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Josephson junctions are the fundamental building blocks for a variety of
superconducting electronics applications, including high-speed, low-power digital logic,
and sensitive magnetic field and high frequency electromagnetic detectors. Although
there have been extensive efforts to develop a fabrication method for high temperature
superconductor (HTSC) junctions, the reliable methods for creating HTSC Josephson
junctions are still not fully developed to compare to low temperature superconductor
Josephson junctions. The fabrication of HTSC Josephson junctions faces by many
different aspects of difficulty such as chemical stability of HTSC materials, nano scale
device engineering, chemistry compatibility of HTSC with insulator or normal metals,
and interface properties such as contact resistance, and lattice mismatch. Most
problematic here is the rapid atmosphere degradation of HTSC materials which occurs
upon exposure to the ambient.

vi

In this dissertation, a surface cleaning method, an annealing method, and thin film
optimization methods were developed to fabricate the HTSC nano devices. In order to
create functional HTSC nano devices, the parameters for three HTSC cuprate materials
YBa2Cu3O7, NdBa2Cu3O7 and Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film deposition method were
optimized successfully. Further, a surface cleaning method was developed for the thin
films of HTSC surface based on self-assembled-monolayers (SAM) to control the surface
chemistry of HTSC thin film devices. Also, an annealing method was developed to
improve the electric contact of HTSC and normal metals in the HTSC superconductor/
normal metal/ superconductor (SNS) junction devices. The optimized Pulsed Laser
Deposition (PLD) parameters, the surface cleaning method, the micro and nano
lithography method, and the annealing methods were used to fabricate the HTSC SNS
nano devices. The fact the all the evidences are in good agreement strongly proved the
developed fabrication methods are reliable and reproducible methods. In addition, the
exponential patterns of the critical current dependence on noble metal thickness were
reported for the first time that exhibited the reproducibility and reliability of the HTSC
SNS nano device fabrication methods.
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PART I. HIGH TEMPERATURE SUPERCONDUCTORS AND
PROXIMITY EFFECTS
Chapter One. Superconductors and Proximity Effects
1-1. INTRODUCTION

The purpose of this dissertation is to examine and understand the chemical and
physical properties of the high temperature superconductors and normal metals and to
develop the reliable fabrication methods for high temperature superconductor nano
structure. The introduction chapter will describe the broad background information of this
dissertation. The overview of this dissertation will be provided at the end of this section.

1-1-1. Superconductivity and History

Superconductivity is a phenomenon characterized by the disappearance of
electrical resistance in various metals, alloys, and compounds when they are cooled
below a certain temperature (critical temperature, Tc) that was discovered by Heike
Onnes in 1911. In addition to the zero resistance state, superconductor has displayed
many unique properties during to date. Meissner and Ochsenfel discovered that magnetic
fields were expelled from superconductors below critical temperature, which is called
Meissner effects. The microscopic mechanism of superconductor based on the effect of
electron scattering was formulated by Bardeen, Cooper, and Schriffer known as BCS
theory in 1957. The BCS explains that atomic vibrations unify the entire current. As one
negatively charged electron passes by positively charged ions in the lattice of
1

superconductor, the lattice can distorts. The distortion causes phonons to be emitted,
which forms a rough of positive charge around electrons. The forces exerted by the
phonons overcome the electrons repulsion and make them a pair known as cooper pairs.
The Cooper pair could pass all the obstacles which caused resistance in the
superconductors. Only if the superconductor is cooled to very low temperatures, the
Cooper pairs can stay a pair due to the reduced molecular motion. However, once the
superconductor gains heat energy, the vibration energy in the lattice become more
increase and break the pairs. The distance between two electrons of the Cooper pair is
defined as coherence length. The values for the coherence length range are from a few
angstrom to as high as hundred nanometer (Figure 1-1).1, 2,

3.

The superconductors have a characteristic transition temperature from normal
conductors to superconductors called critical temperature (Tc). Once the temperature of
superconducting material is below the critical temperature, the resistivity of material is
zero. The superconductor can hold huge current since there is no loss in electric energy
when superconductors transmit electric current. However, there is a certain maximum
current that the superconductor can carry. When certain amount of current is pushed
through superconductors, it will relapse the superconductor to the normal metal state
although the temperature is under its critical temperature. The current value is called
critical current density (Jc). An electrical current in a wire generate magnetic fields
around a wire. The strength of the magnetic fields increase as the current in the wire
increases. Because superconductors are able to carry large current without loss of energy,
the superconductors are well suited for making strong magnets. But, the too magnetic
field also can relapse superconductors to normal metals known as critical magnetic fields
(Hc).1, 2, 3.
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Figure 1-1. The formation of Cooper pairs; the two electrons become a pair together and
could travel through the superconductor lattice
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Figure 1-2. (A) The typical characteristic curve of resistance vs. temperature (R vs. T)
(B) The critical surface of a superconductor. (Tc; critical temperature, Jc;
critical current density, Hc; critical magnetic fields)
3

Brain Josephson first discovered the tunneling of a pair of electrons between
superconductors separated by an insulating barrier in 1962. Josephson predicted that two
superconducting metals were separated by a thin insulating barrier with Å level thickness,
the cooper pairs could pass through the barrier without resistance. The flow of cooper
pairs, Josephson current, is generated and related to the phases of the coherent quantum
mechanical wave function for all the superconducting electrons on the two sides of the
junctions.4
The proximity effects was discovered by H Meissner in 1961. The proximity
effects is that some electron pairs can leak into the normal metal while some
quasiparticles leak into the superconductor at a superconductor-normal metal (SN)
interface which causes reduce the transition temperature of the superconductor. Because
the overlapping of wave functions at the junction causes to change the density of electron
pairs in the contacted surface regions from its in the bulk regions.5
After the Heike Onnes’ discovery of superconductivity in mercury, more
materials were found that exhibited superconductivity. Niobium was found to have the
highest critical temperature (9.25 K at ambient pressure) of all the elements and many
compounds and alloys were discovered to increase the critical temperature. In 1986,
Georg Bendnorz and Alex Müller discovered superconductivity at 35 K in
La1.85Ba0.15CuO4. This discovery opened up the new era in the field of superconductivity.
Because the value of critical temperature of this new material jumped 12 K from old
record (22.3 K of Nb3Ge) and the achieved critical temperature value was significantly
greater than the theoretical maximum predicted by BCS theory. This new superconductor
was termed a “high temperature superconductor”. Within a year, Bendnorz and Müller
discovered YBa2Cu3O7 which has a critical temperature of over 90 K and for the first
time superconductivity could be observed while using liquid nitrogen as cryogen. Search
4

for new materials with higher critical temperature was conducted and new compounds
with even higher critical temperature were discovered. In 1988, BrSrCaCuO system with
the critical temperature of 105 – 120 K, TlBaCaCuO system with the critical temperature
of 125 K were discovered. To date, the record holder for the highest critical temperature
is Hg0.8Tl0.2Ba2Ca2Cu3O8.33 with the critical temperature 138 K at ambient pressure and
the search for superconducting materials with higher critical temperature continues.1, 2, 3, 6

5

1-1-2. Superconductor Structures and Electronic Properties

Since the discovery of high temperature superconductor (HTSC), extensive efforts
have been made to improve the quality of HTSC thin films suitable for practical
applications. The high quality 123 phase R-Ba-Cu-O (R = rare earth) thin films with large
current carrying capacity have been successfully deposited on many kinds of substrates
by different deposition techniques such as pulsed laser deposition (PLD), molecular beam
epitaxy (MBE), and metal organic chemical vapor deposition (MOCVD). In this
dissertation, mainly three cuprate systems, YBa2Cu3O7, Y0.6Ca0.4Ba1.6La0.4Cu3O7and
NdBa2Cu3O7 were used to fabricate the HTSC nano structures devices. In this section, the
structures and properties of RBa2Cu3O7 system will be described that may be grown as
oriented thin film samples on insulating single crystal substrates.
The RBa2Cu3O7 unit cell consists of a rare earth ion sandwiched between CuO2
sheets (Figure 1-3). These sheets are surrounded by the charge reservoirs which consist of
the BaO and CuO layers. The RBa2Cu3O7 unit cell also could form RBa2Cu3O7 and
RBa2Cu3O7-δ compounds with different growing conditions where 0 < δ < 1. Although
the RBa2Cu3O7-δ system is relatively stable with δ value from one to zero, the RBa2Cu3O7
system is preferable due to optimal superconducting properties of RBa2Cu3O7 system. In
order to take an advantage of the high critical temperature of the RBa2Cu3O7 system, the
thin films of RBa2Cu3O7-δ need to be annealed under oxygen environment at 500 oC to
enrich oxygen in the RBa2Cu3O7-δ system.
The superconducting properties of thin films are also affected by orientation of
the unit cells, which is long unit cell axis (c-axis) or short axis (ab-axis) perpendicular to
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Figure 1-3. The crystal structure of YBa2Cu3O7.
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Figure 1-4. The crystallographic grain orientation of thin film. The lines illustrate the
direction of the copper oxide sheet layers.
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the surface of substrates (Figure 1-4). The conduction arises in cuprate system because of
the overlap between the copper and oxygen atomic orbitals. In case of ab-axis thin films,
the conduction requires moving charge perpendicular to the CuO2 sheets and could be
interfered by weak contacts between grains. However, the CuO2 sheets of c-axis thin
films are aligned in the plane of the thin film. It is expected that superconductive
properties of c-axis thin film will be similar to those of single crystals more than those of
ab-axis films.1,

2, 3

The orientation of the thin films can be controlled by deposition

processing temperatures which will be described in detail in Chapter II.
Although it is not too difficult task to obtain YBa2Cu3O7 thin films with high
values of critical temperature and critical current density, the surface quality and the
degradation problem of YBa2Cu3O7 thin films are still significant problems in
superconductor electronic device fabrications. Although YBa2Cu3O7 system has received
the most attention because of its well known superconducting properties and structural
characteristics, an alternative system is required for practical applications and future
superconductor electronic devices.
The NdBa2Cu3O7 and Y0.6Ca0.4Ba1.6La0.4Cu3O7 could be good candidates for
practical applications. The NdBa2Cu3O7 has aroused interest due to its unusual properties.
Melt processed NdBa2Cu3O7 bulk materials show a high critical temperature value of 95
K, and high critical current density and single crystal growth by a pulling method also
shows a critical temperature as high as 96K. The NdBa2Cu3O7 bulk sample also exhibits
a significant peak effect in the field dependence of magnetic current density which has a
higher magnetic current density value at 77 K in high magnetic field than that of
YBa2Cu3O7 samples.7 - 15
The YBa2Cu3O7 system also tends to degrade rapidly when exposed to ambient
atmosphere due to reaction with CO, CO2, and H2O. Due to the instability of YBa2Cu3O7
8

materials, it is almost impossible to fabricate the electronic devices without in situ
techniques. In order to develop reliable devices, stable superconducting materials have
been a very important issue. Y0.6Ca0.4Ba1.6La0.4Cu3O7 is basically cation substituted
material from YBa2Cu3O7. The chemical resistance to degradation is significantly
enhanced by these chemical substitutions.16 - 19
For the purpose of device applications, it is essential to reproducibly deposit a
high-quality thin film with smooth and highly stable surface. Especially superconductornormal metal-superconductor (SNS) nano-fabrication requires very smooth and stable
surface of HTSC thin films. Although many of research groups have demonstrated the
advantage

of

Y0.6Ca0.4Ba1.6La0.4Cu3O7

and

NdBa2Cu3O7

properties,

most

of

Y0.6Ca0.4Ba1.6La0.4Cu3O7 and NdBa2Cu3O7 characters are not known as well as those of
YBa2Cu3O7. Better understanding of the three materials properties and a careful
comparison could lead to more suitable fabrication methods of high temperature
superconductor nano devices.

9

1-2. JOSEPHSON JUNCTIONS AND PROXIMITY EFFECTS

In this section, the properties of superconductor junction will be described in
detail. Now, this dissertation will focus on the superconductor SNS junctions and
proximity effects including fabrication methods of SNS junctions and comparison of low
temperature superconductor and high temperature superconductor junctions.

1-2-1. Josephson Junctions and Proximity Effects

The initial work in the area of superconductor junctions was discovered by Brain
Josephson in 19624. Josephson predicted that when two superconducting metals were
separated by an insulating barrier with Å level thickness, the Cooper pairs could pass
through the barrier without resistance. The flow of the cooper pairs, which is named
Josephson current, is generated and related to the phases of the coherent quantum
mechanical wave function for all the superconducting electrons on both sides of the
junctions (Figure 1-5). Josephson Tunneling junctions have been applied to lowtemperature superconductor technology. Low temperature superconductor devices based
on Nb junction were fabricated with good electrical performance and control and became
available in the early 1980s.20 After the discovery of the HTSC in 1986, extensive efforts
were made to fabricate Josephson junction electronic devices based on HTSC for
practical applications. However, the fabrication of tunneling junctions with HTSC has not
been really successful due to problems such as the chemical instability of HTSC
materials and device engineering. In order to take advantage of the HTSC tunneling
junction devices, it became important to develop a reliable fabrication method. Although
some HTSC tunneling junctions were demonstrated early on, significant results were not
10

achieved. The search for a feasible Josephson junction for HTSC technology has directed
to a development of superconductor/ normal metal/ superconductor (SNS) junctions in
which the proximity effect induces superconductivity into a normal metal between two
superconducting electrodes. The SNS proximity effect system has some advantages over
the classic Josephson tunneling junction systems including an extended choice of normal
metals such as noble metals, semiconductors, even organic conductors, the possible
junction manipulation with the normal metal electrons, and nano scale normal metal layer
thickness instead of angstrom scale.

