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CHAPTER-ONE

ELECTRONICS WITH SUPERCONDUCTING DEVICES

1.1  INTRODUCTION

The electronic applications of high temperature superconductors (HTS) have
received enormous attention since their discovery in 1986. Although the euphoria around
the discovery has faded away, the basic understanding of this fascinating phenomenon of
superconduction in ceramic oxides and the applications of these materials are steadily
making progress. In fact, electronics with superconducting devices belongs to low
temperature electronics, also known as cold electronics, cryogenic electronics or cryo-
electronics, which involves operation of devices, circuits and systems at temperatures
significantly below room temperature. The motivation for low temperature electronics is
the improved performance compared to conventional electronics operating at normal
ambient temperature. At low temperatures, the disruptive thermal effects that cause power
waste, noise and wear-out are greatly reduced. The increased speed of digital system,
better signal-to-noise ratio and greater bandwidth of analog system, improved sensitivity
of sensors and greater precision of measuring instruments are some of the obvious
advantages of cryo-electronics. In this connection, the uses of superconducting devices,
which only operate at low temperatures, i.e. below their critical transition temperature
(T,) of superconduction, are being explored since the discovery of superconductivity in
1911. However, it is only after development of reliable niobium superconducting
junctions towards the end of 1983, that various kinds of useful integrated circuits and

systems, operating at liquid helium temperatures, were realized.



One of the major hurdles that prevented the wide use and rapid development of
low temperature electronics is carmier “freeze-out” problem in silicon devices, which even
today constitute a major part of circuitry associated with a cry-electronic system. At
temperatures below about 40K, silicon devices exhibit radical changes in characteristics
due to carrier freeze-out, i.e. the current carriers in the device become inactive in want of
sufficient thermal energy. The discovery of high temperature ceramic superconductors
having superconducting temperature above boiling point of liquid nitrogen, has, however,
opened up possibilities of raising the temperature of cold electronics to a level where
associated semiconductor-based electronics also operates efficiently. Consequently, better
performance is expected by combining matured semiconductor electronics with high T,
superconducting devices. From cryogenic point of view, liquid nitrogen (LN,) usage as
coolant in field applications is much cheaper in comparison to liquid helium (LHe). This
is attributed to the difference in their latent heats. The latent heat of LN, is about 60 times
to that of LHe. Therefore, the boil rate of LN, is much slower. This is one of the main
reasons for researchers interest on development of HTS devices in laboratories around the

world.

1.2 SUPERCONDUCTING ELECTRONICS

Superconductivity is considered to be the most remarkable phenomenon of
condensed matter physics. Two basic properties of superconductors are: (i) Zero dc
resistance below T, i.e. perfect conduction and (i1)) Meissner effect or expulsion of
magnetic field in the superconducting state, i.e. perfect diamagnetism. The transition
temperature of known superconducting metals and alloys, now named as low temperature
superconductors (LTSs) are limited to 23K, i.e. liquid helium temperatures. However, the
ceramic superconductors have shown superconduction well above 100K. Therefore, these
HTS can possibly bring the benefits of superconductivity to a more practical domain and

thus likely to cause great changes in the conventional cryo-electronics.



In general, the applications of superconductors are of two kinds. The first catcgory
is that of low-power electronic application, where the involved current {(only few mA)
and magnetic fields (< 1 Tesla) are relatively small. The second class of applications
employs bulk matenal in the form of wires etc. of large cross-section to support high
current in high magnetic field environment. In the present work, we are only concerned

with the low-power electronic applications of superconductors.

1.2.1 Superconducting passive components

The criterion of zero resistance of a superconductor is no more valid at radio
frequency. At these frequencies, surface current predominates and therefore, surface
resistance (R;) controls the high frequency behaviour of the matenal. For normal
conductors, the current penetration depth is determined by ‘skin effect” and is
proportional to the square root of frequency. In case of a superconductor, it is
independent of frequency and is equal to ‘London penetration depth’. Since “London
penetration depth’ is small compared to "skin depth’, particularly at low frequencies, the
thickness of a superconductor can remain very small at low frequencies. However,even at
radio frequencies the resistance of superconducting films is low compared to
conventional conductors. So for the microwave applications such as filters, delay lines,
low-loss transmission lines, ultra-high Q (quality factor) resonator and other passive

components, superconductors are useful.

The superconducting transmission lines can also store signal without much
attenuation or distortion. On coupling with other devices, the line can be configured to
perform complex functions such as filtenng, convolution, correlation, pulse compression/
expansion, Fourier transformation and spectral manipulation. Circuits based on
superconducting films have demonstrated real time analog processing of signals having
gigahertz bandwidths that could be applied to radar, communications or spectral analysis.
Compared to circuits using normal conductors, superconductors can provide an order of
magnitude greater bandwidth. A 19-pole HTS thin film has been designed (Zhang et al.,
1995). Nisenoff et al. (1991) and Kawechi et al. (1996) have also reported extensive work

on microwave applications of HTS materials. Sze et al. (1989) have also fabricated a



microstrip transmission line by sandwiching a mylar dielectric between two HTS films

operating from 2 to 25 GHz.

1.5.2 Superconducting active devices

There is a whole range of active electronic circuits and systems based on
Josephson junction (JJ), the foremost active device of superconductivity. The device
possesses a number of attributes, such as fast switching, low power dissipation, wide
frequency range, low noise and high sensitivity, which are valuable for electronic
applications. The JJ digital gates switch rapidly within a few picoseconds and dissipate
extremely low power (only a few microwatt). There is no semiconductor device that can

match both at once. Thus, digital systems and computers based on JJs could outperform

those based on semiconductor devices.

A high quality niobium-based J] has been realized after the termination of IBM
Josephson supercomputer programme in September 1983. The Nb/AlQ,/Nb junctions are
now frequently being used in almost all liquid helium-based electronics. The JJs have
three important features for digital applications: (i) high switching speed (1-10 ps/gate)
(ii) low power consumption (1-10 pW/gate), and (iii) low dispersion signal transmission
(transmission velocity is 100 um/ps). The development of high speed superconductive

computing system is attributed to these three important characteristics of a JJ.

In addition to the difficulties in matenals and process development, device design
and circuit simulation, progress in superconductive electronics is hindered by lack of a
good active device like semiconductor transistor. To obtain the basic functions, several IJ
configurations are used in a superconductive digital circuit. Thus building a practical
electronic system such as a computer from JJ device is more challenging than one from
semiconductor devices. Nonetheless, a JJ-based random-access non-destructive read-out
memory cell suitable for fast cache applications in a Josephson computer was developed
with an access time of 4 ns (Duzer, 1980; Henkels and Zappe, 1978). A single-flux-

quantum memory cell for main memory application was first investigated for a Josephson



computer at IBM (Guéret, et al, 1980). In 1988 Kotani et al. reported a 4-bit
microprocessor at Fujitsu, which was the equivalent of the well-known silicon AM 2901
bit-slice processor. Later, they produced a 8-bit digital signal processor (Kotani et al.,
1990). Recently, an almost perfect (99.8% bit yield) random access 4-kbit memory chip
has been reported by NEC (Tahara et al., 1996). For various applications voltage-state
logic circuit have been used (Hatano et al., 1989; Numata et al., 1996; Feld et al., 19906;
Spooner et. al., 1996; Hosoya et al., 1996; Bradley et al., 1996; Jeffery et al., 1996).
Several families and applications of single-flux-quantum logic circuits have also been
reported (Likharev et al., 1985; Herr et al., 1996; Rylov et al., 1996; Przybysz et al.,
1995; Semenov et al., 1996; Dubash et al., 1996; Worsham et al., 1996; Mukhanov ,
1993; Deng et al., 1995; 1996; Kirichenko et al., 1996). A new approach to memory in
which CMOS memory is adapted to Josephson system was utilised by Ghoshal et al.
(1993, 1995a, 1995b). A small number of digital circuits have been made with various
types of Josephson junction in YBCO technology (Shokor et al., 1995; Kaplunenko et al,,
1995; Wiegerink et al,, 1995; 1996; Zhang et al, 1996; Cambridge et al, 1996,
Berkowitz et al., 1996).

The SQUID magnetometer is based on an element consisting of a
superconducting loop containing either one or two Josephson junctions. It is the most
sensitive instrument to detect extremely small magnetic field of the order of 107°
gauss/(Hz)"”. The so-called rf-SQUID magnetometer employs a loop with one junction.
The loop is inductively coupled to an RF-driven circuit which can detect the changes of
the reactance of the loop produced by changes of flux linking it. It thus acts as a flux-to-
reactance converter. The so-called dc-SQUID magnetometer is based on a loop
interrupted by two junctions which serves as a flux-to-voltage converter. Both type of
SQUID magnetometer employ electronic system to complete their functions as
measurement systems. In the mid-1980’s LTS-SQUID using Niobium/Aluminium-
oxide/Niobium Josephson junctions, were well developed and in use for laboratory
measurements and cardiological and geophysical measurements, There are now systems

with 32-SQUID detectors for cardiac measurements and with over 100 sensors for brain

measurements (Clarke, 1993).



Dimos et al. (1988) used HTS film epitaxially deposited on bicrystal, to make
SQUID magnetometer. Drung et al. (1996a) have made magnetocardiogram using an
HTS-SQUID magnetometer with the input transformer on a separate chip flipped on the
SQUID chip. Both LTS and HTS SQUID loops have been used for non-destructive
evaluation and microscopy of corrosion pits, fatigue cracks, voids, subsurface features
and stress (Donaldson et al., 1993; Jeffery et al., 1995). A monolithic combination of the

SQUID and its transformer was used to measure brain activity {Drung et al., 1996b).

Since 1972, standard volt has been maintained using the relationship between
voltage and frequency in a Josephson junction and the highly precise measurement of
frequency. The early systems only produce voltages in the milli volt range at constant
voltage steps in junction I-V characteristics; these had to be compared through a precise
potentio-meter to volt-level outputs of secondary standards. A new concept was
introduced in 1984 using properly designed tunnel junctions irradiated by microwaves
develop constant voltage steps (Nieneyer et al., 1984; Hamilton et al., 1985). The present
standard for 1.2 V is maintained by an array of about 2000 junctions irradiated by a 94
GHz microwave source. The concept was latter extended to a much larger array with a
voltage of 10 V {Lloyd et al., 1987). A recent work is aiming to make a digital-to-analog
converter in order to make an volt standard capable of producing arbitrary time-depended

signals of high frequency and precise values (Benz and Hamilton, 1996).

The motivation for developing a three terminal superconducting device like a
semiconductor transistor is attributed to unmatched characteristics of transistors. These
are input-output isolation, inversion angd well defined gain. The replacement of JJs by a
three-terminal superconducting device reduces the complexities of the circuit design to a
great extend. Also, since the carrier density in high T, materials is lower by an order of
magnitude compared to low T, materials, the electric field penetration depth is larger.
These properties along with high dielectric constant make these materials promising for
electric field effect devices like the semiconductor-FETs. The study of high T, based FET

is the main objective of present work and it is described in detail in chapter six of this

thesis.



CHAPTER - TWO

MEASUREMENT TECHNIQUES

2.1 INTRODUCTION

The characterization of superconductors requires familiarity with a number of
measurement techniques. The measurement of resistivity and magnetic susceptibility are
primary ones while other characterizations include x-ray diffraction, EDAX, scanning
electron microscopy (SEM), scanning tunnelling microscopy (STM), surface profiling,
etc. Since many of these properties are measured as a function of temperature, the
knowledge of thermometry at cryogenic temperatures is very important for the

experimentalists. This chapter deals with these techniques in brief.

2.2 TEMPERATURE MEASUREMENT

The measurement and control of temperature is pivotal to experiments or
applications involving superconductivity. In case of high temperature superconductors,
the temperature monitoring and control 1s very important during material processing,
which involves various heat treatments and the same is true for characterizing the
samples for its temperature dependent properties. Hence, a wide range of temperature
sensors are required which are capable of recording temperature as high as 1000°C in
muffle/ air furnace on one hand, and others that are particularly sensitive at or below
liquid nitrogen temperature i.e. 77K, on the other hand. In this section, we summarize the
properties of different sensors which are commonly used for symthesis and

characterization of high temperature superconductors.



2.2.1 Thermocouples

A thermocouple is formed when two dissimilar wires are joined together at two
ends. One end namely hot junction is used to measure the temperature while, the other
end is called cold/ reference junction. A measuring device usually milli-voltmeter is
connected between the dissimilar wires. The working principle of such a couple is that
when its two junctions are at different temperatures, an electromotive force (emf) is set up
due to algebraic sum of:

(1} An emf developed between two different metals placed in contact to form a

junction, known as "Seebeck” effect.

(ii) An emf developed between the ends of a homogeneous wire when one of its

ends is heated, it is known as "Thompson" effect.

The magnitude of the emf therefore depends on the metals/ alloys used to

construct the thermocouple and on the temperature difference of the junctions.

Thermocouples are particularly useful for applications where a small sensor is
required for high spatial resolution or where low thermal capacity of the sensor is
important. When high accuracy is required, thermocouples may be calibrated against a
temperature standard over the range of interest. Thermocouples also have the advantage
that the circuitry required for temperature measurement is simple, for e.g., a micro/ milli
voltmeter and a water-ice bath for the reference junction. A thermoelectric refrigerator
may replace the ice bath and cold-junction "compensation” circuits are also available in

the modern temperature measuring devices, The data pertaining to common couples are

given in Table-2.1.

Most of the thermocouples are quite effective at high temperatures only, typically
above 600K but type T couple may be used down to about 20K with reasonable
accuracy. We have mainly used K type and R type thermocouples for monitoring (i)
furnace temperature during material processing, (ii) substrate temperature during

deposition of high T, films, and for some other high temperature applications.



Table-2.1 Thermocouples and related data.

Thermocouple Wires Type Upper Limit
C)

Copper/Constantan {60%Cu + T 400

40% Ni})

Iron/Constantan J 800

Chromel (90%Ni + 10%Cr)/ K 1100

Alumel (98%Ni + 2%Al)

Platinum/ Platinum with S 1450

10%Rhodium

Platinum/ Platinum with R 1450

13%Rhodium

2.2.2 Carbon and Carbon-Glass Resistors (CGRs)

The property of change in resistance with temperature is used in resistor sensors.
Carbon and carbon-glass resistors are the favourite temperature sensors for cryogenic
applications. These devices are quite rugged and show a very high sensitivity to
temperature in the range below approximately 20K, where increase in its resistance with
temperature is large. For accurate measurement, the voltage drop on the current-supplying
wires should be avoided. Hence, carbon resistors are generally used in a four-lead
measurement configuration. Carbon-glass resistors are highly stable carbon resistors
designed especially for thermometry. Also, CGRs are relatively insensitive to magnetic
fields up to about 10 Tesla, hence, are suitable for superconductor measurements

performed in the presence of magnetic field.

2.2.3 The Germanium Resistance Thermometer (GRT)

The germanium resistance thermometer (GRT) is particularly useful at
temperatures below 0.05K and is commonly used up to 100K. A standard GRT is a
germanium chip mounted in a strain-free manner, in a cylindrical copper enclosure. The
conventional “four terminal' resistance measurement technique is used. The sensor has

typically 10-100 Kohm resistance at low temperatures and as little as a few ohm at higher



temperatures. The device is specially recommended for applications below 30K, where
high accuracy is required. Thus a reproducibility of 0.001K is possible, at the low

temperatures, with GRT. The sensor is not the best for use in high magnetic fields.

2.2.4 Rhodium - Iron (Rh-Fe) Resistance Thermometers
The rhodium-iron resistance sensor has an anomalous temperature response near
40K that leads to good sensitivity at low temperatures. The device is useful from less than

1K to levels of 800K with + 0.01K stability. However, Rh-Fe sensor is expensive to

construct.

2.2.5 Platinum Resistance Thermometer (PRT)
Platinum Resistance Thermometers (PRTs) are precise, rugged and wide range

temperature sensors. PRT can be used to measure temperatures between 70K to 1000K.

The accuracies achieved are up to 10 milli-kelvins.

2.2.6 Diode Temperature Sensors

Ordinary silicon and gallium arsenide diodes have sufficient sensitivity to
temperature to allow their voltage drop (at constant current of =100uA) to be a reliable
thermometer for many applications. The typical sensitivity (AV/AT) of voltage drop
versus temperature for a silicon diode is of the order of 2-3 mV/K at 300K, which
increases as the temperature decreases. A sudden increase in AV/AT at temperatures in
the range of 30K results in a rather high sensitivity at the low temperatures. Diode sensors

may be used to achieve sensitivity of the order of 0.1K at cryogenic temperatures.

A summary of the important characteristics of some commonly used cryogenic
temperature sensors is listed in Table 2.2 and the Table 2.3 contains various types of

temperature sensors used, in our laboratory, for different purposes.
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Table 2.2 Characteristics of some cryogenic thermometers

Type Temperature Typical Magnetic field
range Reproducibility Limitation

Germanium <0.05to 100K <0.001K B<25T

Resistance

Thermometer (GRT)

Carbon-Glass 1.4 to 330K 0.001K Bupto 19T

Resistor (CGR)

Platinum Resistance 14K to 850°C  0.01K Poor

Thermometer (PRT) Reproducibility

Rhodium-Iron (Rh- 1 to 800K 0.01K Limited use

Fe) Thermometer

Silicon Diode 1to 473K 0.03K B <2.5K

GaAlAs Diode 1 to 325K 0.05K

Capacitance Sensor 1 to 330K 0.3K Superior at

Highest fields

Table 2.3 Different temperature sensors used with their application

Equipment/ system Temperature sensor used
(i) Furnaces Type K, R and NiCr/Ni
thermocouple

(i1) Sputtering system, for Type K thermocouple
monitoring substrates
temperature
(i11) R-T measurement Set-up Platinum Resistance
Thermometer (PRT 100)

(iv) A.C.Susceptometer Silicon dicde
(v) Helium closed cycle GaAlAs diode/Silicon
refrigeration system diode

2.3 RESISTIVITY MEASUREMENT IN SUPERCONDUCTORS

The measurement of resistivity of superconductor samples is, atleast in principle,

not different from measurement of the same of the metals. The main difference is that, as
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temperature falls below critical temperature (T,), the resistance to be measured reduces to
zero value, theoreticaly. However, the very small resistance values, approaching zero are
difficult to measure. Zero resistances are, in principle, impossible to measure. At best,
one can determine that the resistance is below a certain upper limit, determined by the
resolution of the measuring equipment. For the determination of T, in superconducting
samples, four probe measurement technique is usually employed. The method is also
known as Kelvin measurements. Here, four terminals are attached to the sample, as
shown in the Fig. 2.1. Through the outer two probes a constant current is applied,
whereas, the potential drop is measured between inner terminals. The technique is useful

since the contact resistance between the superconductor-metal interface is eliminated

from the measured values.

A typical resistance-temperature (R-T) measurements of a Y-Ba-Cu-O sample are
plotted in Fig. 2.2. The two important points defined in this graph are "onset temperature'
(T.on) and the temperature for zero dc resistance (T,.,). However, in a common
convention used for superconductors where the transition region is quite narrow, T, is
simply the transition temperature corresponding to zero resistance. Onset temperature
for superconducting phenomena is the level where the resistance versus temperature
curve just begins to depart from the normal metallic behaviour, whereas, T, is defined
as the highest temperature where the material is considered to be fully superconducting,
that is, where dc resistance is zero. Another important term i.e. the transition width (AT,)

is defined as the difference in T, gy and T .

