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PREFACE

The discovery of superconductivity in ceramic oxides has generated an
enormous amount of research activities in materials with perovskite type crystal
structure. It was realized that the immediate applications of the high temperature
ceramic superconductors are in the form of thick and thin films. Thick films of high
temperature superconductors have wide applications in microwave integrated
circuits, transmission lines, and other high frequency electronic devices. Among the
different copper oxide superconductors discovered, YBaxCuiOrs; (YBCO)} and
Biz8r2CaxCusOx [Bi (2223)] and BizSr2CaCu2Ox [Bi (2212)] (BSCCO) superconductors
have gained considerable attention and a great deal of effort has been made for the
production: of high quality superconducting films of these compounds for suitable
electronic applications. In the growth of superconducting thin films with high critical
current density, the choice of a substrate is a key factor. The chemical non-
reactivity between the substrate and the superconductor at the processing
temperature is the most crucial factor for obtaining a superconducting film. The
high chemical reactivity of these high Tc superconductors (HTS) at the processing
temperature with most of the known substrate materials imposes severe restrictions
on the material available as substrate for HTS films. Therefore the search for new
substrate materials which satisfy the substrate requirement is undertaken on a
global level,

A study on the development and characterization of a new group of complex
perovskite ceramic oxides with general formula BagREZrQOss for their use as
substrates for high Tc superconductors and the preparation and characterization of
superconducting films on the newly developed substrates are described in this
thesis. These materials have on ordered cubic perovskite crystal structure and have
favorable dielectric properties for substrate application at microwave frequencies.
These materials do not show any phase transition up to 1350°C and are highly
stable under atmospheric conditions. They melt congruently making it possible to
grow them as single crystals from melt. Ba;REZrOss materials do not show any
chemical reaction between YBCO, and Bi (2212) superconductors at extreme
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processing conditions. Two materials in this group are non-reacting with Bi {2223}
superconductor also. The suitability of these materials as substrate for high Tc
superconductors was confirmed by dip-coating superconducting thick films on
BaREZrOss substrates. The superconducting YBCQO thick films developed on
polycrystalline materials by dip-coating and melt texturing technique gave a Tc(0) of
92Kand Jcof ~ 3x 10%* A / cm? at 77 in zero applied magnetic field. Bi (2212) and
Bi (2223} films developed on BagREZrOss gave a Tc (0) of 85 K and 110 K
respectively. The current density of the films are ~ 103 A / cm? at 77 K.

In the course of this work, we have developed a modified combustion process
for the synthesis of Ba;REZrOss materials as nanoparticles in a single step to
achieve better phase purity, homogeneity and sinterability. The powders obtained
through the modified combustion process were nanoparticles and no calcination at
high temperature for prolonged duration was needed to obtain BayREZrOss
materials as phase pure powders. The high-resolution lattice image taken on the as-
prepared samples of BaoREZrOss revealed that the intercrystalline boundary was
sharp and free from impurities. The nanoparticles of Ba:REZrOss synthesized
through the present method could be sintered to high density (>98%) at lower

temperatures as compared to their coarse grained counterparts obtained through
the solid state route.
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CHAPTER 1

GENERAL INTRODUCTION

Human civilization has gone through rapid revolutions due to the recent
advancements in Material Science and Technology. Along with the exciting
developments in electronics in the second half of the twentieth century, the huge
potential of ceramic materials was unfolded to a fascinatingly wide spectrum of
applications. This explosion includes a vast number of magnetic, electric,
electronic, photonic, superconducting ceramics used in diverse domains such as
transportation, industrial production, power engineering, medicine and health care,
consumer electronics and communication. In the dawn of the millennium, ceramic
devices are undergoing miniaturization in unimaginable pace from micro-
technology to nano-technology like that of conventional semiconductors in

twentieth century.

1.1 Ceramic materials

The term ‘ceramics’ has evolved from the Greek word ‘Keramos’,
means object made from fired clay. Ceramics are crystalline inorganic solid
compounds of metal and/or nonmetals, formed by the application of heat, and
some times heat and pressure [1]. The bonding in ceramics is mostly ionic but in
some cases covalent or metallic bonding occurs. Ceramics, in general, are brittle,
hard, wear-resistant, prone to thermal shock, refractory, electrically and thermally
insulative, intrinsically transparent, non-magnetic, chemically stable and oxidation
resistant [2]. As with all generalizations there will be exceptions, some ceramics
are good electrical and thermal conductive and some are even electrically

superconducting. Though ceramics are generally nonmagnetic, high field magnets



were developed from ceramics and the magnetic properties of certain ceramics are
such that they will find tremendous applications in future. A large number of
inorganic non-metallic and non water-soluble compounds including oxides,
nitrides, borides, carbides and silicides of all metals and nonmetals come under the

classification of ceramics.

Ceramic materials can be classified as Traditional and Advanced or
Technical. Traditional ceramics include from sanitary ware to fine Chinas and
porcelains to glass products and are mostly silicate based with porous
microstructures, coarse, non-uniform and multiphase. Advanced or technical
ceramics are characterized by very fine microstructure, greater homogeneity and
less porosity. They are synthesized using high pure raw materials through highly
controlled processes [1]. Based on the application, advanced ceramics can be
further divided info functional and structural ceramics. Functional ceramics are
used for performing special functions, viz. electrical, magnetic, optical etc. in
devices. Structural ceramics function as structural materials with high mechanical
strength and stability even at high temperature. Currently ceramics are being
applied for uses that were inconceivable two decades ago, like ceramic engines,
electro-optic devices, laser materials, substrates in electronic circuits, electrodes in

photoelectrochemical devices etc.[2].

The conventional way of advanced ceramic preparation includes powder
preparation, shaping and sintering. The technical properties of ceramic materials
are not only determined by its chemical composition but also by the chemical
homogeneity, crystal structure and the microstructure parameters like crystallite

size, aggregate/agglomerate structure of the ceramic powder [3]. The



microstructure is controlled by the preparation conditions right from the raw

material powder to the final heating of the ceramic [3].