A

B

superconductor

superconductor

supercurrent

Ic

Ic

Cooper pair

non-supercurrent

insulator layer

Figure 1-5. A schematic illustration (A) and current vs. voltage curve (B) for a Josephson
junction.
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The "proximity effect" was discovered by H. Meissner in 1961. The proximity
effects is that some Cooper pairs can leak into the normal metal from the superconductor
while some quasiparticles leak into the superconductor from normal metals at a
superconductor/ normal metal (SN) interface5. The proximity effects reduce the transition
temperature of the superconductor because the overlapping of wave functions at the
junction cause a change in the density of electron pairs in the contacted surface regions
from that of in the bulk regions. The proximity effects also permit that superconductivity
could be induced into materials that normally are not in the superconducting states. In
superconductors, the charge carriers are a bound pair of electrons, Cooper pairs,
occupying states with equal and opposite momentum and spin. However, quasiparticles
such as electrons and holes which are the charge carriers in normal metal can cross the
threshold the superconductors with energy lower that the superconductor gap by means of
a process called Andreev reflection21 (Figure 1-6).
Andreev reflection is that the electron reaching the interface can be paired with a
second electron of opposite momentum and spin and form a Cooper pair while a hole
retraces the path of the incident electron in the opposite direction on the normal metal
side. If an electron with energy above the Fermi level is moving to the normal metal/
superconductor interface, a Cooper pair can be formed in the superconductor with the
result that an additional electron is taken from the filled Fermi sea of the normal metal.
Due to the generation of a cooper pair in the superconductors, the wave vector of the
electron from the normal metal needs to have a direction opposite to the wave vector of
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Figure 1-6. The process of Andreev reflection. The reflection of a particular excitation of
energy E and function ∆(x). An electron moves to the right at A position and
entered as a pair at C position. A hole moves left at A position again.
Adapted from reference [22].
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the incident electron. Since the total wave vector is zero in an entirely filled Fermi sea,
the remaining wave vector of the system after one electron has been taken for the Cooper
pair has the same direction as the incident electron. The incident electron and the created
hole have a wave vector in the same direction because the wave vector of the system
should be equal to the wave vector of hole. However, the wave vector and the group
velocity of a hole are in opposite directions. As a result, the hole takes the same path as
the incident electron in the reverse direction called retroreflection21.
The transition temperature of the superconductor is reduced by the presence of the
neighboring normal metal. A typical experimental result is shown in Figure 1-7. The
critical temperature of the composite structure is T’c and normalized to critical
temperature of the superconductor is Tc. The function of the thickness of the normal
metal (dn) for various thickness (ds) of the superconductors was established.22 Figure 1-7
shows that the superconductivity is suppressed with increasing the normal metal
thickness. The degree of the proximity effect depends on the quality of the contact and
the thickness of the both normal metal and superconductors. Since the effect is caused by
Cooper pairs penetrating from the superconductor into the normal metal and vice versa,
the increase of normal metal thickness will weaken the proximity effects. Also,
temperature is a very important factor in proximity effects. Decreasing temperature
diminishes chaotic thermal motion, which facilitates pair penetration. The proximity
effect is strongest at temperatures far from Tc and close to 0 K.22, 23, 24
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Figure 1-7. The experimental curves illustrate the proximity effects of PbCu composite.
The critical temperature (T’c) of Pb in PbCu composite is depressed by the
function of the component film thickness. (ds: Pb film thickness from 7 to
100 nm). Vertical dashed line indicates the characteristic thickness of Ln.
Adapted from reference [23].
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1-2-2. Fabrication of SNS Junctions
In general, there are four types of junctions that are widely used for HTSC SNS
junction devices: co-planar, sandwich, edge or ramp, and step edge junctions (Figure 18).28 Co-planar junctions are classified again as two types: grain boundary Junction (GBJ)
and microbridge types. The fabrication of the grain boundary junction is rather simple.
The HTSC thin films are deposited on the bicrystal substrates or damaged substrates to
create the weak link (i.e. a point of weak electrical contact between two electrode
regions). In other hand, the microbridge type planar junction requires multiple submicron
lithography steps to achieve the configuration. Several attempts have been made to
fabricate the microbridge type planar junctions with ion milling methods (FIB) or e-beam
lithography methods (EBL). A detailed fabrication method will be explained in chapter
III.
The Sandwich junctions, edge ramp junctions and step-edge junctions have very
similar geometry.25, 26, 27 The multiple layers of lithography techniques and in situ mask
techniques are widely used to fabricate the sandwich, edge ramp and step edge junctions.
The multiple layers of lithography technique is that thin layers of any type of metals or
compounds can be deposited first on a substrate and an unwanted layer can be removed
by the conventional photolithography method to make a step. A thin film of HTSC is
deposited on the stepped substrate and to pattern again with the photolithography
techniques until desired structures is achieved. Another method is an in-situ mask
technique. The chamber with multiple targets is prepared for the multiple film
depositions. A mask is used to shadow the substrate to fabricate the devices.
16
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Figure 1-8. Typical superconductor/ normal metal/ superconductor junction geometries.
The black color indicates superconductors (S), orange color is for normal
metals (N) and yellow is for substrates.
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1-2-3. SNS Junction Proximity Effects
Cooper pairs in Josephson tunneling junctions move across the barrier as a result
of tunneling caused by overlap of the electrons in the Cooper pair. In contrast to tunnel
junctions, the Cooper pairs are prohibited from the insulating region between the
superconductors, the proximity effect is the leakage of Cooper pairs out of the
superconductor and into the normal metal near a superconductor/ normal metal (SN)
interface. The conventional proximity effects theory has not been tested to any great
extent on high-temperature superconducting materials.28.
Several important length scales established the behavior of an SNS weak link,
which consists of the mean free path, λn , and coherence length ξn in normal metal, the
bridge length (superconductor electrodes separation or normal metal layer thickness) L,
the junction width W, the electric field penetration length λQ, and the magnetic field
penetration length λL. The mean free path λn is the average distance traveled by an
electron between the collisions. The bridge length L allows one to deduce the time
required by a single electron to diffuse from one end of the sample to the other end. The
electric field penetration length λQ is also called charge relaxation length. It is the length
that an electric field is formed by quasiparticles inside the superconductor in case of the
non-equilibrium effect at the onset of superconductivity. The coherence length ξ in a
superconductor and normal metal plays a very important role. The basic definition of the
coherence length is the distance between two electrons of the Cooper pair within the
correlated coherent superconducting state. The coherence length can be obtained from the
distance over which the gap parameter, ∆, in a spatially varying magnetic field or near a
18

superconductor-normal metal boundary.21,

22, 29

The relation with the BCS coherence

length ξo, the Fermi velocity vF and the energy gap ∆ can be expressed by the equation
(1).

ξ

o

=

ην F
π∆

Equation. (1)

The proximity effect in an SNS junction is exhibited by the spatial overlap of the
decaying wavefunctions of the two superconducting electrodes. The general concept of
overlapping wavefunction is applied to weakly coupled superconducting quantum
interference devices and single flux quantum logic which requires a single valued
current-voltage characteristic. The wavefunctions decompose exponentially with distance
in junctions which can be considered as the normal coherence length (ξn). The critical
current of the device directly indicates the degree of wavefunction overlap.
Consequently, the critical current should depend exponentially on superconductor
electrode separation, L, and temperature, T, in a way of consistent with the temperature
dependence of ξn in any SNS junction devices.21, 22, 28 Although such a device with long
junctions (L >ξn) provides the unique signatures of the proximity effect, such junctions
might be impractical for most applications because of their small IcRn products (Rn :
normal metal resistance). Developing a fabrication method for such devices is very
important for so many practical applications such as sensors, electronics and even
quantum computers. There are three key features of the proximity effects in SNS devices;
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1) critical current with temperature, 2) critical current with distance between the
superconductor electrodes and 3) critical current with temperature and distance between
the superconducting electrodes. The critical current should be exponentially increased
with decreasing temperature over a broad temperature range below critical temperature
and this temperature dependence should become steeper as junction length, L, increases.
This behavior provides a clear qualitative indication of proximity effects behavior that is
not typical of other types of junctions. The critical current should exponentially depend
on superconductor electrode separation. Ideally, the critical current with superconductor
electrode separation curve, Ic (L), should be fitted at several temperature range. The small
scatter critical current, Ic, data for a single value of superconductor electrode separation,
L, is significant because a large scatter is an indication of inhomogeneous interlayer and
poor fabrication control. Experimental data should be matched with theoretical data in a
reasonable manner. Ideally this quantitative comparison of experiment and theory is
performed over a wide range of temperatures. For T > 0.3Tc, the decay length L0,
obtained from either Ic (T) or Ic (L), is the normal coherence length ξn and is calculated
from fundamental interlayer parameters. At temperatures below 0.3Tc, the decay length
is related to ξn (T), but L0 ≠ ξn. These general investigations of conventional proximity
effects behavior follow directly from the basic concept that the Cooper pairs in the
superconducting electrodes leak into the normal metal interlayer. These three key features
will hold for the clean, dirty or intermediate regimes, for isotropic or anisotropic
materials, for one-, two-, three- dimensional device structures, and will be independent of
the symmetry of the superconducting order parameter in the electrodes.21,
20

22, 28, 29

Establishing these features provides strong evidence for the conventional proximity
effects in a device.
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1-2-3-1. Low-Temperature Superconductor SNS Junctions
The typical predicted signature of an SNS junction is the exponential behavior
curve of the critical current as a function of temperature, Ic (T) when the distance is
longer than the normal coherence length, L> ξn (Tc). This behavior has been exhibited in
experimental results obtained over many years on low-temperature superconductor SNS
junctions. An early work of Pb-Cu-Pb sandwich junction showed the dependence of
critical current, Ic, on temperature, interlayer thickness, mean free path (varied by
alloying the Cu with Al), and the presence of an oxide at the superconductor-normal
metal interfaces.30 This systematic work was successfully explained in terms of what we
now refer to as the conventional theory of the proximity effects. Those results have
established an exponential critical current behavior with temperature and the distance
between the superconductor electrodes, Ic (T,L), with the expected normal coherence
length. Figure 1-9 demonstrated relation between critical current and temperature, Ic(T),
for Pb-Cu-Pb microbridge. The normalized data are well fitted by conventional rigid
boundary SNS theory using L/ξnd(Tc) = 8 as a fitting parameter. In fact it was reported
that Ic ∝ (Tc –T)2 near Tc, as expected from conventional soft boundary condition theory.
However, the essential point is that critical current, Ic, is subjected by the exponential
factor while the boundary conditions are of secondary importance. This fact demonstrated
that longer bridges (larger L/ξn) exhibited steeper temperature dependences consistent
with Ic ∝ exp (-L/ξn). Conventional SNS theory that accounts for the magnitude and
shape of Ic(T) must be used as a fitting parameter because the device dimensions were not
accurately known.30
22
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Figure 1-9. Dependence of normalized Ic on reduced temperature for a Pb-Cu-Pb
microbridge. The inset shows the temperature dependence of IcRn on a
logarithmic scale. Adapted from reference [30].
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In comparable work on Pb-Cu-Pb microbridges, Ic (L) at various temperatures
was fitted to the conventional critical current form of equation (2) yielding values for

ξn(T) which were in good agreement with the dirty limit expression for the normal
coherence length, equation (3). Both the magnitude and temperature dependence of Ic in
Nb-Au-Nb and Nb-Cu-Nb microbridges have been satisfactorily described using a
Ginzburg-Lanndau approach appropriate for soft boundary conditions.31, 32

⎛ ξndλn ⎞
ξnd = ⎜
⎟
⎝ d ⎠

1/ 2

Equation. (2)

Ic = Icoe-L/Lo

Equation. (3)

Recent research in low temperature superconductor SNS junctions has focused on
fabricating practical devices (Figure 1-10). For this reason, the attempts to understand the
device physics have focused on non-stationary junction behavior. Stationary properties,
including the numerical value of coherence length, ξn, and the exponential behavior of
critical current, Ic, were fairly well understood, and more detailed investigations of the
magnitude of critical current, Ic, were not carried out. In fact, almost all research on the
stationary properties of low-temperature superconductor SNS devices was conducted
prior to the complete microscopic theory. Nonetheless, it is clear that the primary
predicted feature, the exponential dependence of critical current on temperature and
superconductor

electrode

distance,

Ic

(T,L),
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is

common

in

low-temperature

superconductor SNS devices. Careful research has shown that the characteristic length is
the expected normal coherence length obtained from calculations. Although the critical
current with temperature Ic (T) in low-temperature superconductor SNS bridges has never
been shown to follow the quasi-linear dependence associated with high-temperature
superconductor weak links, this type of dependence has been observed in all Nb weak
links with a narrow superconducting constriction linking two massive superconductors.33
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1µm

Figure1-10. A schematic for low temperature superconductor planar junction of Nb-AuNb.
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1-2-3-2. High-Temperature Superconductor SNS Junctions
The analysis of SNS junctions is most straightforward in long devices in the dirty
limit ( λn < ξn < L), although some different approach from the dirty limit can be adjusted.
It is also required that the junctions to be narrow so that the current distribution is
uniform and the critical current density, Jc, can be obtained from the mean free path, λn .
The temperature dependence of coherence length, ξn, is not simply 1/T or 1/T1/2 if the
junction is not in the extremely clean ( λn > ξn) or dirty ( λn <ξn) limits. But, the coherence
length, ξn, can be determined in its general form if the interface, vn, and the mean free
path, λn , are known. It can also be resolved experimentally as well as theory was
predicted. If the interlayer thickness is longer the normal coherence length (L > ξn), the
conventional proximity effect theory predicts a purely exponential dependence on
interlayer thickness (L) nonetheless of the behavior of the superconductor-normal metal
contacts. The coherence length for normal metal, ξn, is established by the exponential
curve of the critical current with the thickness of a normal metal layer, Ic (L).
The investigation of HTSC SNS device could be achieved where the coherence
length, ξn, is inferred from Ic (L) data at a few different temperatures and compared with
theory. However, the investigation could be a very difficult task in practice. Because an
exponential dependence of critical current with the thickness of interlayer, Ic(L), requires
exponential behavior below 0.3Tc but, the temperature is restricted from fact that the
critical current is faded away as Tc is approached. The actual value of an interlayer
thickness is also not typically known with precision because of difficulties in thickness
27

Table 1-1. The critical temperature and coherence length for superconductors. Adapted
from reference [34].
Tc (K)

ξ (Å)

Al

1.1

16000

Nb

9.2

380

Nb-Ti

9.5

450

Nb3Sn

18.3

35

Rb3C60

29.3

~ 20

La1-xSrxCuO4

38

~ 15

YBa2Cu3O7

92

~ 10
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and an uncertain junction length in the transport direction for structures such as edge
geometries or step edge geometry types. In order to cope these problems, the junctions of
different interlayer thickness need to be fabricated to obtain the meaningful coherence
length, ξn, from the data (Table 1-1). However, this length range is also limited. If a
single temperature were chosen for each thickness of the interlayer, L, is large enough to
have a long limit (L > ξn) of the junction, but short enough to have an experimentally
measurable critical current, Ic. In most cases, this yields a range of about 30 nm between
the shortest and longest bridge lengths for oxide interlayer and 100 – 200 nm for noble
metals.31 - 34
The uncertainty in separation of two superconductor electrodes, L, can be 5 nm or
more. The reported values of ξn need to be viewed with some uncertainty. Despite the
difficulties with this type of investigation, there is a major problem for more experiments
along this direction with special importance on establishing controlled fabrication
processes. The simple exponential relationship Ic = Ico exp (-L/ξn) limits the absolute
range of superconductor electrode separation, L, in a typical photo lithographically
defined edge junction is ≈ 1 µm2. Thus, an upper limit for Ic0 is about 50 mA. The
minimum measurable Josephson current is roughly about 1 µA at 77K. Inverting equation
(3), a critical current can be observed at 77 K, the ratio L/ξn should be less than about
10.35, 36
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Figure 1-11. The Resistance vs. temperature curve for SNS junction (YBa2Cu3O7CaRuO3- YBa2Cu3O7) and edge junction geometry. Adapted from reference
[35].
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The most surprising result reported was that the supercurrent was observed with
the rough upper limit of interlayer thickness, L < 10 ξn( T), at 77K. An upper limit on the
thickness of interlayer (normal metal), L, was found as a few hundred nanometers for
SNS junctions made with normal metals of gold or silver. Because the Fermi velocity is
at least an order of magnitude smaller in typical oxide metals, 30 nm is a reasonable
upper limit on the superconductor electrode separation, L, for oxide based SNS
junctions.36 - 38
In order to make detailed comparisons between theory and experiment, it is
important to calculate the coherence of normal metal, ξn. This calculation involves three
basic material parameters of the normal metal interlayer such as a critical temperature,
Tcn, Fermi velocity υF and mean free path λn . Although critical temperature for normal
metal, Tcn, can be achieved by direct measurement, the other two parameters may not be
as accurately known, specially in the case of anisotropic oxide films. It can be proceed by
making reasonable estimates for the better-known parameters and calculating others as
required.
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1-2-3-3. High-Temperature Superconductor SNS Junctions with Noble Metals
The noble metals as normal metals in HTSC SNS junction are extensively
studied. The coherence length for noble metal in SNS junction can be characterized as an
upper limit for normal coherence length. The coherence length of noble metal in SNS
junction, ξn, does not change significantly when the interlayer λn from 100 to 50 nm.
Although the mean free path may be reduced by defects in an actual normal metal
interlayer, it will not be greatly influenced. The noble metal HTSC SNS junction devices
are not well explained by either the dirty or clean limits at 77 K. However, the clean limit
coherence length is related to the temperature dependence of the critical current. The
equation

1

ξn

=

1

λn

+

1

ξ nc

(λn > ξnc )

Equation (4)

is accurate to within 5 % for λn >ξn. The critical current and the ratio of the distance
between superconductor electrodes and coherence length, L/ξnc (T), should be exponential
behaviors in the clean limit because the temperature dependence of its weakness has little
effect on the shape of normalized Ic(T) data. The electron transport in step-edge
microbridge has not been fully understood. It is hard to determine the distance, L,
between the superconductor electrodes. Because the junction structure depends on the
step height, electrode film thickness, edge angle and deposition angle. The step heights
could be varied from roughly 60 nm to 400 nm and typical thickness of superconductor is
32

50 – 200 nm.39 The curve of critical current with temperature Ic(T) is quasilinear for most
noble metal step edge SNS bridges (Figure 1-12A).
Despite the fact that L > ξn (T), there is little experimental indication of the
expected exponential like temperature dependence and the expected changes in shape of
Ic(T) with changing L/ξn(Tc). This observation holds for pure Ag and Au bridges as well

as Au-Ag alloyed bridges (Figure 1-12B). 40 - 41
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Figure 1-12. Schematic illustrations for the step-edge SNS junction. The shortest
conduction path depends on the step height and thickness of YBa2Cu3O7
(A). The critical current vs. Temperature curve of different step heights (B).
The circles are for 80 nm step, diamonds are for 110 nm, squares for 140 nm
step. Adapted from reference [39].
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1-2-3-4. High-Temperature Superconductor SNS Junctions with Oxide Metals

Although the transport system in cuprate materials is not understood as well as in
conventional elemental superconductors, the cuprate materials have been considered as a
normal metal for high temperature superconductor SNS junctions. The advantage of
cuprate materials as normal metals layer for SNS junction is the chemical and structural
compatibility with the high Tc electrode materials. The lattice matching allows growing a
epitaxial layer of the counter electrodes. Moreover, the match of thermal expansion
coefficients over the entire temperature range could help to preserve the reliability of the
desired structure. One of the most commonly utilized cuprate interlayer materials is
PrBa2Cu3O7-δ (Figure 1-13). The anisotropy structure of PrBa2Cu3O7-δ is very similar to
YBa2Cu3O7-δ. However, PrBa2Cu3O7-δ is not superconducting and has transport properties
that varies from insulator to metallic character. The transport property of PrBa2Cu3O7-δ
strongly depends on fabrication conditions and transport direction.43
According to the conventional proximity effect theory, the conducting property of
normal metal layer changes from metallic to insulating with increasing accompanying
resistivity results in a smaller coherence length. Consequently, the supercurrent in the
SNS junction with metal-insulator layer cannot be explained by the conventional
proximity effect theory. Moreover, the conventional proximity effects theory cannot
apply to non-metallic normal metals SNS junction because the theory assumes metallic
transport in the interlayer.44
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Figure 1-13. The Resistance vs. Temperature curve for YBa2Cu3O7/PBCO/YBa2Cu3O7
junction. The thickness of PBCO is 50 nm (top). The schematic of Sandwich
type SNS junction (bottom). Adapted from reference [43].
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The Sandwich YBa2Cu3O7-δ SNS junctions with PrBa2Cu3O7-δ as normal metal
were first fabricated with each layer having its c-axis normal to the substrate.17 The
supercurrent was exhibited in the junctions up to 50 nm at temperature exceeding 40 K.
The junction resistance was observed dramatic increase with decreasing
temperature above the critical temperature. The resistance of normal metal interlayer was
~106 Ω µm, Subsequently, supercurrent was observed in similar c-axis PrBa2Cu3O7-δ
sandwich junctions as thick as 130 nm with an exponential dependence of critical current
density.
The critical current density of the SNS sandwich junction with PrBa2Cu3O7-δ was
also observed with an exponential curve with interlayer thickness from 30 to 150 nm at
10 K.45 A critical current scaling length of 30 – 40 nm at 4.2 K has also been obtained in
a-axis junctions with Pr0.55Y0.45 Ba2Cu3O7-δ interlayer.46
Although this large coherence length and the roughly liner dependence of
experimental data for critical current with temperature data, Ic(T), cannot be explained
with proximity effect theory, especially considering the non-metallic nature of the
interlayer, the experimental data from these devices are qualitatively consistent with the
pinhole effects.
The edge-ramp SNS junctions with PrBa2Cu3O7-δ as a normal metal were
fabricated by several groups. 47 - 49 The transport in edge junctions is primarily parallel to
the substrate (ab- plane). However, these experimental data fail to show the exponential
like temperature dependence curves (Figure 1-14). There are two possible explanations
for this irregularity; the resistance between the superconductor and normal metal could be
responsible for this large resistance of the PrBa2Cu3O7-δ based SNS junction devices.
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Figure 1-14. Critical current vs. temperature for several junction thickness (left). Critical
current vs. temperature of SNS with 125 nm of normal metal layer junction
(left). Adapted from reference [49].