A set-up which we have used for the measurement of resistance as a function of
temperature is shown in Fig. 2.3. It consists of a nano-voltmeter (model 181 from
Keithley Instruments Inc.), a current source (model 120 of Lake Shore Cryotronics or
model 220 from Keithley Instruments Inc.), platinum resistor thermometer (PRT-100)
with temperature indicator (model 195A multimeter from Keithley Instruments Inc.),

measuring probe and cryostate with liquid nitrogen or helium closed cycle refrigeration

station (model 22 refrigerator from CTI Cryogenics).
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2.4 MAGNETIC SUSCEPTIBILITY () MEASUREMENTS

Magnetic susceptibility characterization is generally performed to study magnetic
properties of the materials. The susceptibility measurements are crucial for determining
whether a material is actually superconducting, as the matenal transforms from
paramagnetic to diamagnetic state at or below transition temperature. Also, the value of
1s often treated as an indicative of the percent volume of a sample that is superconducting.
The dc resistivity does not provide such an information, since a single percolation path
will lead to zero resistance in a sample that may be primarily composed of non-

superconducting phase or low T, phase.

AC susceptometers are quite extensively used in the study of magnetic properties
of superconducting materials. Its principle of operation involves subjecting the sample
material to a small alternating field. The flux variation due to the sample is picked up by
a sensing coil surrounding the sample and the resulting voltage induced in the coil is
detected. This voltage is directly proportional to the magnetic susceptibility of the
sample. The voltage also depends on a number of other experimental parameters as given

by the following relationship (Instruction manual):
v=(l/a)VlHy L. 2.1)

where, v = measured RMS voltage
o = calibration coefficient
V = sample volume
f = frequency of AC field
H = RMS magnetic field

¥, = volume susceptibility of sample.

The calibration coefficient depends on the sample and coil geomeiry. The
magnetic field H is the RMS field at the center of the sensing coils and is determined

from the physical parameters of the solenoid and the operating current. Rearranging Eq.



2.1, the relationship for determining the sample susceptibility, ¥ from the experimental

parameters can be obtained as:

x=av/(VH) ... (2.2)

The schematic block diagram of the AC susceptometer is shown in Fig. 2.4. The
alternating magnetic field is generated by a solenoid which serves as the pnimary in a
transformer circuit. The solenoid is driven with an AC current source with variable
amplitude and frequency. Two identical sensing coils are positioned symmetrically inside
of the primary coil and serve as the secondary coils in the measuning circuit. The two
sensing coils are connected in opposition in order to cancel the voltages induced by the
AC field itself or voltages induced by unwanted external sources. Figure 2.5 shows the

front view of the Lake shore (model 7000) AC susceptometer used in our investigations,

A typical ac susceptibility data for a sintered high T_ superconductor sample is
plotted in Fig. 2.6. It consists of two distinct plots, namely, real (x') and imaginary (x")
parts, which represents two complementary aspects of flux dynamics in polycrystalline
superconductors. The sharp drop in ' below the T_ has been related, in single crystals
(Fig. 2.7), to the temperature at which the flux penetrates to the centre of the sample
(Nikolo and Goldfarb, 1989). In granular materials, the same argument can be extended
for the matrix and the weak links to postulate two drops in ¥’ at two temperatures (Nikolo
and Goldfarb, 1989). One of the two temperatures is intrinsic to the superconductor and
the other is characteristic of the coupling among the grains. The coupling component also
supports supercurrents and has its own T, and J_ values which are less than the values
corresponding to the intrinsic component of the superconductor. The reason for this has
been assumed to be the lack of stoichiometry at the grain boundaries which could give
rise to normal metal barriers (Chiang, et al.,, 1988; Babcock, et al., 1988; Dubots and
Cave, 1988) and proximity-effect coupling among the grains (Hein, et al., 1992,
Finnemore, et al., 1987; Ekin, et al., 1987; Suenaga, et al., 1987; Larbalestier, et al.,
1987). Another coupling mechanism in sintered materials is through micro bridges

between grains (Ishida and Mazaki, 1981). The imaginary part (") represents the losses
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Figure 2.5: Front view of the AC susceptometer.
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in the superconductor, and the peaks observed in X" can be interpreted in terms of losses
incurred due to flux motion in the matrix and/ or along the weak links in the

polycrystalline microstructure (Nikolo and Goldfarb, 1989; Hein, et al., 1992).

At T, of the coupling component, there is striking change in susceptibility because
of the large change in shielded volume. But, the change in resistivity is minor because the
coupling component forms a small part of the conduction path. A crushed sample yields
isolated grains with only intrinsic characteristics (Chen, et al,, 1988; Kiipfer, et al,,
1987, Suenaga, et al., 1987, Mazaki and Ishida, 1987) also shown in Fig. 2.8. Both
intrinsic and coupling critical temperatures are ac field dependent, however the effect is
much more pronounced in the latter case (Nikolo and Goldfarb, 1989; Goldfarb, et al.,
1987, Garcia, et al., 1987). This field dependence can be examined with increasing ac

measurement field as depicted in Fig. 2.9.

For a high quality, strongly coupled, sintered superconductor, the two critical
temperatures coincide for small measuring fields (Goldfarb, et al., 1987). The coupling
T. is not depressed much with increasing measurement field compared to a poor quality,

weakly coupled sample.

2.5 X-RAY DIFFRACTION (XRD) ANALYSIS OF
SUPERCONDUCTORS

An analysis of the angular position and intensity of x-ray beams diffracted by
crystalline material gives information on the crystal structure o1/ and phases present in the
material. High temperature superconductors are prepared by reacting various metal oxides
and carbonates and the totality of materials reacted can be ascertained by the XRD
analysis of the final product. Also the high T, compounds tend to crystallize in various
phases having different critical properties. Hence, to develop a process for the synthesis

of a particular phase, of a superconducting system, XRD is very useful.

For diffraction of x-rays by a crystal lattice the Bragg's relation must be satisfied

which states:
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nA=2dSin@........ (2.3)

where, A is the x-ray wavelength, d is the interplaner spacing, 6 is the Bragg diffraction

angle, and n is an integer giving the order of the diffraction.

There are three standard methods of x-ray diffraction, namely (i) the Laue
method, it involves a stationary single crystal and ‘white' x-rays (ii) the rotating crystal
method involving a single crystal rotated in a beam of monochromatic x-rays and (iii) the
powder method where a polycrystalline sample rotates in a beam of monochromatic x-
rays. We have used the rotating crystal and powder methods for the identification of
crystal structures/ phases present in the high T, films and bulk materials respectively. In
these methods, different sets of atomic planes with spacing ‘d’, diffract the x-ray beam of
wavelength A at an appropriate angle of incidence 8. Hence, a spectra of maxima peaks,

corresponding to various planes, as a function of 20 values is obtained. Monochromatic

x-rays generally used for the purpose are Cu (K,) (A=1.544] and Fe (K, ,,) [A=1.937A].

A typical x-ray diffraction data of a multiphasic BSCCO thin film on a single
crystal MgO substrate along with other unreacted material are listed in Table 2.4. The
peaks numbering 1, 4, 8, 12, and 13 which are corresponding to 20 equal to 4.941,
19.298, 34.008, 49.221 and 59.968 degrees respectively, represent high T, phase (i.e.
2223 compound), whereas, peaks 6 and 7 at 20 values of 24.115 and 29.014 degrees
indicate the presence of 2223 and 2212 phases together. The peaks pertaining to T, = 10K
phase (2201 compound) are also present at 20 = 14.382° and 21.505°. Also, the peak
corresponding to the substrate (MgO) was observed at 43.113° and that of unreacted CuO
at 38.283°. Some unidentified compounds/ phases also showed their signatures at

10.858°, 37.628°, 64.645° and 67.836 degrees.
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Table 2.4 X-ray diffraction pattern of a BSCCO thin film (A = 1.544)

Seq. 20 Phase(s) indicated
I 4,941 2223

2. 10.858 unidentified
3. 14.382 2201

4, 19.298 2223

5. 21.505 2201

6. 24.115 2223& 2212
7. 29.014 2223 & 2212
8. 34.008 2223

9. 37.628 unidentified
10. 38.283 CuO

11. 43.113 MgO

12. 49.221 2223

13. 59.968 2223

14. 64.645 unidentified
15. 67.836 unidentified

2.6 SCANNING ELECTRON MICROSCOPY (SEM) AND
ENERGY DISPERSIVE ANALYSIS OF X-RAYS (EDAX)

Scanning electron microscopy is a standard analytical method as it provides
increased spatial resolution and depth of field compared with optical microscopy, and
also because chemical information can be obtained from the x-ray spectra generated by
electron bombardment. Resolution better than 1004 can be achieved under optimum

conditions.

For our investigations on high T, materials and films, we have found SEM to be
an important tool. SEM micrograph of a superconductor provide information regarding
the size of the grains, their shape and connectivity, which is also an indicative of the

growth pattern and the current density of the sample as discussed in the subsequent

chapters.

As the electrons strike the sample surface, in SEM, the x-rays are also produced.

The spectroscopy of these x-rays using energy dispersive detector is known as energy
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dispersive analysis of x-rays (EDAX). EDAX analysis is useful for chemical analysis
both qualitatively i.e. for detecting elements present in the sample and quantitatively i.e.
for knowing the atomic or weight percentage of each of the elements present. Such an
information is very crucial for the optimization of process parameters, to grow a

particular phase in either, a superconducting bulk or a film,

2.7 FILM THICKNESS AND SURFACE SMOOTHNESS
MEASUREMENT

Surface profiler provides a wealth of topographic information on features such as
film thickness, etched depths, surface defects, roughness and flatness etc. These
information are important for the fabrication of high T . superconducting thin films and

their application to microelctronic devices.

The surface profile measurement system, Dektak IT A, Sloan Technology division,
California has been used. It is a microprocessor based instrument capable of measuring
very small vertical features ranging in height from less than 100 angstroms to 655,000
angstroms, with a vertical resolution of 5A. A typical plot of the surface of a MgO
substrate is depicted in the Fig. 2.10(a) which shows smooth surface with roughness less
than 50A while the step in the Fig. 2.10(b) indicate the high T, film thickness with respect

to the substrate.

2.8 SCANNING TUNNELING MICROSCOPY

The surface topography on an atomic scale is done using scanning tunneling
microscope (STM). The STM works by positioning a sharp metallic tip (in the best case,
atomically sharpened) a few atomic diameters above a conducting sample. A bias voltage
is applied between the tip and the specimen. At a distance under 10 A, a tunneling current
flows between the sample and the tip. In operation, the bias voltages are typically from 10
to 1000 mV and the tunneling currents from 0.2 to 10 nA. The system works in two

modes i.¢. constant current mode or constant tip-sample separation or constant height
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mode. An electnc feedback loop is used to keep the tunneling current constant by
adjusting the tip- sample separation in the first case, or the tip-sample separation is

maintained constant by adjusting the tunneling current.

The phenomenon of electron tunneling underlines the operation of the STM. An
electron cloud occupies the space between the surface of the sample and the needle tip.
The cloud is a consequence of the indeterminacy of the electron's location (a result of its
wavelike properties); because the electron is "smeared out", there is a probability that it
can lic beyond the surface boundary of the conductor. The density of the electron cloud
decreases exponentially with distance. A voltage-induced flow of electrons through the
cloud is therefore extremely sensitive to the distance between the surface and the tip. As
the tip is swept across the surface a feedback mechanism senses the flow (called the
tunneling current) and holds constant the height of the tip above the surface atoms. In this
manner the tip follows the contours of the surface. The motion of the tip is read and
processed by a computer and displayed on a screen or a plotter. Sweeping the tip through

a pattern of parallel lines yields a high-resolution, three-dimensional image of the surface.
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CHAPTER - THREE

SYNTHESIS OF HIGH T, SUPERCONDUCTING BULK

MATERIALS

3.1 INTRODUCTION

The discovery of superconductivity in YBa,Cu;0;, at 93K by Chu and Wu in
early 1987 (Wu et al., 1987) surpassed the liquid nitrogen temperature barrier of 77K and
made applications of superconductivity appear more practical than ever before. These
observations in 1986-87 thus heralded in the modem era of high temperature
superconductivity (HTS). In the ensuing decade after the discovery of HTS, more than
one hundred non-intermetallic compounds have been found to superconduct above 23K,

the record for conventional low-temperature intermetallic superconductors.

To determine the role of Y in 90K superconductivity, Y was replaced with some
magnetic rare earth trivalent elements. T, remained unaffected even with a large fraction
of Y replaced. This suggested that Y in Y-123 is electronically isolated from the
superconducting electron system and serves mostly as a stabilizer in the compound. Thus
a new series of 90K superconductors RBa,Cu;0,, (R-123) with R=rare earth elements

except for Ce and Tb was discovered (Hor et al., 1987).

As 1987 drew to a close, T, did not budge from 93K, regardless of the extensive
world-wide efforts devoted to the search for higher T,’s. Some pessimisticaily concluded
that T, > 93K could only be found in non-cuprate materials, if it existed at all. Their
premature prediction was shattered by Maeda et al. (1988) who announced the discovery

of superconductivity in the Bi-Sr-Ca-Cu-O (BSCCO) system in January 1988, They
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replaced the trivalent rare-carth elements in R-123 with elements from the V-B group in
the Perodie Table, such as 31 and Sb, which are trivalent and have wonie radit similar to
the rare carths. They succeeded i observing superconductivity above 105K in multiphase
samples of BSCCO which was also confirmed by Chu et al. (1988). The three members
of the homologous series B-22(n-1)n with n=1. 2. and 3 were soon determined (Hazen ct
al.. 1988a; Veblen et al., 1988). The new record T, = 110K was attributed to the n=3

member; and 80 and 22K to members of n=2 and 1, respectively.

Following a similar rationale to Maeda et al.’s, Sheng and Hermann started 10
substitute the non-magnetic trivalent T for R i R-123. By reducing the reaction time to a
few punutes to overcome the high volaulity problem associated with T1,0-. they detected
superconductivity above 90K (Sheng and Hermann, 1988) in thewr nominal TIBa,Cu Q.
samples in November 1987, By partially substituting Ca f{or Ba, they discovered (Sheng
ct al., 1988) a 1, ~ 120K in their multiphase sample of Tl-Ba-Ca-Cu-O (TBCCO) in
February 1988, only a few weceks after Maeda et al. announce their discovery of T, ~
110K in BSCCO. T, =90, 110, and 125K were assigned to the n = 1, 2, and 3 members
of the series T1-22(n-1)n, respectively, setting a new record. Another homologous scrics
T1- 12(n-1)n was soon synthcsised and found (Morosini ct al., 1988; Parkin ct al., 1988)
to be superconducting at T, = 50, 82, 110, and 120K for the n = 1, 2, 3, and 4 members,
respectively. In September 1992, the T, of TI-2223 was further enhanced to 131K

(Berkcley et al., 1993) by the application of pressure.

The T, stagnated at ~ 125K. In late 1989, some predicted again that T, n layered
cuprate might never exceed 160K. However, the prediction tumbled i nud 1993 when
pressure enhanced the new record T, of 134K in HgBa,Ca,Cu,O, (He-1223) (Schilling et
al., 1993) at ambient pressure, to 164K at 30 GPa (Chu et al., 1993; Gao et al., 1994). In
April 1993, Schilling et al. (1993) reported the detection of superconductivity at
temperatures up to 133K in samples consisting of members of Hg-12(n-1)n withn = 1, 2,
and 3 respectively (Gao et al., 1993; Putilin ct al,, 1993; Antipov et al., 1993; Meng cf al.,
1993; Radaclh ct al., 1993; Huang ct al., 1993). The T, of [1g-1223 was further enhanced
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by the application of pressure and found an onset T, to 164K at ~30GPa in the summer of

1993 (Chu et al., 1994).

It was recognised (Gao et al., 1995} that the T, of the various homologous series
ApX;Ca, Cu,Ogn 2.y increases as A changes from Bi through Tl to Hg in the Periodic
Table. Further change of A to Au, or even Ag or Cu, was therefore carried out. No efforts
succeeded in synthesising compounds with A = Au or Ag due to their chemical inertness.
However, Cu-12(n-1)n with n = 3 and 4 was formed under high pressure by Ihara et al.
(1994) and Wu et al. (1994) with T, = 60 and 117K respectively. After proper annealing,
the T, of Cu-1223 was raised to 120K (Marezio et al., 1996).

In this chapter, we describe the methodology for the synthesis of YBCO and
BSCCO superconducting bulk samples. The synthesis of TBCCO compound was not
attempted due to its toxic character. The techniques discussed here are for the preparation
of polycrystalline materials only as our prime objective has been to use this technology to
make the targets for the preparation of high T, films and to explore their applications to
superconducting devices. Hence, the techniques dealing with the growth of single crystals
of ceramic superconductors were not pursued and therefore not discussed here. Primarily,
there are two approaches to prepare high T, superconducting samples, namely (i) solution
techniques and (ii) solid state or ceramic method. We have employed widely used solid
state technique to prepare YBCO and BSCCO superconducting materials. However in
this chapter, we briefly describe the various techniques of ‘solution method’ prior to the

solid state procedures developed in our laboratory.

3.1.1 Solution techniques

The solution techniques are used for the synthesis of micro-crystalline particles
and clusters. These methods begin with the preparation of aqueous solutions of the
desired constituents in appropriate stoichiometry. The sclutions are then atomized and the
heat or mass transfer is achieved in milli-seconds. Depending on the atomisation process,
the techniques can be classified into sol-gel, co-precipitation, spray drying, freeze drying

or a similar technique. It is generally felt that solution techniques produce better quality
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products, as they permit reactions at lower temperatures, produce materials with particle
size of less than 0.5 pm and having a narrow size dispersion. The smaller and uniformly
sized particle produces denser compacts on sintering. Also, the solution derived high T,

materials have a narrower transition width (< 1K ).

Sol-gel powder preparation technique starts with the preparation of the aqueous
solution containing proper ratios of various metal nitrates. This aqueous solution is then
emulsified with the help of a water immiscible organic compound such as heptane. A
stable emulsion is formed by ultrasonic agitation. Subsequently, the metal hydroxides in
the emulsion droplets are co-precipitated using suitable organic amines. These amines can
be used to extract the anions and the pH of the aqueous phase rises so that the hydrous
oxides of the cations precipitate to form an amorphous gel. The gel is then dned to get
fine grained homogeneously mixed powder in right ratio. However, the sol-gel is a time
consuming method and requires expensive chemicals. A typical sol-gel procedure for the
synthesis of YBCO superconductor, as followed by Wu et al. (1988), is mentioned here.
They first prepared yttrium and barium methoxyethoxides from Y-isopropoxide and B-
metal respectively by reacting them with methoxyethanol. Cu(Il) ethoxide was partially
dissolved in toluene. A clear solution of Y-methoxyethoxide and Ba-methoxyethoxide in
methoxyethanol was then added to the Cu(ll) ethoxide/ toluene solution to further
enhance the solution solubility. The stock solution was stirred in an inert atmosphere for
10 hours, then taken out and divided into two parts. The first part was opened to the
atmosphere and the second was mixed with 1 mol metal alkoxide to 1 mol water (diluted
in methoxyethanol). A gel-like paste was formed within 48 hours. These gels were first
slowly vacuum dried and then fired at 800°C to 850°C for 15 hours. From this

temperature, the samples were cooled to 650°C at the rate of 10°C/min, holding for §

hours at 650°C and then cooled to room temperature at 5°C/min. Both the samples

showed critical temperature above 90K.

In co-precipitation process, the required metal cations are co-precipitated from a
common medium, usually hydroxides, carbonates, oxalates, formates or citrates, which

are subsequently heated at appropriate temperatures to yield the final products. In this
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technique, precipitation can be non-uniform or incomplete and the material may be lost
during washing. Also, the precipitation agent such as alkali is likely to remain till end.
Precipitation routes have another limitation as the solution homogeneity can be lost
during process due to differential solubility. However, Varma et al. (1988) have
successfully prepared YBa,Cu;0,., superconducting ceramic with T, .o = 90 K, using
co-precipitated powders. They dissolved stoichiometric amount of BaCO;, Y,0;, and
CuO (3% excess) in nitric acid (1N) to obtain approximately 1 molar solution. In this
solution, aqueous ammonia was added till pH became 6.0 - 6.5. This resulted in the
precipitation of yttrium and copper as hydroxides but, Ba(OH), was precipitated after
addition of excess amount of isopropyl alcohol to the solution. The mixture was
continuously stirred for half an hour on a magnetic stirrer. The precipitate was filtered,
dried at 110°C, and calcined at 750°C. The black caicined powder was further heat

treated at 750°C for 12 hours in flowing oxygen to obtain superconducting compound.