1.2. Perovskites

Many electronic ceramic materials belong to a large family of materials
called perovskites, which derive the name from the specific mineral “perovskite”,
CaTiO;. Perovskite materials are of considerable technological importance,
particularly with regard to physical properties such as pyro- and piezo-electricity,
dielectric susceptibility, linear and nonlinear electro-optic effects etc.[4,5]. The
compounds of the perovskite family are probably the most numerous and the most
widely studied. In their ideal form, perovskites are described by the general
formula ABXj, are cubes made up of three distinct chemical elements A, B and X
in the ratio 1:1:3. Of the three distinct elements, A and B are metallic cations and
X is non-metallic anion. In CaTiO;, the larger Ca occupies the A site and Ti in the
B position and oxygen fills all 12 of the X sites. Barium, Potassium, Strontium and
rare-earth elements can occupy the A position, more than half of the stable entries
in the periodic table are known to adopt the B-position. The X position can take up
not only by oxygen but also by members of the halogen family of nonmetals like
fluorine, chlorine or bromine[6]. The ideal perovskite unit cell structure is
illustrated in figure 1.1(a). The A cation, the larger of two kind of metals, has a 12-
fold coordination in the crystal and lies at the body-centered position of the cube.
The B cations have 6-fold coordination and occupy all the eight corners of the
cube. The X anions are situated at the midpoint of the 12 edges of the cube [6].
Alternatively, the perovskite structure can be visualized as a collection of

polyhedra as in figurel.1(b). The anions are at the corners of the BXs octahedra



Figure 1.1: The perovskite structure (a) ideal, (b) as a collection of polyhedra

extending in three dimensions. The BX, octahedra are perfect with 90° angles and
with six equal B-X bonds. Each B-ion is surrounded by equi-distant anions. The
ideal perovskite structure can also be visualized as a close-packed structure in
which the X and A jons are stacked in close packed layers along the cubic (111)
direction. The resulting octahedral holes are occupied by B ions.

Reducing from the ideal cubic symmetry, the unit cell structures of majority
of the perovskites consist of non-ideal octahedra depending upon the: relative sizes
of A, B and X ions. The wide variety of properties exhibited by the perovskite
family can be explained on the basis of this deviation of symmetry of octahedra.
Such “off-centering” of ions give electrical polarity, called spontaneous
polarization, to the perovskite crystals. Moreover, the direction of this polarization
can be changed simply by subjecting to an electric field. Such materials, that have
reversible spontaneous polarization are known as ferroelectrics and find extensive

application in electronic devices [6]. The octahedral deviations from the ideal



structure and their relation to physical properties have been extensively studied

and can be found in literature {4,5,7,8].

There are fairly a large number of compounds with the ideal perovskite
structure [9-14]. In the perovskite structure, A and B sites can accommodate two
or more cations, either homovalent or aliovalent, maintaining the electrical
neutrality of the crystal. Such compounds are called Complex perovskites,
represented by (A, A”)(B, B’)O,. Here the substituted cations can either randomly
or orderly occupy the A and B sites. In the random case, the substituting cations
occupy the particular A or B sites of the crystal at random. Whereas, in other
ordered crystal, the substituting cations occupy the A or B site in an ordered
manner. In the case of two different cations, B and B’, occupying the octahedral
sites, the ordering of the two cations (B and B’) at the octahedral sites leads to the
formation of a superstructure which in turn leads to the multiplying of the basic
unit cell. The ordering of the B and B’ cations at the octahedral position means; B
and B’ cations strictly fill alternate octahedral positions through out the structure.
The ordering of cations at the octahedral positions and the order-disorder
transitions in complex perovskite structure as a function of annealing conditions
are extensively studied and can be found in literature [15-20]. Similarly the
ordering of A sites can also leads to the formation of superstructures. The ordering
of the B site at A;BB’Og compound and the A site of AA’B,04 compound have
been extensively investigated by different groups [9-10,15-19, 21-22].

1.3 High temperature superconductors:
1.3.1 Superconductivity

Superconductivity was discovered in 1911 by a Dutch Physicist, H.
Kammerlingh Onnes at the University of Lieden while he was studying the



electrical properties of metal at liquid helium temperature (4 K). He found that the
electrical resistance of a rod of frozen mercury suddenly dropped to an
immeasurably small value when the temperature was at 4.2 K and because of its
extraordinary electrical properties, Onnes called this new state as superconductive
state, Superconductors have four important characteristics [23], namely, zero
resistivity, Miessner effect, Josephson effect and quantization of magnetic field.
Zero resistivity means, a material in its superconducting stage offers no resistance
to the flow of direct electric current or in other words superconductor is a perfect
electrical conductor. Meissner effect: a superconductor will expel magnetic flux
from its interior by an internally induced magnetic field. Thus a superconductor in
a weak magnetic field will act as a perfect diamagnet. Josephson effect is the
remarkable electrical property associated with the tunneling of superconducting
electron pairs from a superconductor through a thin layer of an insulator in to
another superconductor. Quantization of magnetic filed: the total magnetic flux
that passes through a superconducting ring may assume only quantized value,
integral multiples of the flux quantum hc/q, where q = -2e , the charge of an
electron pair. The first two properties are related to electric power application and
the last two properties are related to microelectronic applications. In addition,
superconductors have three critical parameters [23]. Critical temperature (Tc),
critical magnetic field (Hc) and critical current density (Jc). Critical temperature is
defined as the temperature at which a specimen undergoes a transition from a state
of normal electrical resistivity to the superconducting state. The value of the
applied magnetic field that destroys superconductivity is called the critical
magnetic field and is a function of temperature. The critical current density is the
critical value of current that the superconductor can support without destroying the

superconductivity and is a function of temperature and applied magnetic field. In



the years from 1911 to 1986 several hundred materials were found to be
superconducting at sufficiently low temperatures. However, the highest Tc

achieved in this period was 23K in Nb;Ge, an intermetallic compound [24}.