If the interfaces of superconductor and normal metal are coupled with the short coherence
length inherent from PrBa2Cu3O7-δ, it could be extremely small wavefunction overlap in
the PrBa2Cu3O7-δ region, and a small mean free path. Another possible explanation for
this inconsistent data could be the inhomogeneity of PrBa2Cu3O7-δ.
Although numerous attempts were made to fabricate SNS junctions with
PrBa2Cu3O7-δ as normal metal in different types of geometries, it was difficult to explain
the experimental results with proximity effects due to the incompatible values.
Another commonly used oxide material for normal metals is the doped form of
YBa2Cu3O7-δ. Small concentration of doping materials in YBa2Cu3O7-δ can significantly
lower the superconductor transition temperature with only small changes to its lattice
constant. Basically, the doped form of YBa2Cu3O7-δ material can have an advantage of
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film (top) and IV characteristics of a junction with a 150Å thickness of
YBa2Cu2.79Co0.21O7-δ barrier at several temperatures (bottom). Adapted from
reference [51].
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oxide materials such as lattice matching and thermal expansion coefficients with a lower
transition temperature.
The edge types of YBa2Cu3O7-δ junctions have been fabricated with
Pr0.4Y0.6Cu3O7-x as normal metal layer which has a critical temperature of ~ 40 K. The
experimental value obtained from the edge type junction was well suited by conventional
proximity effect theory. The critical current with the thickness of the interlayer, Ic(L), was
fitted to equation(2) at several temperatures. The relation between the coherence length
with temperature, ξn (T), was also exponentially established.50
The edge ramp types of SNS junction also demonstrated with substituted
YBa2Cu3O7-δ formed of Y0.6Ca0.4Ba2Cu3O7-δ and YBa2Cu2.79Co0.21O7-δ as a normal metal
layer (Figure 1-15). The substituted form of YBa2Cu3O7-δ materials had low bulk
resistances and very small superconductor and normal metal interface resistance. The
unusual low resistivity of the substituted YBa2Cu3O7-δ interlayer exhibited an even lower
limit on the magnitude of the contact resistance.51 The probability of proximity effect
behavior is supposed to improve with low contact resistance because the critical current
is larger in the absence of boundary resistance. Moreover, the substituted form of
YBa2Cu3O7-δ is a metallic interlayer which has more probability of the application of the
successful de Gennes proximity effect theory.50 - 53
Although understanding of the proximity effect of HTSC junctions is one of the
important keys for the future HTSC electronics, the proximity effects of HTSC SNS
junctions are still limited area to compare the low temperature superconductor SNS
junctions at present. Some of experimental values agreed with or conflict with the
conventional proximity effect theory. It could be extremely hard to make the devices in
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that can actually prove the old theoretical values in practice. It is also many parameters
play in very important roles in the system. However, recent developments in physics,
chemistry and nano technology can be used for practical device development, and new
interlayer materials such as organic conductors will lead us a bright future of high
temperature superconductor electronics area.
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1-3. OVERVIEW OF DISSERTATION

Since the discovery of high temperature superconductor (HTSC), extensive efforts
have been made to develop the reliable fabrication methods for HTSC Josephson
Junctions devices suitable for practical applications. However, the short coherence
lengths, chemical instability and epitaxial counter electrode growth of HTSC make the
fabrication of Josephson tunneling junctions with a thin insulating layer a formidable
task. The fabrication of superconductor/ normal metal/ superconductor (SNS) junctions,
in which the proximity effect induces superconductivity into a normal metal between two
superconducting electrodes, has received attention due to its promising configuration.
However, developing reliable fabrication methods for HTSC SNS junction devices
requires overcoming difficulties of materials and fabrication methods such as chemical
instability of high temperature superconductor materials, nano scale device engineering
and physical and chemical property compatibility of high temperature superconductor
with those of insulator or normal metals.
The purpose of this dissertation is to examine and understand the chemical and
physical properties of the high temperature superconductors and normal metals and to
develop the reliable fabrication methods for HTSC SNS device. This dissertation is
organized in the following manner. Each chapter gives details and explanation of Chapter
I) the proximity effects study on low temperature superconductors and high temperature
superconductors, Chapter II) the thin film deposition methods to increase the chemical
stability of HTSC nano devices that optimized three different corrosion resistance HTSC
materials (i.e. YBa2Cu3O7, Y0.6Ca0.4Ba1.6La0.4Cu3O7, NdBa2Cu3O7), Chapter III)
the developed micro and nano scale lithography techniques to fabricate the HTSC nano
devices, Chapter IV) the self assembly monolayer (SAM) method to clean the corrosion
42

layers on the surface of cuprate superconductor systems, Chapter V) the innovative
annealing methods to improve the contact resistance of metals and superconductor
interfaces and demonstration of the critical current of HTSC SNS junction nano device
dependence with temperature, normal metal thickness, and magnetic fields and Apendix.
In addition, the last chapter will report the progress of the hybrid of high temperature
superconductor and organic conductor as future work.
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PART II. TOWARDS CREATION OF NANO FABRICATIONS IN
HIGH TEMPERATURE SUPERCONDUCTOR DEVICES
Chapter Two. High Temperature Superconductor Thin Films

In the past chapter, the introduction to the relevant background materials of this
dissertation was provided. Here, the focus on the creation of new methods for reliable
HTSC SNS junctions will be described. The development of reliable methods to deposit
and pattern HTSC thin film structures is the first critical step in this area. In this chapter,
the focus will be on the development of reliable deposition methods. Before the new
approach and new experimental results are described, a short introduction to the relevant
high temperature superconductor thin film deposition method used will be provided.

2-1. INTRODUCTION

The development of fabrication methods for high temperature superconductor
(HTSC) thin films has been intensively studied since the discovery of high temperature
superconductors. There are many deposition methods for HTSC thin film depositions
including a sputter deposition, molecular beam epitaxy (MBE), and atomic layer epitaxy
(ALE) and pulsed laser deposition (PLD). The HTSC thin film deposition techniques can
be classified with two methods. One of the deposition techniques takes a place in a
vacuum chamber with physical methods of a target material manipulation to achieve the
high quality thin films and the other techniques rely on chemical reactions between the
suitable compounds or dissociation of the large molecules near the substrates to obtain
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the proper thin film compositions such as a chemical vapor deposition. However, the
main purpose for all deposition methods is commonly same which is to obtain the high
quality single crystalline films with a low number of defects and impurities.1 - 8
Pulsed laser deposition (PLD) is currently considered the most straight forward
thin film production procedure for the HTSC device applications because the method is
flexible, fast response, and energetic. Those advantages allow the PLD method to apply a
wide pressure, temperature, and energy range for deposit methods. This method of
deposition is used in this dissertation project due to the simplicity and flexibility
exhibited by the approval. Although the theoretical explanation of the laser and a target
relation is very complicated physical phenomenon, the experimental setup is one of the
simplest methods in most of thin film deposit system. Moreover, the most advantage of
the PLD system is suitable for the deposition of most of the HTSC materials although
those materials could be very complicate multi component ceramic materials such as
YBa2Cu3O7, NdBa2Cu3O7, and Y0.6Ca0.4Ba1.6La0.4Cu3O7. There are also disadvantages of
the PLD system such as micron size particulates and narrow angular distribution of
plume, which causes limitation of the thin film size and the surface smoothness.
However, the PLD technique can offer better quality HTSC thin films such as superior
structures and electrical properties compare to other types of deposition methods. In this
chapter, the basic theory of PLD system will be introduced with theoretical and
experimental aspects. The detail optimization steps will be also described with
experimental data to achieve the high quality HTSC thin films.1 - 3
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2-2. PULSED LASER DEPOSITION

Although the theoretical explanation of the laser and a target relation is very
complicated physical phenomenon, the basic idea of PLD system can be simply
explained by the experimental setup (Figure 2-1). High power laser pulses are used to
evaporate matters from a target surface such that the stoichiometry of materials is
preserved in the interaction. When the focused laser pulses are absorbed in very small
area of the target, the absorbed energy density is sufficient to break any chemical bonds
of the molecules and produce high pressure gas on the surface layer. As a result of the
pressure gradient, a supersonic jet of particles is ejected normal to the target surface and
the particle cloud absorbs a large amount of energy from the laser beam producing an
expansion of hot plasma through the deposition chamber. The ablated species condense
on the substrate placed opposite to the target forming a thin film with hundreds or
thousands of laser pulses. The PLD can take place in vacuum or in the presence of some
background gas which is used to influence the composition of the thin films. In the case
of oxide films such as YBa2Cu3O7, NdBa2Cu3O7 and Y0.6Ca0.4Ba1.6La0.4Cu3O7, oxygen is
the most common background gas.
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Figure 2-1. A schematic illustration of the Pulsed Laser Deposition (PLD) system.
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2-2-1. Thin Film Growth Mechanism

The thin film growth can be explained by three different modes such as threedimensional island growth, two-dimensional monolayer formation, and the growth of
separate islands on the top of a full monolayer. The three-dimensional film growth
includes a number of processes that particles can go through after arriving on the
substrate (Figure 2-2). The nucleation rate of the clusters and the relation of a cluster
growth and dissociation are controlled by the total free energy of the system. The size of
a stable cluster decreases with decreasing the surface energy between the arriving atoms
and the clusters or increasing the negative volume free energy. In practice, changing the
substrate temperature or increasing the deposition rate can control the free energy. A
monolayer can be formed with low surface energy of the clusters and high surface energy
of the substrate due to energy favor for the thin film. A higher temperature and a lower
deposition rate support the formation of larger islands instead of numerous small clusters.
Two-dimensional layers could be formed before three-dimensional nucleation. However,
the growth mode changes from initial state to three-dimensional nucleation state because
the increasing film thickness causes the stress due to lattice mismatching or strong
relation between the substrate and the films.1 - 3, 5 - 8
In general, the quality of the deposited film is determined by the crystallinity of
the lattice and the surface smoothness. The generation of particulates during the PLD
process is one of the most important factors which can affect the smoothness of the films
and crystallinity.8,

9

These particulates can be classified as small droplets and large

irregular shape outgrowths (Figure 2-3). The density of all kinds of particulates increases
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with the number of laser pulses because the largest outgrowths are believed to originate
directly from the target. The typical explanation for large target fragments on the
substrate is that the breaking of projecting surface features or splashing of a molten
surface layer. However, the droplets are considered as resolidified molten drops from
hydrodynamic sputtering of the target. Moreover, the loss of epitaxy in thicker films
generates many types of differently shaped outgrowths. Precipitates are particles whose
stoichiometry is different from that of the surrounding film. The crystallinity of the film
is improved when precipitates are formed since the film is separated into two phases
including the precipitates and the crystal matrix.1 - 3
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Atom deposition on cluster

Atom deposition on substrate
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Re-evaporation from cluster
Diffusion to cluster

Dissociation of cluster

Figure 2-2. The schematic diagram for atomic processes in the nucleation of the threedimensional clusters of deposited thin film atoms on a substrate surface.
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300 nm

200 nm

100 nm

200 nm

Figure 2-3. SEM images of droplet and outgrowth for Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film
on a MgO (100) substrate with the laser energy of 275 mJ, oxygen pressure
of 300 mTorr and substrate temperature of 660 oC. (Note: The deposition
conditions does not necessary to reflect the conditions of these droplets and
outgrowth: see the text for details)
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2-2-2. Plume, Targets, and Background Gas

The interaction between laser pulses and the target depends strongly on the
intensity of the incoming laser beam and the density of target. If there is enough time for
the pulses to absorb and heat the target surface, the laser can remove the matter from the
target. The basic idea is explained in as schematic description in Figure 2-4.
Although many different types of mechanistic explanations, such as thermal
sputtering, exfoliational sputtering, and hydrodynamic sputtering, have been proposed as
a mechanism which can explain the interaction between the laser energy and the targets,
the electronic sputtering is considered to be the principal interaction mechanism of a laser
pulse with the target. The incident photons strike the target and produce electron-hole
pairs and electronic excitations in a femto-second. The energy is transferred to the crystal
lattice and a thermal equilibrium between the electrons and the lattice can be reached in
picoseconds and few nanoseconds, respectively. Continued irradiation with heated
lattices emits massive particles from the target surface. The power of a laser pulse has to
be higher than a certain threshold value to ionized all the species stoichiometrically from
the target surface. Also, short wavelength lasers (UV range) are preferred because the
reflectivity of most materials at shorter wavelengths is much lower than at long
wavelength range. However, if too much power applies to a target, it can melt the target
surface and eject large fragment of a target. It could be the major source of droplets on
the thin film surface (Figure 2-5).1, 2, 5, 10, 11
When ionized plasma is formed in the vicinity of the target, the plasma inflates
from the target with a strongly forward supersonic velocity distribution. The visible part
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A

B

C

D

Figure 2-4. The schematic illustration for interaction of a target and laser pulse. (A) the
laser pulse is absorbed and melt a target surface (B) melted surface
propagates as solid (C) melted surface recedes and resolidified (D)
Solidification. The dark black area indicates the melting target and the gray
area indicates resolidified area. Adapted from reference [1].

melted area

A

B

Figure-2-5. The pictures for melted Y0.6Ca0.4Ba1.6La0.4Cu3O7 target (A) and NdBa2Cu3O7
target (B) under 300 mJ of laser energy with 200 mTorr background oxygen
environment.
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of particle jet is often called as a plume. The plume is composed of several types of
particles such as neutral atoms, electrons, and ions. The visible light of the plume is due
to fluorescence and recombination processes in the plasma. The plume has different
behaviors in vacuum and in the presence of an ambient background gas. The plume does
not expand uniformly in vacuum because of the high density of the plasma. The ejected
materials diffuse in the plume and collide with each other that lead to a rapid
thermalization of the particle clouds. In oxygen environment, oxygen molecules scatter
and attenuate the plume and change the deposition rate and the kinetic energy of the
different groups of materials. Reactive scattering results in the formation of molecules or
clusters that are essential for the proper stoichiometry and oxygen content of the films.
Different diagnostics of the background gas interaction indicate that the plume interacts
hydrodynamically with the background gas. If the pressure of background gas increases,
it causes expansion of the plum and sharpens the plume boundary due to the collision of
materials (Figure 2-6).1 - 5, 8, 12 - 14
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C

D

E

F

Figure 2-6. Different plume shape from YBa2Cu3O7 target with various background gas
pressures. (A) ~ 10-5 Torr (B) 100 mTorr (C) 200 mTorr (D) 300 mTorr (E)
400 mTorr (F) 500 mTorr of oxygen with the laser energy of 275 mJ.
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2-2-3. Substrates for HTSC Thin Films