In spray drying, suitable constituents dissolved in a solvent are sprayed in the
form of fine droplets into a hot chamber. The solvent evaporates instantaneously leaving
behind an intimate mixture of the reactants. This technique can be utilized to synthesize
polycrystalline thick films also. A typical example of the process was successfully
demonstrated by Kawai et al. (1988). They prepared aqueous solution of Y, Ba and Cu
nitrates to achieve atomic ratio of Y, Ba and Cu to be 1:2:3. The solution was sprayed
over substrates which were kept at 400°C. The samples were then heated at 800°C in air.
The process of spraying and heating were repeated until desired material thickness was
obtained. Films thus obtained were heated in furnace upto 950°C in an oxygen ambient

for 5 minutes. The specimen showed T, .., at 83K.

3.1.2 Solid state reaction or ceramic technique
This is the most widely used method for the synthesis of ceramic superconductors.
It requires less familiarity with the physico-chemical processes involved in the

transformation of a mixture of compounds into a superconductor (Rao and
Gopalakrishanan, 1986),
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It is a conventional ceramic preparation technique in which chemicals, in solid-
state, react to form the desired compound. The various steps involved in the processing of
high T, material are illustrated in Fig.3.1. In this process, appropriate amount of
chemicals are weighed and mixed. The proper mixing is achieved during gnnding, using
a mortar and pestal or a ball mill. The well mixed mixture is subjected to calcination.
Calcination is defined as the dissociation and driving off of some constituent in the form
of gas from the compounds by subjecting them to a heat treatment. The Calcined material
is re-pulverized by mechanical means to obtain fine powder. This powder is subsequently
pelletized and annealed to obtain superconducting material. Annealing is a process of
heating and cooling the reacted powder to obtain superconducting compound of desired
composition, phase and micro-structure. This is the most important step of
superconductor synthesis technology as superconducting properties are profoundly
dependent on this step. The temperature and the rate of the cooling depends upon the
material and its composition. These are required to be optimized in each individual case
to form superconducting compound of desired stoichiometry and phase during the

annealing process.

In solid-state reaction technique, the basic chemicals used for the synthesis of
these high T, superconductors are oxides, carbonates, nitrates or hydroxides of the
constituent elements. The purity of these compounds is very important and they should be
free from impurities such as Al, Fe, etc. Desired amount of powder chemicals are
pulverized for several hours to ensure proper mixing. This also increases surface area for
better solid state reaction among various species. The thoroughly mixed powder is then
caicined in the powder or pellet form. The calcined material is again pulverized and the
pellets, of diameter 10-15 mm and thickness 2-3 mm, were formed at 100 to 150 Kg/cm®
pressure using a hydraulic press. The pellets are then subjected to annealing. All heat
treatments are accomplished in muffle furnace having quartz tube with ceramic boats and
microprocessor based temperature controllers. The samples thus produced are
characterized for varous properties. This is the general procedure followed in our

laboratory for the preparation of YBCO and BSCCO compounds.
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In solid-state reaction technique, the basic chemicals used for the synthesis of
these high T, superconductors are oxides, carbonates, nitrates or hydroxides of the
constituent elements. The purity of these compounds is very important and they should be
free from impurities such as Al, Fe, etc. Desired amount of powder chemicals are
pulverized for several hours to ensure proper mixing. This also increases surface area for
better solid state reaction among various species. The thoroughly mixed powder is then
calcined in the powder or pellet form. The calcined material is again pulverized and the
pellets, of diameter 10-15 mm and thickness 2-3 mm, formed at 100 to 150 Kg/cm®
pressure using a hydraulic press. The pellets are then subjected to annealing. All heat
treatments are accomplished in muffle furnace having quartz tube with ceramic boats and
microprocessor based temperature controllers. The samples thus produced are
characterized by various properties. This is the general procedure followed in our

laboratory for the preparation of YBCO and BSCCO compounds.
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3.2 SYNTHESIS OF YBCO SUPERCONDUCTING COMPOUNDS

We have used calculated amount of high purity Y,0; (99.99% pure of CDH
Chemie, USA), BaCO,, and CuQ (both 99.999% pure of Vin Karola Instruments, USA)
for the synthesis of stoichiometric YBa,Cu;0,., compound. The chemicals were weighed
according to the molecular weight of the chemicals and the reaction as shown in equation
3.1

122Y,0, + 2BaCO; + 3Cu0 —"— YBa,Cu,0,, + 2CO0,...(3.1)
or, 1/2(225.808) 2(197.349) 3(79.545)
or, 112.904 394.698  238.635

The amount of each reactant was taken, in above proportions by weight. For
example, for a typical process 1.129 gm of Y,0;, 3.947 gm of BaCO, and 2.386 gm of
CuQ were taken. The chemicals were thoroughly mixed and pounded using an agate
mortar and pestle. The fine pulverized powder was then subjected to calcination at 940 +
5°C for approximately 10 hours in oxygen ambient. The gas flow was maintained at 1
I/min. Calcined material was re-weighed. From the weight lost, during the process, the
percentage calcination was ascertained. The process was repeated to obtain nearly 100%

calcination which is generally achieved in two to three calcination cycles.

The calcined powder was repulverised and pellets (15 mm diameter and 3-4 mm
thick) were formed. The pellets were subjected to various annealing heat treatments to
optimize the process, in flowing oxygen. Through a large number of experiments we
realized that the annealing cycle, particularly cooling, had profound effect on the
superconducting properties of the sample. The T, .., as well as superconducting volume
fraction in the sample are significantly influenced by the parameters of the cooling
scheme. Through a large number of experiments, we have optimized these parameters.
These experiments have led to three kinds of processes as summarized in the Table-3.1.
The sample YO1 was first heat treated at 900°C for 13 hours and subsequently at 950°C

for 7 hours. The pellet was then cooled at the rate of 1°C/min. upto 150°C. The specimen
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Y02 was annealed at 940°C for 15 hours and cooling was done by simply putting the
furnace off. And the third pellet Y03 was given treatment at 950°C for 24 hours and it
was cooled from 950°C to 150°C at the rate of 10°C/min. with holding the sample at
constant temperatures for one hour, after every 100°C cooling. This process, in which
cooling is performed in “steps' is developed in our laboratory to prepare the highest T,
superconducting YBCO samples. This cooling procedure is depicted in Fig. 3.2. The

resistivity, susceptibility and other characterizations on these samples are mentioned in

the subsequent section,

Table 3.1 Annealing cycles for various YBCO samples.

Sample | Annealing Cooling Procedure
No. Temperature and time

YO0l 900°C for 13 hours + | 950°C to 150°C at the rate
950°C for 7 hours of 1°C/min.

Y02 | 940°C for 15 hours Furmnace cooling

Y03 | 950°C for 24 hours | Steps cooling (Fig.3.2)

3.3 CHARACTERIZATION OF YBa,Cu;0,, SAMPLES

The annealed pellets are mainly characterized through resistance versus
temperature (R-T) and a.c. susceptibility versus temperature (%-T) measurements as
explained in the previous chapter. The grain size, shape, its connectivity etc. are studied
with the aid of micro graphs obtained from the scanning electron microscope (SEM) and

the presence of various phases/ compounds in the final products are determined through
x-ray diffractometry (XRD).

The resistivity and susceptibility curves for the sample Y01 are shown in Fig.3.3.
The R-T plot indicates T,y and T, e, ¢qual to 98K and 91K respectively whereas, x-T
data suggest intrinsic onset temperature equal to 92.5K and coupling superconduction

starts about 91.0K. The R-T plot of sample Y02, in Fig.3.4, shows T, gy = 97K and T, ..,
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= 90K while, x-T indicates onset of intrinsic component at 92K and that of grains
coupling around 90K. And in Fig.3.5, R-T plot of sample Y03 indicates T, on and T ,ero
equal to 98K and 94K respectively. x-T graph of the sample suggests onset temperature
equivalent to 93.0K for the intrinsic component of the grains but the onset temperature
corresponding to the coupling of the grains is not distinguishable as large fraction of the
sample tums diamagnetic sharply at the onset of the intrinsic superconductivity of the
grains. This characteristic is similar to that of single crystal sample (shown in the
previous chapter) and it indicates a high quality, strongly coupled ceramic superconductor

(Goldfarb, et al., 1987). The critical temperature data are also listed in Table 3.2.

Table 3.2 Critical temperature data of YBCO samples

Sample Resistivity data (K) Susceptibility data (K)
No Teon Tc,zern AT

. Intrinsic onset | Coupling onset

Y01 98 91 7 92.5 91.0
Y02 97 90 7 92.0 90.0
Y03 98 94 4 93.0 absent

Although the three samples showed zero resistance at or above 90K, the highest
critical temperature (94K) and almost complete transition of the material, into
superconducting phase above boiling point of liquid nitrogen, is only achieved in the
steps cooled sample (i.e. sample Y03). Narrow peak in the %" plot of sample Y03 also
suggests the coupling of the grains in a small temperature range, whereas, figures 3.3 and
3.4 show comparatively wider coupling peaks. The transition width AT, is also minimum

in Y03 which may be attributed to nearly simultaneous superconducting transition in the

grains and their interconnections.

SEM micro graph of the continuous cooled [Fig.3.6(a)] and step cooled
[Fig.3.6(b)] samples clearly demonstrates the difference in granularity of the samples.
The steps cooling produces flat and bigger sized grains which are very well connected.

Powder x-ray diffractometry data on sample Y03 is shown in Fig.3.7. Table 3.3 lists ‘d’
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Figure 3.6(a): SEM micrograph of sample Y01.



Figure 3.6(b): SEM micrograph of sample Y03.
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Figure 3.7: Powder X-ray diffraction plot for the sample Y03.



3.4 PREPARATION OF BPSCCO SUPERCONDUCTING
MATERIAL

The chemicals used for the synthesis of high T, phase, Bi,_, Pb, Sr,Ca,Cu;0,, of
BPSCCO (2223) system are high purity Bi,04 (99.9% pure of Aldrich chemical, USA),
PbO, SrCO;, CaCO;, and CuO (all more than 99% pure of Loba chemie, India). In our
laboratory, we synthesized Pb doped BSCCO samples for different contents of lead.
Through a number of experiments, we determined that the T, . above 100K is obtained
for 0.4< x £0.8. Thus we believed that the formation of high T, (2223) phase is enhanced
by, lead in this range. The results of only two types of specimen i.e. samples with x=0.4

and 0.8 are reported in this text. The reaction equations for x=0.4 and x=0.8 are

() forx=0.4 R
0.8 Bi,0, +04PbO + 25rCO, +2CaCO; +3CuQ — -

or, 0.8(465.96) 0.4(223.19) 2(147.63)  2(100.09) 3(79.54)
or, 37277 89.28 295.26 200.18 238.62

Bil.ﬁ Pb0.4 Sr2C32CUJ09+y+ 4C02 T ..... (32)

(i1) forx =0.8 R
0.6 Bi,O; + 0.8PbO + 2 5rCO; + 2CaC0O; +3Cu0——

or, 0.6(465.96) 0.8(223.19) 2(147.63)  2(100.09)  3(79.54)
or, 279.58 178.55 295.26 200.18 238.62

Bi].Z Pbﬂ.ﬁ Sr2C32CU309+y + 4C02 T ...... (33)

According to above equations, we took Bi,O;= 7.4554 gm, PbO = 1.7856 gm,
SrCO,= 5.906 gm, CaCO;= 4.0036 gm and CuO = 4.7724 gm for x = 0.4. And for x =
0.8, Bi,0; and PbO weighed 5.592 gm and 3.572 gm respectively whereas, amount of the
other chemicals remained same. In either case, all the compounds are pounded together in

agate mortar with pestle. The fine pulverized powder is then subjected to calcination at

850 + 5°C for approx. 18 hours in air.

In an another approach, separate calcination of SrCO; and CaCO, is also

attempted as shown in equations 3.4 and 3.5, to achieve better decomposition of
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carbonates into oxides. Here, calcium and strontium carbonates are decomposed at 900°C
to obtain their oxides. These oxides are then mixed with the oxides of Bi, Pb, and Cu and

subsequently heat treated at 850 + 5°C for nearly 18 hours in air,

900°C/2h
stco, & o =so+Co, T L. (3.9)

CaCO; HOCZhS 0 + co, T . (3.5)

Both the calcination processes, however, produced the similar results, i.e. the net
loss in weight due to carbon-di-oxide evolution was equal in both the cases. Hence,
separate calcination of SrCQ; and CaCOj; is seldom practiced. Alike the YBCO
processing, the calcined powder is repulverised and pelletized. The pellets are then
subjected to annealing cycles. A typical set of five annealing cycles is summarized in
Table 3.4. All the samples were annealed at 860°C in air for 60 hours except for sample
BO1, which was heat treated for 40 hours only. Samples BO1, BO2 and B04 were cooled
at the rate of 1°C/ min. But while cooling, the pellet B04 was also kept at constant
temperatures for | hour after every 100°C decrease in temperature i.e. “steps cooling' (fig.
3.8) as described in the section 3.2 for the preparation of YBCO samples. Specimen B03
and B05 were cooled at the rate of 0.5°C/min. but the two contained different amounts of
bismuth and lead. Bi:Pb ratio for sample BO3 has been 1.2:0.8 while that of BOS it is

1.6:0.4. The various measurements dene on the BSCCO samples are described in next

section.

Table 3.4 Annealing cycles for various BPSCCO samples.

Sample | Bi:Pb Annealing Temperature | Cooling Procedure

No. Ratio and Time

BO1 1.2:0.8 860°C for 40 hours 860°C to 160°C at 1°C/min.
B02 1.2:0.8 860°C for 60 hours 860°C to 160°C at 1°C/min.
B03 | 1.2:08 [ ggooC for 60 hours 860°C to 60°C at 0.5°C/min.
B04 1.2:0.8 860°C for 60 hours Steps cooling (Fig.3.8)

BOS 1 1.6:04 1 g600C for 60 hours 860°C to 60°C at 0.5°C/min.
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3.5 CHARACTERIZATION OF Bi, y Pby Sr,Ca,Cu,Oy PELLETS

The annealed BSCCO specimen are characterized through resistivity and a.c.
susceptibility measurements, as a function of temperature, and x-ray diffraction analysis
for detecting the presence of different phases. The R-T plots of the samples B0O1 to B04,
in figures 3.9 to 3.12, indicates T, oy = 116K, whereas, data corresponding to pellet BOS
(Fig. 3.13) suggests that the superconducting transition commenced at 118K. The T,
of the samples varied from 98K to 107K. All these critical temperatures pertaining to

resistivity curves and their corresponding susceptibility data are tabulated in Table 3.5.

The lowest value, 98K, was obtained in sample B01, may be due to the presence
of low T, phase in large quantity. The fact was confirmed by susceptibility data (Fig. 3.9)
which show prolonged intrinsic transition and only 30% volume fraction of the material
transforming into superconducting state at 77K. Hence, the coupling transition could
hardly got initiated in this specimen upto boiling point of liquid nitrogen however sample
turned into zero resistance state through percolation path. As illustrated in Fig.3.10, the
onset of intrinsic and coupling transitions in sample B02 are at 107K and 102K
respectively. Also, T e = 105K, denoted by R-T resuits in Fig. 3.10 for this sample, is
much higher than 98K of BO1. This suggests that annealing of merely 40 hours at 860°C
is not enough for the complete transition of the material into high T, superconducting
(2223) phase of this compound. The complete transition is therefore achieved afier 60
hours of annealing. The heat treatments of more than 60 hours have also been attempted
(Nobumasa, et al., 1988; Sato, et al., 1988) in order to produce higher fractions of high T,
phase in the BSCCO material. Further, the comparison of ¥-T and R-T data of the sample
B02 with specimen B03 and B04 reveal that there was no significant change in properties
introduced due to either slow cooling or steps cooling as is evident from figures 3.10 to
3.12. Susceptibility curves of all the three samples show same onset temperatures (Table
3.5). However, transition width, AT, is equal to 10K and 12K in slow cooled and steps

cooled pellets respectively as compared to AT, = 11K in sample B02. Sample BOS (with

51



A.C. Susceptibility (S.1. Units)

0.2

0.0

-0.2

-0.6

-0.8

-1.0

TEMPERATURE (K]

Fig.3.9 A.C. Susceptibility and resistance as functions
of temperature for sample BO1,

B xu (Bi. Pb)z Srz caz CU3 OY
\ - tl'
= 7.--—
/
—— """--,

- - 43

-~ xl . -

| — T, on = 116K - -0
— - 2
-1

i Tc, zero = 98K

| L '_\ ) i 4 ! 0
70 80 90 100 110 120 130 140 150

Resistance (mohm)



A.C. Susceptibility {S.I. Units)

4 5

T T T T L —
0.2 |- (Bi, Ph}, Sr,Ca, Cu;0y
/\__ 1
0.0 X" 7
|
-0.2 F Y 43
”~
-0.4 | 4 \ ,
/ ¢, on = 116K i
-0.6 - /
x 1 =105K 11
.08 L // C,2ero=
/7
~
10 - I e J L L i 0
70 80 90 100 10 120 130 140 150

Fig.3.10 A.C. Susceptibility and resistance as

TEMPERATURE (K}

of temperature for sample B02.

functions

Resistance (mohm)



A.C. Susceptibility (S.l. Units)

0.4
0.2
0.0

-0.2

-0.6

-0.8

-1.2

I T T T 7 |
X" (Bi, Pb), Sr, Ca, Cu,0,
/\ ) 4
_ —
/ -
B / 3
/
7
B / ¢, on = 116K 2
/
e/
X
_ y ] 1.
e Tc, zero=106K
- -_’/ \
| L J o { i I ' 0
10 80 90 100 10 120 130 140 150
TEMPERATURE (K)
Fig.3.11 A.C. Susceptibility and resistance as functions

of temperature for sample B03

Resistance {mohm}



SUSCEPTIBILITY

. S

] 1 ! | ] i
bt _/\ (Bi, Pbly Sry C3, Cuy0,
0.0 [ ; 14
0.2 / AT =
<02 | ;
/, ‘_,—O“'"‘g- 3
- _ <
0.4 |- - o=
/
/
-0.6 - / Te,on= 116K - 2
/
/
-0.8 - /
R o 23
.7 Tc,zero=104K
-1.0 - P \
’/
] 1 | | | 0
A9 | | Bt
70 80 90 100 10 120 130 140 150
TEMPERATURE (K)
functions

Fig.3.12 A.C. Susceptibility and resistance as
of temperature for sample BO4.

Resistance ‘mohm)



x=0.4), in Fig. 3.13, shows higher T, oy = 118K and T,,,,, = 107K in resistivity curve
while, susceptibility plot shows intrinsic and coupling onset temperatures equal to 108K
and 105K respectively. Also, the peak in x" plot of the sample, which corresponds to
about 60% transition (by volume) of the material into superconducting phase, is at
101.5K in sample B0OS whereas, for other samples it lies between 92.5K to 95.0K. Also,
comparatively sharper peak in X" curve of sample BOS5 clearly indicates much stronger

inter granular coupling among the grains of this pellet than that of other processes.