1.3.2 Evolution of high temperature superconductivity

In 1986, J. G. Bednorz and K. A. Muller, both from IBM laboratory in
Zurich, found superconductivity at 30 K in La, Ba,CuQO,, which is a mixed oxide
of lanthanum, barium and copper [25]. Though the transition temperature of this
compound was not much higher than that was known for the best intermetallic
superconductor (23 K), it was a completely different type of material and opened
the way for all the subsequent work on high temperature superconductors. This
discovery was confirmed by several groups as due to La,,Ba,CuQO4 phase with
layered K;NiF, type crystal structure [26, 27] and evoked a worldwide search for
new materials with higher Tc values. It was soon found that the substitution of
strontium for barium in La-Ba-Cu-O compound raised Tc ~ 40K [28, 29). Since
the discovery of superconductivity in the cuprates of K,NiF, structure, many other
cuprates with higher Tcs have been discovered, and all of them possess two-
dimensional Cu-O sheets as an essential feature {24]. In December 1986, Paui
Chu’s group at university of Houston found T onset of 52.5 K for La-Ba-Cu-O
compound under high pressure [30, 31]. In 1987, Paul Chu and M. K. Wu at the
University of Alabama had found that a new perovskite ceramic compound,
Yttrium-Barium-Copper-Oxide superconducts with a T¢c of 92 K [32]. For the first
time in history, superconductivity above boiling point of liquid nitrogen was
discovered, representing one of the greatest triumphs of scientific endeavor.
Several groups [33-39] confirmed this discovery. Although the structure and

composition of this cuprate were not known initially, it was soon found that it had
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the composition with oxygen deficient orthorhombic perovskite structure [40-43].
It was soon found that other rare earth cuprates of the general formula
LnBa,Cu;0; (Ln = Rare Rarth) are also orthorhombic and superconducting with
Tes around 90K, except when Ln = La, Pr, Ce or Tb [44-47]. LnBa,Cu30;
compounds are often called ‘123’ cuprates because the three metal ions are in the
ratio 1:2:3. In 1987 itself Michel et al [48] substituted Bi for La in the original
Bednorz and Muller formula and isolated a compound with formula
Bi,Sr,Cu07,s which superconduct with a maximum Tc of 22 K. Following this
report, bismuth cuprates of the general formula Biy(Sr,Ca),.;CuyOzp+s were
discovered in 1988 with Tc values of 85 K and 110 K respectively forn =2 and n
= 3 phases [49, 50]. The n = 3 phase has three sets of nearby CuO; planes and has
the highest Tc for this series of materials. This is the point in history when it was
realized that higher Tc values were more likely in compounds with a larger
number of CuQ, planes in proximity. In contrast to this, superconductors with
infinite layer structures where CuQO, planes are separated by Sr, Ca, Nd or La
atoms were synthesized with Tc in the range 40-120 K [51-54]. The replacement
of Bi by Tl and Sr by Ba in Biy(SrCa),Cu,Ozs yielded a similar set of
compounds with general formula T1,Ba,Ca,_;Cu,O with Tc values of 80, 110 and
125 K respectively for n = 1, 2 and 3 [55-57]. The thallium based materials had as
their distinguishing characteristic of very high superconducting transition
temperature, holding the record for a very long time and crossed barrier of boiling
point of liquefied natural gas (120K). In 1993, Putlin [58] and co-workers
reported about the synthesis of the first Hg based superconductor HgBa,CuQ, with
Tc = 94 K. The mercury cuprates HgBa,Cu,.;Cu,0,,, have a structure derived
from that of the thallium cuprates TIBa,Ca, ;Cu,O,:3. The second number of this
series with n =2 has a Tc of 120 K [59]. The third member of this series with n =3



Table 1.1: T¢ and Crystal structure of some Copper Oxide Superconductors

Material Te (K) Structure
La,.,.Ba,CuOy; 30 Tetragonal
La,  Sr,CuOy.s 40 »
YBa,Cuz075 92 Orthorhombic
REBa;Cu307.5 (RE = rare-earth except Ce, Pr and Tb) ~92 ?
YRBa;CuyOqg 92 Tetragonal
Bi,;Sr,CuQy 17 Orthorhombic
Bi;Sr,CaCu,0g 85 ”
Bi;Sr;CarCuz 0 110 ”
TI,Ba,CuQy 20 Tetragonal
Tl,Ba;CayCusOy 125 ?
TIBa,CaCu,01.5 80 »
T1Ba,Ca,CusOqys 110 ”
TiBa,Ca;CuyOyy.5 122 ”
Ti,BayCaCu,;Og.s 110 7
ThL,Ba,Ca,Cuy0105 125 »
TLBayCa;CuyOr245 105 ”
HgBa,CuOs,; 94 ”
HgBayCaCu,O7.5 104 ”
HgBa,CayCuiOgys 135 ”
HgBa,Ca;CusOqp45 105 ”
HgBa;CayCus04.5 105 »
HgBa,CasCugOx 95 ”
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having a Tc of 134 K [60] at ambient pressure is currently the high Tc record
holder. The Tc value of this material reaches to 164 K, when measured at high
pressure and is not too far from the lowest temperature recorded on earth (183 K)
[24]. The details of some of the important superconductors are summarized in

Table 1.1. Figure 1.2 shows the evolution of high temperature superconductivity
since its discovery in 1911 [24].

160 ~
Ang. 1993
{under pressure)
140 | ig-Ba-Ca-Cu-O
Apr. 1993
Ti-Ba-Ca-Cu-0 Feb. 1938
120 +
b Bi-Sr-Ca-Cu-0 Jan, 1988
100 I
¥-Ba-Cu-0 1,J Feb. 1987
£ g0 | Liquid N,
%
[.-1
60
Jan. 1987
. 4 funider pressure)
Dec. 1936
40 > Dec. 1986
Apr. 1986
| Liquid Ne . Lo-Sr-Cu-G
. Ni,Ge
qumd H, N])-Al-Gc 1
0§ S 4
[
NLO V_\Si % La-Ba-Cu-0
b Nb : Jan. 1986
Hg 15386
[} | L — N 1 3 1 x 1 . ]
1910 1930 1950 1970 1990 2010

Figure 1.2: The evolution of superconductive transition temperature since its
discovery in 1911
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1.3.4 The Yttrium Barium Copper Oxide superconductor

Superconductivity above liquid nitrogen temperature in a mixed oxide of
yttrium, barium and copper was confirmed by several groups [33-39] after its
discovery by Wu er al [32] and the phase responsible was identified as
YBa;Cu30;.5 (YBCO). This is the most widely studied material among the Y-Ba-
Cu-O system. YBCO has an oxygen deficient perovskite crystal structure as
established by powder X-ray [40-43] and neutron diffraction studies [61-65] as
well as using single crystals [66-70] studies. Two principal varieties of YBCO
have been recognized. Several workers had recognized that YBCO crystallizes as
tetragonal at high temperatures, but converts to an orthorhombic form by oxygen
ordering on cooling [66, 71, 72]. The structure of the orthorhombic and tetragonal
phases of YBCQO is shown in figure 1.3.