The substrate materials and qualities play important roles in PLD for high quality
films. The qualified substrates are supposed to be atomically flat, well lattice matched,
and chemically comparable with superconducting materials; however, most of substrates
have surface defects such as atomic steps, point defects, and dislocation intersections
called heterogeneous nucleation sites in reality. The defect sites assign low energy sites
which nucleation favorably occurs. Although the low energy site could be insignificant
small defects which can be treated as same as homogeneous surface in theory, it can be
one of major affects for high quality film growth. Many single crystal substrates have
been investigated for HTSC materials, and also HTSC thin films have been grown
successfully on many different substrates. Most common substrates for high-temperature
superconductors are MgO, LaAlO3 and SrTiO3 which have very reasonable lattice
matching constant and thermal expansion coefficients with HTSC materials.1, 8, 11 - 13

Table 2-1. The substrate parameters. mp: melting point, ξ : thermal expansion coefficient.
Adapted from reference [1] and [2].
a-axis (Å)

b-axis (Å)

ξ (ppm-K-1)

Yba2Cu3O7

3.8

3.9

17

MgO

4.2

4.2

14

2800

Ref [2]

SrTiO3

3.9

3.9

11

2080

Ref [2]
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mp(oC)
Ref [1]

2-3. FABRICATION OF HIGH TEMPERATURE SUPERCONDUCTOR THIN FILMS
2-3-1. Experimental Design for HTSC Thin Film Optimization Methods

In order to grow high quality HTSC thin films by PLD, the technique of
experimental design method was used to optimize the PLD parameters.28 The goal of the
optimization process was to find suitable parameters for each sample’s best quality, to
quantify the relationship for all the parameters, and to compute the parameters relation
with each sample. There are many important parameters, which can be controlled the
quality of film growth including the laser energy, the deposition rate, the pressure of
background gas, the substrate temperature, the annealing temperature and the time, the
target density, the distance between a target and substrates. Among these parameters,
three critical parameters, the pressure of background gas, the laser energy and substrate
temperature were picked for optimization parameters.12 - 16, 20 - 23
To determine the laser energy, the laser beam was focused on dark photo paper
and the laser energy was increased until a target was melted with 200 mTorr oxygen
ambient to obtain the optimal laser energy values. Once a laser energy value was found
for melting a target, different oxygen pressure was tried for optimization processes. The
background oxygen pressure also was tried from 50 mTorr to 500 mTorr. It was found
that the oxygen pressure could affect more on ∆Tc values which can be obtained from
differences between the onset critical temperature and the zero critical temperature
values. Among all the deposition parameters, it was found that the substrate temperature
was the most important factor for determining the superconducting properties of all
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YBa2Cu3O7, NdBa2Cu3O7, and Y0.6Ca0.4Ba1.6La0.4Cu3O7 films. One of example of
optimization processes is in Table 2-2.
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Table 2-2. An example of the parameter optimization process for PLD.

Sample
A01
A02
A03
A04
A05
A06
A07
A08
A09
A10
A11
A12
A13
A14
A15
A16
A17
A18
A19
A20
A21
A22
A23
A24
A25
A26
A27

Laser energy (mJ)
225
X
X
X

250

275

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Substrate
temperature (oC)
850 875 900
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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Oxygen pressure
(mTorr)
100 150 200
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

2-3-2. Pulsed Laser Deposition Systems

The PLD system in general consists four types of components including an
excimer laser, a high vacuum chamber, optics equipments and control systems. The high
vacuum chamber is equipped of a target rotation system, a substrate heater, a shutter, two
pressure gauges, two gas delivery systems, pumping systems, and some ports for extra
setup. A Lamdba Physik Complex 201 laser with 248 nm (KrF, excimer) generates 100 –
600 mJ, 25 ns (FWHM) pulses with repetition rate of 1 – 10 Hz. The beam shape is
rectangular (15 X 27 mm). One high energy excimer mirrors (New port, Irvine, CA) was
used to direct the beam to the chamber. A Bi-convex (50.8 mm, 40 cm focal length) fused
silica lens was used for focusing the beam.
The chamber has a fixed central axis substrate holder with a water cooling system.
The substrate holder can rotate with an electric powered motor which was connected
from outside through magnetic feed-through. The substrate heater has 2.9 inch coil with
Ni wirings that radiatively heat the substrates (Figure 2-7). The temperature controller
(Eurotherm 2408) can control the heater with two thermocouples (K type, grounded,
Iomega) which are installed behind the heater coil. True substrate temperature can be
measured by other K type thermocouple screwed on top of the substrate plate while under
same deposit conditions.
Multiple targets can be mounted at 45o relative to the incident beam on a target
holder. The target holder can hold up to 6 targets and also can rotate to select a target.
The distance between the target and the substrates can be changed with different length of
rods. The high vacuum system has two types of pumps including a turbo pump (Pfeiffer
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200) and the diaphragm pump which are connected at the bottom of the chamber. Two
coarse valves are connected for the nitrogen and the oxygen gas. One needle valve with a
flow meter is installed for background gas during the deposition.
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Thermocouples

Figure 2-7. The diagram of a heater coil and two thermocouples position.
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2-3-3. Pulsed Laser Deposit for HTSC Thin Films

A target (SCI, Columbus, OH or Home made) was sanded down to fresh uniform
surface. The surface of the target was cleaned off with acetone and ethanol wetted
KimWipes until no residue was detected on tissues. The substrate plate was cleaned with
3M of HCl solution to remove old deposit materials. The plate was polished with sand
paper (Buler Grade 400) to remove silver paint from old deposition procedures and
cleaned with DI water, 2-propanol, and acetone. The one side polished substrates (MgO,
(100), 10 x 10 x 0.5 mm, Marketech International, WA and SrTiO3 (100), 10 x10x0.5
mm, Crystal GmBH, berlin Germany) were mounted on the plate with silver paint (Flash
dry silver paint, SPI) and allowed for drying in desiccators for ca. two hours. Once the
substrate holder was mounted in the chamber, the chamber was vacuumed down to ~ 10-5
Torr. The background gas leaked into the chamber after temperature of heater reach to
more 500 oC to avoid out gassing. The target was preablated with 2400 pulses to have the
fresh surface and the uniform deposition rate with the shutter down. Once the desired
temperature for substrates was reached, pure oxygen (Praxiair Grade 4.8, 99.995%) was
leaked into the chamber as a background gas. The oxygen pressure was increased to 500
Torr for the annealing step for YBa2Cu3O7, and Y0.6Ca0.4Ba1.6La0.4Cu3O7 which takes 30
min. at 450 oC before cool down to the room temperature.
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2-3-4. HTSC Thin Film Characterizations

The overall quality of the deposited HTSC thin films could be determined by their
electrical properties. Resistance vs. Temperature curve was measured using a current
source (Keithly 220) and a nanovoltmeter (Keithly 182) in closed cycled cryostat (APD
HC-4, MK1) which is controlled by a temperature controller (Lakeshore 330) with
imbedded thermocouple monitoring (Figure 2-8). Four copper clips were used to pin
down the sample with plastic screws in the closed circle cryostat for typical four-point
measurement.
X-ray diffraction was carried on thin films of structure study with Bruker-Nonius
D8 diffractometer using Cu(Kά) radiation. Scanning electron microscope (LEO 1530
with field emission column) and atomic force microscope (DI, multi mode 4000) was
used for the morphological property, the surface smoothness and the thickness of HTSC
thin films.
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Figure 2-8. The schematic illustration of four point measurement design in the closed
cycled cryostat.
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2-3-5. Optimized PLD Parameters for HTSC Thin Films

The optimization for YBa2Cu3O7 was relatively easy and simple to compare to
two other samples. The parameters of PLD for YBa2Cu3O7 thin films were optimized
with less than 40 depositions. The onset transition temperature of YBa2Cu3O7 was
obtained at 94 K, and the critical temperature for zero resistance value was at 92 K which
was suggested as high as the YBa2Cu3O7 thin film can achieve (Figure 2-9). X-ray
diffractometer data exhibited that the orientation of the YBa2Cu3O7 thin film is c-axis
(Figure 2-10). However, most of YBa2Cu3O7 thin films, which showed the critical
temperature above ~ 85 K, showed strong c-axis orientation. The Scanning electron
microscope (SEM) images were also taken for the morphological comparison study. The
acquired SEM images of YBa2Cu3O7 surface was showing typical basket weave surface
(Figure 2-11). The surface study of HTSC thin films suggests that the regular basket
weave shapes is not the necessary surface shape to achieve the high critical temperature
HTSC thin films. The optimized PLD parameters for the YBa2Cu3O7 thin films were 1.7
mJ/cm2 of laser energy, 200 mTorr of oxygen background gas and 500 oC temperature of
annealing for 30 minutes with 500 Torr oxygen ambient. The substrate temperature was
determined to be the most critical parameter of the YBa2Cu3O7 thin film quality (Table 23). The true substrate temperature was calculated from four different temperature sensors
including the thermocouple on the substrate plate, the two thermocouples at behind the
heater coil, and a pyrometer (Minolta, Cyclops 52).
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Figure 2-9. The resistance vs. temperature curve of the optimized YBa2Cu3O7 thin film
on MgO substrate with the laser energy of 275 mJ, oxygen pressure of 200
mTorr and the substrate temperature of 670 oC. (top) and X-ray diffraction
pattern (bottom).
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Figure-2-10. The relation between transition temperature vs. substrate temperature of the
optimized YBa2Cu3O7 thin films on MgO substrate (top), the resistance vs.
temperature curves of the optimized YBa2Cu3O7 thin films on MgO
substrate with various substrate temperature (bottom). Note: Other
deposition parameters for thin film were the laser energy of 275 mJ and
oxygen pressure of 200 mTorr. The number in bottom graph indicates the
substrate temperature.
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100 nm

100 nm

Figure 2-11. SEM images for the surface of YBa2Cu3O7 thin film on MgO substrate. The
thin film was deposited with the laser energy of 275 mJ, oxygen pressure of
200 mTorr and the substrate temperature of 670 oC.
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Table 2-3. The optimized PLD parameters for the YBa2Cu3O7 thin films.
Substrate Temperature (oC)
650

Critical temperature (K)
80.0

∆Tc (K)
5

660

86.5

3

670

91.0

3

680

88.5

2

710

85.5

2

740

82.0

5

Note: Oxygen pressure of 300 mTorr, the laser energy of 270 mJ and MgO substrates
were used for all YBa2Cu3O7 thin film samples.
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The PLD parameters for the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films were also
optimized.

The

optimal

transition

temperature

for

bulk

materials

of

Y0.6Ca0.4Ba1.6La0.4Cu3O7 was demonstrated as 82K and thin film deposition by a
magnetron sputtering technique and PLD technique already exhibited over 80K from
previous study.24 Although numerous attempts were made to achieve the high transition
temperature of the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films, the transition temperature was not
as high as expected. The resistance vs. temperature curve for the Y0.6Ca0.4Ba1.6La0.4Cu3O7
thin films showed the transition temperature of 73K. X-ray Diffractometer study also
showed that the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film is c-axis orientation (Figure 2-12). The
surface morphology for Y0.6Ca0.4Ba1.6La0.4Cu3O7 is very much alike with YBa2Cu3O7 thin
films under SEM and AFM studies (Figure 2-14). Although the critical temperature was
not achieved as high as that of bulk materials, the relation between the substrate
temperatures and transition temperatures showed a typical optimized pattern (Figure 213). However, the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film PLD parameters were almost as
same as those of the YBa2Cu3O7 thin films, but it was more difficult to optimize the
suitable parameters for the highest critical temperature (Table 2-4). The optimized PLD
parameters for the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films were ~ 1.7 mJ/cm2 of laser energy,
300 mTorr background oxygen environment during the deposition and the 500 oC
annealing temperature for 30 minutes. The entire Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film
samples were deposited on MgO (100) substrates. The substrate temperature calibration
method was as same as the YBa2Cu3O7 thin films deposition system.
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Figure 2-12. The resistance vs. temperature curve of the optimized
Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film on MgO substrate with the laser energy of
275 mJ, oxygen pressure of 300 mTorr and the substrate temperature of 673
o
C. (top) and X-ray diffraction pattern (bottom).
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Figure-2-13. The relation between transition temperature vs. substrate temperature of the
optimized Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films on MgO substrate (top), the
resistance vs. temperature curves of the optimized Y0.6Ca0.4Ba1.6La0.4Cu3O7
thin films on MgO substrate with various substrate temperature (bottom).
Note: Other deposition parameters for thin film were the laser energy of 275
mJ and oxygen pressure of 300 mTorr. The number in bottom graph
indicates the substrate temperature
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200 nm

200 nm

Figure 2-14. SEM images for the surface of Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film on MgO
substrate. The thin film was deposited with the laser energy of 275 mJ,
oxygen pressure of 300 mTorr and the substrate temperature of 673 oC.
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Table 2-4. The optimized PLD parameters for the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films.
Substrate Temperature (oC)
630

Critical temperature (K)
45

∆Tc (K)
10

652

59

6

665

71

2

673

73

2

683

67

6

690

62

6

Note: Oxygen pressure of 300 mTorr, the laser energy of 270 mJ and MgO substrates
were used for all Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film samples.
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The parameters for the NdBa2Cu3O7 thin film deposition were also successful
optimized. More than 150 depositions were made to optimize the suitable parameters for
92 K critical temperature for the NdBa2Cu3O7 thin films. Here, SrTiO3 (100) and MgO
(100) substrates were used for the NdBa2Cu3O7 thin film PLD optimization, but using
different substrate showed little affection for the quality of the NdBa2Cu3O7 thin films.
The optimized NdBa2Cu3O7 thin films showed 96 K as the onset transition temperature
and 92 K as the critical temperature for zero resistance value. X-ray diffractometer data
exhibited that the orientation of the NdBa2Cu3O7 thin film is c-axis orientation (Figure 215). However, same as the YBa2Cu3O7 system, most of the NdBa2Cu3O7 thin films above
85 K critical temperature showed strong c-axis orientation. One of the most distinguished
features of the NdBa2Cu3O7 thin film is the film smoothness. The feature can very well
be exhibited in SEM study. The morphology study indicated that the surface shape of the
YBa2Cu3O7 thin films and the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films were almost identical.
Both of cuprate systems has basket weave features on the surface. However, the
NdBa2Cu3O7 thin film surface has a shape of continuous rectangular and few numbers of
droplets (Figure 2-17). The optimized PLD parameters for the NdBa2Cu3O7 thin films
were 1.2 - 1.7 mJ/cm2 of the laser energy and 100 - 500 mTorr of the oxygen background
gas pressure. The post annealing was also tried at early stage of optimization process, but
most of depositions were performed without post annealing step. The most critical
parameter of the NdBa2Cu3O7 thin film quality was also a substrate temperature (Figure
2-16 and Table 2-5). The temperature calibration method was as same as other two
systems.
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Figure 2-15. The resistance vs. temperature curve of the optimized NdBa2Cu3O7 thin film
on MgO substrate with the laser energy of 275 mJ, oxygen pressure of 200
mTorr and the substrate temperature of 760 oC. (top) and X-ray diffraction
pattern (bottom).
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Figure-2-16. The relation between transition temperature vs. substrate temperature of the
optimized NdBa2Cu3O7 thin films on MgO substrate (top), the resistance vs.
temperature curves of the optimized NdBa2Cu3O7 thin films on MgO
substrate with various substrate temperatures (bottom). Note: Other
deposition parameters for thin film were the laser energy of 275 mJ and
oxygen pressure of 200 mTorr. The number in bottom graph indicates the
substrate temperature
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200 nm

1µm

Figure 2-17. SEM images for the surface of NdBa2Cu3O7 thin film on MgO substrate.
The thin film was deposited with the laser energy of 275 mJ, oxygen
pressure of 200 mTorr and the substrate temperature of 760 oC.
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Table 2-5. The optimized PLD parameters for the NdBa2Cu3O7 thin films.
Substrate Temperature (oC)
682

Critical temperature (K)
50

∆Tc (K)
15

730

82.5

2

740

84

2

750

87

1.5

760

92

2

785

78

6

Note: Oxygen pressure of 300 mTorr, the laser energy of 270 mJ and MgO substrates
were all NdBa2Cu3O7 thin film samples.
Note: The deposition temperature is a dominant factor in determining film smoothness as
is deposition rate. It is important that parameters are controlled so fair comparison can be
made.
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Table 2-6. The optimized PLD parameters for the YBa2Cu3O7, NdBa2Cu3O7 and
Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films.
YBa2Cu3O7 NdBa2Cu3O7 Y0.6Ca0.4Ba1.6La0.4Cu3O7
Transition temperature (K)a

91

92

73

Substrate temperature (oC)

670

760

673

Background oxygen pressure

200

200

300

500

500

500

Annealing time (minntes)

30

0

30

Laser energy (mJ)

275

250

275

(mTorr)b
Annealing oxygen pressure
(Torr)

a: Tc zero transition temperature.
b: Pressure during thin film deposition
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2-4. CONCLUSIONS

The pulsed laser deposition parameters for three types of high temperature
superconductor thin films, YBa2Cu3O7, Y0.6Ca0.4Ba1.6La0.4Cu3O7, and NdBa2Cu3O7, were
successfully optimized with the experimental methods. The substrate temperature was
found to be the most critical parameter for the quality of all three thin film depositions.
The optimized parameters for the YBa2Cu3O7 and the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films
were almost same except for the background oxygen pressure during the deposit. The
optimized laser energy for the NdBa2Cu3O7 thin films was lower than that of two other
thin film samples. The most significant difference of thin film fabrications between the
NdBa2Cu3O7 and the YBa2Cu3O7 systems was the post annealing steps. The optimized
parameters of the pulsed laser deposition method for the YBa2Cu3O7, the NdBa2Cu3O7,
and the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films are summarized in Table-2-6.
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Chapter Three. Lithography Techniques for the High Temperature
Superconductor Nano Devices

In the prior chapter, the methods for deposition optimized HTSC thin film
structures were described. As an important objective for the dissertation, the creating of
HTSC junction structures with well defined characteristic is now described. Likewise, the
focus at this chapter is to understand the chemical and physical relations of various
lithography methods and the HTSC materials to develop the reliable fabrication methods
for the HTSC nano devices. The general ideas of the photolithography and the ion beam
milling technique for the HTSC thin film devices will be introduced. Also, combination
of two lithography methods and a developed fabrication methods for the HTSC nano
devices will be discussed with experiment details.