Table 3.5 Critical temperature data of BPSCCO samples
Sample Resistivity data (K) Susceptibility data (K)

No Teon Te zero AT, Intrinsic onset | Coupling onset
BOI 116 98 18 107 <77
B02 116 105 i1 107 102
B03 116 106 10 107 102
B04 116 104 12 107 102
B05 118 107 11 108 105

The sample B05 was also characterized through x-ray powder diffractionc The 26
versus intensity plot of the specimen indicated peaks corresponding to both high T,
(2223) and low T, (2212) phases, as shown in Fig. 3.14. The indices and phases
corresponding to the peaks, in Table 3.6, suggests that the majority of the material has
crystalized in the high T, phase with lattice parameters a, b, and ¢ equal to 3.8117 A,
3.7879 A, and 37.17 A respectively showing slight orthogonality. However, some amount

of low T, phase with lattice constants a, b, and c equal to 3.8041 A, 3.8142 A, and

30.7291 A respectively and a few unknown peaks are also present.

These analysis suggests that the proper amount of lead, in place of bismuth, is

essential for the synthesis of high T, phase in BSCCO compounds although, the annealing
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cycle along with the cooling pattern also plays an important role in the grain growth, their
connectivity and the formation of high T, phase. In BSCCO system, instead of ‘step

cooling’, slow cooling (at the rate of 0.5°C/min.) has been found to be more effective for

the growth of 2223 phase.

Table 3.6 X-ray powder diffraction data of BPSCCO samples B0S

S. No. 20 d Phase (Plane)

1. 20.9 53368 | High T, (007)

2. 22.4 49836 Unidentified

3. 24.0 4.6557 | High T, (008)

4, 29.1 3,8531 Low T,

5. 30.2 3.7158 | High T, (0010)
6. 31.4 35772 | Low T,

7. 33.0 3.4082 High T,

8. 34.8 32370 |LowT,

9. 36.4 3.0992 High T, (0012)/ Low T, (0010)
10. 39.2 2.8856 Low T, (117)

11. 40.4 28033 | High T, (119)

12. 42.0 27011 | High T, (200)/ Low T.(200)
13. 42.8 2.6529 High T,

14. 44.4 25619 | Low T, (0012)
15. 44.8 2.5402 High T,

16. 459 2.4825 High T,

17. 57.0 20286 | High T, (1112)
18. 61.0 19072 | High T,/ Low T,
19, 62.8 1.8575 | High T, (0020)
20. 64.8 18065 | Low T, (0115)
21. 67.6 1.7400 Unidentified
22. 69.2 17047 | Low T, (208)
23, 71.5 1.6568 High T, (215)
24. 72.4 1.6390 Low T,
25. 73.2 1.6235 High T, (2012)
26, 75.2 1.5865 Low T, (217)
27. 77.4 1.5482 High T, (0022)
28. 78.4 15283 | Low T,(2012)
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3.6 CONCLUSIONS

The single phase YBapu;0,, with T . about 94K can be produced by
processing the material at 950°C for 24 hours followed by cooling in steps. These
cuprates contain more than 80 percent superconducting material, by volume at 90K.
While the growth of high T, phase (Biy, Pb, SrZCaZCu30y) in BSCCO compounds
depends on the lead content and the process cycle. In this case continuous slow cooling at
the rate of 0.5°C/min. and Bi:Pb ratio of 1.6:0.4 was found most suitable for the growth

of 2223 phase in bismuth cuprates. The stronger inter granular coupling was also

observed in these samples.
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CHAPTER -FOUR

DEPOSITION OF SUPERCONDUCTING THIN FILMS OF
YBCO AND BSCCO COMPOUNDS

This chapter is broadly divided into three sections. The first one briefly describes
various thin film preparation techniques which are used in semiconductor device

fabrication technology and are being employed globally for the synthesis of HTSC films

too. The second section presents some global issues in substrate selection for high T,
films and a review of HTSC film preparation work of various research groups. The work
is classified according to the techniques used for film deposition. The final section

describes the high T, thin film synthesis techniques developed, their analysis, results and

conclusions.

4.1 TECHNIQUES FOR THIN FILM PREPARATION

Thin films deposition techniques may be broadly classified under three categories,

namely, evaporation, chemical deposition and sputtering.

4.1.1 Evaporation
The thin film deposition by the evaporation is simple and very convenient and is

at present the most widely used for numerous applications. The principle of thermal
evaporation is that the solid materials vaporize when heated to sufficiently high
temperature. The condensation of the vapour onto substrates yields thin solid films of that
material. Depending on the various heat energy sources, the evaporation methods can be

classified as flash, arc, laser, r.f,, electron beam and exploding-wire evaporation
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techniques. The t1lm deposition by these methods is carried out in a hich vacuum system,

Sy A S 3 [N . . . :
usually below 10" Torr. to avoid contamination in the Glms.

4.1.2 Chemical depositions

Chemical methods may be classified in two categorics, namely, electro-deposition
and chemical vapour deposition (CVD). These techniques enable coating thickness to be
varied from few angstroms to hundreds of microns in a well controlled fashion. Although
the impurities and their effects vary with the material to be deposited, most refractory
melals and several non-metals arc obtained chemically in a purer form than by
conventional metallurgical practices.  Electro-deposition  techniques can  {further be
classificd as clectrolytic, electroless and anodic oxidation deposition. Chemical vapour
deposition techniques are suitable for volume production and deposition on large arca. A
number of CVD techniques have been devcloped for example, low pressure (VD
(LPCVD), atmospheric pressure CVD (APCVD) and metallorganic CVD (MOCVD).

Although special organic compounds have limited shelf life, required for MOCVD, it is

widely being used m semiconductor industrics.

4.1.3 Sputtering techniques

The ¢jection of atoms from the surface of a material, called target, by
bombardment with energetic particles is called "sputtering”. Inert gas argon is generally
used to generate encrgetic particles for bombardment. If ejection 1s due to postrve 1on
bombardment it is referced to as "cathodic sputtering”. The cjected or sputtered atoris can
be condensed on a substrate to form a thin film. Sputtering technique has been dealt with

N details here, as 1t was used by us to fabricate HTSC thin films in the present work.

In sputtering method, the 1ons for sputtering are provided by the well-known
Phenomenon of glow discharge resuiting due to an applied electric f{ield between two
clectrodes in a gas at low pressures. The gas breaks down to conduct clectricity when a

ertain minimum voltage is reached. Effcctive sputtering 1s possible only when both the
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number of ions and their energy is large. Some of the factors which influence the sputter

deposition of films are discussed below:

(a) Pressure: As the gas pressure is increased, the discharge current increases, the
voltage falls. The number of ions increases proportionally with the number of ions and
electrons created at the breakdown, but their density decreases with decreasing ion energy
linearly or less than linearly in the practical range of a few kilo volts. Thus, a net increase
in the total number of ejected atoms results. Also, with increasing pressure, ejected atoms

suffer more collisions and are thus prevented from reaching the anode.

(b) Deposit Distribution: Because of collisions with the ambient gas atoms at high
pressures, the sputtered atoms are diffusely scattered during transit and therefore reach
the anode with randomized directions and energies. Also, due to collisions, the energetic

ions hit the cathode at high oblique angles, which is helpful in increasing the yield.

At constant pressure and constant applied voltage, the deposition rate 1s low at
large distances from the cathode and shows a decided maximum at the centre. As this
distance is decreased, a more uniform deposit first results which then becomes annular in
nature with a maximum thickness on a circle slightly smaller than the target. The
optimum conditions of deposition with uniformity of deposit extending to about half the

area of the target are obtained when the cathode-anode distance is about twice the length

of the cathode dark space.

(c} Current and Voltage Dependence: The sputtering rate is proportional to the

current for a constant voltage which is thus a very conveniently controllable parameter.

The voltage dependence is non linear, but for a certain range of applied voltages,

depending on the gas and the target material, the sputtering rate is proportional to the

Product of current and voitage. Typical conditions employed for plane cathode sputtering

, 2
are ] to 5 kV potential with a current density 1 to 10 mA/cm” .
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(d) Cathode: A plane cathode of area about twice that required for a uniform
deposit is used. The cathode material may be a plate, foil or electroplated deposit on a
suitable target material. The bombardment of ions heats the cathode which rapidly
reaches an equilibrium value. This heating does not significantly alter the sputtering

yield, but it has other undesirable effects such as that of heating of the substrate, or

heating of the gas resulting in changes in atomic density.

(e} Contamination Problem: Even if a leak proof sputtering system is initially

pumped down to a high vacuum (say, 10 Torr) and then sputtering gas of high purity is

admitted, contaminants may still appear from:
(i) the out gassing as a result of plasma-discharge heating of the walls and other
components of the sputtering chamber.
(ii) the decomposition of oil vapours as a result of back streaming from the

diffusion pump operated at high pressures.

Sputter deposition is carried out in wide range of chamber pressure, ranging from

100 Torr (high pressure) to less than a milli-torr (low pressure). However, some of the

salient features of the low-pressure sputtering are: the decreasing influence of gas atoms,

the lower concentration of the trapped gas atoms, the controlled direction and higher

d atoms striking the substrate owing to smaller collision losses.

mean energy of the ejecte
at low pressures may be obtained by increasing the ionization

Reasonable sputtering rates
of the sputtering gas by

(1) increased ionizing efficiency of the available electrons,
(2) increased supply of ionizin

(3) an ion-beam source.

g electrons, and

A brief description of the various sputter deposition techniques are mentioned in

the following paragraphs.

In magnetic field assisted or magnetron sputtering the ionizing efficiency may be
gth of the jonizing electrons. A

increased very conveniently by increasing the path len
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longitudinal magnetic field (50 to 100 Gauss) is generally convenient to use for a diode
geometry, i.e. cathode (target) and anode (substrate) system. Such a field has no effect on
electrons moving parallel to the field, but it helps to concentrate the diffuse plasma by
preventing lateral motion and also increases the path length of randomly moving
electrons. Consequently, the current density is considerably increased and reasonable

Sputtering rate may be obtained at pressures down to a few millitorr.

In RF or AC sputtering, a RF voltage is applied to the cathode. The use of 13.56
MHz is international standard frequency for this purpose. RF sputtering is particularly
suitable for the deposition of non-conducting materials and composites. Radio-frequency
sputtering is a versatile technique and has several useful applications. If the rf power
supply is coupled capacitively to a metal electrode, metals can also be rf sputtered. A

combination of magnetron and RF sputtering is also used, especially for obtaining higher

deposition rates of insulating materials.

Direct-current (DC) sputtering is commonly used for the deposition of metallic
films. It is not recommended for the insulators because of the build-up of positive surface
charges which would repel the energetic Ar ions. A high frequency alternating potential 1s
used in RF sputtering to neutralize the insulator surface periodically with plasma

electrons. Methods to neutralize this surface charge by injecting electrons from a gun, or

by placing a metal screen over the cathode surface, thus producing a conductive sputtered

metal film, have also been devised.

Most of the systems are ineffective below 107 Torr because of the scarcity of

ions. By producing ions in a high-pressure chamber and then extracting them into a

CIifferentially pumped vacuum chamber through suitable apertures with the help of

Suitable electron and ion optics, a beam of ions may be obtained for sputtering in vacuum.

This is called jon-beam sputtering.
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4.2 FABRICATION OF HTSC THIN FILMS - A REVIEW

Since the discovery of high temperature superconducting oxides in 1986, there has
been unprecedented research activity in the preparation of high quality thin films for
device development. QOwing to operation at liquid nitrogen temperature these materials
have potential applications in superconducting clectronics. As high T, ceramic oxides are
superconducting only when an optimnm amount of oxygen is incomorated in these
compounds, an appropriate amount of oxygen is included in argon to sputier the target
material for thin f1lm deposition. The propertics of deposited film strongely depend on the

substrate material, substrate temperature, the rate of deposition, ete. in addition to the

clemental composition in the target.

4.2.1 Issues in substrate selection

One of the most important aspects in high temperature superconducting filin
growth is the choice of a substrate on which the films are deposited. This sub-section
[ocuses on the issucs related to the substrate selection. The compatibility of the crystal
structures of the substrate and superconducting compound is an important criterion.
However, cach specific application requires different substrate material which offers an
acceptable compromise for the purpose at hand. Some desirable substrate requirements
arc chemical compatibility, lattice and thermal expansion match, surface quality, buffer
layer(s) compatibility, homogeneity and thermal stability. These 1ssues limit maximum
processing temperature, reactions at substrate-film interface, impurity incorporation in the
film, film adhesion, microstructure, composition, morphology aud uniformity of the film.
Lattice mis-match, coincidence sites, surface quality and substrate structural quality are
important considerations in substrate selection for the preparation of epitaxial films. All

these substrate parameters profoundly influcnce superconducting properties of the films.

A number of materials have been explored as substrates for HTSC films, but most

of them have met with limited success. In general, the search for a substrate that can

support the growth of high quality high T, {ilms has centred on materials having the
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perovskite crystal structure, usually oxides (Guo, et al., 1994). Strontium titanate
(SrTiQ,) saw early success as an useful substrate (Chaudhan, et al., 1987), as it has small
lattice mis-match with YBCO (its lattice constant is a = 0.3905 nm) and its ready
availability. Its large dielectric constant (¢ = 277, at room temperature) and unavailability
in large sizes, has spurred the search for altemnatives. Still, SITiQ, has supported high
quality YBCO (Broussard, et al., 1992) and BSCCO films (Balestrino, et al., 1990).
Lanthanum gadulate (LaGaQO,) with lattice constants, a = 0.5519 nm, b = 0.5494 nm and
¢ =0.777 nm and £ = 25 at room temperature (Sandstrom, et al., 1988) and Lanthanum
aluminate (LaAlO,), a pseudo-cubic with lattice constant 0.5377 nm and € = 24 (Simon,
et al., 1988; Young, et al., 1991), have also been successfirlly used as substrate for YBCQO
and BSCCO films (Balestrino, et al., 1990; Broussard, et al., 1992; Golden, et al., 1992).
Some other perovskites were investigated and utilized as substrate for high T, thin films
include NdGaQ, with € = 20; a = 0.5417 nm, b = 0.5499 nm and ¢ = 0.7717 nm (Simon,
et al., 1988), NdAIO (Choi, et al., 1988), YAIO; (Asano, et al., 1990; Harshavardhan, et
al., 1993), PrGaO (Sasura, et al., 1990), KTaO; (Feenstra, et al., 1989), YbFeO; (Ramesh,
et al., 1989), Sr,AlTaO; (Findikoglu, et al., 1992; 1993) and GdBa,NbO, (Koshy, et al.,

1994).

A number of problems have emerged with perovskite-related crystal structures.
For example, high substrate cost, high dielectric constants, twinning, and presence of
magnetic ions. These aspects have lead to extensive investigations of substrate materials
that have other crystal structures. Magnesium oxide (MgO), with NaCl crystal structure
has received a good deal of interest in light of its ready availability and its modest
dielectric constant, € = 9.65 and 9% lattice mis-match with YBCO (Moeckly, et al.,
1990). 1t is one of the most popular substrates for the high T, films (Gasparov, et al,,
1990; Takeya and Takei, 1990; Hamet, et al., 1992a; 1992b; Awaji, et al., 1992; Agarwal,
et al., 1993; Shekhawat, et al., 1995). Some other substrates which are considered
interesting for HTSC film growth are sapphire (Al,0; ) (Char, et al., 1990a; 1990b) and
Yitria-stabilized ZrO, (YSZ) (Broussard, et al., 1992; Alarco, et al., 1992), Some of these
and others like ZrO, (Basovich, et al., 1993), CeO, (Wu, et al., 1991; Harshavardhan, et
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al,, 1993), YSZ (Broussard, et al., 1992), MgTiO (Haefke, et al,, 1992; Hesse, et al.,
1992; Lang, et al., 1992; Sum, et al., 1993), etc. have, also been successfully used as

buffer layers between various substrates and HTSC films.

Semiconductors such as Si and GaAs have also received considerable attention as
2 substrate material due to possibilities of integrating  semiconductors  with
Superconductors. But these exhibited some serious problems like chemical reactivity and
low temperature tolerance, especially for GaAs. However, there are few reports of YBCO
films grown on bare Si (Chromik, et al., 1989; Fang, et al., 1992) and using buffer layers
of YSZ (Fork, et al., 1990), CeO (Sanchez, et al., 1992), CaF, (Tiwari, et al., 1992) and
TIN/T VAg (Fang, et al.,, 1992). The buffer layers of CaF, , AlGaO; , Indium tin oxide,
Al Oy, YSZ, YSZ/Si;N, layers (Shewchun, et al., 1991; Tiwari, et al., 1991; Jia, et al.,
1992) and MgO (Chang, et al., 1992) have also been explored to prepare superconducting

films of GaAs substrate.

Attempts have also been made, to grow HTSC films on metallic substrates for
specific applications where an alternative current- carrying path is required. The limited
use of metal substrates is due to difference in crystal structures of metals and that of
HTSC materials and chemical reactivity between the two (Agarwal et al., 1994). Silver
has received the most attention as an HTSC substrate (Nasu, et al., 1989; Zhang, et al.,
1990; Hazelton, et al., 1992; Tao, et al., 1993; Yuan, et al., 1993). However, gold has
been used for the deposition of TBCCO (2212) films by MOCVD (Hu, et al.,, 1993).
Copper with buffer layer of Ti, followed by a layer of MgO was used as substrate for
YBCO films (Podkletnov, et al, 1992). Another potential HTSC substrate studied is
Hastelloy (Ni-Cr-Mo alloy) (Yin, et al., 1992; Jia and Anderson, 1992a; 1992b;
Umemura, et al., 1993; Aoki, et al., 1993; Kumar and Narayan, 1993; Kohno, et al., 1993;
Fukutomi, et al., 1994) using various buffer layers such as YSZ, Pt, SrTiO;, TiN and
BaTiO,. Nickel has also been investigated as an HTSC substrate (Iijima, et al., 1992;

1993; Golobov, et al., 1993).

68



4.2.2 High T, thin films synthesis

Since the researchers involved in superconductivity area are from diverse
disciplines such as structural chemistry, ceramic engineering, metallurgy,
instrumentation, solid state electronics, condensed matter physics, etc., they have
employed diverse and modified techniques, according to their expertise, to fabricate
superconducting thin films. Almost all methods discussed in the section 41 have been
explored for the preparation of HTSC films. It is also universally established that the
substrates are needed to be kept at elevated temperatures (above 700°C) and during
deposition of HTSC film, oxygen ambient is a must to obtain in situ superconducting
films. This is done to give sufficient energy to depositing atoms, to obtain desired
stoichiometry and crystallographic form. The following sub-sections give an overview of

the various HTSC thin film preparation techniques employed the world over.

(i) Vacuum Evaporation

For the synthesis of high temperature superconducting oxide thin films by
evaporation, the constituent elements (Narayana, et al. 1989) or their compounds {e.g.,
BaF,) (Feenstra, et al., 1989) are co-evaporated by resistive heating and subsequently
annealed in oxygen to obtain the superconducting phase. These are called post-annealed
films. Y-Ba-Cu-O films have also been prepared by, layer-by-layer evaporation of Cu,
BaF,, and YF, using single resistive evaporation from tungsten boats onto SrTiO,
substrates and post-deposition annealing (Azoulay and Goldschmidt, 1989). High T,
superconducting films of YBCO (123) have also been prepared by flash evaporation (Ece

and Vook, 1989) and subsequent annealing in oxygen at 930°C for 60 minutes to achieve

superconductivity.

(ii) Laser ablation
The pulsed laser evaporation technique is one of the most popular methods for the

preparation of high quality HTSC thin films. A large number of reports have been
published particularly on YBa,Cu;0;., thin films synthesis by this method (Venkatesan,
et al., 1988; Roas, et al., 1988; Fogarassy, et al., 1989; Ludorf, et al., 1989; Nortan, et al.,
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1990; Wu, et al.,, 1990; Ohkubo, et al., 1990). Serbezov et al. (1990) have prepared
YBCO thin films on poly-Al,O;, sapphire, StTiO; and single crystal Si by nitrogen laser
evaporation. The films were post annealed to achieve superconduction. However, in-situ
superconducting YBa,Cu;0;., films have been prepared by pulsed laser evaporation with
Teszero Upto 87K on Si substrates with MgAL O, and BaTiO; double buffer layers (Hwang,
et al., 1990). Laser deposited YBCO films with buffer layers of silver and platinum on
stainless steel, platinum and several single crystal substrates (like Mg0O, SrTiO;) also

exhibited T, upto 84K (Russo, et al., 1990).