(a) (b)

Figure 1.3: The structure of (a) orthorhombic and (b) tetragonal phase of
YBa;Cu307_5
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The tetragonal phase is semiconductive and the orthorhombic phase is
superconductive. The structure of superconducting YBCO derives from the
stoichiometric perovskite by the tripling of the basic perovskite unit cell along the
c-axis, with two inequivalent Cu planes, labeled Cul and Cu2, sandwiched
between Ba-planes and Y-planes for Cu2 and the removal of oxygen from the Cu-
plane and the Cul-plane [73)]. Thus the structure consists of triple layers of comer
sharing polyhedra, parallel to (001), whose cohesion is provided by planes of
yttrium and barjum cations [24,73]. The structure is therefore often described as an
association of Cu-O chains and pyramidal copper and oxygen layers. Besides the
CuO; sheets, the superconducting phase contains Cu-O-Cu chains (or corner
linked CuOQy4 units) which are absent in the non-superconducting sample [74, 75].
The valance of Cu in YBa,Cu;307 is 2.33 and if no oxygen were removed the
formal valence of Cu™ would be n = 3. The structure has two CuO; sheets in the
a-b plane and Cu-O chains along the b-axis. The two dimensional character of this
structure associated with the mixed valence of Cu is often proposed as the origin

of the high temperature superconductivity in this material [24, 73).

~ The superconductivity in YBa,Cu;075 is extremely sensitive to oxygen
stoichiometry [40,76-80]. The structure is orthorhombic if 8 < 0.15 and becomes
tetragonal as & > 0.5. Structures of the orthorhombic and tetragonal phases differ
in an interesting manner. Oxygen is readily intercalated in the 8 > 0.5 sample and
the stoichiometry reaches close to YBa,Cu3;O; on intercalation. The variation of
Tec of YBCO with oxygen stoichiometry is shown in figure 1. 4. The Tc¢ is
maximized by reducing & to 0.1 and obtaining a fully orthorhombic phase. In both
the orthorhombic and tetragonal phases, oxygen sites in the Y plane are vacant,
leaving Cu2 five fold coordinated. In the ideal orthorhombic phase, in the Cul
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plane, the O4 and OS sites are occupied differently. As 8 — 0 the 04 sites are

occupied along the b-axis and the similar OS5 sites are vacant alon g the a-axis,

100 - L T T

80t

60

Tc (K)

40t

20}

0 :

-

6.0 6.2 6.4 6.6 6.8 7.0

Oxygen stoichiometry

Figure 1.4: The variation of T¢ with oxygen stoichiometry for YBa,Cu;07.;.

giving b-axis Cul-O4 chains. In the tetragonal phase YBa,Cu;O¢ phase both 04
and OS5 sites are vacant. The structural transformations and the associated
superconducting properties depending on the oxygen content of YBCO have been
reported by several groups [81-85]. Superconductivity of YBCO samples is
greatly degraded by the interaction with water and humid air {86-88]. The lattice
parameters of the orthorhombic YBCO is a= 3.8231 A, b =3.8864 A, ¢ =11.6807
A and the values of lattice parameter depends on the annealing conditions|[89].
YBCO is a type II superconductor with upper and lower critical fields are 1T and
120 T respectively. The studies of YBCO single crystals showed marked

anisotropic behavior in resistivity [88], magnetic susceptibility [90)], critical
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magnetic field [90] and critical current density [91, 92]. Some of the important

properties of YBCO superconductor are summarized in Table 1.2.

Table 1.2: Physical Properties of YBa;Cu;075 superconductor

Structure : Orthorhombic perovskite

Lattice parameters (3) : a=3.8231, b=3.8864, c = 11.6807
Theoretical density (g/cc) : 6.374

Thermal expansivity (K™ ¢ 11.5x10-6

Specific heat capacity (Jkg” K'") : 431
Thermal conductivity (W m'K) : 2.4x107
Hall carrier density (cm™) : 4x10* (for a material of

resistivity 400 mohms just above Tc)
Less coherence length (nm) : 1.4

London Penetration depth (nm) : 200

Mean free path (nm) ;1.2
Tc(0) (K) 1 92
Hel(0) (T) 1
He2(0) (T) 1120
Absolute thermoelectric
power (WVK) 3
TC at 77K and zerofield : 10° - 10* AJem? (bulk)

Je at 77K and zero field : 10107 A/om® (epitaxial thin film)
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Considerable studies have been made on the substitution of different ions
for all the four ions in YBCO superconductor. As mentioned earlier, the
substitution of Y by any rare earth other than those of Ce, Pr and Tb show no
substantial variation in Tc [44-47]. But there are reports that thin films of
PrBa,Cu;0; pseudomorphically grown on YBCO single crystals are
superconducting with Tc ~ 90K [93, 94]. The partial substitution of barium by
strontium or calcium shows a depression in Tc [95, 96]. The Cu ion in
YBa,Cu;0; have been partly replaced by Zn, Fe, Ni, Co, Zr etc, usually
accompanied by a drastic lowering of Tc [97-101]. Although 123 cuprates are
generally orthorhembic, tetragonal superconducting compositions have been
prepared, when Fe, Co or Ga partly substitutes Cu [81-85]. The tetragonal
cuprates generally exhibit orthorhombic microdomains. The partial substitution of
oxygen by sulfur showed no change in Tc and it is reported that this has resulted in
sharper transition [102]. Meanwhile, the partial substitution of Cl for O showed a
depression in Tc [102]. There were reports that the partial substitution of O by F
enhanced Tc (~ 150K) but there was no confirmation of this result afterwards
[103, 104]. Another stable phase in the Y-Ba-Cu-O system is YBa;Cu O3 (124)
which was found to be superconducting with a T¢ ~ 90K [105].