3-1. PHOTOLITHOGRAPHY

The planar devices and integrated circuits require the formation of patterns on the
surface of a thin film. The increasing demands for smaller structures of patterned devices
and faster and higher density electronic circuits for fundamental researches and
applications push fabrication technology to nano scale dimensions in recent years. In
order to achieve the nano scale structures, the fabrication techniques with the accurate
and precise detail pattern definition became extremely important issues.1 - 6
A simple definition of photolithography is a method for transferring a desired
pattern into a thin film. The photolithography method has been widely used for patterning
desired devices due to many advantages including a relatively simple experiment setup, a
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wide range of pattern transfer and cost effectiveness.3 The general process of the
photolithography method is illustrated in Figure 3-1. A resist material is coated as a thin
layer over a thin film and subsequently exposed to the light through a patterned mask that
can selectively expose the area to the light. The resist material exposed to the light goes
through photochemical reaction called developing step and become more soluble in
developing solvent than the unexposed area covered by the resist material. Once the resist
on the undesired area dissolves by the developing solution, a positive tone image of the
mask can be produced on the thin film or, in contrary, the exposed area render less
soluble producing a negative tone image of the mask. The resist material resists the
etchant and protects the area under the resist material. After the etching step, the resist
protected area can be remained intact, which is the desired pattern from the mask. The
actual photolithography fabrication process is comprised of several sequential steps. It is
needless to say that the each of steps is important and critical for the thin film device
fabrications but the printing method and the type of photoresists are considered as the
most critical factors.1 - 6
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Figure 3-1. The schematic illustration of Photolithography Steps
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3-1-1. Printing Methods

A contact printing and a projection photolithography printing method could be the
common photolithography techniques. Specially, the contact printing is widely used as
the most common method to define the pattern on the thin film devices. The advantages
of contact printing method over the projection photolithography method are high
resolutions of defined patterns and simple procedures of the production. The high
resolution could be obtained because a mask was pressed onto the resist coated thin film
without the shadow effects. The disadvantage of a contact printing technique is to cause
the damages for a mask or the surface of a coated resist layer. A modified technique is
also developed to avoid the damages, which is to maintain a space between the mask and
the coated surface of the thin film. This technique is known as a soft contact printing or a
proximity printing which can provide a desired pattern on a thin film and minimize the
damages of a mask and a thin film caused by contact. Although the soft contact printing
or the proximity printing can minimize the damages, it is at the expense of resolution due
to the space between a mask and a thin film. Also, the determination of a precise and an
accurate gap distance between a mask and a thin film is very difficult to obtain.2 -3
The projection lithography method is also developed to overcome the problems
above. The main idea of the projection lithography is that a mask image is projected onto
a thin film through a reflective optical system. The projection lithography improves a
mask lifetime and decreases defect densities on a thin film because intimated contact
between a thin film and a mask is not required. However, the designing optics and align
has to be changed every time either a thin film size or a mask size changes.4 - 5
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3-1-2. Optimization of Photolithography Methods

The photolithography is the first step towards the fabrication of a high quality
HTSC nano scale device. The photolithography method can provide the wide range (a
few hundreds micron size) pattern on the HTSC thin films. However, a defined
superconductor thin film circuit requires minimum chemical damages on the surface and
the walls of the defined circuits. Also, the defined circuits require enough dimensions to
dissipate some charges to avoid the beam drifting effects for the focused ion beam
milling method or the e-beam lithography technique to fabricate the nano scale devices
that will be described later in this chapter. The accurate dimension of circuit is also
absolutely necessary to understand the real critical values such as a resistivity or a critical
current density for nano scale HTSC devices. However, there are always the under
etching problems and some damages through the sidewalls of the superconductor bridges
despite of a carefully modified lithography method for the HTSC thin film fabrication
(Figure 3-2). Developing and understanding an appropriate photolithography method is
very important issue to cope with such problems.7 - 14 The parameters of photolithography
method for the HTSC thin films were optimized with the under-etching study and the
surface characteristic study.
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Photoresist
damaged area
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HTSC
substrate
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Figure 3-2. The schematic illustration of damaged area of superconductor thin film (on
top). The SEM images of a sidewall damaged film after photolithography.
The damage area is more than 1 µm distance. (YBa2Cu3O7 on MgO
substrate with 150 µm bridge)
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3-1-2-1. Under-etching Study for HTSC Micro Scale Devices

The photolithography process for the HTSC thin film devices is involved several
sequential step for fabrication. Although every step is the critical step for the HTSC thin
film fabrication, the most critical step of photolithography for the HTSC thin film is the
etching step. The concentration of etching solution and the etching time can cause the
serious damages on the surface and even ruin the whole HTSC thin film. In order to
optimize the concentration of etching solution and the etching time, the under etching
study was carried out with different concentrations of nitric acid solution and different
etching time. Only positive photoresists was used in this study and the most patterns used
for this study is a simple microbridge with contact pads.

- Overview of the Photolithography Process
1. Thin film surface preparation
2. Applying photoresist layer with spin coating
3. Pre-baking (soft baking)
4. Alignment and making a contact with a mask and a thin film
5. UV-light exposure
6. Development with developing solution
7. Post baking (hard baking)
8. Etching with nitric acid solution
9. Stripping a photoresist layer on thin film
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2 mm

5 mm

100 µm

Figure 3-3. The dimension of the mask

Figure 3-4. Different patterns for a photolithography mask
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2 mm

Before the application of the resist, the surface of HTSC thin film was cleaned
with isopropyl alcohol and acetone. The cleaning solvents were prepared from the fresh
bottles with no further purification. Ten to fifteen milliliter of solvent was dropped onto
the HTSC thin film surface with 4000 rpm spin under the nitrogen purging environment.
Once the cleaning solvent was dried, four or five drops of photoresist (AZ 5214 E-IR
Photoresist, Clariant, NJ) were applied onto the HTSC thin film surface for spin coating
(WS-400 Single wafer spin processor, Laurell, PA) for thirty seconds at 4000 rpm. The
HTSC thin film was processed for soft baking for twelve minutes at 90 oC in a convection
oven (Gravity oven, Lindberg/Blue M, Asheville, NC) to evaporate and densify the
photoresist. The photoresist coated HTSC thin film was covered by a mask (soda line
glass with iron oxide coating 4’’ x 4’’ x 0.060’’) and pressed down with custom-made
contact printing devices (Stainless steel 5’’x 5’’x 0.06’’) to expose the UV light
(Crosslinkers Model CL-1000, 5 x 8 watt UV bipin discharge tube, 254 nm) for 5 min.
The HTSC thin film was immersed into developing solutions (AZ 300 MIF developer)
for two to five minutes to develop the UV light exposed photoresist. After the developing
step, the HTSC thin film was dried by nitrogen or pressed air and proceeded for hard
baking step in the convection oven for five minutes at 120 oC. Several nitric acid
concentrations (0.05 M – 0.2 M) with different time range (10 seconds – 11min) were
tried for the etching step to find optimum conditions of HTSC thin films. The optimized
concentration of nitric acid and the etching time were found for 0.12 M with ca. 25
seconds.
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3-1-2-2. Optimization of photolithography methods for HTSC micro scale devices

The etching rate was measured with several different etchant concentrations at
different given time. When the nitric acid concentration was higher than 0.5 M, the
HTSC microbridge was destroyed within several seconds; when the concentration was
lower than 0.01 M, the etching rate became slow, but the sidewalls of the bridge were
severely damaged. The optimum condition was found at 0.12 M of nitric acid with 25
seconds.

B

A

50 µm

50 µm

Figure 3-5. The Optical microscope images of the YBa2Cu3O7 micro bridge with
photoresist on top. The bright area indicates the damaged area on
YBa2Cu3O7 bridge with 200 seconds (A), and 600 seconds of under etching
(B).
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Figure 3-6. Time vs. bridge width graph for etching with aYBa2Cu3O7 thin film.

1 µm

200 nm

Figure 3-7. Comparison with high temperature superconductor bridge. The SEM pictures
for superconductor bridge fabricated with optimized lithography method
(left) and non-optimized lithography method (right). The left picture was
taken with 45o angle with 2 nm gold coating. (Both sample is YBa2Cu3O7 on
MgO substrate with 150 µm bridge)
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1 µm

300 nm

300 nm

Figure 3-8. The SEM images of the YBa2Cu3O7 micro bridges fabricated by the
optimized wet lithography parameters
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3-2. FOCUSED ION BEAM MILLING

In order to achieve the nano scale structures, the fabrication techniques with the
accurate and precise detail pattern definition became extremely important issues. Great
progress has been made in nano scale fabrication methods for the thin film device
engineering including various photolithography techniques, e-beam lithography
techniques (EBL)1, 3, 15, 16 and ion milling lithography methods17, 18 (FIB). Although the
reliable lithography techniques are absolutely a crucial factor to create nano scale high
temperature superconductor (HTSC) devices, developing a reliable method for the HTSC
nano devices could be very difficult task to achieve due to chemical instability and
relatively high deposition temperatures of HTSC thin film devices.
In this dissertation research, the ion milling lithography methods was used to
create the HTSC SNS nano structures. In this section, the ion milling lithography method
will be provided in detail with experimental results.

3-2-1. Ion Milling Lithography

Since the possibility of applying a filed emission ion source to produce a focused
ion beam was first demonstrated in early 1970s, the focused ion beam (FIB) has been
widely used for the surface atomic image study. The basic operation and structure of a
focused ion beam system is very comparable to an electron microscope. The focused ion
beam system has two major components inside of a vacuum chamber. A fixed probe on a
multi-axis tilt stage produces an image and a column generates, accelerates, and focuses
ions from liquid-metal ion source. The application of a strong electric field causes the
emission of positively charged ions from a liquid gallium cone that is formed by a metal
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coated tungsten needle. The ions, extracted from the metal surface by field transmission,
can make an extremely high intensity (~ 106 A/cm2) and a small emission area (10 nm).
The small emission area is the basis for the strong focusing of the ion beam by the ion
optical system integrated in the ion column. The ions are accelerated and focused through
electrostatic lenses to a small diameter of the beam.1, 2
The interaction of the impinging ions with the surface secondary electrons can
generate the secondary electrons that are detected by a secondary electron detector and
used to produce the contrast images. The ion beam positively charge the insulating or
electrically isolated materials that appear dark in the images to contrast to bright
conducting material images. The yield of the secondary electrons increases with the angle
of incidence of the ion beam, which can provide the images with topographical contrast.
The focused ion beam can be used to deposit some materials such as platinum,
tungsten, and silicon oxide in similar process to gas assisted milling. The beam
parameters and gas flow need to be optimized for efficient equilibrium between the
cracking of the precursor gases and the milling action of the beam in such applications.
Once the ions hit the sample surface, their mass ion implantation causes the emission of
the secondary electrons and the defect of the sample surface. This sputter erosion produce
focused ion beam writing mode. This process, called a milling, is the major advantage of
focused ion beam system for the constructional analysis and failure analysis on the thin
film device engineering.1
A typical FIB cross sectional analysis is that a size of 15-20 µm cavity is milled in
the sample and the imaging is performed on the originally vertical wall of the cavity after
tilting the samples. A strong beam current is required for an initial cavity to have the
shape of stairs and a low beam current was applied to finalize the flat and steep the wall
cavity. The major advantage of the FIB milling method could be its high resolution. The
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FIB milling could provide a size of 10 nm cavity in the sample. Although the e-beam
lithography method requires many steps including the surface preparations, the resist
material selection and various baking steps, the focused ion beam milling method is a
very simple procedure.1, 2, 3
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Ga+
eei+

e-

eno

ee-

e-

Figure 3-9. The gallium (Ga+) primary ion bema hits the sample surface and sputters a
small amount of material, which leaves the surface as either secondary ions
(i+, or i-) or neutral atoms (no). the primary beam also produce secondary
electrons (e-). As the primary beam raster on the sample surface, the signal
from the sputtered ions or secondary electrons is collected to form an image.
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3-2-2. Fabrication of High Temperature Superconductor Nano Devices

The standard ion milling operation was performed for the HTSC nano trench
fabrication with the focused ion beam (Ga source, FEI strata DB 235D) dual beam
system. Before the ion milling step, the HTSC thin films were fabricated for the micro
size dimension bridges (length 5 mm with 50, 75, 100, and 150 µm width) by the
photolithography method as describe at Section 3-1. The dimension parameters for the
HTSC nano trench devices were 10 nm for x-direciton, 100 µm for y-direction, 450 nm
for z-direction with the 5, 10, 50, 100 and 500 pA apertures. To avoid over etching in the
z-direction, the depth of etching was controlled in situ by monitoring the track resistance

during the ion milling process. All the parameter was controlled by software (xp
dualbeam workstation, FEI) in the main computer for focused ion beam system. The
patterned thin film was mounted on a stub (Luster Al pin mount, 12.7 mm table diameter,
SPI, PA) with double side carbon tape (12 mm carbon Tabs, SPI, PA) only with one side
grounded, which was found the best way to avoid the beam drifting problem. All samples
were stored in a desiccant box to avoid the surface corrosion.
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Ion beam

A

Patterned HTSC film

B

Patterned HTSC film with a nano trench

Figure 3-10. Focused ion beam milling for a high temperature superconductor nano
trench device
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3-2-3. High Temperature Superconductor Nano Devices

The size of 40 to 60 nm x 100 µm nano-trench was successfully milled on HTSC
thin films with 10 pA and 50 pA aperture in focused ion beam system. Although the
major advantage of focused ion beam milling could be its high resolution, which can
provide a size of 10 nm cavity in the sample, it is very hard to achieved in reality.
Especially, all the preset parameters in focused ion beam milling system were optimized
for semiconductors. Different size of apertures were tried for milling procedure such as
10, 50, 100, and 500 pA apertures. Only 10 pA and 50 pA were able to fabricate less than
60 nm trench on the thin film. Other apertures could separate the HTSC bridges;
however, high-powered current apertures milled the trenches wider than the desire
dimension (> 300 nm).
To avoid the beam drifting problems, many different sample mounting methods
were tried such as four side grounded with silver paint, paste, and epoxy, two sides
grounded with carbon tape, whole sample covered with copper tape and aluminum foils
and thin layer of gold coating. The one side grounded with carbon tape method was found
to be the best way to avoid the beam drifting problems.
The in situ second electron microscope and ion beam images can provide a
confirmation for the HTSC microbridge separation with nano trench. Once the ion
milling procedure was performed, one side of electrode was grounded with double side
carbon tape and the other side of electrode was electrically isolated. Consequently, the
contrast of image was changed vividly as one side dark and one side bright as seen in
Figure 3-12. Most of the cases, the separation can be confirmed with contrast of images.
However, the SEM and ion beam images could not show the separation of the HTSC
micro bridge due to the debris of the HTSC materials. Some of the debris could be left
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inside of the nano trench and work as nano particle size bridges between the two
separated electrodes. The debris or impurity can be removed with acetones or alcohol.
The electrical isolation was confirmed with the two-point measurements and the fourpoint measurements.