(iii) Sputiering

Sputtering of HTSC is usually carried out in argon-oxygen mixture. Oxygen is
almost universally accepted as a part of the sputtering gas, for the sputter deposition of
oxide superconductors. However, one of the major disadvantages of oxygen incorporation

in the sputtering gas is the formation of negative oxygen ions in the plasma. These

negative oxygen ions etch the film which is being deposited on the substrates. To

minimise film etching by negative oxygen ions, off-axis sputtering mode is employed for
HTSC films deposition (Xi, et al., 1989; Newmen, et al., 1990). In off-axis configuration,
substrates are usually held perpendicular to the target. Consequently, energetic negative

oxygen ions do not directly strike the film surface and etching is avoided but the

deposition rate is also highly supressed as most sputtered HTSC material species also

move almost normal to the target. Nevertheless, off-axis has proven to be the most viable

approach for the sputter deposition of HTSC films.

Quite a large number of sputtering techniques such as d.c. diode (Hong, et al,,
1988; Hong, et al. 1988, Schubert, et al., 1989), d.c. and r.f.

1987, Poppe, et al.,
et al., 1987; Hakuraku, et al., 1989a; Hakuraku,

magnetron sputtering methods (Burbidge,

et al,, 1989b; Scheib, et al., 1989; Subramanyam, et al., 1990; Agarwal, et al., 1993,

1993) and their modifications like planer rf magnetron,
1989), facing targets

Savvides and Katsaros,

compressed magnetic field (CMF) sputtering (Yoshimoto, et al,

sputtering (FTS) (Hoshi, et al., 1977, Hirala and Naoe, 1990), ion beam assisted

sputtering (Amean, et al., 1990; Klein, et al., 1990), electron cyclotron resonance (ECR)

70



plasma sputtering (Masumoto, et al., 1989; Doyle, et al., 1990), etc. have been used to
produce high T, superconducting films with or without post-deposition annealing. These

Systems are used in both on-axis and off-axis configurations to deposit HTSC films.

(iv) lon assisted and ion beam deposition

An ion assisted laser deposition technique to prepare HTSC thin film was used by
Witanachchi et al. (1988). A ring-shaped electrode was placed between the substrate and
the target and it was held at +300V to trigger dc discharge. Due to dc discharge, the O,"
ions formed by electron impact between the ring electrode and the substrate were
effective in enhancing and improving the film deposition by ion activation of the surface,
where as those formed between the target and electrode were repelled. Also the O," ions

tend to enhance the oxygen content of the deposited film, thereby improving the

superconducting properties.

The low energy ion bombardment using €lectron cyclotron resonance (ECR) ion

source during sputter deposition of BSCCO (Masumoto et al., 1989) and YBCO (Doyle

et al., 1990) thin films have also been reported.

(v) Reactive deposition techniques

A number of compound thin films such as oxides, nitrates and carbides are
typically prepared by reactive evaporation, reactive sputtering, and so on i.e. the metal is
deposited in the presence of a reactive gas or component. To form certain oxides and
nitrates, a high activation energy is needed for chemical reaction. This energy is obtained
by the presence of ionized atoms which are also accelerated in the electric fields to further
increase the energy of the ions. Such a process is known as activated reactive evaporation
(ARE) technique. Preparation of YBCO superconducting films by reactive plasma
evaporation method has been reported by Terashima et al. (1988). In their set-up, a
mixture of BaCO; , Y,0; and CuQ powders was fed into the tf plasma flame, with Argon
as carmrier gas. High temperature vapour mixtures generated in the plasma flame got

deposited onto the (100) MgO single-crystal substrate placed in the tail of the plasma
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flame. Prakash et al. (1989) have successfully deposited the YBCO superconducting
films in situ by ARE. A reactive sequential deposition technique in which Bi, SrCu and
CaCu were deposited using dc magnetron multitarget sputtering in an ArlQ, (5:1)
atmosphere (3.5 Pa) to prepare the high T, superconducting films (Setsune, et al., 1989).

However, these films turned superconducting only after post annealing.

(vi) Epitaxial Film Deposition Techniques

Epitaxy is the oriented or single-crystalline growth of one substance over another
having crystallographic relations between the deposit and the substrate. Epitaxial films
are deposited by a variety of techniques from solution as well as from vapour. These
methods include liquid phase epitaxy (LPE), molecular beam epitaxy (MBE), hot wall
epitaxy (HWE), laser ablation and metal organic chemical vapour deposition (MOCVD).

MBE has been used by Kwo et al. (1988) to prepare epitaxial superconducting
thin films. They have reported the in-situ preparation of highly oriented epitaxial
YBa,Cu,0,, thin films on MgO (100) by molecular beam epitaxy at a substrate
temperature of 550-600°C. However, the major problem with MBE deposition is
introduction of oxygen into the vacuum chamber as it is hard to operate electron gun in
excessive oxygen environment. The in-situ low temperature growth was achieved by
using a combination of MBE and a reactive oxygen source generated from a microwave

discharge in a flow tube design. The films exhibited T, (R=0) at 82K after annealing the

as-grown films at 500°C in flowing oxygen.

Superconducting YBa,Cu;0;. thin films with T, (R=0) of 83K have also been
grown by MOCVD on SrTiQ; (100) substrate (Kanehori, et al., 1989). The main
advantage of CVD technique is the possibility of deposition of films on large size

substrates and on many substrates simultaneously. However, limited shelf life of organo-

metallic compounds is a major problem of MOCVD technique.
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(vii) Other Methods of Film Deposition

Some other film deposition techniques are being used for the synthesis of high
temperature superconducting films. These are spray pyrolysis, spin-on coated, paint brush
techniques etc. Spray pyrolysis involves a thermally stimulated chemical reaction
between fine droplets of different chemical species. For the preparation of HTSC thin
films, a solution containing soluble salts (usually nitrates) of the constituent atoms of the
compound is sprayed onto a heated substrate in the form of fine droplets by a nozzle
sprayer with the help of a carrier gas (Gupta, et al., 1988; Langlet, et al., 1989; Hsu, et al.,
1989; Ban, et al., 1990). In spin-coating and paint brush techniques, fine powder of
HTSC compound is mixed in an organic vehicle and coated on the substrates. The
organic material evaporates at temperatures well below annnealing point of the film.

Generally thicker films (thickness above one micron) are produced by these techniques.

4.3 FABRICATION OF YBCO AND BSCCO THIN FILMS

This section describes the techniques and procedures, we have developed and
employed for the preparation of YBCO and BSCCO films. Firstly, we prepared
polycrystalline BPSCCO and YBCO films by spin-on process, an innovative and very
simple technique. Subsequently, RF magnetron sputtering (in on-axis and off-axis mode}
was employed to fabricate superconducting films of these compounds. A new approach
for the preparation of in-situ superconducting films, by sputtering is discussed separately.

The film characterization results are reported and discussed simultaneously with the

description of each process in the following sections.

4.3.1 Spin-on Films

A simple technique, based on spin-on diffusion methoed of semiconductor
technology, has been developed for the fabrication of thin films of high T,
superconductors (Gupta and Khokle, 1993). The spin-on source is prepared by mixing

fine powder of a HTSC material in an appropriate organic vehicle. The important
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properties considered to select the vehicle are: (i) adhesion to substrates (11} chemical and
thermal resistance (iii) volatility at a temperature well below the melting point of the
Superconducting compound. They examined many organic liquids through a large
number of experiments and determined that a polymer of novolac-resin-family meets all
above requirements. It evaporates at about 650-700°C in air or oxygen. The mixing was
accomplished with the help of magnetic stirrer to obtain a homogeneous viscous fluid to
be used as a spin-on source. It was spin-coated on the substrates at 2000-5000 rpm, dried
in oven at 100°C for one hour and heated slowly in a furnace at 700°C for 10 minutes to
bum-out the organic mass. Thus a film containing only particles of high T, material was

obtained. It was then subjected to an appropriate annealing cycle to obtain

superconduction.

Film thickness was controlied via viscosity of the spin-on source and coating
speed. To produce thick or dense films, the coating and burn-out cycles were repeated.
An imporiant feature of the technique is that the rotating substrate spins-off the large
sized particles and only approximately same sized particles are retained in the coated
layer. However, the ultimate thickness of the film depends, not only on the particle size
but also on the subsequent annealing, as melting of particles was always preferred,
according to the present technique. The melting has been found essential for better

adhesion as well as to improve critical current density of superconducting films.

On the basis of the results acquired, the approach of annealing high T, films in
different gases was continued, to develop low temperature processing. The experiments
tevealed that these films melt even at lower temperatures in argon than in nitrogen.
However, minimum melting temperatures were obtained in helium atmosphere. For
example, YBCO (123) melted at 910°C in oxygen (Gupta, et al., 1988). Similarly melting
point of BSCCO (2223) films was found to be 7900C in helium which is much lower
than that observed in other gases (Gupta, et al., 1989). Therefore, helium treatment in
annealing procedure was incorporated. Spin-coated YBCO films were heated in oxygen

bpto 910°C, exposed to helium for 10 minutes, annealed in oxygen at the same
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temperature for 30 minutes and then slowly cooled to room temperature. The resultant R-
T behaviour of the film is illustrated in Fig. 4 1, which depicts T, of 76 K. Lead doped
bismuth cuprate (BPSCCO) films were also prepared in same manner. However, helium
treatment was performed at 800°C, in this case, followed by annealing in flowing air at
880-890°C for 30 minutes. Thick films exhibited T, ..., between 90K to 100K, while thin
films (<lum thickness) yield zero resistance temperature in the range of 75 to 80K.
Typical results are demonstrated in Fig. 42 and 43. As is seen in inset of Fig. 43, the
critical current density, J. = 367 amp/cm2 was measured by transport method and

criterion of 1pV/em in this film. The low J; in these films may be attributed to

polycrystallinity and poor connectivity among grains of the film.

4.3.2 Sputtered Films

From the semiconductor technologies, it can be easily recognized that for the

deposition of thin films of a compound or dielectric material, sputtering is one of the

most viable techniques. It is a production technique and is also suitable for large area
deposition with high reproducibility. Therefore, we adopted this approach to prepare

films of ceramic oxide superconductors.

The films were prepared in a rf magnetron sputtering system (CVC-UK) which is
meter water cooled powder target and

configured to sputter-up mode with eight inch dia
der. The target has been specially

three inch diameter stainless steel hot substrate hol
powder form. The schematic

rovided a fixed distance

he Fig.4.4,

designed by the manufacturer for sputtering the material in
diagram of the assembly is shown in Fig. 4.4. This arrangement p
of about 12 ¢cm between the substrate holder and the target. As indicated in t

oxygen was showered directly onto the substrates during deposition through a shower

mounted on the substrate holder. Substrate plate was heated by a pair of quartz lamps

placed on the back of the plate and its temperature was measured by a thermocouple fitted

on the holder plate. The temperature Was controlled to an accuracy of +5°C with the aid

of temperature controller of the system. Two stainless steel shutters, one positioned on
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the target and the other covering the substrate holder, as shown in Fig. 4.4, were

employed for pre-sputtering before actual deposition.

The target preparation was accomplished by mixing fine powders of Bi,0; , PbO,
SrCO;, CaCO, and CuO for BSCCO system and Y,0;, BaCO; and CuO for YBCO
System in an appropriate amount, The well mixed powder was heat treated at 840°C and
800°C for 10 hours and 15 hours respectively in air in case of Bi-cuprates while Yittrium
Cuprate was heat treated at 940°C for 18 hours in flowing oxygen. The materials thus
produced were pulverized and sieved to obtain fine powders, which were uniformly
Spread and pressed on a copper plate to obtain the desired target for sputtering. The

substrates were mounted on the holder which was covered with a clean copper foil to

avoid deposition during target conditioning.

The chamber was evacuated to a vacuum level of 107 torr using cryo pump. The
target conditioning was done for about 10 hours in argon and oxygen gas mixture to
ensure chemical equilibrium on the target surface. The substrates cover was subsequently
removed and the chamber was re-evacuated. The substrates were then heated to a desired
temperature and the pre-sputtering was carried out. The pre-sputtering for about an hour
was found necessary to obtain a stable cathode voltage. The shutters were then removed
for the deposition of film on the hot substrates. The initial target composition and
sputtering conditions for the fabrication of YBCO and BPSCCO films are illustrated in

Tabie 4.1.

Table 4.1 Initial sputtering conditions for BSSCO and YBCO films

Target Bi, ,Pby 1Sr;Ca:Cu, | YBa,Cu; 0y,
Sputtering gas | Ar/O, (1:3) Ar/O, (3:1)
Gas pressure 4 m Torr. 4 m Torr.

RF input power | 500 Watt. 300 Watt.
Substrate temp. 600°C 650°C

Growth rate 40 A/min. 25 A /min.

Film thickness 1.0 um 1.0 pm
Post-annealing 910°C/30 min/air 970°C/5min/ O,
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As-grown YBCO films were semiconducting and superconduction was achieved
after annealing at 970°C for 5 min. in flowing oxygen. The films showed T ;cr, Of 65 K.
As-deposited BPSCCO films were black, shiny and marginally conducting (n;.sistance 10-
1S M-ohm for a typical 1um thick films at room temperature). These films turned
superconducting after annealing in air at 910°C with T, in the range of 70K-77K.
Resistance dependence on temperature of a typical 65K YBCO film and 77K BPSCCO

film is depicted in Fig.4.5. Surface morphology of the BPSCCO film before and after
annealing is shown in Fig.4.6. As is seen in the SEM image of Fig.4.6 (a), the surface of

as-deposited film appears smooth and featureless. However, after annealing at 910°C, the

surface turns rough and porous. Formation of long needies or rod like structures is

apparent in Fig.46 (b). The needles are about 20pm in length and 2 to 3 um in diameter.
These do not show any orientation with relation to substrate plate. The composition

analysis of this sample was carried out by means of EDAX. The results are listed in Table

4.2, 1t is interesting to note that although Pb is present in the as-deposited film, it is not

detected in superconducting needles of the film. This suggests either complete or partial
EDAX, during post annealing process.
nts of needles and that of pores or

it can be inferred that the phase

loss of Pb by evaporation, below detection limit of
Further it js important to compare elemental conte

opening between them. From this characterization,
y. These results evince that further

responsible for 77K is contained within the needles onl
n is required to obtain uniform

optimization of process parameters and target compositio

composition of high T, phase (2223) in the BSCCO films.

Table 4.2 Elemental composition of BSCCO film

Atomic percentage
Bi Pb Sr Ca Cu
2164 1846 49.84

As deposited film  6.18 3.88
2141 9.74 59.44

Needles 9.41 -
Pores 0.64 - 2029 13.17 65.90
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Figure 4.5: Resistance dcpéndence on temperature of a
typical 65K YBCO and 77K BPSCCO post annealed films

(deposition done by sputtering)



Figure 4.6(a): SEM picture of an as-deposited film
(the bar measures 1pm)



Figure 4.6(b): SEM micrograph of an annealed film

(the bar measures 10um)



4.3.3 Preparation of insitu Superconducting Films

(A) BSCCO Films: Films were prepared by r.f. magnetron sputerring technique as
described in previous sub-section using CVC-U.K. system. In order to optimize the target

c iti . .
omposition, the targets of varying elemental composition were used. For each target

composition, about ten processes were employed to prepare films. The elemental contents

of various targets and the films, thus produced were determined by EDAX. The data

listed in Table 4.3 clearly indicates that the target F produced the films with elemental

ratio of (Bi,Pb):Sr:Ca:Cu = 1.77:2.3:2.1:2.83, which is nearly equal to BSCCO high T,
phase (2:2:2:3).

Using this target, we concentrated on the optimization of the process parameters.
Hence, after a number of deposition runs,

superconducting BSCCO film with high-T phase (Agarwal et al.,

axis sputter deposition as discussed in previous section,
re the films. For OPT, after

we devised a tecnique to realize insitu
1993). A conventional
low-pressure on- was followed by

high-pressure oxygen plasma treatment (OPT) to prepa
depositing films as per deposition parameters in Table 4.4, the RF power was reduced to

about SOW and the argon supply was switched off to
manitain the
the samples were quickly heated to a

tched off and the

produce pure oxygen plasma in the

chamber. Oxygen supply was adjusted to chamber pressure at about

80mTorr. Under these conditions of oxygen plasma,
oC) for 5 min. The heaters were then swi

maximum temperature (830+5
ntil the substrate temperature dropped below

OXygen plasma treatment was continued u

100°C.

BSCCO targets and corresponding filns

f various
processes for each target)

Table 4.3 Elemental ratio 0
from ten sputtering

(averages of the data taken
Process Target C omposition Average film Composition
Bi__Pb St Ca Cu |Bi_Pbo St Ca Cu

A 184 034 191 203 306 123 009 238 186 3.45
B 149 069 128 243 359 |083 015 1.64 2.296 4.08
C 1.60 195 182 240 330 [050 00  1.895 238 422
D 195 150 1.82 222 320 [1.18 006 2.17 213 3.44

*E 240 071 1.82 220 320 |1.39 006 195 1.98 3.61
F 240 096 182 210 3.50 |1.66 0.1 230 2.10 2.83
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Tab .
able 4.4 Sputter Deposition Parameters for insitu BSCCO films.

Target i
ke l?fllég bg,665T1 82C82.1C13.50x
Substrate temperature 755°C
gases(Aﬁ-O) 28m Torr with 1% O
arget to substrate 12cm
separation
Deposition rate 12.5 A/min
Sputtering time 4 hrs
Effective RF power 400 W

As-deposited BSCCO films produccd after OPT were shiny, black and featureless

with room temperature resistence in the range of 15 to s0n. The zero-resistence
temperature of the films varied from 20 to 33K. Figure 4.7 is a typical R-T plot of one of
the films, showing T, = 33K and T, about 100K. The onset of transition in the vicinity of
ase in the film. The fact is further supported

100K indicates the pressure of 2 high-T. ph
s the peaks

4.8, which distinctly show:

by the XRD data of the film in Figure
g 48 and the

Corresponding to the 2223 phase. 20 values of varjous peaks in Fi

phasﬂslcompounds indicated by them are listed in Table 4.5.

Table 4.5 X-ray diffraction pattern (CuKo ) of
the 33K in-situ superconducting film.

Seq. 20 Phase(s) indicated; (plane)
1. 4,941 2223, (002)

2. 10.858 unidcntiﬁed

3. 14.382 2201;

4. 192908 2223 (008)

5. 21.505 2201;

6. 24.115 2223; (0010) & 2212, (008)
7. 29.014 223; (0012) & 2212, (0010)
8. 34,008 2223 (0014)

9. 37.628 unidcntiﬁed

10.  38.283 cuO

11. 43113 MgO; (190)

12.  49.221 2223; (0020)

13. 59968 27223; (0022)

14. 64,645 unidcnt'{ﬁed

15. 67.836 unidentlfied

86



20

16

Te (on) = 100k

@

i

0 50 100 150 200 250
Temp. (K)

Figure 4.7: Resistance vs. temperature plot of an
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After : o
it annealing at about 900°C in air, these films also showed zero-resistence
Ittical te . .
mperature above liquid nitrogen temperature. Thig suggests that a sufficient

amouy . R
0t of oxygen was still not Incorporated into the films by OPT. Further optimization

of th o
€ Oxygen plasma parameters is likely to yield insitu superconducting films with a

ur 1 - . .
Pure high-T, phase and higher transition temperature. However, we did not succeed in it
and ;
terminated out efforts on BSSCO system to start work on YBCO films for device

applications,

(B) YBCO Films: YBCO films deposition was initiated in the same system with
Varioys argon-oxygen gas mixtures, The total sputtering gas pressure was varied from
few milli-torrs to few tens of milli-torrs and the substrates used were MgO, SrTiO; and
Sapphire, The separation between the target and the substrates was also changed from
about 6 inch o 1 inch, but insitu superconduction could not be achieved in the films in
On-axis configuration. Hence, the substrate-holder assembly along with heater was
Modified for off-axis sputtering, as shown in Figure 4.9. Using off-axis sputtering

“Onfiguration, insitu superconducting YBCO films were produced with T, .., above the
boil; _
Oiling of liquid nitrogen (77K).

