Growth of Bi-2212 single crystal whiskers 14

Fig. 2.2 An optical microscope image of as grown single crystal whiskers on the pre-
cursor pellet.
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Fig. 2.3 A SEM image to see the smooth surface of Bi-2212 single crystal whisker.
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whisker

Measurement Probe(silver
point paint)

Fig. 2.4 Four probe configuration for electrical characterizations.
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Fig. 2.5 X-ray diffraction patterns of as-grown Bi-based whiskers prepared at 870 °C'
for 100 h in oxygen flow rates of 150 ml/min.

Collection @ jeju



2. Growth of Bi-2212 single crystal whiskers 18

3500
**%o010)
3000
—~ 2500 | (0012)
=
=
O 2000 ¢}
B
g 1500 |
=
1000 (0018)  (go20)
002)
500 | (006)
0 ‘l'-—v"L"‘
3 13 23 33 43 i 63

28 (deg)

Fig. 2.6 X-ray diffraction patterns of as-grown Bi-based whiskers prepared at 870 °C'
for 100 h in oxygen flow rates of 300 ml/min.
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2. Growth of Bi-2212 single crystal whiskers 19

Those whiskers of stoichiometric Ca and Cu contents of 1.0 and 2.0 did not grow. The
lengths in a-axis (L,) of grown whiskers increased when oxygen flow rates were increased
from 150 ml/min to 500 ml/min.

The magnified SEM image of a whisker indicates smooth surface of whisker and high
in quality, see Figure 2.3. All four electrodes were prepared with silver paint on a whisker
and attached on an MgO substrate as shown in figure 2.4. The sample was annealed at
450 °C for 5 min in presence of oxygen to reduce the contact resistance between whisker
and silver paint. The smooth surface reflects good quality of the whisker.

Figure 2.5 shows the XRD pattern of as-grown whiskers prepared at the growth tem-
perature of 870 °C' for 100 h in flowing oxygen. Only (0 0 ) XRD peaks were observed,
which corresponds to the Bi-2212 phase with its c-axis perpendicular to the plane of the
whisker. In addition, we found that the FWHM of the (0 0 8) XRD peak was about
0.06°, which corresponds to the limit of the resolution of our XRD instrument. So the
true half width of the (0 0 8) XRD peak is likely to be less than 0.06°. We could observe
the XRD pattern of a c-axis oriented Bi-based whisker with single phase of the Bi-2212
crystal structure. Oxygen flow rates were 150 ml/min in figure 2.5 and 300 ml/min in
figure 2.6. From the peak intensity of XRD patterns, we found that the whiskers show

the better crystallinity when oxygen flow rates are the larger.

2.4 Summary

The BisSroCaCuyOg,s (Bi-2212) superconducting single crystal whiskers have grown suc-
cessfully with a Te-doped method, although the Bi-2223 phase did not disappeared com-
pletely. The whiskers with lengths of about 2-3 mm were prepared at the growth temper-
ature of 870 °C' in flowing oxygen at the flow rate of about 150 ml/min for 100 h. The
lengths in a-axis of grown whiskers were longer and the crystallinity of whisker Bi-2212
single crystal phase was better when oxygen flow rates were larger. Thus, the oxygen flow
rate was one of the most important parameters for growing high quality single crystal

whisker.
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3. THREE-DIMENSIONAL FOCUSED ION
BEAM MILLING TECHNIQUE

3.1 Introduction

Various fabrication methods have been applied to developed high T, superconducting
devices [48, 49]. The fabrication of tunneling devices of Josephson junctions in the lay-
ered 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
(As =a4) [50, 51, 52], where v = A./\y is the London penetration depth anisotropy ratio
and d is interlayer spacing [53].

The three dimensional focused ion beam (3D-FIB) milling method is a reliable and
versatile technique for the fabrication of nanoscale Josephson junctions in single crystal
whiskers. In a 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.