20 µm

2 µm

Figure 3-11. SEM images of HTSC micro bridges after the FIB milling. Both images has
same patterned with one side dark and one side bright. The contrast of
images can be used to confirm the HTSC electrodes separation (YBa2Cu3O7
on MgO substrate with 100 µm bridge).
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500 nm

2 µm

Figure 3-12. SEM images of the surface of thinned HTSC surfaces result from the beam
drifting (YBa2Cu3O7 on MgO substrate with 100 µm bridge).
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3-2-4. A Nano Trench on High Temperature Superconductor Thin Films

The ultimate goal of the focused ion beam milling method for HTSC thin films
was to define the nano scale trench and to electrically separate the photolithgraphically
patterned HTSC micro bridge. The beam drifting was the one of the major problems for
the ion milling procedure for the HTSC thin film. The beam drifting is basically charging
effects, which could happen to the insulator samples or conducting samples without
enough grounding. The isolated conducting samples or insulating samples could be
saturated with positively charged ion beam during the milling procedure. As soon as the
charge was saturated at the local area of the sample, like charges start repel each other.
As a result, the focused ion beam from the aperture starts move through the sample,
which mill a larger cavity than the desire size on the sample. The beam drifting can occur
anytime during the ion milling procedure. In the HTSC thin film case, the ion beam
drifted on the surface a) when the surface of the sample was covered with a corrosion
layer b) the damaged edge of microbridge contained too much insulator materials, c) the
ion beam hit a big size of droplets on the surface, d) the ion beam hit the insulator
substrate, or e) the photoresist residue is still present on the surface of HTSC thin film.
The nano trench fabrication with focused ion beam dual beam system was
successfully performed with the acceptable trench size for the HTSC SNS junction nano
device study. The typical size of the trench is 40 – 60 nm in 100 µm width bridge. In
order to achieve the nano scale trench on the HTSC thin film devices, the parameters of
photolithography for the HTSC thin films were also optimized with under etching study
and the suface study. The suitable concentration of etching solution and time was 0.12 M
and 20 – 25 seconds. The SEM images show little damage area with optimized
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parameters (Figure 3-14). The typical basket weave structure can be seen even at the side
of high temperature.

200 nm

Figure 3-13. SEM image of YBa2Cu3O7 (c-axis, 400 nm thickness) microbridge with ~
50 nm trench on MgO.
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2 µm

300 nm

200 nm

Figure 3-14. SEM images of HTSC microbridge after the FIB milling. (YBa2Cu3O7 on
MgO substrate, the images was acquired with 45o angle)
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High temperature superconductor

substrate

100 µm
~ 400 nm

40 – 60 nm

Figure 3-15. Dimension of patterned HTSC microbridge after the FIB milling process.
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3-3. CONCLUSION

The increasing demand for smaller structures of patterned devices and faster and
higher density electronics circuits for fundamental researches and applications in recent
years, the fabrication techniques with the accurate and precise detail pattern definition
became extremely important issues. In this chapter, the combination of photolithography
and ion milling lithography methods were described with experimental details. The
photolithography method for HTSC thin film device was optimized with under etching
study to improve the properties of HTSC nano structure device. The concentration of
etching solution was found to be the most critical parameter for the etching method for
high temperature superconductor devices. The ion beam milling method was applied to
create the HTSC nano structure device. It was found that carefully optimized ion milling
method can define the HTSC thin film device up to ~ 50 nm patterns. The combination of
two methods was successfully optimized to create the nano structure devices for high
temperature superconductor devices.
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Chapter Four. Self Assembled Monolayer Cleaning Methods: Towards
Fabrication of Clean High-Temperature Superconductor Nano
Structures

In this dissertation, new methods to create reliable HTSC SNS nano structures are
described. In prior chapters, a combination of thin film deposition methods and optimized
cuprate superconductor methods are examined to explore the creation of more controlled
HTSC SNS nano structures. In this chapter, new methods for controlling the surface
chemistry at deposited HTSC thin film structures are described. Here, soft chemistry
method based on self-assembled monolayers is used to clean atmosphere degraded HTSC
thin film structures with improvements and modification of the HTSC SNS nano
structures.

4-1. HIGH TEMPERATURE SUPERCONDUCTORS AND SELF ASSEMBLED
MONOLAYERS
4-1-1. Self Assembled Monolayer

In order to control and modify the surface of the solid state electrodes, it is critical
to understand the behavior of atomic and molecular level of the interface between solid
state electrodes and liquid or gas phase. Spontaneously adsorbed monolayer films have
been used to examine and understand the fundamental processes of interfacial electron
transfer, adhesion, and surface wetting.1 Furthermore, variety practical applications for
the adsorbed monolayers have been reported in fields of micro-contact printing,2,
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3

chemical sensing,4 corrosion protection,5, 6 non-linear optical materials and organization
of nano-scale particles.7, 8
The self assembly could be defined by spontaneous organization of molecule to
matter with geometric repeat symmetry at the molecular level. The self assembled layers
have three main features; 1) a surface active head group that is capable of chemical
interaction with the surface of substrate materials, 2) a spacer layer that is typically an
alkyl group chain, derivative alkyl group or phenyl group chain, and 3) a surface or tail
group that defines the chemical properties (Figure 4-1).1
The chemistry of monolayer adsorption has been extensively developed for
different types of electronic materials such as metals, semiconductors, and insulators.
Last decade, these methodologies have been expanded to a variety of high temperature
superconductors. The first effective method of persistent adsorbing monolayer on the
high temperature superconductor (i.e. YBa2Cu3O7, Y0.6Ca0.4Ba1.6La0.4Cu3O7 and
TlBa2CaCu2O7) was described by the McDevitt and Mikin groups.9

- 15

Alkylamines,

arlamines, alkylthiol, alkyldisulfieds, and alkylselenols were shown to adsorb and to form
stable and electroactive superconductor localized monolayers and primary n-alkylamine
was found as the most rugged and persistent monolayers on high temperature cuprate
systems (Figure 4-2).9 - 15
Also, the new mechanism was reported that amine reagents can serve two
chemically distinct roles on the surface of superconductor cuprate systems. In the initial
stage, the degraded superconductor exterior layer is etched away with the amine
compounds. The amine compound etching procedure to degradation layer of cuprate
systems processes to the point where the pristine surface layer of YBa2Cu3O7 is exposed.
Once the pristine layer of cuprate system is exposed, the amines adsorb and remain at the
YBa2Cu3O7 surface. As the adsorption process continues, there is an accumulation of an
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organized monolayer at the cuprate surface, which prevents further etching of the
YBa2Cu3O7 materials (Figure 4-3).14
As mentioned at the beginning of this dissertation (Chapter I), YBa2Cu3O7 rapidly
reacts to form non-superconductive corrosion products as BaCO3, Y2BaCuO5 and CuO
when exposed to the atmosphere. Such degradation problem of HTSC materials is the
major stumbling block to the creating HTSC nano electronics structures. To create the
reliable HTSC nano structures, it is critical to understand the atomic and molecular level
of the surface of HTSC materials and develop the reliable method to control and modified
the surface of HTSC materials. In following section, the soft chemistry approach to
control and modify the surface of the HTSC thin film will be described in detail.
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Surface group

Alkyl or derivatized-alkyl group

Surface-active headgroup
capable of chemisorption at
the interface of interest

substrate

Figure 4-1. A schematic of a typical single unit of a self assembled monolayer. The single
unit has mainly three parts including surface group, spacer layer and active
head group. Adapted from reference [1].
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substrate

YBCO
substrate

Figure 4-2. A schematic of self assembled monolayer on high temperature
superconductor. The self assembly of alkylamines on the surface of high
temperature cuprate material can be achieved by soaking a HTSC substrate
in dilute alkylamine solution. Adapted from reference [11].
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A

(hexyl) NH2
passivation layer

YBCO
B
{ Y(3+), Cu(n+), Ba(2+)}
(hexyl) NH2
YBCO

C

excess
(hexyl) NH2
YBCO

D

(hexyl) NH2

YBCO

Figure 4-3. Schematic illustration of the self assembled monolayer on the surface of high
temperature superconductor sequence. See the text for detail. Adapted from
reference [14].
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4-2. SELF ASSEMBLED MONOLAYER CLEANING METHOD FOR HIHG TEMPERATURE
SUPERCONDUCTORS

Extensive research has been completed for the fabrication and study of high
temperature superconductor (HTSC) thin films and devices. The superconductor/ normal
metal/ superconductor (SNS) junction has been a promising configuration for
applications such as sensors, electronics, and possible quantum computers.16,

17

Unfortunately, controlling the superconductor/normal metal (SN) interface still remains
difficult although the SN interface is the most important controlling factor in determining
the performance of SNS junctions. The difficulty comes from several aspects of the
materials and fabrication methods such as lattice mismatch and chemical incompatibility
between superconductors and normal metals.17 However, the major stumbling block to
control the interface problems could be degradation of superconductor material itself.
The in situ deposit techniques have been widely used to cope with this problem, but it
limits the types of SNS junctions that can be explored.
Soft chemistry approaches for HTSC surface modification techniques are
particularly important for the practical fabrication of superconducting electronic material
devices as well as for fundamental considerations. It has been demonstrated previously
that different types of soft chemistry for superconductor surface modification such as
corrosion passivation,

10

polymer growth,

11, 12

coordination chemistry,

13

and surface

cleaning.14 In this chapter, an expanded study of the surface and nano-trench cleaning of
HTSC devices is provided. Self assembled monolayer (SAM) can be used as an etching
method for the surface and nano-trench of cuprate superconductor devices which was
proved by AFM study, four-point measurement, and scanning electron microscopy
(SEM) study.
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A cleaning method for thin films of high temperature superconductor surface
based on self assembled monolayers was developed. High quality c-axis orientated
YBa2Cu3O7-δ and Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ thin films were deposited by standard laser
ablation methods. YBa2Cu3O7-δ /Au/ YBa2Cu3O7-δ and Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ /Au/
Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ planar type junctions were fabricated by photolithography,
focused ion beam milling, and ex situ sputter depositions. A 40 – 50 nm nano-trench was
ion milled on the thin film by FIB, and a thin gold layer was deposited by an ex situ
method on the nano-trench to connect the two separated high temperature superconductor
electrodes. SEM, AFM, and R vs. T resistivity measurements were used to compare the
corrosion layer formed in the interface of the SNS junctions with the SAM cleaned SNS
junction. Evidence here suggests that the SAM cleaning method can be used to remove
the degradation layer on the surface of cuprate superconductors. The obtained contact
resistivity value, (10 –8 Ω-cm2) for an SNS junction with SAM treatment is comparable
with that of SNS junctions fabricated by the in situ methods.
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4-3. TOWARDS HIGH TEMPERATURE SUPERCONDUCTOR NANO DEVICES

The YBa2Cu3O7-δ /Au/ YBa2Cu3O7-δ and Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ /Au/
Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ co-planar junctions were fabricated by photolithography
techniques, focused ion beam (FIB) milling methods and ex situ sputter deposition.
Polycrystalline YBa2Cu3O7-δ and Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ targets were used for a laser
ablation method to deposit thin films on (100) MgO single crystal substrates. The thin
films were grown with substrate temperatures of 750 - 770 oC for YBa2Cu3O7-δ and 720 740 oC for Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ oxygen pressure of 200 mTorr for YBa2Cu3O7-δ
and 300 mTorr for Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ and laser energy of 1.7 J cm-2 for each
sample. Following the deposition, the thin films were cooled to 450 oC under 500 Torr
pure oxygen pressure for 30 min. The typical thickness of the films was 4000 Å for both
samples. Four-point resistivity measurement, SEM, and X-ray diffraction measurement
were used to characterize the thin films. The c-axis oriented films exhibited transition
temperatures typically 89 - 92 K and 76 - 78 K for YBa2Cu3O7-δ and
Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ, respectively.
A microbridge (100 µm width, 5 mm length) was defined by photolithography
methods. Using a conventional positive photoresist mask, the microbridge was patterned
and isotropically wet etched with diluted nitric acid solution (< 0.1 M) at 22 oC to etch
the unwanted HTSC layer. The patterned thin films were verified by SEM and four-point
resistivity measurement to confirm high quality after the wet etching process. In order to
fabricate nano-trench superconductor devices, a focused ion beam (Ga source, FEI strata
DB 235) with a 10 or 30 pA ion beam were used to mill a nano-trench in the middle of
the microbridge. The typical trench size measured 40-50 nm under SEM. To avoid over
etching in the z-direction, the depth of etching was controlled in situ by monitoring the
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Figure 4-4. SEM image of YBa2Cu3O7-δ nano-trench made by ion milling. The image
was acquired using 45o angle with 2 nm of gold coating.
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Figure 4-5. Schematic illustration showing the fabrication of SNS nano-trench junction
with SAM solution surface treatment.
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track resistance during the ion milling process. The two point and four point
measurements were used to confirm the separation of the microbridge.
The nano-trench milled YBa2Cu3O7 thin film samples were stored in desiccators
to form very thin corrosion layers instead of excessive corrosion layers inside the nanotrench. After 3 days in a desiccator, ex situ deposition was performed with a sputter
coater (Cressington Sputter coater HR 208) to deposit 300 nm of gold on the nano-trench
area (2 mm diameter) to connect the two separated superconductor electrodes. A
polydimethylsiloxane (PDMS) mask was used to allow selective area deposition on the
fabricated films. Some of the thin films with corrosion layers were soaked with stirring in
a solution of 0.5 M of Tributylamine in 2 propanol (Fisher) for SAM etching treatment
before gold deposition. Reagents were freshly prepared for each experiment and used
without further purification. After 3 days of SAM etching treatment, 300 nm gold was ex
situ deposited with the same method. Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films were fabricated

within the same manner; however, Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film devices were
exposed to the atmosphere for 7 days since Y0.6Ca0.4Ba1.6La0.4Cu3O7 has been proved
more stable than YBa2Cu3O7 in non-protected environment.15, 16
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4-4. HIGH TEMPERATURE SUPERCONDUCTOR NANO DEVICES

Although it is well known that cuprate superconductor compounds become
degraded on the surface within a short exposure to non-protected environment,
Resistance vs. Temperature (R vs. T) measurements were performed to confirm the
presence of a degradation layer on samples.10, 17 - 21 The SNS junctions without the SAM
cleaning showed metallic behavior from room temperature to transition temperature of
HTSC. The junction started losing resistance abruptly at around the transition
temperature (~ 90 K for YBa2Cu3O7, ~80 K for Y0.6Ca0.4Ba1.6La0.4Cu3O7), but the
resistance increased again (Figure 4-6A, C). It was observed that the slope was steeper
with a longer sample exposure time, which confirmed some corrosion layer existed in the
interface of SNS junctions.
The atmosphere exposed samples of YBa2Cu3O7 and Y0.6Ca0.4Ba1.6La0.4Cu3O7 for
SAM cleaning were soaked in 0.5M Tributylamine solutions before gold deposition. For
72 hours, after which 300 nm of gold was deposited to make the SNS junctions. The SNS
junction with SAM cleaning improved resistance values up to thousand fold for
YBa2Cu3O7 on R vs. T measurement (Figure 4-6B, D). Whereas the SNS junction
without SAM cleaning lost its resistance around 23 % at 15 K, the SNS junction with
SAM cleaning lost its resistance more than 99 % at 15K. (Table 4-1)

131

600

900

Resistance (Ω)

6

A

600

400

2

R’3

0

R1

R’2

0

300

50

100

200

R3

R2

R’1

0

0
0

50

100

150

200

0

400

600

Resistance (Ω)

B

4

C

400

50

4

300

R6

0
0

50

100

R’6

R’5

0

50

100

100

R5

200

D

0

200

R4

150

6

2

200

100

R’4

0
150

200

0

50

100

150

Temperature (K)

Temperature (K)

Figure 4-6. Resistance vs. Temperature measurement of YBa2Cu3O7/Au/ YBa2Cu3O7
junction and Y0.6Ca0.4Ba1.6La0.4Cu3O7 /Au/ Y0.6Ca0.4Ba1.6La0.4Cu3O7
junction. YBa2Cu3O7 was stored in desiccator for 3 days and 300 nm gold
was deposited without SAM cleaning (A) and with SAM cleaning (B).
Y0.6Ca0.4Ba1.6La0.4Cu3O7 was exposed to the atmosphere for 7 days and 300
nm gold was deposited without SAM cleaning (C) and with SAM cleaning
(D).
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Table 4-1. The relative values for superconductivity for YBa2Cu3O7 and
Y0.6Ca0.4Ba1.6La0.4Cu3O7 with SAM cleaning and without SAM cleaning.