The surface topography of As-grown YBCO films, on MgO and SrTiO; single-
“ystal (100) substrates, have been investigated by scanning tunnelling microscopy
(STM) Which was operated in air at ambient temperature. Deposition temperature and
"M characteristics of the films, used for STM study, are listed in Table 4.6. STM

Mages of YBCO films deposited on STO (samplel) and MgO (sample2) substrates are
®picted i Fig.4.10(a) & (b) respectively. The bright regions correspond to higher
Surface areas while the dark portions correspond to Jower surface areas. These pictures

o Clearly indicate that the surface is granular and the type of substrate influences the
varying from 380 to

S0 orientations. Figure 4.10 (a) shows compact columnar grains,
so visible in

%00 ™ in length and from 200 to 250 nm in width. Some dark spots are al
from 150 to 250

fhe image which may be holes. In Figure 410 (b), the grain size varies

"™ 0 length and 75 0 170 am in width. The variation in grain size may be attributed to

89



77 7 7777 L7 Ll L LLL

HEAT%FE?.
ASSEM n
. 0 YHE&DIER
MGO SUBSTRATE
S /S SHUTTER

BSCLO POWDER
TARGE T

TARGET
SHIELD (S 3)

Figure 4.9:

CIRCULATING
E

a—
—

Modified substrate-holder assembly along

with heater for off-axis sputtering

NSNS NN NN NSNS




of a YBCO

00 nm STM image
d on STO substrate (sample 1)

Figure 4.10(a): A 2000nmx20

thin film deposite



a YBCO

STM image of
(sample 2)

Figllre 4.]0(b)- A ZOOOHmXZOOO pm ;
ted on MO substrate



the difference i :
e 1 g o0 e 3 R
latti n lattice constants of STO/MgO and YBCO. The good matching ol d
attice constants of YBC - ' = ‘ g L
ol 5 . G & .
of YBCO with $TO is responsible for the larger grain than that m casc of

MeO. whic
£0. which has poor matching.

Table 4.6 it
2 M) Y 5 . it : .ok
Deposition eonditions and characteristies of the selected tilms

| Sample  Substrate I)éposili(;_:_'rllickncss TRMS T uali)
- C./erg

! | [emp. (°C) (A) Roughness (a)y H

| ! S10 830 2000 36 82

L2 MyO) 830 2000 45 78

a Standard deviation

Small-area STM scans obtamned on the flat surfaces of individual grains revealed
e spiral or T

¢ spiral growth pattern of cach grain. Figure 4.1 I{a) & (b) depicts highly repetiive and
stable real time (unfiltered) 1mages of spirals on YBCO orains deposited on S10 and

and 2) respectively. The above im
at the highest point
vident. These platcaus ot

MgO substrates (sample | ages of the spiral structure
»e with the central point beng
flat nlateaus are also ¢
n9 to 0.5 nm. An atomic

The steps of about

are pyramidal Ly

nm in height separating atomically

£ about 10-15 nm and flames

112

terraces havea width o s within -
IMmage in an arca of 4x4 nm, along one of the terraces, 1S shown 1o Fig. 412, which

depicts square lattice of 0.38 nm In length.

These results suggest that by further oplimization of the process parameters,
high quality (nearly cpa!-n.n.n!) YBCO films can

terng. However, these films with |

ire, the very
L 10 the

specially deposition temperatt
axis RT magnetron spul
e useful for the devict d

Vicinity of 80K also prod ed to b

be produced by off-

yplication
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ain of a YBCO film
170 nmx170nm.
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ample 2). The imag® size is
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CHAPTER-FIVE

OHMIC CONTACTS ON HIGH T, FILMS

To realise the high temperature superconducting devices, the development of

stab . .
le metal contacts to superconductors 1 essential. A thermodynamic criterion for the

reliability of contact metals on high temperature superconductors (HTSC) is discussed in

the first section of this chapter. The second section deals with the study of metal-

s . . . .

uperconductor interface using Xx-ray photo emission Spectroscopy. And in the last
secti ; . :
ection, we report contact resistance measurements carried out on silver contacts on

YBCO films.

51 RELIABILITY OF HTSC METAL CONTACTS -

A THERMODYNAMIC CRITERION

A thermodynamic criterion has been applied, in this section, to determine the
ch as silver, aluminium, gold, chromium and titanium on

1994). The chemical stability is

reacts with ail the

reliability of contact metals su

BSCCO and YBCO compounds (Agarwal, et al,

ctions, i.e. AHeaction = 0, when a metal

Presumed for positive heat of rea
e calculations,

perconducting materials. Based on thes

possible oxides present in the sU
rconductors are proposed.

metals for reliable contacts to BSCCO and YBCO sup®

5.1.1 Introduction

the case of semiconductors,
hesion, reasonable match

ce, good ad
al conductivity. In addition to these, the study of

some of the generic requirements for stable

As in
metal contacts are: low contact resistan ing of thermal

expansion coefficient and high electric
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Lau. et al. (1983) suggests that the chemical stability betwe B 5
also very important for reliable operation of a dC\-’j;C If":]L]Ln,.l“0 I“IEHCI‘Ials m contacl 1s
stable metallization procedure for making ohmic con;acls :)“ '?3 tiis etk Hommally
(Gupta, et al., 1990). This approach has bl‘en applied to dc[=0- (fajﬂs }.m,s b‘“jc.“ developed
on supcrconductors. Calculations : _ et Sl

rs. Calculations based on chemical reactions between metals and HTSC
Materials are reported to determine chemical stability of a superconductor metal couple
Phase diagrams from various references (Brick, 1954; Smithells. 1955; McQuillan and
MeQuillan. 1956) arc used to determine the possible metallic compounds and other
Phases that  are likely to form when a metal is in contact with a HTSC
Compound/material. The reievant data on heats of formation of oxides and metal alioys
are taken from Smithells (1955) to calculate heats of reaction between HTSC materials
and some of the commonly used metals such as Ag, Al, Au, Cr, and Ti. Micdema's model
(Miedema, 1976) is used to estimate the heat of formation, where experimental data was

not available. Some of the possible alloys that are likely to form in the reactions

considered here and for which data could be obtained are listed in Table 5.1. As it is

known that the high T, compounds are mainly oxides of cations, arranged in layers, the

Possibility of the ternary and higher order oxide phascs is ncglhigible.

Table 5.1: Metal or alloys which are considered as one of the

reaction products for calculations of heat of reactions.
M Ag Al Cr T1

X0 _

B1,0), Bi Bi Bi Bi

CaO AgCa AlCa Ca Ca

Ca0,

SrO AgSr St Sr Sr

SrO,

PbO

Pb,0, Pb Pb Pb PbT:

PbO,

Cus0 Cu AlCu; AlCu,, Cu CuTi

Cu0 AlCu & Al,Cu

BaQ AgBa Ba Ba Ba
| BaO, ~ i il
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he compounds with positive heats of formation are not formed in actual practice
(Lau, et : 5). henee s i
du, et al., 1985), hence such compounds are not considered for the reactions involved
here. ssible oxides of '
- Al possible oxides of the metals (e.g., n the case of a titanium contact its oxides

=

are 10 T oo e y ; ; ;
10O, T1,0,. T1,05. and Ti0,) are considered to investigate chemical reactions.

Model caleulations for some of the superconductor metal couples are presented 1o
ilustrate the method of calculation used to deduce the heats of reaction. The reactions of

silver with the oxides of lead-doped bismuth cuprate superconductor are :

Bi,O; + 6Ag = 3Ag,0 + | J—— (5 3)
(-138 keal/mol) 6(0)  3(-7.3 kcal/mol) 2(0)
a"’_\l_f:.l‘[}s =+] 161 kCﬂI
CaQ + 3Ag = AgCa  + AgO ... (5 4)
(-131.9 kecalimol) 3(0)  (-21.0 kecal/mol) (-7.3 kcal/mol}
AI'I'_}()S = +1236 kcal
CaQ, + SAg = AgCa ¥ 2R e (5.5)

(-156.7 kcal/mol) 5(0) (-21.0 kcal/mol) 2(-7.3 kcal/mol)
AI'I'_):}S = +121 1 kCﬂ]

SrO  + 3Ag = AgSr +  AgO ... .. (5 0)
(-141.0 kcal/mol) 3(0) (-19.56 kcal/mol) (-7.3 kecal/mol)
fﬁ['[zr)s =] 21.1 kCﬂ]

SI'OE 4 SAg = AgSI + 2Ag20 .....
(-153.0 kecal/mol) 5(0) (-19.56 kcal/mol) 2(-7.3 keal/mol)
AI—IE‘JB =+ 1 1883 kCElI

Pb (5 8)

PO + 2Ag = Ag,0O  +
(-52.0 kcal/mol) 2(0) (-7.3 kcal/mol) (0)
Ay = +44.7 keal

Pb,O; + 8Ag = 4Ag,0  + 3P . (59

(-175 kcal/mol) 8(0) 4(-7.3 kecal/mol) 3(0)
AH,gg = +145.8 keal

PbO, + 4Ag = 2Ag0 + Pb.....

(-65 keal/mol)  4(0) 2(-7.3 keal/mol} (0)
AHsg5 = +50.4 keal
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CuO ~ 2Ag = Ag, O+ 2 (511
;W 8 1)

(-40 keal mol)  2(0) (-7
ALy, = +32.7 keal

Cuy 4+ 2Ag = Ag.O ;
B fa 2AY £- + 2w 5
38 keal moly 2¢(0) (-7.3 keal/mol) 2(0) ki
Al = +30.7 keal
Al the peaers ’
¢ reactions of alununium with this system arc :
2Bi ... (5 13)

}31:()* 4= 2./\] = 1"‘\120; it
(-138 keal moly  2(0) (7.3 keal/mol) 2(0)
AI {2‘)?\' = '2620 kcal

- CaQ + 11/3Al = AlCa + 1/13A10 (5 14)
(-151.9 kealimol) 11/3(0) = (-56.4 kcal/mol) 1/3(-400 kecal/mol)
.-"’\I'IE:}S = ‘374 kca]

i Ca® + 1373A1 =  ARCa t 2/3AL,0;5 . .(5.15)
(-156.9 kcal/mol) 13/3(0) = (-560.4 kcal/mol) 2/3(-400 kcal/mol)

:AI'I-_E()H = ’1659 kCZlI

SO+ 23A1 = 13ALO; Sr.... (516)
(-141.1 keal/imol) 2/3(0)  1/3(-400 kcal/mol) (0)
.-AI_I‘)()S = J_?G kCI.li

S0y ABAL = 2BALO; + ST (517)
(153 keal/mol) 4/3(0) 2/3(-400 kcal/mol) (0)
/_\I'sz)ﬁ = -] 136 kcal
PLO  + 23A1 = 3ALO, 7 Ph: o s (5 18)
(-52 keal/mol) 2/3(0)  1/3(-400 keal/mol) (0)
AI—II‘)S = '8]3 kcal
Ph,0, + 8/3A1 = 43 ALO; 7 irb (519)
(-175 kcal/mol) 8/3(0) 4/3(-400 keal/mol) 3(0)
AI’IZ()S =2 '358-3 kCEll
(5 20)

/3(-400 keal/mol) (@)

(-65.9 keal/mol) 4/3(0) 2
Ablypg = -201.6 keal
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Cis0 = 4841 = 283AIC " 11
TPE W St M5 ALO; L (5 2
(0 keal mol) 4/3(0)  2/3(-16.4 keal/mol) 1/3(-400 kca!f'mol))
ALy =-106.9 keal
CuO =+ 5/3A1 = AlCu T 1/3 ALLO 5
P o 2 U, (5 22)
(-40 keal mol) 5/3(0)  (-16.05 keal/mol) 173(-400 kcal/mol)
Mg =-112.3 keal

CuO 4 8§/3A1 = 2AICu +  1/3 AlLG; o o (5 23)
(40 keal mol)  8/3(0)  2(-9.5 keal/mol) 1/3(-400 keal/mol)
\I !3(}‘\' = 'I 125 kCZl]

Cu,O + 14/3A1 = 2ALCu  + 173 ALO, ... (5324
(=30 keal mol)  14/3(0)  2(-9.6 keal/mo)) 1/3(-400 kcal/mol)
”_\] I:‘J.\' =2 'I ]25 kcal

CuO + 14/3A1 = 1/3AICu; + 173 ALO; (525)
{-38.9 kcal/mol) 14/3(0) 1/3(-16.4 keal/mol) 1/3(-400 kcal/mol)
-I\I_IZ'JH = "]008 kCEl]

CuQ 4 7/6A1 = 12AlCu, + 13 ALO; .. (520)
(-38 kcal/mol)  7/6(0)  1/2(-16 kcal/mol) 1/3(-400 kcal/mol)
'/—\I_IZ‘)S = -103.4 kcal

CuQ + 5/3A1 = AlCu + 1/3ALO; ....{(527)
(-38 keal/mol)  5/3(0)  (-9.5 keal/mol) 1/3(-400 kcal/mol)
Af’!z:}g = '1048 kca]

CuQ + 83Al = AlLCu + 1/3ALO; ... (5 28)
(-38 keal/mol)  8/3(0)  (-9.6 kcal/mol) 1/3(-400 kcal/mol)
AI_IE‘)S =] 049 kcal

Similarly calculated values of heat of reaction for the reactions between metals

like chromium or titanium with the oxides of Bi, Ca, Sr, Pb, or Cu are listed 1n Table 5.2.
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I‘;‘”)IL’ NS I] | Ufl Cﬂ(«ti(}” ]l “]I 0 3 ; reac l§ “]lh
‘ o p . " a 3 2 ;

#% Jorg in Tuble 3.3.

The reactl

Y.O,

Table 5.3: Heatof re
of copper and alumin

+8AR T

(-450 iccal/mol) 8(0)

Ba0

AH s ~

+ 3A

(24
=)

(-133 kcal/mol) 3(0})

g%

AHs

action (keal)

jum metal

—

—

or reactiopns between oxides

| AlCu AlCu Al,Cu
~094 | -1123 1125
1034 -104.8 -104.9

ons between Ag 01 Al

= npl?
73 kcal/mol)

‘w,‘\g:,(—,l
373 keal/mol) 2(=-

+380.36 kecal

+

a,

+105 65 keal
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1

(—20.05 kca

2A8Y
o

3 87 kcal/mol)

(5 29)

I/mol)

(5 30)

[ g M Ay Al Cr Ti
o \'.3?‘ ;\g:O {\I:O_w- 5 1,0+ | TIO+* ’*rizos-f- Ti,0s+* | TiO,+
AL - *
| Ig} BL,O; 61 | 2620 | -131.0 | -2862 | -2774 | -266.6 | -252.8
a | a0 1236 | 374 | <622 | +280 | +3009 345 | 43 9_1'6'
. Ca0; 1211 | s | 226 | o1 | 52 A P 5
St |80 ci141 | 276 | 4513 | 4170 | +20.1 1236 | +28.25
W[50 c1188 | -113.6 | 263 | 948 | -889 | -8L7 723
» | Pbo ca17 | 813 | 376 | -929 | 8997 | +865 | -81.7
Pb.O, | +145.8 | -3583 | -1836 | -3836 | -6705 3574 | -339.0
| Phos 504 | 2016 | -1143 | 2038 | 1970 | -190.7 2825
Cu €00 t337 | e | 296 | -1096 | -1067 | -103.] 95.6
EeTe +30.7 516 | 988 | -95.8 | 923 | -876
Y Y03 +380.3 | +50.1 +181.0 | +783 +87.1 +07.8 | #1117
Ba BaO +105:1 -0.3 +43.3 +9.1 +12.0 #1336 +20.2
| Bag, | w1075 | 44 | 27 956 | 897 | 825 | -
Vote: * pepresents coresponding metal or metallic alloy listed in Table 5.1

and oxides of YBCO superconductors are given




- BaO, + 4Ag = ZA«r,O = AgBa ..., {3 31)
1022 kealimol) 4(0)  2(-7.: (-20.05 kcal/mol)
Vo =+117.58

A \’2(); = 2A1 = r‘\l:o; o B R ) 32)
(450 keal'mol) 2(0)  (-400 Keal/mol) 2(0)

BaO + 2/3A1 = 1/3ALO; + Ba..... (§:33)
(-133 kcal’'mol) 2/3(0)  1/3(-400 keal/mol) (0)
.-'.'_\I'I_?:)S =-0.3 kcal

BaO, +  4/3Al = 2/3ALO, + Ba ... .. (
(-152.2 keal/mol) 4/3(0)  2/3(-400 kcal/mol) (0)

e’.f\ll:(}h =-.] 14‘46 kaJ]

Similarly caleulated values of AH,gy for the reactions between Cr or Ti with

Y205, Ba0), and Ba0, are listed in Table 5 2

3 Results
The positive Allygy values of reactions between silver and cationic oxides of the
BSCco and vBCO systems suggest that these reactions are thermodynamically
Unfavourable. This indicates that silver is likely to form a stable metal contact on these
high temperature superconducting materials. On the other hand, reactions of aluntinium
With oxides of HTSC elements demonstrate negative values of enthalpy, except for S1O

I'his illustrates the possibility of occurrence of chemical reaction and

nd Y,0,
Following these

“Onscquently, instability of superconductor aluminmum couples
arguments, it can be predicted from the AH,g values listed in Table 5 2, that chromium
IS also likely to yield unstable contacts on these HTSCs. The table further reveals that

litanium js likely to react with most of the oxides except CaO, SrO, Y,0;, and BaO
Therefore. a slight possibility of formation of unstable contacts with titanium on YBCO

Exists, provided that its reactions with oxides of copper (for which enthalpy values arc

Negative) do not influence the interface properties
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and. secondly i
- ndly v « mnealv o enlenls
y. 1t can be casily caleulated that the heat of formation of the compounds of
301(] and the clements % PSSR EY i3 "
¢ he clements of HHTSCs are positive or much less newative than the values

these clements. This excludes the possibility of any

— :
orresponding to the oxides of
al oxides of BSCCO and YBCO superconductors.

reacti s
tion between gold and the element

gold. and chromum contacts on yHriim- and bismuth-

We have made silver,
base
ed superc 1) FIms abri (
superconducting  films 10 fabricate SQUID devices. We hipve experimentally

{ the devices are unaltered after formation ol

observed that the electrical characteristics ©
‘g pnd Au contacts, wheress chromium contacts resulted in the deterioration of
superconducting  propertics. I'hus, our ¢xperimental results  also  support  the
yacts, as

(R 2

lh e ’ .
ermodynamic stabuity of Ag and Au cot predicted by {he present work. Silver

ly being reported m 1 ¢ HTSC-based devices.

an i
d gold contacts arc also wide he hiterature fo

5.1.4 Conclusions
of reactions, the

On the basis of the thermodynanuc criterion of poSHIvE heat
gold constituic stable metalhzation for contacts to

present study concludes that silver and
m ihe

BSCCO and YBCO superconductors.
prediction. The suttabil

of thermal coeflicien

cesults and reports

Our cxp:nmcntal
1s for HTSC contacls 18

ity of these mcta

literature substantiate this
[ expansion. Thesc are

(s O

ed by close matchimg
far Au (Weast, et al .

further strengthen
144 x 10°°C for YBCO (Doss, 1989

Sor for Ag (Weast, et al,

) compared 10 142 x 1077°¢
|084), In pddition 10 the chemical

] coefficient mismatch (Al, 0 =
¢ al., 1984; Murarka,

-

n

%

1984) and 19 x 10
r, and T1, the therma

_ Y
=85x 10 7°¢ ) (Weast, €
for contact

instability predicted for Al, C
= 6.0 x 10°°C and T1, &
ials do not appear |

-5 Q™
107°P°C; Cr: o
yromising formation

1983) further suggests {hat these mater

on HTSCs.
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5.2:

PHOTO EMISSION STUDY OF SUPERCONDUCTOR-
METAL INTERFACE

N-ray photo emission measurements were performed on Bi;Sr,CaCu, 0y, single

“hystals coupled with gold films and ¥Ba,Cu;Oy thin films coated with silver over-layers.
Gold and silver films were progressively removed by sputtering the couples with Ar ions.
Ihe change in the tinc-shapes and binding energy position of the valance and core levels

of the constituent atoms of the supcrconductor and metal were studied to ascertain the

Possible reaction between the supcrconductor and the metal.