1.3.4 Bismuth Strontium Calcium Copper Oxide Superconductor

Michel et al [48] reported the existence of superconductivity when Bi was
substituted for La in the La-Sr-Cu-O system and isolated a compound with
formula Bi;Sr,CuQ;, swith a midpoint transition between 7-22K. But this
discovery did not attract much attention at that time because of its low value of T¢.
Bismuth based superconductor gained attraction when superconductivity above
liquid nitrogen was reported by Maeda ez al [106] and later by Chu er al [49-50].
They found that the addition of Ca to this ternary led to the discovery of bulk
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superconductivity at 85 K and evidence for superconductivity at 110K in the
Bi-Sr-Ca-Cu-O system. Till then there have been many publications detailing the
existence of superconductivity at 110K and discussing the structure of the
compound containing Bi-Sr-Ca-Cu-O [51-53, 107]). The phases present in the
Bi-Sr-Ca-Cu-O system is often represented by a general formula Bi,;Sr,Cu,,1Cu, O,
with n = 1, 2 and 3. Thé first member of this series Ba,SryCuQ, [Bi (2201] has a
Tc = 7-22 K depends on the Bi-Sr ratio. It had an orthorhombic symmetry with a
=532 A,b=26.6 A and ¢ = 48.8 A and is obtained by reacting Bi,O3, SrO, and
CuO powder in a quartz tube at 870°C for 15 h. The crystal structure of Bi (2201)
is shown in figure 1. 5(a). The second member of the series with n = 2,
Bi;Sr,CaCu, O, , (Bi-2212) had a Tc = 85K and is the most extensively studied
superconductor among Bi-based superconductors. The synthesis of this material
through the conventional solid state route is rather cumbersome because in most
cases the powder obtained according to the nominal stoichiometry Bi,Sr,CaCu,O,
is not single-phase [108). However, a single-phase material is obtained by firing a
mixture of oxides and carbonates in the nominal composition of Bi;Sr;Ca;CusOy
at 850°C for two days [101, 109]. Liu et al [110] reported the synthesis of the n=2
phase by rapid calcination and post annealing. In their study, homogeneous
semiconducting Bi;Sr,CuQg¢ precursor was obtained by heating at 1200°C under
argon atmosphere for 10 seconds and the subsequent annealing at 860°C for 16 h
transformed it in to superconducting Bi,Sr;CaCu,O, compound. It has been
pointed out by Karbarz et al [111] that the phase purity of the solid state
synthesized powder can be increased by either hyperbaric or hypobaric condition.
Tallon et al [112] reported an increase in Tc¢ of Bi (2212) from 80 K to 91 K
produced simply by quenching and was confirmed by Almond et al [113]. This
increase is sufficient to place Bi (2212) in direct competition with YBCO, which



17

has a similar Tc but which requires a very different and more exacting heat
treatment. The crystal structure of the Bi (2212) was studied quite extensively
using single crystals and using high resolution lattice imaging as well as electron
X-ray and neutron diffraction techniques [50, 114-117]. The crystal structure of
Bi (2212) is shown in figure 1.5(b). The structure was refined as an orthorhombic
cell with lattice parameters a=5.411 A, b =5.418 A and ¢ = 30.89 A with Fmmm
symmetry [118]. The crystal structure of Bi(2212) consists of intergrowths with

(b)
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Figurel.5: Crystal structure diagram of Bi-cuprate superconductors
(a) Bile’zCUOs ’ (b) Bile’zC&Cll207, (C) BizerCa2Cu3Ow
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perovskite like units containing two CuQ, planes sandwiched between Bi-O
bilayers. The perovskite unit in it is remarkably similar to that in 123 compounds.
The Ca and Sr cations play the same role as the Y and Ba cations in the 123
compound. The linear chains in the 123 structure are replaced by the Bi-O layers;
proving that linear chains are not essential for high Tc superconductivity. Weak
bonding between Bi-O bilayers resulted in easy cleavage [119]. Bi (2212) is a type

two superconductor,

The highest Tc phase in the BiySrCa,Cu0, series, BiSrCayCusO,
[Bi (2223)] with n= 3 having a Tc of 110 K, is extremely difficult to prepare in its pure
form since it is generally intergrown with the lower Tc phase corresponding to n = 2
and n = 3 [24]. Initial efforts to synthesize the Bi (2223) phase by sintering the nominal
stoichiometric mixtures of oxides and carbonates at 850°C led to the formation of Bi
(2212) as majority phase and Bi (2223) component was only a minority [120].
However, the volume fraction of Bi (2223) can be increased by heating the reaction
mixture at 880°C, ie just below the melting temperature which suggest that the kinetics
of the formation of Bi (2223) phase is closely related to the melting characteristics of
the multi component mixture [120]. Numerous investigators have reported that the
incorporation of Pb in the Bi-Sr-Ca-Cu-O system coupled with a prolonged sintering
for more than a week increases the volume fraction of Bi (2223) [121-126]. The only
single phase Bi (2223) samples reported so far have all been made by incorporation of -
Pb which appears to enhance the long-range diffusion of Ca and Cu, since the addition
of Pb lowers the melting point of the mixture, thus accelerating the formation of Bi
(2223) phase. A large number of non-conventional techniques have been proposed
for the synthesis of phase pure Bi (2223) {127-131]. The structure of the
compound was studied extensively using X-ray, electron and neutron diffraction

[109, 116, 124, 132-135] and was reviewed extensively [120, 136, 137]. Bi (2223)



19

has an orthorhombic symmetry with a = 5.420 3, b = 54113, ¢=37.2903. The
crystal structure of Bi (2223) is shown in figure 1. 5(c). Bi-2223 is a type II

superconductor.