YBCO

TX-YBCO

Temperature
cleaning

No cleaning

cleaning

No cleaning

Tc onset

R’1: 100 %

R1: 100 %

R’4: 100 %

R4: 100 %

75 K

R’2: 99.9 %

R2: 50.4 %
R’5: 98.1 %

R5: 88 %

R’6: 97.5 %

R6: 54 %

65 K
15 K

R’3: 99.1 %

R3: 23.1 %
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4-5. CONCLUSIONS

It has been known that amines, thiols, and disulfides adsorb onto the surfaces of
cuprate superconductors to form a monolayer.13, 17, 18, 19 Tributylamine was chosen for the
etching solution because amine reagents can remove the degraded surface layer on
cuprate superconductors and adsorb consistently on the HTSC surface.14 Tertiary amines
appeared to increase the surface etching rate. Tertiary amines can adsorb to the surface as
well as primary amines, but their large head groups and inefficient packing on the surface
reduces their ability to remain on the surface during stirring motion.13 Primary and
secondary amines were also tried, but AFM and SEM studies suggest tertiary amines can
accelerate the rate of the etching process.
It was found that the sample with excessive exposure time (more than 30 days)
does not show metallic behavior with or without the SAM cleaning step. The degradation
layer possibly filled up the nano-trench, and the rate of cleaning is exponentially
decreased due to the surface exposure to SAM reagents. Although highly effective SAM
cleaning was involved, the HTSC nano-trench device did not show the true SNS junction
characteristics. The measured specific contact resistance was ~ 10

–8

Ω-cm2 for both

YBa2Cu3O7 and Y0.6Ca0.4Ba1.6La0.4Cu3O7 samples. The value is quite typical for Au/
YBa2Cu3O7 contact resistance and also comparable with similar type junctions.21
In this chapter, the amine based self assembled monolayer are chose to remove
the degradation layer of cuprate superconductor in a consistent manner to the pristine
layer. The cleaning method was used to fabricate the high temperature superconductor
nano devices. Dramatic improvement was observed on R vs. T measurement of SNS
planar junctions. It is a remarkable fact that the contact resistance value of a SNS junction
fabricated with ex situ deposit and SAM cleaning was comparable to the SNS junction
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with in situ deposit. This clearly showed that the SAM cleaning method can be used for
fabricating high temperature superconducting devices in a controlled manner.
Furthermore, this method could provide the opportunity to fabricate variety new normal
metal materials such as metals, metal alloys, oxide metals, and organic materials for hightemperature superconductor SNS junction device studies.
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PART III. THE PROXIMITY EFFECTS ON HIGH TEMPERATURE
SUPERCONDUCTORS SNS NANO DEVICES.
Chapter Five. The Proximity Effects on High Temperature
Superconductor SNS Nano Devices
In previous chapters, new methods to create reliable HTSC SNS nano structures
with controllable manners were described. Thin film depositions of variety HTSC
materials, micro and nano scale lithography methods and soft chemistry based on self
assembled monolayer approach were shown the capability of creating the HTSC nano
structures with surface modification and control. In this chapter, the combination
methods of soft chemistry cleaning method and newly developed annealing method to
fabricate the reliable HTSC SNS nano structure devices will be described in detail with
experimental results.

5-1. THE PROXIMITY EFFECTS AND THE HIGH TEMPERATURE SUPERCONDUCTOR

Since the discovery of high temperature superconductor (HTSC), extensive efforts
have been made to develop reliable fabrication methods for HTSC Josephson junction
devices suitable for practical applications. However, the short coherence lengths,
chemical instability and epitaxial counter electrode growth of HTSC make the fabrication
of Josephson tunneling junctions with a thin insulating layer a formidable task1 - 3. The
fabrication of superconductor/ normal metal/ superconductor (SNS) junctions, in which
the proximity effect induces superconductivity into a normal metal between two
superconducting electrodes, has received attention due to its promising configuration.
Great progress has been achieved by many other groups on the study of proximity effects
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in the HTSC SNS junctions such as bicrystal junctions, ramp junctions or sandwich
junctions4-8. The planar type junction also has some advantages such as being relatively
simple geometry, less regarding of epitaxial layer growth, and offering an extended
choice of normal metals including even organic conductors. However, the true proximity
effects on the planar HTSC SNS junctions are still elusive because reliable fabrication
methods for planar HTSC SNS junction have not been fully developed. 1-3
Reliable fabrication methods for HTSC SNS junction devices also require many
tasks including the fabrication of high quality HTSC thin films, nano scale thin film
engineering and good electrical contact between superconductors and normal metals.
Unfortunately, controlling the good electrical contact in the superconductor/ normal
metal (SN) interface still remains difficult to compare to other tasks although the SN
interface is the most important controlling factor in determining the performance of
HTSC SNS junctions. The fundamental requirements for good electrical contact should
be that a) the normal metal layer and superconductor surface should make good physical
contact and b) the surfaces of two contacting materials should not be degraded by the
process of forming an interface2.
In this chapter, an annealing method was developed to improve the electrical
contact for the interface of HTSC and normal metals in the HTSC SNS nano devices.
Here, three noble metals (gold, silver and platinum) were used for normal metals to
connect the two types of cuprate systems YBa2Cu3O7 and Y0.6Ca0.4Ba1.6La0.4Cu3O7
electrodes to make planar type SNS nano devices. Scanning electron microscopy (SEM),
atomic force microscopy (AFM), magnetic diffraction measurements, current vs. voltage
measurements (IV), four point resistivity measurements, and the critical current
dependence with temperature measurements were used to investigate the interface of the
HTSC SNS nano devices. In addition, the critical current dependence with variable noble
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metal thickness was measured for the first time to confirm that the annealing method is
reliable to fabricate the HTSC SNS nano devices. All the experimental values were in
good agreement. The HTSC SNS nano devices with gold (SNgS) and The HTSC SNS
nano device with silver (SNsS) fabricated by the annealing method exhibited excellent
contact resistance, ~ 10-11 Ω cm2, and that of HTSC SNS nano device with platinum
(SNpS) showed ~ 10-7 Ω cm2.
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5-2. YBA2CU3O7 / NOBLE METAL/ YBA2CU3O7 NANO DEVICES

High quality c-axis orientated YBa2Cu3O7 thin films were deposited by standard
laser ablation methods. YBa2Cu3O7 / N / YBa2Cu3O7 (N = Au, Ag and Pt) planar type
junctions were fabricated by photolithography, focused ion beam (FIB) milling, and ex
situ sputter depositions. Polycrystalline YBa2Cu3O7-δ targets were used for a laser

ablation method to deposit thin films on (100) MgO single crystal substrates. The
YBa2Cu3O7 thin films were grown with substrate temperatures of 750 - 770 oC, oxygen
pressure of 200 mTorr and laser energy of 1.7 J cm-2. Following the deposition, the thin
films were cooled to 450 oC under 500 Torr pure oxygen pressure for 30 minutes. The
typical thickness of the films was 4000 Å. Four-point resistivity measurement, SEM, and
X-ray diffraction measurement were used to characterize the thin films. The c-axis
oriented films exhibited transition temperatures typically 89 - 92 K. A microbridge (100
µm width, 5 mm length) was defined by photolithography methods. The microbridge was

patterned using a conventional positive photoresist mask and isotropically wet etched
with dilute nitric acid solution (< 0.1 M) at 22 oC. The patterned thin films were verified
by SEM and four-point resistivity measurement to confirm high quality after the wet
etching process. In order to fabricate nano scale superconductor devices, a focused ion
beam (Ga source, FEI strata DB 235) with a 10 or 30 pA ion beam were used to mill a
nano-trench in the middle of the microbridge. The trench size was measured under SEM.
To ensure that the two electrodes were completely isolated electrically, the depth of
etching was controlled in situ by monitoring the track resistance during the ion milling
process. The four point resistivity measurements were used to confirm the separation of
the microbridge.
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The nano trenched HTSC thin films were soaked with stirring in a solution of 0.5
M of Tributylamine in 2-propanol (Fisher) for the SAM treatment to clean the surface of
HTSC thin films prior to gold deposition. Reagents were freshly prepared for each
experiment and used without further purification. After 3 days of SAM etching treatment,
ex situ deposition was performed with a sputter coater (Cressington Sputter coater HR
208) to deposit 300 nm of gold on the nano-trench area (2 mm diameter) to connect the
two separated superconductor electrodes. A polydimethylsiloxane (PDMS) mask was
used to allow selective area deposition on the fabricated films. Once the HTSC SNS nano
devices are fabricated, the devices were mounted on a radiation heater system in a high
vacuum chamber for the annealing steps to improve the physical contact between the
noble metals and superconductors. Once the HTSC SNS nano device holder was mounted
in the chamber, the chamber was vacuumed down to ~ 10-5 Torr. Oxygen (300 mTorr)
was leaked into the chamber after the temperature of heater reached 500 oC to avoid loss
of oxygen in the HTSC system. The HTSC SNS nano devices were annealed at 800 oC
for 5 minutes with 300 mTorr oxygen environments. After 5 minutes of annealing at 800
o

C, the nano device was cooled to 500 oC and annealed again for 30 minutes in a 500

Torr oxygen environment in the chamber (Figure 5-1). SEM, AFM, magnetic diffraction
measurements, current vs. voltage measurements (IV) and four point resistivity
measurements were used to investigate the interface of the HTSC SNS nano devices.
Also, different trench size (50, 100, 170, and 300 nm) of HTSC SNgS nano devices were
fabricated to obtain the critical current dependence on wide temperature range for the
first time to confirm the reliability of the annealing method.

143

Thin film by PLD

A
YBCO
substrate

Patterned by lithography

B

C

Ion beam

Nano trench by FIB
Degradation layer

Surface cleaning by SAM

D

SAM cleaning until pristine layer

E

ex- situ gold deposit

F

G

gold

Annealing to make contact

Figure 5-1. Schematic illustration showing the fabrication of HTSC SNS nano device
with SAM cleaning method and the annealing method.
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5-2-1. Electrical Measurements for YBa2Cu3O7/Noble Metal/ YBa2Cu3O7

Resistance vs. Temperature (RT) with four probes was measured in the closed
cycle cryostat after annealing. The contact resistance of YBa2Cu3O7 SNgS and SNsS
nano devices showed ~ 10-11 Ω cm2. The RT curves of the YBa2Cu3O7 SNgS nano
devices showed almost identical shape of the typical RT curve for YBa2Cu3O7 thin films
(Figure 5-2). The obtained contact resistance values were very close to theoretical values
of gold and YBa2Cu3O7 and also the lowest contact resistance values compare to reported
other literatures10-12. However, the RT curve for HTSC SNpS nano device showed a
typical superconductor/ insulator/ normal metal/ insulator/ superconductor (SINIS)
junction type and the contact resistance values (~ 10-7 Ω cm2) are more than ~ 106 fold
higher than those with gold and silver(Figure 5-2). The results strongly indicate that gold
could diffuse into the YBa2Cu3O7 surface at the interface to make a good electrical
contact with the annealing methods.
Figure 5-3 shows the IV characteristics of the YBa2Cu3O7 SNgS nano device (60
nm trench size) at temperatures of 30K, 40K, 55 K, and 60K. The device exhibited a
typical resistively shunted junction (RSJ) type IV curve over a wide temperature range
and the maximum critical current of ~ 150 mA at 30K. The obtained critical current
values from a range of normal metal thicknesses for YBa2Cu3O7 SNgS nano device (50,
100, 170 and 300 nm) were plotted with different temperatures (Figure 5-4). All the
measured critical current values were determined by an arbitrary voltage criterion of 10
µV. The critical currents from YBa2Cu3O7 SNgS nano devices decrease linearly with
increasing temperature, which the pattern was compatible with most of other similar
studies10, 11.
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Figure 5-2. Resistance vs. temperature curves for HTSC SNS nano devices with platinum
(SNpS), silver (SNsS) and gold (SNgS). The contact resistance of HTSC
SNpS nano device showed ~106 time higher than those of HTSC SNsS and
HTSC SNgS nano devices.
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Figure 5-3. Current vs. voltage (IV) curves for HTSC SNgS nano devices with 60 nm
trench size at different temperatures.
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Figure 5-4. Resistance vs. temperature curves for HTSC SNgS nano devices with
different nano trench sizes (50, 100, 170, and 300 nm).
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The nano trench length dependence of critical current values were plotted with
different temperatures at 30- 80 K. The YBa2Cu3O7 SNS nano devices with 50, 100, 170,
and 300 nm trench size were fabricated with gold as normal metals (Figure 5-5). Since
the transport properties of the SNgS junctions are dominated by gold rather than
interfaces, the expected critical current vs. normal metal thickness pattern should be
exponential. The obtained experimental values were exponentially fitted as expected, and
each critical current pattern was decreased with increasing temperature. Such patterns
strongly indicate that the annealing method is reliable and reproducible to fabricate the
YBa2Cu3O7 SNS nano devices.
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curves for YBa2Cu3O7 SNgS nano devices at different temperatures (30 – 80
K). (B) Critical current vs. temperature curves of YBa2Cu3O7 SNgS nano
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5-3. Y0.6CA0.4BA1.6LA0.4CU3O7 / NOBLE METAL/ Y0.6CA0.4BA1.6LA0.4CU3O7 NANO
DEVICES

Since the discovery of high temperature superconductor, extensive efforts have
been made to develop the reliable fabrication methods for high temperature
superconductor (HTSC) superconductor/ normal metal/ superconductor (SNS) Junctions
devices suitable for practical applications. Developing a reliable fabrication method for
SNS junction has been faced by many difficulties such as the junction uniformity,
fabrication method reproducibility, chemical compatibility, and HTSC material chemical
stability. For the purpose of device applications and reliable nano devices, stable
superconducting material is also a very important issue. Y0.6Ca0.4Ba1.6La0.4Cu3O7 is a
cation substituted material from YBa2Cu3O7. The chemical resistance to degradation is
significantly enhanced by these chemical substitutions. Although many of research
groups have demonstrated the advantage of Y0.6Ca0.4Ba1.6La0.4Cu3O7 properties, most of
Y0.6Ca0.4Ba1.6La0.4Cu3O7 characters are little known as well as those of YBa2Cu3O7.
Better understanding of the materials properties and a careful comparison could lead to
more suitable fabrication methods of HTSC SNS nano devices. Here, we investigate the
characteristics of Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNS nano structures including resistance vs.
temperature, the critical current dependence with normal metal thickness and the critical
current dependence with different temperature.
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High quality c-axis orientated Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films were deposited
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Y0.6Ca0.4Ba1.6La0.4Cu3O7 planar type junctions were fabricated by photolithography,
focused ion beam (FIB) milling, and ex situ sputter depositions. Polycrystalline
Y0.6Ca0.4Ba1.6La0.4Cu3O7 targets were used for a laser ablation method to deposit thin
films on (100) MgO single crystal substrates. The thin films were grown with substrate
temperatures of 720 - 740 oC, oxygen pressure of 300 mTorr and laser energy of 1.7 J cm2

. Following the deposition, the thin films were cooled to 450 oC under 500 Torr pure

oxygen pressure for 30 minutes. The typical thickness of the films was 4000 Å for both
samples. Four-point resistivity measurement, SEM, and X-ray diffraction measurement
were used to characterize the thin films. The c-axis oriented films exhibited transition
temperatures typically 76 - 78 K. A microbridge (100 µm width, 5 mm length) was
defined by photolithography methods. In order to fabricate nano-trench superconductor
devices, a focused ion beam (Ga source, FEI strata DB 235) with a 10 or 30 pA ion beam
were used to mill a nano-trench in the middle of the microbridge. The nano trenched
HTSC thin films were soaked with stirring in a solution of 0.5 M of Tributylamine in 2propanol (Fisher) for the SAM treatment to clean the surface of HTSC thin films prior to
gold deposition. Reagents were freshly prepared for each experiment and used without
further purification. After 3 days of SAM etching treatment, ex situ deposition was
performed with a sputter coater (Cressington Sputter coater HR 208) to deposit 300 nm of
gold on the nano-trench area (2 mm diameter) to connect the two separated
superconductor electrodes. The devices were mounted on a radiation heater system in a
high vacuum chamber for the annealing steps to improve the physical contact between
the noble metals and superconductors. SEM, AFM, current vs. voltage measurements
(IV) and four point resistivity measurements were used to investigate the interface of the
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HTSC SNS nano devices. Also, different trench size (40, 100, 140, 200, 360 and 400 nm)
of HTSC SNS nano devices with gold were fabricated to obtain the critical current
dependence on wide temperature range for the first time to confirm the reliability of the
annealing method. The more detailed fabrication method was described in Section 1-2 in
this Chapter.
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5-3-1. Electrical Measurements for Y0.6Ca0.4Ba1.6La0.4Cu3O7 / Noble Metal/
Y0.6Ca0.4Ba1.6La0.4Cu3O7