5.2.1 Introduction

Photo emission spectroscopy  with its versatility and characteristic  surface
Sensitivity is an ideal technique for the study of interfaces in UHV conditions (Srivastava,
€l al, 1994). If chemical reactions occur in the interface region, the valance and core
levels of the constituent atoms undergo changes i their binding cnergics and relative
Niensities reflecting modification of their local environment and valence charge
distribution. A number of studies of different metallic and semiconductor over-layers on
Substrate of high temperature superconductors have been reported (Lindberg, et al,

1990). Metaliic over-layers of Au and Ag on high T, superconductors are discussed here.

Bi (2212} supcerconductors are well suited for electron spectroscopy studies due to
their oxygen stability and the rclative case cleavage i.e. the possibility to alizingg gedn
well defined high quality surface. Cu over-layer on Bi (2212) leads to scgregation ol.Bi
towards the near surface region and both O Is and Cu 2p core level spectia also get
changed (Hill, et al., 1988; Bernhoff, et al., 1991). However, Bi atoms seem [0 be less
disruptive than Cu in which Cu 2p spectra remain unchanged and O Is and B 4f core
levels show a shift of 0.2 eV towards higher binding energies (Meycr, ct al., 1988). More

Sl dhamoss ke place as Al is deposited on Bi (2212) single crystal (Wells, et al.,
1989). Al deposition adversely affects the metal-oxygen bonds. The Cu 2p satclhite
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disappears at 2z
sdppears at 2Acoverage and the 5 core levels shi ar ' indi
h agc and the O Is core levels shift towards higher binding enerpy
1 B3 oy :
14 core levels show a multi component structure at coverages above 74
= a

SUuoes i 4 PEvemEmg . y ’ ;
buggesting the formation of metallic Bi at the surface. On the other hand, Rb deposited on

Bi(2212) smele crystalline surfaces only show a small shift (0.5 eV) in O s and Bi 4f
core fevel spectra (Lindberg, ctal., 1988a; 1989). It shows that only Bi and O states show
appreciable reaction with Rb atoms. Deposition of Pb gives rise to the formation of
metallic Bi and oxidized Pb al the interface (Bernhoff, et al., 1992). The largest surface
reacuvity is found for metals with incomplete d-shell like Ti, Cr and Fe which tend (o
disrupt metal-oxygen bonds (Balzarotti and ptalla, 1992). Ag deposition on Bi (2212)
Compound shows a clear reduction of Cu to Cu' (Lindberg, et al,, 1988b). Also, the O
Is states show evidence of weak interaction with Ag adsorbate. However, the most
Sultable material for passivating the Bi (2212) material appears to be Au (Wells, et al,,
1989: Balzarotti and Ptalla, 1992). No sign of reaction can be observed for any of the core

IC"'C]S, even at coverages upto 128 (Wells, ct al.. 1989). We exammed BSCCO{2212) Au

and YBCO-Ag interface for the present study.

5.2.2 Experimental details
Single crystals of Bi,Sr;CaCu,Og,, grown by flux mcthod were obtained from
H.Ohkubo and M.Akinaga, Fukuoka Univ,, Japan where as YBa,Cu;O, thin films were
grown in our laboratory. Gold and Silvers film were deposited by thermal evaporation

. 0
after cleaving the crystal in ~107 Torr.

a VG Microtech MT 300 system.

The XIS measurements were carried out using
1486.6 V) radiation at

The spectra were recorded with an unmonochromatised Al Ko (
The total strumental resolution was

; &
r0om temperature under a pressure of 3 x 10 Torr. 0
07 Torr)

085 ¢V. The Ar ion sputtering was performed in the preparation chamber (~1

With argon ions of 2 KV.
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5.2.3 Results and discussion

(1) BSCCO - Aut interface

shows Au 4f spectra afier successive sputtermgs. It is evident that
relative intensities of both the peaks (4f 32 415 5) atlenuate with increasing sputlering
Une. As can be scen from figure 5.2, this decrease is exponential in nature. The lower
nensity of the unsputtered  surface (not shown in figure 5.1) is because of the
COMammation as the sample was cxposed to air after An deposition. However, there is no

change n the binding cnergy positions and line shapes. This can be understood by taking

Mo account the large and positive heat of formation of Au,0; (8.65 keal/mole) ic. its
Mert nature and large size of Au atom. The large and positive heat of formation of Au,0y
Prevents Au to form any oxide which, if present, would deflinitely reflect in the Au 4f
SPectra and due to large size of its atoms Au preferentiaily stays at the surface of the
substrate 1. Bi (2212) without any penctration mto the bulk even on sputtering,

' K 5 | " 2) ¢ wer Au concentration is most
However, the long tail (marked as < in figure 5. 2) at lowe

5 1IN Jn II
”kd)’ due to atomic mixing cffects (Macht, et al., 1989} because of sputtering by which

in the wing
S0me Au ions have been implanted on the surface but as would be scen in the following

discussion of other core level spectra (Bi 4f, Cu 2p, Sr 3d, O Is, Ca 2p) these mmplanted

'ons do not appear to react with the substrate.

] i h-'a age p anc o I «.._.]._.

' - scessive sputterings.
' : i shosws Bi 4f spectra on succes
b¢ affected on reaction with Au. Figure 5.3 shows i

i ' >¢ could be reached as
It can be seen that only after four minutes of sputtering the interfacc ¢o
the relative intensities of both the

| > Bi ks. Thercafter,
“Vidence arance of the Bi 4f pea . |
e by e sputtering for about 10 minutes

increasi ly stabilize after
Components eo on increasing and finally e -
) <hanes and binding energy position

- oy e g The hne
(ligure 5.4) But no modifications 7 .

o 31 41 spectra v ore Jdecon
ck 1 further [

To che
rcmains A ]588 CV) * Ubscrvc{r- rn - lanve w L'I“f”.l'_‘u' o “._‘_’1\! (rannidrt
e (W rai 'S & :
Can be from figure 5 5 there 15 Agromnge s uY | sputterings and there is no
secn {To : coi i
ceven on ~,I_;t\,\L\] - .
. e doublets cve . | -
encrgy 0 [ g s doublet that maj be atinbuted to meta
Y aunic . v

S8 of appearance of a low binding eners

108



| : &
| : g3 1
- & : '
Z SEENEPS |
c | g .'\‘, t 2min '
S S RO WU e I‘
al = 4bmin |
3 |
o | R et 6mm o ‘I
[l ,
v | , 8mi
5 ' 2 diaieiae®t | Pesene? .. -'.rl'. 7 .
o ko Y 10min |
o R SE
fs 12mn,. |
|- thmin |
‘u 16min l‘
| t8min "
' | ] | ! | ! ‘
92 95

80 83 86
BINDING ENERGY (eV]

Fig51 Au 4f spectra of Bi {2212)
single crystal after progressive

sputtering.



____,_._—-—"_'—’_‘
O
(o]
-
25
2
G 9
—
Z
—————— -
(o) —— :
g 9 .y
M >
d L TIME (mins.!
SPUTTERING

-
LF componenr after SUCCessw
Fig.5 2: Intensity of Au &Fy,2

sputterings.



_ 18min
“ 16min
‘;:. : 1}._fpin
o
E L 12min,
)—
- 10min
F o gege® .t ut
U’l |
=z
[VE)
z| - ’
! s

/ .

I SR s

155 158 161 16 167 170

BINDING ENERGY (eV)

Fig.5.3: Bi 4f spectra of Bi (2212) single
crystal affer progressive sputtering.



(o} 0 B o
O
O

(o]
52
=
)
Z
Ly
feas
<

‘ ! | !‘ \ '
“ & 12 16

SPUTTERING TIME (mins )

ig.5 4. Intensity of B 4f,,9
successive sputfering

companent affer



|

laminﬂ
N
m

| 1 1 1 |
i :ss 1sa wo 162 164 m

156 158 160 162 164 166
BINOING ENERGY (eV)

10min

Fig 5.5 Bi 4f spectra of Bi (2212} single crystal
along with the fitted caomponents (solid line)



]h]\ f B 3 T 24 YUr ¢on 118 a I[I ¢ 0L TC > astrate evet
B | [hL] stren g y 1 4 69
[+ |9} v 14 ven ot

spultering.

fhe Cu 2p s i
2p spectre ¢ S 5 :

T p spectra (figure 5.0) also does not show any changes on sputiering
1ere 1s no s T | 3 y y
: sian of formation of Cu satell i

g L and satellite to main peak raii '
ain peak ratio also remain
; s the same
1 NV N e | <1 A T
No change is obscrved in Sr 3d (figure 5.7), O Is and Ca 2p
o . 3 & F

(not shown n figure 5.6).
ssibility of mteraction of Au with

SI]C(_'[r' : :
a (ot shown) and hence onc can rule out any po

the substrate.

In conclusion. Au because of ils inert nature (large and positive heat of formation)
assive layer on Bi (2212) single crystal and the small

and laree sis . .
d large size of ions lorms 4 P
anted duc to At spu

ttering also does not react with

concentrati : ;
neentration of Au which gets mp!

the subetr
substrale at room temperature.

(B YBCO - Ag interface

YBCO-Ag interface was studied m three samples | e.unanncaled and annealed at
NPS. With suece
ny 3d, and Y 3d spectrum

v Ba-CuyOry thin
puttering secms 1
g the wterface up 1o

ssive sputlermss for all three samples the
was concluded

PR A
230°C and 350°C, using
WELE studied. It

the smull

ntehsite of .
ensity of Ag,, peak, Cu 2p.
film. Howeveh

on
o disrupt the Cu-

lhe : :
al Ag forms a passive layer

hich gets implanted
Cu and O core level specte

due to Arion s

¢ e .
neentration of 1w
4. Annealin

Ok =
unds which 15 reflected
31500

59°C does not scem to causc any (urther changes

53 CONTACT RESISTANCE VIEASUREMENT

1ducting (YBCO) films was

cls an supereo!
sethod. In the

irical evaluation
snventional three probe 1

d wversion of the o
or the other methods known for the

ars could not b

The clec of silver contd
car
arried out, usimg modifie
¢ layer on supcmmclm

Je semiconduct ¢ apphed.

a : ;
bsence of a proper dielectrl

Me: . . -
\easurements of contact resistapee 1@ it

114



Cu 2p

Pl
N '\ 'ov
: 4 - -. 4 \‘ {n'.l
- A '.' ' ‘._."
E | eFeis "
: -
s > 14mi
f " ,\_. n
g oy oA ",_‘ '
' o ol . {\. Al - h}
g ' ': - 10min
W/ ' ALY . o L=
= | Samaa e o g
z PRt :'{l “, o
= 2 %" ¢
5 : .‘
e ) bmin
. S “u" ! ".‘:“\' . .
K, 5 Aol 2 b froeanmags
SRS
e b e 4y §-tc ) L4

930 932 934 936 93g

BINDING ENERCGY lev)

Cu 2p spectra of Bi (2212) single

Fig.5.6:
crystal after progressive sputtering



INTENSITY (arb. units)
5

Sy
136 138 140

130 132 134
BINDING ENERGY (eV]

a of Bi (2212 single crystal after

Fig. 5.7 Sr 3d speclf
ttering

progressive spu



3.3.1 Measurement Technique

.‘\ .\ll})LI O u - -
= I a[Cd
1C

:’l!I)L]C()I]d 11 ms [i(,! C C [ usin con
ULIII]” 5 1

photo lithography and wet etehing in dil. HC! (10%). Silver line contacts cere §
St rvr . e1re v
Perpendicular to the superconductor steip by lift-off technique or with the aid of qomwd
<. . [e =)
mask, during deposition. A schematic diagram of the scheme is shown in ﬂ(,llre‘;];c(.tal
- &€ 8(a).
?h(. contact 1 and 7 were large arca contacts (2Zmmx2mm) whercas width of contact line)s,
=0 6. varied from 100pm to 350um on the strip. Gold wires were bonded to the contact
P, T ac
PRSI flketod] conneetions. Figurc 5 §(b) dCPfCIS the measurement scheme to estimate
Iesis -
sistance of contact no. 2. Here, a constant current was passed between pads 1 and 2 and

volte P _
age was measurced across contacts 2 and 7 as is done in conventional three probe

Met %

1wd ie¢., contact 2 was made common for current supply and voltage-drop

meg . T . - ) -
asurements. The ratio of measured voltage fo current gives contact resistance of

con R S . . 3 % .
tact 2. Similarly, to dclermine resistance of contacts 3, 4, 5 and 6, the common probe
e was measured. Contact resistivity was

Wa fte . .
s shifted 1o these contacts and their resistanc
ying the resistance value with area of interscction of the contact and

Caleulated by multipl
ate the contributions of bond wires, pads, metal line, cte.

Superconducting strip. To isol
Gupta and Freyer (1979) was employed,

I -
om the measured resistance, the approach of
Wherein vecic : T g
hercin resistance (R) vs. inverse of contact arca (A) was plotted. The slope of the
tercept of the Ime with R-axis

Csultant line gives specific contact resistivity and the n
C . :
orresponds (o resistance other than that of metal-superconductor mterface. Since i the

an accurate

Present case, the contact area can exactly be measured, the technique provides

me " y .
nethod for measurcment of contact resistance.

5.3.2 Results and discussion
e measured contact resistance of silver on YBCO films.

puticring method. Contact
are listed 1 table

Using above procedure W
thermal evaporation as well as s

Silver was deposited by
ver before and afier sintering

resistivity data of thermal evaporated si
ivity of the order of 10" ohm-cm’

wils obtaimed

5.4, The as-deposited contact resist
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CHAPTER - SIX

SUPERCONDUCTING FIELD EFFECT TRANSISTORS

This chapter concermns with the device application of high T, superconducting

ilms. In the firg scction, tmportance of a three terminal device is described which s
followeq by electric ficld effects study in thin films. Second scction reviews the recent
Progress in high T, transistors. Following section describes the fabrication steps of MIS
¢

ai y Pt . . . - o X .
WO SW-FET structures and our imvestigations on electric field effects i igh T,

! Ol}cxystai]me films. The last section deals with the measurement results, their discussion

an ; . A
d Condudmg remarks in the end.

6.1  INTRODUCTION

6.1.1 Importance of three terminal device
een explored extensively for several years,

Superconducting electronics has b
high speed, low power

1)) as logic clement. Despite
ninance of semiconduclors in modem

¢ input-output

Ma, 3
inly around Josephson-Junction (
the dor

COnsumption and high scnsitivity of IIs,

Clectronics is attributed to unmatched characteristics of transistors. These ar
since last two decades rescarch

lSolatior], inversion and well defined gam. Therelore,
efforts are centred at the development of three (erminal superconducting device, like a
SCMiconductor transistor, The first three terminal supcrconducting tunnel junction
: ansistor, analogous to the semiconductor junctian transistor was dem_OUSITﬂ[Cd by Gray
riety of superconducting three terminal dcvices were
ese etructres are superconducting current

(197g), Subsequently, a large va
1989, Kobayash:

Mvestigated The most promising among th

broeck, 1985; Hashimota et al.,

Mjection transistors (super-CIT) (Zcg
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ducting P 1 ] '
@ properties of these oxide ¢
$ : ompounds has been ic
studiecd (Mannhart
and

Kleinsassor .
sser, 1992a; Fiory et al.. 1990: Xi et al., 1992a; Mannhart et al., 1991a; Ogale et
CReas s C" & e

1|

1993} Insni : s -
i Lo Inspite of tantalizing results a device for practical use is still awaited. It
elieyed : 2 45 58
[hE . e \ . S =
1t this may be duc to insufficient elleets of electric ficld on propertics of oxide

S 'Y .
Uperconductors.

'!0 Cn] ) g < .

> enhance the effce -xternal electric field for per ' '
e effect ol external electric field for percentage change m the carricr

uscd to fabricate superconducting-ficld effect

dens;i
Sity i P o

¥, ultra thin films have also been
However, in our opinion owing to low T,

lrang; . o
nsistor (Su-FIET) (Xi et al., 1992a & 1991)
¢ forming reliable contacts on

of thes
ese s plie o : :
¢ ultra thin films and technological problems lik
qimed. Recently, sigmificant change m

lh[_’c,- 3
se f .. . . .
thms, a practical device has not yel becn ¢l
ave been observed in films contamng

Criticy] eyr e ; iz
al current density and transition temperatute h
1992a; Nakajima et al., 1994, Gupta and

\\’cak_ 8
links or grain boundarics (Mannhart et al.
based FET

the development of grain boundary

Khok
10kle, 1993) but the progress in
of grain boundaries m the films.

T'ema; C. ;
lamed limited probably duc (0 localization

appears o be a possible approach to realize

Nevas :
crtheless, gram boundary bascd device
-ated our efforts to study electnie f1eld cltects

Su 5 ; g -
Perconducting FET. We therefore concentr

m e N
1 granular {ilms.

6.2  HIGH T, TRANSISTORS

g transistors continued the intercst

nefits ofsupcmnnduc[in

uchvity in 1911 A supurconducting, and

The unique potential be

ol m, L , _

Many scientists since discovery of supercond
¢ source dramn channel
(o sustamn high currel

onducting transistors

(SD channel) is the first most

th - :

Us virtually loss-frec, on-stai¢ of th

'Mportant example of such an agvantage and i1s ability Ul
aI'IO[he]-‘ [n addition, with Icgﬁl'd to labncation and opcra[ion, Superc
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are ¢ s - »
L LOI“])dllhI W) I )
L-. I

mterface with s i
ce with superconducting clectronics

'I‘}HS SeL I t i [ l
P L.L.“Un ]-C\'IIC\\'S \Vvariot > ' ' | L TO
IS lh[CC lCI'ITllnal d’ nees i i
VICES bll]l[ f in h|gh ¢

superco
nductors ¢ elate i
tors and related materials. Particular cmphasis is placed on the ficld eff
7 effect

transistors.

ansistors (SBTs)

6.2.1 Superconducting Base Tr
(SBTs) are remmniseent

Superconducting Base Transistors ;

seniconducti o ol
cting  transistors. From uan criier electrode, q-.m-,lp.'u'uglcs are myected as
Munority carriers mto the superconducting hase, in which Cooper pass arc the majority
carriers, After traversig the hase, the quaSIpartwalcs arc gathered in the collector
clectrode. A major advanlage these devices dmw (rorn superconductivity is the low
resistivity ol the supm'conduc{ing base, which should allow ultra thin base layers 1o be
resistances for gate current (Ig): [Iere, the base

ater. SB1s are classified 1n
erconducting-base-

wsed wi .
ed without having anacceptable
(wo variatlons:

ance limitimg param

(SUPT R-HETs) and sup
e discussed i detail by

inductance is the perform
hot clectron- {ransistors
sislors (SUBSI'
¢ Sl IPER-HET, qua

g Uuverst the

Superco i
nducting
I's), both of which ar

Semic : ;
emiconductor- injection tran
weher (1990). In th kinetic cnergy

y gap (

Kleinsagser and Galle siparticles have
A) and carriet base ballistically as

rgy of the quasiparliclcs is much lower,

of I .
f E,,, >> supcrconducting encrg
i the SUBSIT, the Kinetic cne

ve diffusively (

E ., = A, and particles mo Frank et al, 1983)
have been fabricated using epitaxial Au/Ba;.