3.2 The Focused lon Beam

The FIB system has introduced in late 1980s and become an essential tool in the microelec-
tronics 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 addition, deposition
of extra material can be achieved by ion beam-induced decomposition of an organometal-

lic gas. [Lhis-versatileAnst allows faulty circuits to be both inspected and modified.
; @Rt o :



3. Three-Dimensional Focused lon Beam Milling Technique 21

Fig. 3.1 A picture of FIB machine (SII NanoTechnology SMI12050) in Research Institute
of Center (RIC).
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3. Three-Dimensional Focused lon Beam Milling Technique 22

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 Fundamental Operating Principle of FIB

At top of the ion source chamber, a liquid metal ion source (LMIS) is placed. 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.

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 used as 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 used as deposition of the material

to the specimen surface.

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 3.1.
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

3.2.
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Fig. 3.2 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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In the first step we milled sample in bridge pattern from the top direction. As shown
in figure 3.2 (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 incline plane was set to be 60° with respect to the ion beam. We then tilted 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 [54].

3.4 Summary

The fabrication process is used to fabricate intrinsic Josephson junctions in BisSroCaCusOg s
(Bi-2212) single crystal whiskers. The results in this thesis shows that the intrinsic Joseph-
son 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 show unique properties in an ultra small size. In Bi-based single crystal
whisker, the conducting CuO, planes are separated by insulating BiO-SrO layer [55].
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)
characteristics along the c-axis and a series of several hundred Josephson junctions can
be easily obtained [56].

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 [57]. 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 T..

The conducting CuO layers are separated by insulating BiO-SrO layers. The char-

acteristics of 1JJs can be measured by flowing current in vertical direction as shown in

@ jeju
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Fig. 4.1 The red arrow indicates the direction of current to measure the characteristics
of 1JJs in Bi-2212 single crystal whiskers.
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figure 4.1. The red arrow in figure 4.1 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 mounted 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 3-D FIB machine (SIT NanoTechnology SMI2050) is 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 [54, 58]. 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. 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, the whisker was annealed before
the 3-D FIB fabrication process to avoid Ga™ ion contamination. The measurement were
done at 10 K. The dimensions of the stacks are 2 um x 2 um with the height of 100 nm.

Keithley 2182A nano voltmeter and Keithley 6221 AC & DC current source were
used to measure resistance-temperature (R-7') characteristics and current-voltage (I-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.

Collection @ jeju



4. Intrinsic Josephson junctions Stack of Bi-2212 28

3.0 fjum)

| P S —
==

Fig. 4.2 FIB image of stack and schematic of the 1JJs configuration in the stack. The
blue arrow indicates the direction of current flow which is along the 1JJs.
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Fig. 4.3 The resistance vs. temperature characteristics of the stack in ab-plane.
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Fig. 4.4 The curret (I) vs. voltage (V') characteristics of the stack at 10 K.
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X = 0.1V/div.
Y = 20pV/div.

Fig. 4.5 The curret (/) vs. voltage (V') characteristics at low biasing of the stack at 10
K.
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4.3 Results and discussion

An FIB image of a stack with the scale bar of 3 pm is shown in figure 4.2 along with the
schematic of the stack. The dimensions of the stack are 2 pm x 2 pm with height of 200
nm. Conducting CuO planes are sandwiched by insulating BiO-SrO planes which work
as 1JJs [55]. These 1JJs are arrange in series of an array in Bi-2212. The schematic of
stack is also shown in figure 4.2. 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 (2)
of the stack [59, 60]. Therefore, the stack has approximately 130 elementary 1JJs.

Figure 4.3 shows ab-plane R-T characteristics of a whisker grown at 870 °C' for 100 h
in flowing oxygen. The whisker showed a metallic temperature dependence of resistance
in the normal state above T.. The R-T curves in ab-plane showed two phase transitions
between T, ,, of 106 K and T .4 of 75 K which reflect the characteristics of Bi-2223 and
Bi-2212, respectively. This result indicates that the quantity of Bi-2223 phase is small
and may be distributed as small defects like dislocation.