Resistance vs. Temperature (RT) with four probes was measured in the closed
cycle cryostat after annealing (Figure 5-6). The contact resistance value of
Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNS devices with gold showed ~ 10-11 Ω cm2. The results
strongly indicate that gold could also diffuse into the Y0.6Ca0.4Ba1.6La0.4Cu3O7 surface at
the interface to make a good electrical contact with the annealing methods.
The obtained critical current values from a range of normal metal thickness for
Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNS nano device (40, 100, 140, 200, 360 and 400 nm) were
plotted with different temperatures (Figure 5-7). All the measured critical current values
were determined by an arbitrary voltage criterion of 10 µV. The critical currents from
Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNS nano devices decrease linearly with increasing
temperature, which the pattern was compatible with most of other similar studies10, 11.
The nano trench length dependence of critical current values was plotted with
different temperatures at 30- 80 K. The Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNS nano devices with
40, 100, 140, 200, 360, and 400 nm trench size were fabricated with gold as normal
metals (Figure 5-7). Since the transport properties of the Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNS
junctions are dominated by gold rather than interfaces, the expected critical current vs.
normal metal thickness pattern should be exponential. The obtained experimental values
were exponentially fitted as expected, and each critical current pattern was decreased
with increasing temperature. Such patterns strongly indicate that the annealing method is
reliable and reproducible to fabricate the Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNS nano devices.
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Figure 5-6. Resistance vs. Temperature curves of Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNgS nano
devices with different trench size (40, 100, 140, 200, 360, and 400 nm).
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Figure 5-7. (A) Critical current vs. normal metal thickness (40, 100, 140, 200, 360 and
400 nm) curves for Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNgS nano devices at different
temperatures (30 – 60 K). (B) Critical current vs. temperature curves of
Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNgS nano devices with different normal
thickness 40, 100, 140, 200, 360 and 400 nm)
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5-4. MAGNETIC INTERFERENCES IN HIGH TEMPERATURE SUPERCONDUCTOR NANO
DEVICES

The magnetic interference patterns measurement commonly used criterion for the
uniformity of tunneling current in a Josephson junction. When there is no flux, Φ = 0, the
current in the junction is uniform and has the critical current value Ic (figure 5-7A).
When half a flux quantum is present, Φ = 1/2Φo, the average value of the critical current
is the average of a sine wave over a half cycle, Ic = (π/2) I (figure 5-8B). For the next
maximum, Φ = 3Φo/2, two of the half cycles cancel to give the critical current Ic = (3/2π)
I, which is one third of the half cycle case (figure 5-8D). Figure 5-7C shows that the
current cancel fir even cycles.
The magnetic interference was measured in 60 nm trench size YBa2Cu3O7 SNS
nano devices with gold at fixed bias current. The expected relation is ∆B = Φo / [ω (2λ +
d)] where ω is the junction width, d is the length, λ is the penetration depth, Φo is the flux
quantum and ∆B is the basic period pattern

13,14

. The measured value for basic period

pattern was ~ 2.64 Gauss. Using the values ω = 100 µm, d = 60 nm, λ = 9 nm, the
obtained experiment value was in good agreement with the magnetic interference
relation. The results show clear modulation of the critical current as expected from the
typical strong Josephson effect characteristics of the Junctions. (Figure 5-9)
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Figure 5-8. Effect of an applied magnetic field on the tunneling current oscillations across
a uniform Josephson junction. Adapted from reference [22].
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Figure 5-9. Magnetic field dependence of the critical current of YBa2Cu3O7 SNS nano
devices. The calculation value of normal metal thickness is 60 nm (d) and
the penetration depth is 9 nm (λ). Raw data points are included as the large
symbols (♦). The dashed line serves as a guide to eyes as does not represent
any theoretical fits.
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5-5. THE PROXIMITY EFFECTS IN HIGH TEMPERATURE SUPERCONDUCTOR NANO
DEVICES

The values of contact resistance and the patterns of critical current with
temperatures and normal metal thickness strongly proves that a) the SAM cleaning
method cleaned the degradation layers and exposed a pristine layer of cuprate system and
b) the annealing method make a good contact between the HTSC materials and gold and
silver. However, no improvement for the contact resistance of HTSC SNpS nano device
was observed which proves that good electric contact between the HTSC and normal
metals could not be made.
The fundamental requirements for good electrical contact should be that the
normal metal layer and the superconductor surface should make good physical contact
without degradation layer interruptions1-3. In order to make good physical contact in the
two solid state materials, those materials need to be exposed to the pristine layer and
anneal close to their melting points to take each others vacant lattice and interstitial
sites15-17. The obtained annealing experimental values of the contact resistance of HTSC
SNgS and SNsS nano devices are very close to theoretical values for the contact
resistance of YBa2Cu3O7 and gold (~ 10-12 Ω cm2). However, the contact resistance
values of the HTSC SNpS nano devices showed much higher values (~ 10-7 Ω cm2).
These results clearly prove that a) the pristine layer of superconductor exposed by SAM
cleaning methods and the gold and silver were to make good electrical contacts because
the annealing temperature was close to their melting points (gold, 1063 oC, silver 961 oC)
b) although the HTSC SNS nano devices with platinum were fabricated with the same
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methods, the contact resistance values were higher due to the higher melting point of
platinum (1768 oC) compare to other metals15-17.
The determination of the annealing method parameters, annealing temperature
(800 oC, 500 oC ) and oxygen pressure (200 mTorr, 500 Torr) were based on optimized
laser ablation thin film fabrication methods, which is considered one of the most popular
method to fabricate the high quality HTSC thin films. During the developing process of
the annealing methods, one of the concern was that higher than 500 oC annealing
temperature could lead to the loss of oxygen in the YBa2Cu3O7 systems. However, the
purpose of the post annealing steps of laser ablation method was to enrich the oxygen in
YBa2Cu3O7 system and also used to recover the defected YBa2Cu3O7 thin film18. The
applied post annealing process in the annealing methods could serve as the same effect as
in the laser ablation methods and recovery methods. Different annealing time was also
used during the annealing method optimization process. Ten to one hundred fold higher
contact resistance values were obtained for the HTSC SNgS nano devices with one or
two minutes annealing time. However, the HTSC SNgS nano device with longer
annealing time (> five minutes) did not improve the contact resistance values.
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5-6. CONCLUSION

The reliable and reproducible annealing methods were developed to improve the
contact resistance of HTSC SNS nano device. The annealing methods were used to
fabricate the HTSC SNS nano devices with different trench size. The magnetic
diffraction measurement and IV characteristics confirmed the proximity effects in the
SNS devices. Excellent contact resistance, ~ 10-11 Ω cm2, was obtained from the HTSC
SNS nano devices. Although the great amount of efforts was made to fabricate the HTSC
SNS devices with low contact resistance in previous studies, the degradation of HTSC
materials and physical contact for normal metals and HTSC materials have been one of
the biggest stumbling block for the fabrication of HTSC SNS device.1 The combination
of the self assembled monolayer cleaning method for the degradation problem and the
annealing method for the physical contact problem were used to improve the contact
resistance of interface in HTSC SNS nano devices.
The exponential patterns of the critical current dependence on noble metal
thickness were reported for the first time that exhibits the reproducibility and reliability
of the annealing method. The coefficient determination value (R2) of the exponential
patterns of the critical current dependence on noble metal thickness for YBa2Cu3O7 SNS
nano device showed the 0.9306 (the average value for the temperature range of 30–80 K).
Also, the coefficient determination value of the exponential patterns of the critical current
dependence on noble metal thickness for Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNS nano device
showed the 0.9756 (the average value for the temperature range of 30–60 K). Such values
for two different types of HTSC SNS nano devices indicate that the developed methods
are very reliable and reproducible methods. It is also an interesting factor that the
coefficient value of Y0.6Ca0.4Ba1.6La0.4Cu3O7 SNS nano device pattern is more close to
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one than that of YBa2Cu3O7 SNS nano device pattern. Although the highly effective self
assembled monolayer cleaning method and the innovative annealing method were applied
to fabricate the HTSC SNS nano devices, the degradation of HTSC materials could be
affected during the fabrication process. It also could strongly suggest that
Y0.6Ca0.4Ba1.6La0.4Cu3O7 is more stable than YBa2Cu3O7 in ambient conditions and the
fabrication processing conditions. In addition, the fact that all the evidences are in good
agreement strongly proves the developed annealing methods are reliable and reproducible
methods. Furthermore, since the main idea of the reliable fabrication methods for HTSC
nano structure devices was based on the thin film fabrication methods, it could be
expanded to improve the nano device fabrication methods of other materials such as
metals, metal alloys, and oxide metals for practical applications.
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Appendix
PERSPECTIVE AND FUTURE RESEARCH DIRECTIONS

Josephson junctions are the fundamental building blocks for a variety of
superconducting electronics applications, including high-speed, low-power digital logic,
and sensitive magnetic field and high frequency electromagnetic detectors. Although
there have been extensive efforts to develop a fabrication method of high temperature
superconductor (HTSC) Josephson junctions due to the possibility of applying Josephson
effects at relatively high temperatures, the reliable fabrication methods of HTSC
Josephson junctions are still not fully developed compare to low temperature
superconductor Josephson junctions.
The fabrication of HTSC Josephson junctions faces by many different aspects of
difficulty such as chemical stability of HTSC materials, nano scale device engineering,
chemistry compatibility of HTSC with insulator or normal metals, and interface
properties such as contact resistance, and lattice mismatch.
Three

high

temperature

superconductor

cuprate

materials

YBa2Cu3O7,

NdBa2Cu3O7 and Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film deposition method was designed and
conducted. The parameters of PLD methods for three different HTSC films were
successfully optimized. For three types of HTSC film, YBa2Cu3O7, NdBa2Cu3O7, and
Y0.6Ca0.4Ba1.6La0.4Cu3O7, the parameters for pulsed laser deposition (PLD) methods were
successfully optimized with experimental methods. All deposited thin films were
characterized by four point resistivity measurements with close cycled cryostat, X-ray
Diffractometer (XRD), Energy Dispersive X-ray Spectroscopy (EDS), Scanning Electron
Microscope (SEM), and Atomic Force Microscope (AFM) for electric, structure, element
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and surface properties. The substrate temperature was found the most critical parameter
for the quality of all three thin films. The parameters for YBa2Cu3O7 and
Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films are almost same except the background oxygen
pressure during the deposit. The parameters for NdBa2Cu3O7 thin film are a lower laser
energy and higher substrate temperature than those of two other thin film samples. The
most significant difference between NdBa2Cu3O7 and YBa2Cu3O7 systems was postannealing step from PLD study and film smoothness from SEM study. In addition, the
dependence of high temperature superconductor epitaxial film growth on MgO and
SrTiO3 with background gas pressure, substrate temperature, and laser energy was
investigated. Such evidences proved the grown films from PLD methods was high quality
and met with theoretical expectations.
New methods to control the surface chemistry of HTSC thin film devices were
developed to move towards creation of the HTSC nano structure devices. A new cleaning
method was developed for thin films of HTSC surface based on self assembled
monolayers

(SAM).

High

quality

c-axis

orientated

YBa2Cu3O7-δ

and

Y0.6Ca0.4Ba1.6La0.4Cu3O7-δ thin films were deposited by standard laser ablation methods.
YBa2Cu3O7-δ

/Au/

YBa2Cu3O7-δ

and

Y0.6Ca0.4Ba1.6La0.4Cu3O7/Au/

Y0.6Ca0.4Ba1.6La0.4Cu3O7 planar type junctions were fabricated by photolithography,
Focused Ion Beam (FIB) milling, and ex situ sputter depositions. A 40 – 50 nm nanotrench was ion milled on the thin film by FIB, and a thin gold layer was deposited by an
ex situ method on the nano-trench to connect the two separated high temperature

superconductor electrodes. SEM, AFM, and four point resistivity (RT) measurements
were used to compare the corrosion layer formed in the interface of the superconductor/
normal metal/ superconductor (SNS) junctions with the self assembly monolayers (SAM)
cleaned SNS junction. Evidence here suggests that the SAM cleaning method can be used
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to remove the degradation layer on the surface of cuprate superconductors. The obtained
contact resistivity value, (10

–8

Ω-cm2) for an SNS junction with SAM treatment is

comparable with that of SNS junctions fabricated by the in situ methods.
It was confirmed that the amine based self assembled monolayer "Soft
Chemistry" can remove the degradation layer of cuprate superconductor in a consistent
manner to the pristine layer. The cleaning method was used to fabricate the high
temperature superconductor nano devices. Dramatic improvement was observed on
Resistance vs. Temperature measurement of SNS planar junctions. It was a remarkable
fact that the contact resistance value of a SNS junction fabricated with ex situ deposit and
SAM cleaning was comparable to the SNS junction with in situ deposit. This clearly
showed that the SAM cleaning method can be used for fabricating high temperature
superconducting devices in a controlled manner. Furthermore, this method could provide
the opportunity to fabricate variety new normal metal materials such as metals, metal
alloys, oxide metals, and organic materials for HTSC SNS junction device studies.
Although the fabrication of superconductor/ normal metal/ superconductor (SNS)
junctions, in which the proximity effect induces superconductivity in a normal metal
between two superconducting electrodes, have received attentions, true proximity effects
in the planar HTSC SNS junctions are still elusive because the reliable fabrication
methods for planar HTSC SNS junction are not fully developed. Reliable fabrication
methods for HTSC SNS junction devices require high quality of HTSC thin films, nano
scale thin film engineering, and good electrical contact between normal metals and
superconductors. The fundamental requirements for good electrical contact should be a)
the normal metal layer and superconductor surface should diffuse through each other to
make physical contact and b) the surfaces of two contacting materials should not be
degraded by the process of forming an interface. We developed annealing methods to
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improve the electric contact of HTSC and normal metals in the HTSC SNS junction nano
devices. Noble metals (gold, silver and platinum) were used for normal metals to connect
the HTSC electrodes to make planar types SNS junction nano devices. The fabricated
HTSC SNS junction nano devices with gold and silver as normal metals exhibited
excellent contact resistance (~ 10-11 Ω cm2) and those with platinum showed ~ 10-7 Ω cm2
between normal metals and HTSC.
The current vs. voltage (IV) characteristic values were measured for dependence
of different temperature. Measured IV curves of HTSC SNS nano devices at 30K, 40K,
55 K, and 60K showed zero voltage current, presumably Josephson current. The
temperature dependences of the critical current for HTSC SNS junction nano device were
also measured. The critical current decreases linearly with increasing temperature over
the temperature ranges. The magnetic interference patterns of HTSC SNS nano devices
were also measured. The results showed clear modulation of the critical current as
expected from the typical strong Josephson effects characteristic of the Junctions. The
observed magnetic field periodicities were consistent with the usual relation ∆B = Φo / [ω
(2λ + d)]. Here ω is the junction width, d is the length, λ is the London penetration depth
and ∆B is the basic period pattern. All the evidences suggest that the SAM cleaning
methods and the developed annealing methods can be used to remove the degradation
layer on the surface of cuprate superconductors and make an excellent physical contact
between the normal metals and HTSC cuprate systems.
The reliable and reproducible methods were successfully developed to fabricate
the high temperature superconductor Josephson junctions based on the SNS
configuration. The developed PLD method, the surface cleaning method, the micro and
nano lithography method were used to fabricate the HTSC SNS nano devices. Excellent
contact resistance values, the magnetic diffraction patterns, IV characteristics confirmed
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the Josephson currents and the proximity effects in the HTSC SNS devices. The facts the
all the evidences are in good agreement strongly proved the developed fabrication
methods are reliable and reproducible methods. In addition, the exponential patterns of
the critical current dependence on noble metal thickness were reported for the first time
that exhibited the reproducibility and reliability of the HTSC SNS nano device
fabrication method.
Since the discovery of superconductivity, endless efforts have been made to
synthesis the organic superconductor. Little proposed the organic superconductor based
on exiton theory in the 1960s. However, it never became reality despite tremendous
efforts of many research groups all over the world. It has been a very frustrating situation
for many scientists not to have an organic high temperature superconductor. The long
term goal of our group has been focused on molecular based superconductor devices. Our
group has developed and understood the interaction between the organic materials and
high temperature superconductors including polymer/ superconductor optical sensors,
self assembly monolayer / HTSC interaction, surface cleaning method based on SAM
solutions, and the relation between the electrochemical properties of polymer and HTSC.
I am currently conducting research of Superconductor/ Organic conductor/
Superconductor nano device fabrication to transport the superconductivity through
organic conductors at high temperature for the first time.
The requirements for the organic conductors as normal metals in HTSC SNS nano
molecule devices are that a) the chemistry of the organic conductor and HTSC materials
has to be compatible, b) the contact resistance between the organic conductors and HTSC
materials has to be low as possible, c) the organic conductor need to be stable at low
temperature (< 15 K), d) the conductivity of the organic conductor need to be as high as
possible, and e) the conductivity of the organic conductor preferably shows metallic
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behavior. Different types of organic conductors such as polypyrrole, MEH-PPV,
thiophene, and phthalocyanine are being investigated. Organic conductors have been
deposited on the patterned HTSC nano devices and gold thin films. The electrochemistry
deposition chamber and the high vacuum sublimation chamber were designed and built
for polypyrrole and phthalocyanine deposition respectively. In near future, organic thin
film deposition parameters will be optimized for best conductivity with nano patterned
HTSC devices by SEM, XRD, and four point resistivity measurements. Also, the activity
of the doping agent for different types of organic conductors will be investigated under
different conditions to increase the conductivity of the organic conductors.
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