1993. Usuki et als
1994, Abe 1994, an

ge | Tazoh,

and SUPER-HETS
1993) and N'f"t‘»"'pcd

suks ¢l al.,

SUBSITs
KBiOy Nb-doped SrT10; (DU
ultilayers (T
witching speets
r, device perfont

fwlnc:h 15 0 ¢t

sda and AbS, d Toda et al.,
the terahertz ran

$ITi0,/Ba,Rb, BIOy/In M

90 §
1994) a5 E/B/C configurations. S 1991) is
for SBTs. Howeve

the control ©

mn
b C i ane cruciully depends o7l
he mast attractive feature nanee y dct

jOuS hruhnnlogxul

lector hatrict,

the height of the base-col
1990)

challenge (Kleinsasser and Gallaghet,
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6.2.2 Diclectri
Diclectric Base Transistors (DBTs)
The oriein:
ginal concept of diclectrt
¢ ctric basc transistors (DBTs) i
s Ts) is based on n
csonant

IUIIHCH‘ ]
1]]‘».! fI'(lm 5 {
¢ d bleCl'COIIdlICIlI'I” 211 ( Ctor coliec
ogmitler to a SleC"
1 ()I]dll‘tO 0” t1 e
ng C]CCI'I'OCI

(Tamuyy
wre et al, 1991). T
i - 1). The charge carners tunmel resonantly through a diclectric barri
contains defeet states of ) o
efect states of a well defined energy. For these devices, switching del
L , switching delays of

oniyv 1.5
F .0 psee have been predicte i{Ticulti
i e been predicted but the difficultics are associated with the growth of
¢ > growth o

”h_

wnnellme - .
. elling barrier. However, modified versions of DBTs have been fabricated
suecessfully (Yool ‘ Honeaie
ully (Yoshida et al.. 1991, 1992; Tamura ct al., 1992; Hota ct al.. 1994). DBT
L] "~ . S

”nprc ares .
5SS wt w13 Fs o B
h their high current and voltage gams and their compatibility with high T
= c

Sllpm-\
conductors T : :
ors. [owever. these devices dertve no advantages from superconductivit
& ALy

CXee :
M hay ; -
Pthay ing supcrconducting contacts.

6.2.3 Vortex Flow Transistors (VF1s)

agnetic field generated by a controlied current

In vortex [Jow transistors a small m
serconducting bridges connected m

sed ; : :
to inject magnetic vortices 1Mo one or moIc suj
anncl, Usually, the vortices suppress the

Paral) :
I, which arc used as a source-drain (SD) ch
. enhance the bridge resistance. If the

“Titical oy : .
al current of the bridge, and, once they How
e active flux guanta are Josephson vorlices

j S
.vnd ¥ & 3 .
£¢ contains a Josephson junction, then tl
vortex flow transistor (JVFT),

these standard VFETs, other

othenwise it would be

Md the device is called a Josephson
M Abrikosov vortex flow transistor (AVFET). Resides
Wactures include, one having only one contact dedicated oxclusively to the mput line, the
1e drain or the sourte

Othe . .
rone being connected directly to tl
vere investigated as

by magnetic fields v

trolled
, ¢t al,, 1979) but the first JVTs

Planar Josephson junctions €Of
B.J.van Zeghbroeck (1983).

1961; Likhares

Aamplifier
phifiers by numerous groups (Miliso0,
W |
Cre demonstrated by T.V Rajeevakumar (1981) and
s were first repurted by

E I 1 1 ¢ .

Xperimental investigations of mgh T, VF1

1689, 1991, 1993a, 1993b, 1993c), who demonstrated the
I '.I'(_.'le[,l,ls( T ,\»

gh speed VI Ts based on Y Ba,CuyOyy A1

J.§.Martens and co-

Wy .
orkers (Martens et al,

cant; :
aptivating performance of ht
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(Mivahara et al.. 1994).

For the fabric: : i
fabrication of JVETs, step edge junctions, bicrystal junctions and
1995: Dimos et al.,

1992. 1993; Wen

ised as Josephson junctions (Koelle et ol

AT et ol 1994; Satchell et al,
1993, 1994; Martens €t al., 1989,

o .
1anobridues have been 1

I()['lr_ - iy
88 Gerdemann et al., 19952, [995h;

and Al

ADC, 1994: “Flye N 3

| 99.4: Zhang ct al., 1994 Schneider et al.

1991 '( -

' J)3a. 1993b QO 3c he

1993¢). Thewr csLIgAtians love further red caled the fact that the

e to slower Abrikosoy Vorhces. However, no

3

probably du
peration ol JVFTs at frequencies

identified to prevent 0

Spe ¥ AN
peed of AVFETs is lowcer,
fl[] . 2

damental limitations have becn
of the or

the order of 500 GHz.

n data on magnetic cross {alk, on

necessary (o obtai

ork 18
4 f magnetic ficld

Further experimental W
5 to measure noisc

to external de an

[h v e DI
¢ sensitivity of the devices
he narrow biasing regime.

difficultics that may anse fromt

Tisiias
igures, and to reveal polcntu!
6.2.4 Quasiparticle Injection Devices (QPIDS)

In QPIDs, quasiparliclcs
lter the

(lpough 2 harier  layer into 2

4arc 1njcctcd
supercondieliie arder paramelct by modifying the
yecs the distributed

SU)\-\
perconducting fibm to 2
m and the ph()l

tion depress I

hon distribution. [n mosl ©

and the critical current.

quasiparticle spectiu

uasmar o
quasiparticle and phonon distribu

probabiy the least

erned, QP1IDS are
wlttlayed

ation of the IT

clors are cone

As far as high Te supercondu

y be due to difficy
are inherenty

| with the fabric

1lties associated
heltum

for operation at hiqmd

the high

explored, ma

sSthructures AlSO. QPIDS
the ligqud mitre

belter surted
ternperature

ranges because

a Cnm'apumhnuly higher

te . .
mperature than 1 ygen (emperatire
articles TOQUITES densaty ol

f thermal quasip
desired nonequitibriun

background 0

injce . :
njccted quasiparticles 10 create the



The responsce U “hich T, fi
sponsc o 5
ponse times of igh T, {ilms due to ultra short light or supereritical current

Silsies Tave: boeh dtiid _
pulses have been studicd by vanous rotps (Chwalek et al., 1990; Eesley et al 1990

] r— 2. :
shis et al.. 1993: 1an ct al., 1990 Frenkel et al., 1989, 1990: Zcuner et al., 1992; Shi et
1994: Danerud et al,, 1994; Sergcev et al,

[, QPIDs was carned

al.. 1993: Semenov 1992: Lindgren ¢t al.
1994; Karasik et al., 1993), However the first exploration of high °
out in Japan in 1989 (! ligashino ¢t al. 1989a. 1989b, 1990; Kobayashi ctal, 1989) They
used polyerystalline 13i,Sr,CaCu.Oy JBixS6C 00000, SD channel with Au gate and
Al gales o measire current gain, They used natural

(Y 'Er)Ba,Cuy 0., channels with
yer and trilaycr siructures were

rices. Subscquently,
\wide as gate barricrs (L ct al,

axtde Tisre 21e : :
1de layers as gate bar various bila
used ¢

ed employmy MgO or natural ¢ 1994; Boguslavski) ¢t
1995: Wang and [guchi, 1994, [guchi ct al,

al.. 1993, 1994a, 1994b; Schneider ¢t al..
d of gh T, non-equihbrium

1994). As only very limited work has een done in the fiel

device, its potential application is yet to be explored.

istor (Su-FETS)

an electric field 1s applied to

Field-Effect Trans

6.2.5 Electric
nsistors (Su FETs)

In superconducting (icld elfect 1w
4y changes the density of Cooper pairs in a

wlating bareier ¥ hae
interface. As the pairp

pcrconductmg properties

a .
a supcrconductor via atl ms
otential of

tor/ supcunnductor

pair density, all su
d electric ficld, 1f el

layer extending para]}cl to the nsula
sction of the Cooper

yds on the applie

a .
supcrconductor is @ fur
cotric penetration

= t] C hc]d [)C[ICll'illLd 1E1yCI' dUpC[
) J I ‘)k; ~- : an T
11} aIablC to IhC COll 7\ h “”"h I M Ilha t,’

depth (Ppp) 18 atlcast coi erence length (S

1992).
Ao(T) Z E(T)

T 3 N 5] 1 0V ' ‘\

In high T superconduclon: this condition 15 gcnuaily fulfilled but i tow T,

) ' .

] herpill, 1904 ilsch and Naugle, 1967;
Counterparts A (T) << @) (Glover and Sheritl, 1960, HilsC g

1984, Stadler, 1965, Gurvitch ¢

69; Stecnbeck, 1971,
n dup:h is small

Fiory and Hebard,

Berlincourte, 19
 carner density

al., 1986). The field penetratio

due 1o g

126



Yoshikawa
awa ct al., 1994; | o G 3 ]
1994: Han et al., 1993) and in bulk ceramics {(Smmmov ct al., 1992

1993 o
319948 Oriova and Smimov. 1994).

. woretical descriptions of the ficld effects on high T, superconductors have af
cen reported (Shapir o 2 v ave aiso
Ki cported (Shapiro, 1984, 1985, 1993, 1995: Burlachkov et al., 1993; Shapi d
1l . g + Ohapiro an
m, 1993; Gihinobker et al., 1995a, 1995b; Kechiantz, 1990, 1992,; Konsin, 1994:

Sorkm ¢ R
orkm and Konsin, 1994; Jiang et al., 1991).

| The ability to alter T, and to modulate cntical currents by applying electric fieids
“T':’Lacsis the use of the field effcct to fabricate superconducting-FETs. For the fabrication
;)’1 these structures. diclectric films like SrTiO; and Ba Sr; ,TiO; (Frey et al, 1995),

MMA of Kapton (Fiory ct al., 1990, 1991; Mishonoy, 1991: Levy et al., 1992), MgO
1993: Villegier et al.,, 1991), CeQ, (Wang and

(Kabas:

Kabasaws et al. 1990), Si0, (Jager etal,,

Ienehs & .

guchi, 1993: Walkenhorst et al, 1994), ALO; (Gupta and Khokle, 1993), and
s gate barrers. These

Py 3
IBE]EC“.*O?_\ (Ohmameuda and Okabe, 1995) have been used a
all losses. but also because of thewr small

Materials oy ; .
¢rials are attractive not only duc {0 thewr sm
est, in addition to their compatibility with

DCrmitiv; . : :
mitivity, achicvable fteld effects are mod

these materials.,

¢ field is clectrostatically screcned by the mobile
are expected for samples with reduced

o weak links with a reduced

In Su-FETs, the applicd clectr!
Chﬁl‘ge carriers. Therefore, enhanced ficld cffects
hich is attained by incorporatin
1993: Chen et al,, 1991 Nakajima ct al.,

994: Moaore et al .,

CI.\ : 3
CClrostatic screenmg w

“amer density ito SD channel (Ma
1994: Ivanov et al,

nnhart et al.,
1993 Dang et al,, |
three termmal Josephson devices are
hing und trimming purposes

and experimental

1993, 1994: Yamashita ct al.,

1989), I the weak links arc Joscphson junclions,
Obtained, the gale electrode of which can be used for sWItE
eoretical description of high . JOFETs arc almost non-existent,

heless, given the low carrier density in

L, .
“ata are only gradually becommg available. Neverl
ible to assume that such devices will be more sensitive

t § ; L ’
he junction region, it is perniiss
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2 Ay ‘har i
6.3.2 Areal charge density measurements
For the measurement of areal charge density at YBCO-insulator interface, the M

as mounted on the cold finger of a CTl-eryogenics closed cycie helium
ith the aid of

IS structure w
telrigerator (model CCS-350). Temperature of the sample was monitored w

4 sihicon diode sensor attached to the Lake Shore 330 auto-tuning temperature controller

G
the charge induced at the YBCO-insulator interface was measured by 2 Keithley 617

Clectrometer, The measured charge divided by gate area and clectron charge gives areal

ate voltage, V was applied to the device through a Keithley 228A voltage source and

Charge density. For cach obscrvation, the gate current was monitored precisely, after
dpplication of the gate voltage. During these measurements low gate current (below 10
bico—ampcrc) was maintained to eliminate effect of injected charges at the interface, Thus
the measured carrier density values represent the actual charges induces at the interface,
due 1o applied ficld at the gate electrode. The results are tllustrated in Fig.6.2 and 6.3 for
Al- Al,O,-YBCO and Ag-STO-YBCO structures. Above measurements were also done
on MIS structures [abricated in epitaxial films. However, no measurable change in area]

density could be recorded. This appears justified as due to large thickness (>20004) of

these films electric ficld effects may not be appreciable.

6.3.3 Results And Discussion

Flectric field effect measurements wer

e 9 3 ic a se esults. The cha

results illustrated in Fig.0.2 and 6.3 are typically a set of results ‘

age, in a particular range, was found reproducible
b

achieved on varying the gate

e done on many samples, however, the
rge readings

obtained on the application of gate volt
me set of charge readings were

and reversible. Also, the sa
e-versa. The important features of these curves

potential from negative to positive and vic
are as follows:

the negative charfe was recorded at the YBCO-

J it ate voltage
i) For positive gate VOIiE | s .
ron accumulation, Positive charge corresponding to

nsulator interface signifying the elect

icati : ate voltage
holes was only recorded on the application of negative g g
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1i) The electron density varies slowly over a longer span of voltage compared to
that for holes. For example, in case of M-I-S structure with AlL,O; as insulator, areal
charge density of holes varies from 10'%em? to 10"*/cm? as gate voltage changes from -

2.5V to -3.5V whereas, areal charge density due to electrons varies in this range, when

the gate potential increases from -2.0V to +3.0V.

iii) The cross-over voltage (Vewss) i-€. the gate voltage at which transition from



[tis expectec
xpected that like othe
Cr cuprate supercond
uctors, YBCO contai
{ 4ins hole pairs

I supercong 1
nductineg state : .
g state. So, in case of M-I-S structurcs, cooled below (I
t ow the critical

( > =

”]SUI;”O - 3 A g l 1
\ 8431 fbl' some -y C 241 r

&, ¢ 832 u I S
3 1 X1

contain mobile and immobile positive charges (S

dccumulation always exists a: Si.Si0, i DCS (_S/—c, 19,69). Duc to these charges electron
Sk 10, nterface. Perhaps, STO and Al,O, also contain
\ Sittve charges which arc responsible for the accumulation of clectrons at YBCO
¢ izovj/STO interface, cven at zero applied voltage. To deplete these elcctrons some
NCgative voltage is always required and only after that holes or positive charge start

dCCumulati y : ) -
ulating at the interface. This argument also seems plausible through results in
=

ﬁ”UI'C 2] ; } 5
sure 6.3, where cross-over voltage for STO is higher than that for Al;O;. This suggests
that v, . s _ _ = 55
values of possible positive charges in STO is highet than that in Al,O,. The lower
val " : . )
uc of cross-over voltage at 30K in Fig.6.2, compared (o that at 50K can be easily

Under . : : 5
rstood. This may be attributed to increase In superconducting pair density with
at lower temperature more number of hole paurs are available

” . .
cduction in temperature, as

a :
nd thereby an early cross-over results.

6.4 DEVICE FABRICATION AND FIELD EFFECT

MEASUREMENTS

6.4.1 Fabrication of Su-FET
was fabricated (Fig. 6.1(b}) m

Superconducting field effect transistor (SLI-FET)
| by spin-on

BPSCCO films on MgO, preparts
0K, The structure was pattcrned

the similar fashion using polycrystalline
1e gate length of

of the films was in the range of 75K to 8
sitive photoresist photolithography. Tt

technique. Te 0
diluted hydrochloric acid

in the films using standard po
as defined by etching m 10%

70pm and width of 250pm W
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Diclectric layer of ALO;, gate metal Al and silver contacts were made as described for

MIS capacitors.

6.4.2 Su-FET characteristics
Current-voltage churacteristics of @ Su-FET at 68K and effect of gate voltage on

the wansition temperature were measured using same set-up. The effect of gate field on

dram 1.¢ current-voltage (I,,-V),) characteristics, at 68K, of a typical Su-FET having gate
OXide thickness of the order of SO0A and T, wero OF 75K is shown in fig, 6.4. Due to large
solieming of 1;,-V, curve, it is difficult to estimate the suppression in the critical current
On application of gate bias from the figure. Further, it is also apparent that to record the
influence of ficld on I,,-V,, characteristics, a relatively large gate voltage of 15 volts was
applied. On account of repeated measurements the micro bridge of the device failed.

Therefore, another device (with gate oxide thickness of about 100 A) was fabricated to

Study the influence of gate voltage on zero resistance temperature oftheT transistor. Fig.
6.5 illustrates that on application of 380mV to the gate, T, of the device was red.uc.ed
10 64K from 69K. In principle, thesc results demonstrate the change m supercondctivity
on application of elcctric field to gate of the device. In the absence of a proper theory of

TR ' observed field effect in
Supcrconductivity in high T, materials it ts difficult to expain the

here is a negative
Su-FET. However, as the arcal charge density measurements suggest, g
| | atc voltage.

] % ce for positive g
charge accumulation at the superconductor-insulator interfa ! ]
. red to compensate these excess electrons.

Hence, more number of holes pairs are requi e o
This can be easily achieved by reducing the temperature of the Su-FEI.

will be interesting to
on the application of positive gate voltage the T, should reduce. It

icati ' ge,
sce if T. can be incrcased by the application of negative gate voltag
¢

| ] N 1 >a W = ] I L[I‘LlI‘lBI}[S on El['Cc!]
n conc I.l&.lOI], [2 | )

charge at YBCO-insul
electric field. The effect of gate voliag
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temperature of Su-FET is also prsented. The possibility of modifying the carmer

concentration in YBCO films exists in re
metry of the superconducting compound. These

versible and controlled manner. This type of

modifications do not affect the sloichio
crstanding the basic mechanism of supe

of high T, superconductor

effects have implication on und rconductivity m
to provide the basis for applications

copper oxides and likely
clement I semiconducling

in three terminal devices, which can be used as logic

clectronics.
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CHAPTER-SEVEN

CONCLUSION AND SCOPE FOR FUTURISTIC WORK ON

HTS DEVICES

Last ten years of research has almost established the technology for the synthesis

of YBCO. BSCCO and TBCCO bulk materials and films. Although technology for many

other HTSC compounds has also matured but only above three compounds are common

ot ~h orenins. Device quality superconducting films of these materials are now
______ mnnanente and



We strongly feel that the grain boundary based field effect transistor is likely to be
a useful futuristic device, provided gate of the Su-FET is exactly located on single grain
boundary. The understanding of physics of grain boundary in HTSC is also likely to
provide insight into the behaviour of FET. Therefore, rescarch on grain boundary based
Su-FET offers technological challenges as well as understanding of transport mechanism

in HTSC materials. Electric field effect studics on these materials are of immense interest

(0 obtain information regarding variation in transition temperature with change in carrier

coherence length, etc. We hope that in next five years, Su-FETs will be

concentration,
chnological problems described abovc are

available for the practical applications if te

circumvented.

Device noise is also onc of the major issues when one compares the performance
of a device based on LTS and HTS materials. Evidently, thermal noise is higher in HTS

iat in LTS. So in our opinion electrc field e
area of researci

devices then tl ffects can be used to minimise
the noise in a HTS device. Tt
In brief, although experimental
nechanism is still cluding
ome so much fascinating.

Jis ushers an nteresting 1, theoretical as well

Iy high temperature supcrconductivity 1s

as experimental
the theonst. That 1s

established but the understanding of 1ts 1
why, this subject of lugh temperature superconductivity has bec
This is also true in the development of HTS active devices, Its technology is challenging

and device physics is even more interesting.
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