1.3.5 Thallium Barium Calcium Copper Oxide Superconductors:

The replacement of bismuth by thallium and strontium by barium in the
Bi-Sr-Ca-Cu-O system given a similar set of superconducting compounds with
general formula Tl;Ba,Ca,_;Cu,0;,.4 [55-57]. Sheng and Herman [138] discovered
superconductivity in Tl-Ba-Cu-O system with a T¢ above 77 K. They raised the T¢
further by adding Ca to the above system and got a T onset of ~120 K [55]. Two
superconducting phases were identified in Sheng and Herman’s sample by Hazen
et al [57] Tl;Ba,CaCu,;0g45 [TI(2212)]and Tl;Ba,CayCuzOyges [T1(2223)]. Then
Parkin er al [139] changed the processing conditions to greatly increase the
amount of Tl (2223) and produced a T¢ of 125 K. Later different superconducting
compounds with the formula TIBayCa, ;Cu,Osn+4 were discovered and this series
has no Bi - analogue [140]. In the case of Tl,Ba;Ca,.;Cu,0,414 series, the structure
consists of perovskite like units containing one, two or three CuQ; planes
separated by TI1-O bilayers for n = 1, 2 and 3 respectively. But in the case of
TIBa,;Ca,,. 1 Cu,Os44 series, the structure consists of perovskite like units containing
one, two or three CuQ; planes separated by TI-O monolayers for n = 1, 2 and 3
respectively. All the thallium compunds have tetragonal structure at room
temperature. The thallium compounds with TI-O monolayers have primitive
tetragonal cells where as the oxides with TI-O bilayers have body centered
tetragonal cells. The crystal structure of TIBa,CuOs, TIBa,CaCu,05,
TIBa,Ca;Cu;304 are shown in figure 1. 6.
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Figure 1.6: Crystal structure diagram of (a) T (1201), (b) 1212 (¢) 1223

1.3.6 Mercury Barium Calcium Copper Oxide Superconductor

The replacement of T1 by Hg in TIBa,Cay,.1Cu,Ozn44 series yielded a similar
set of compounds with formula HgBayCay \CunOanes With higher T values than
their T! counterparts. In 1993 Putlin er @/ [58] reported the discovery of
superconductivity in HgBa;CuO4s with a Tc of 94 K. Later the existence of
superconductivity above 130 K was reported in a multiphase compound of Hg-Ba-
Ca-Cu-O system [60]. Single phase HgBa;Ca;Cu;Ogs was subsequently
synthesized and found to be superconducting at a record temperature of 135 K
[141]. Due to the high volatility of the mercury compounds, the synthesis of single
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phase Hg based superconductor is difficult. The problem was overcome by high-
pressure technique [142, 143]. The synthesis of single phase Hg-1223 by reaction
sintering under high pressure and high temperature was reported by Hirabayashi et
al (142, 143]. In this technique a precursor with the required composition of Ba,
Ca and Cu was calcined and an appropriate amount of HgO is added to it. For the
high-pressure synthesis, this mixture was sealed in an Au capsule and heated
under a pressure of 5 GPa. The Tc¢ value of this material reaches to 164 K, when
measured at high pressure and is not too far from the lowest temperature recorded

on earth {24].

1.4. High Temperature Superconducting Films

Soon after the discovery of high temperature superconductivity above
liquid nitrogen in ceramic oxides, the immediate application of these new
generation materials were realized to be in the form of thick and thin films [144,
145]. For practical applications, high critical current densities are required which
are attainable in high quality films of high T superconductors [146-150]. In order
to obtain high quality films of these materials, the selection of a suitable substrate
and optimization of processing conditions are crucial. The research in the
preparation of high quality films has been motivated by the possibilities of using
~these high Tc superconducting materials in various microelectronic devices like
low loss microwave resonators and filters, bolometers, delay lines, flux
transformers, magnetic shields, dc and r-f superconducting quantum interference
devices, and various other superconducting two and three terminal devices {150].
High temperature superconducting films are also potentially suited to give an
insight into the fundamental mechanisms governing high temperature
superconductivity [150]. It is difficult to produce high quality films of these

materials because of the sheer complexity, high anisotropic nature, close tolerance



22

of the composition required and the high processing temperature which make the
chemical compatibility requirement of the substrate with the film more severe.
Also the oxygen atmosphere required in the case of in situ growth of YBCO thin
films imposes additional constraints for the preparation of films, as oxygen is
incompatible with many aspects of traditional thin film growth methods,

especially the substrate heating necessary for producing superconducting film.

High temperature superconductors offer a large number of constraints for
the realization of high quality reproducible films. A major contributor to the
difficulties that arise is the sheer complexity of the materials. All of the HTS
compounds are composed of a minimum of four elements that must be deposited
within a close tolerance of the correct ratio in order to obtain optimized films.
Each high Tc material contains oxygen, an element that is incompatible with many
aspects of thin film growth methods, especially the substrate heating is necessary
for in situ annealed films, which reacts with hot filaments for evaporators. The
role of oxygen is also critical in determining the properties of various film
imperfections such as grain boundaries. Most of the materials are highly reactive,
leading to unwanted chemical reactions that makes severe deviations from
chemical purity of the films. Therefore, the selection of a suitable substrate is one
of the issues that present particular challenges in the case of high temperature

superconducting materials.

1.4.1 Superconducting Thick Films

The term thick film relates not so much to thickness of the film but to the
method of deposition of the film [148]. Thick films are very complex non-
equilibrium systems having physical properties that intimately related to their

microstructure, which in turn is determined by the combination of material



23

properties and processing conditions. Thick film technology involves two main
steps, (a) the deposition of the film of the required material in the desired pattern
on to a substrate by common coating methods such as screen printing, spin
coating, dip coating, spray pyrolysis, paint-on method etc. and (b) the subsequent
drying followed by firing at a higher temperature to produce films of about 3 to 50
microns thick. The final electrical properties of the films depend on the material
properties of the ink (homogeneous mixture consisting of the material to be coated
with suitable solvents and polymers) ingredients and the substrate as well as the
deposition process and time-temperature-atmosphere conditions during firing
[148]. Thick films are ex-situ annealed films and the important requirement for
good high Tc superconducting (HTS) film is the adherence to the substrate and its
superconducting properties. The later are governed by the alignment and size of
the superconducting grains, the presence of secondary phases and the intragrain
connectivity. In order to achieve good adherence, partial melting of the high
temperature superconducting materials is almost essential. One of the difficulties
which come across during the preparation of high temperature superconducting
thick film is the deposition of superconductor and its enhanced reaction with the
substrate due to the partial melting of the superconductor at the processing