Figure 4.4 shows the typical I-V characteristics of a stacked junction. A welldefined
gap voltage is clearly seen in I-V curves. The value of each voltage gap is approximately
20 mV. The regular intervals of the voltage jumps are thought to be due to the current
paths being parallel to the c-axis. The origin, low quality or ion-beam damage, of the
slanted I-V curves at low biases is not clear. We observed the slanted I-V curves at low
bias regions shown in figure 4.5.

For the stacked junctions, we observe S-shaped I-V characteristics at V ~ V, due to
quasiparticle injection injection or selfheating [45]. A clear gap structure is seen in the
I-V characteristics at V, ~ 0.6 V, which corresponds to the superconducting gap for N
elementary junctions connected in series. From the gap value of 20 mV for elementary
junctions, we find the number of elementary is approximately 30 elementary layers. The
observation of multi-branched structures indicates that the grown whisker behaves as an
interlayer-tunneling stack of series array and can be used as new electronic device using
the 1JE.

The existence of the Bi-2223 phase in R-T characteristics may be due to a dispro-
portionate reaction of the Bi-2212 to form the 2223 [63] and/or to a precipitated Bi-2223
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phase from a partially melted phase [64]. Also, the supply of atomic species such as Ca,
Sr, Cu, and O into the 2212 phase induces an edge location that leads to the Bi-2223
phase [65], the formation of the Bi-2223 phase being easier at a lower oxygen partial
pressure [66]. These mechanisms suggest that the 2223 phase is produced through the
Bi-2212 phase which acts as a precursor for the 2223 phase [67]. Therefore, control of
the composition of the calcined powder and of the oxygen pressure could be important

factors to obtain pure single phase Bi-2212 whiskers.

4.4 Summary

In conclusion, we have fabricated stack of intrinsic Josephson junctions of Bi-2212 whiskers
of different of in-plane area 2 um x 2 um . The R-T curves in ab-plane showed two phase
transitions between T ,, of 106 K and 7; c,q of 75 K which reflect the characteristics of
Bi-2223 and Bi-2212, respectively. While in c-axis the transition temperature is about
77 K. The observation of multi-branched structures indicates that the grown whisker can
work as an interlayer-tunneling stack of series array and can be used as new electronic

devices using [JE.
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5. CONCLUSIONS

The single-crystal whiskers of BiySraCaCusOgys (Bi-2212) have attracted much attention
because they have perfect crystallinity, are free of dislocations, show peculiar dimensions
with extremely small cross-sections, and have excellent superconducting properties. The
developments suggest that whiskers might be used in the fabrication of new electronic
devices using intrinsic Josephson junctions and related phenomena, such as Josephson
plasma oscillations. Stacked junctions have been fabricated by using Bi-2212 whiskers and
are thought to be prospective candidates for high-frequency applications of the intrinsic
Josephson effect.

We have succeeded in the growth of superconducting BisSroCaCuyOg 5 (Bi-2212) sin-
gle crystal whiskers with a Te-doped method. We used a Te-doped precursor with the
mixed pure powders Bi, O3, SrCO3, CuO and TeO,. We have tried various stoichiometry of
Ca and Cu with Te doping level and the best ratio was found to be BiySryCasCus 5Teq 50,
Bi-2212 single crystal whiskers have grown through the pellet surface 2-4 mm in length
and 20-100 pgm in width. Characteristics of whiskers were investigated by the resistance-
temperature (R-T), X-ray diffraction (XRD) and current-voltage (I-V) measurements.

The R-T characteristics in ab-plane of the whiskers showed that their T ,,, and T} ¢cnq
were about 106 K and 75 K, respectively and confirmed that the whiskers had Bi-2212
single crystal phase by XRD pattern. Above the transition temperature the whiskers
shows metalic behaviour. The double phase transition in R-T characteristics indicated
towords the exixtance of BiySroCasCuzOqoys (Bi-2223). However with XRD the peak
structure for Bi-2223 is less. The I-V curves showed multi-branch structures of intrinsic
Josephson junctions (IJJs) as evidence of c-axis transport characteristics. These 1JJs are

arranged in series as an array.
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