temperature,

Thick films offer many advantages over thin films in certain applications.
First, the preparation of thick film is inexpensive when compared with thin films,
which requires expensive and sophisticated instrumentation for their deposition.
Secondly, they cover large areas. Also thick film methods are simple, less costly
and easy to apply. Thick films of HTS materials are of interest for many practical
applications such as substrate wiring and magnetic shielding [151-155]
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A survey of literature shows that considerable amount of work has been
done in the preparation of superconducting YBCO [146-148, 156, 157], Bi (2223)
and Bi (2212){148, 158-161]. In the case of YBCO films developed on Si, SiO,,
and Al,O; yielded poor quality films with low T and J¢ values [148]. The YBCO
thick films developed on MgO had low T values of ~ 80 K but was better than the
films on Si, 8i0;, Al,O; etc.[162]. Bi (2223) and Bi (2212) thick films developed
on Si, Si0,, and Al,O4 shown interdiffusion of ions in the film and the substrate.
The Bi (2223) films developed on MgO substrate always contained both low T¢
and high Tc phases. The deterioration of superconducting properties of the
commonly used conventional superconductors is due to the chemical reactivity
between the substrate and the film at the partial melting temperature. Though a
number of non-conventional substrates are proposed for the growth of
superconducting thin films, the thick film fabrication on them are still a topic of

research [148].

1.4.2 Substrates for high Tc¢ superconducting films

One of the issues that present significant challenges in the case of high Tc
material is the substrate. Substrates play a vital role in determining the properties
of a superconducting film. A number of issues are critical in substrate selection

for high Tc superconducting film and are discussed herewith.

The most important requirement for the selection of any material as a
substrate for high temperature superconductor is the chemical non-reactivity
between the substrate and the superconductor at the processing temperature. This
is true whether or not the film is epitaxial. The constraint is especially severe for
high Tc materials because these materials react with many substrates that

otherwise be good candidates such as buffered Si or Al,O;. However oxide
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materials are more likely to enhance the epitaxial growth of oxide superconductors
than non-oxides because of the oxygen rich atmosphere involved in the film
growth, regardless of the method used. The overriding importance of chemical
compatibility over other substrate requirements in determining the suitability as
substrate for HTSC film growth have been highlighted in many review articles
[149, 150]. Therefore, if the chemical compatibility is poor, any other substrate

requirement becomes irrelevant.

Another important criteria for the selection of a material as substrate for
epitaxial films are the matching of the lattice constant values and thermal
vibration. The epitaxial growth requires a misfit € (¢ =b — a) / a, where ‘a’ and ‘b’
are the in plane lattice constant of substrate and the over grown materials) of not
greater than about 15% [163]. The close lattice match between the substrate and
the film is simply not enough requirements for good epitaxy, but there must also
be a reasonable number of coincidence sites between the substrate material and the
film. Coincidence sites are atomic positions, preferably with same or similar
atomic sizes and values that coincide on either side of the interface. Thus for good
epitaxy, the film and the substrate should have the same crystal structure. Since
the epitaxial growth takes place at high temperature, the difference between the
thermal expansion coefficient between the substrate and the film must be as
minimum as possible. Since all the high Tc materials are brittle ceramic, the
cracking in the film occurs if the thermal mismatch is higher. This leads to the
deterioration of superconducting properties like Tc and Jc. For substrate
applications the high thermal conductivity of the material is considered as an
additional advantage [164].

A substrate must be thermodynamically stable within the temperature range

required to grow and process the film. A phase transition within this range can
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have significant effects on the surface quality of the substrates which leads to film
cracks and deterioration of superconducting properties of the film. A phase
transition within this region can have dramatic effects on the surface quality of the
substrate and on the stresses the film must undergo. If a phase transition is
inevitable, it should be as minor as possible, ie second order with no discontinuous

volume change and minimal structural change {149, 150].

The quality of the surface is another important property of a substrate since
it is here that the film substrate interaction occurs. An atomically flat surface is
required to grow a uniform and homogeneous film. A large number of parameters
can adversely affect the surface properties of the substrate such as crystal defects,
polishing scratches, non-uniform sinterability of the sample, secondary phases,
surface warp and cracks etc. The surface smoothness is important for a number of
reasons, for example, in some cases scratches or crystallographic steps may
influence the orientation of a crystal film as well as its over all microstructure. So
an ideal surface would have a flat, dense, and free of twins and other structural

inhomogeneties.

In the case of device application of high Tc superconducting films, another
important requirement is that the substrate should have low dielectric constant and
loss factor. This requirement is more severe in the case of microwave
applications. The desired vahie of dielectric constant is related to the length of the
electromagnetic wave in the substrate material and the microwave circuit
fabrication tolerances. In order to avoid destruction of the electromagnetic stability
of the circuit, the substrate thickness as well as the width of the coplanar lines
should be sufficiently less than the wavelength [164]. By increasing the operating

frequency one reduces the maximum of the allowed substrate thickness and line
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width. However, the substrate thickness cannot be reduced to less than 0.3 to 0.5
mm without compromising much on its mechanical strength.  This imposes
restriction on the values of dielectric constant of the substrate material and
extremely high value of dielectric constant and loss factor rule out their
application as substrate for microwave applications [164]. Also in the case of
microwave applications, where the dielectric constant of the substrate have
important effect on device performance, existence of twinning transition in the
processing temperature range is unacceptable as it precludes device modeling
[165]. For the most of the device applications requires last area single crystal
substrates. Oxide ceramic materials are usually grown as single crystals by melt
growth techniques and this require that the substrate material should melt

congruently making it possible to grow them as single crystals from melt.

Many commercially available substrates such as Si, Si0,, Al,O; react with
both YBCO and BiSCCO superconductors at the processing temperatures thereby
degrading the transition temperature of the film severely [166-168]. Though Al,O;
combines outstanding dielectric properties, high mechanical strength and
commercial availability in high quality twin free large diameter single crystals, the
reaction between Al,Oj restricts its use as substrate for YBCO and BiSCCO
superconductors[150,164,168-170]. MgO is the widely used substrate for YBCO
and Bi (2223) films in light of its readily availability as large area single crystals
and its modest dielectric properties [150,164]. However in the case of YBCO,
MgO forms an interlayer of barium sait at the YBCO-MgO interface if the
processing temperature is greater than 700°C and reduces the superconducting
transition temperature of the film drastically [168,171]. Also Bi (2223) films
developed on MgO substrate always contained both the low Tc Bi (2212) and high
Tc Bi (2223) phases[172,173]. SrTiO; is another substrate material used for both
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BiSCCO and YBCO superconductors but its high dielectric constant restricts their
use at microwave frequencies in addition to its unavailability in reasonable
sizes[149,150,174). LaAlO; is also a chemically compatible substrate but it has a
phase transition in the film processing regime (800K) and its dielectric constant
vary from point to point in a manner that cannot be controlled or predicated [149,
150]). LaGaO,, was identified as a potential substrate material, its lattice and
thermal expansion match are quite good and have attractive dielectric properties.
However it has one serious drawback that this material has a first order phase
transition at 420 K [149,150,174]. Table 1.3 summarizes the list of substrate
materials proposed for the growth of superconducting films and their

characteristics.

Recently, a group of complex perovskite ceramic oxide with the general
formula Ba,REMOg (RE = Rare-Earth, M = Nb, Sn, Sb and Hf) have been
proposed as potential substrate for YBCO and BiSCCO superconductors [175-
184). Work on these materials are going on in regard to their single crystal growth
and growth of high quality superconducting film. Progress in the identification of
and utilization of substrate materials has been substantial, but less impressive than
the progress in the films themselves. Considerable work is needed, since some of
the remaining problems in the films are certainly connected with the lack of a

suitable substrate.



Table 1.3: Summary of substrate state-of-art
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Material Structure Lattice o Tan & Tc Jc Chemical
constant (K) A/ em? compati-
(1) (77K) bility
MgO Fce 420 9.65 5x10% [ 90 | 35x10° NO
(100K, 300 GHz)
ALO; Hexagonal 9.34 3Ix10° [ 85| 1x10° »
(77K, 5GHz) | 88
SrTi0; Cubic 3.905 277 6x 107 90 5x10° ”
perovskite (100K, 300 GHz)
LaGaQ; | Orthorhombic [ A=5519 | 25 6x10~ 90 | 2.3x10° ”
perovskite B=5.494 (100K, 300 GHz)
C=17.770
LaAlO; Cubic 5.337 24 3x10° 90 5% 10° »
perovskite (77K, 5 GHz)
NdGaQ; | Orthorhombic | A=5.417 | 20 3x107 89 2x 10° ”
perovskite B=5.499 (77K, 5GHz)
C=1.717
NdAIO, Orthorhombic 17 89, 3x10° »
perovskite 7
YAIO, Orthorhombic | A=3.662 [ 16 7.3x10° 91 7.2x10° »
perovskite | B=3.768 (300K, 10 GHz)
C=3.685
PrGaQ; | Orthorhombic | A=5.462 | 24 3.6x107 90 ”
perovskite B=5.493 (300K, 1 KHz)
_ C=7.740
YSZ Cubic fluorite 25 8x107 92 5x10° not severe
: (100K, 300GHz)
CaNdAIQ, K,NiF, A=369 ! 19 1x10* 88 1x10° no
C=12.15 (77K, 5GHz)
CaYAlO, K,NiF, A=3648{ 20 4x10° 86 2x10° »
C=11.89 77K, 5 GHz)
LaSrAlO, K,NiF, A=37541 17 5x107 90 | 2-3x10° "
C=11.26 (100K, 8 GHz)
LaSrGaO, K,NiF, A=38 | 22 5%x107 91 3.5x10° »
_ . C=12.67 800K, 8 GHz
MgAlLO, Spinal 8.083 12 5x10™ 77 ”

(100K, 5 GHz)
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1.5. Nanostructured Materials

One of the very basic results in physics and chemistry of solids is the
insight that most properties of a solid depends on the microstructure, i.e., the
chemical composition, the arrangement of the atoms and the size of the solid in
one, two and three dimensions. If one changes one or several of these parameters,
the properties of the solid vary. When the size of the solid is reduced in a
considerably smaller scale, while maintaining the chemical composition and the
arrangement of atoms, the properties of the solid modify dramatically. Those
solids which contain high density of defects such as point defects, dislocations,
grain boundaries, interface boundaries etc. and the distance between the
neighboring defects approach to interatomic distance, are known as nanostructured
materials or -synonymously- nanophase, nanoparticles, and nanocrystalline-
materials [185, 186]. Alternatively, nanostructured materials are materials with a
microstructure, the characteristic length of which is of the order of a few

nanometers.

Nanostructured materials have become one of the most active research
fields in the area of solid state physics, chemistry and engineering. There are
several reasons for it. One is the need to fabricate new materials on an ever-finer
scale to continue decreasing the cost and speed of information transmission and
storage [187]. Another is that, because of the very fine grain sizes, nanocrystalline
materials exhibit a variety of properties that are different and often considerably
improved in comparison with those of conventional polycrystalline coarse-grained
materials [187]. The potential importance of these new generation materials in
industry is cited in many recent review articles[185-186,188-192]. The properties

of nanostructured materials deviates from those of coarse grained poly crystals and



31

glasses with same chemical composition. This deviation results from the reduced
size and dimensionality of the nanometer sized crystals as well as from the
numerous interfaces between adjacent crystallites. Nanocrystalline material exhibit
increased strength / hardness [193, 194], enhanced diffusivity [195, 196],
improved ductility / toughness [188], reduced elastic modulus [197, 198], higher
electric resistivity [199, 200], increased specific heat [201, 202], higher thermal
expansion coefficient (188, 192}, lower thermal conductivity [188] and superior
magnetic properties [203, 204] in comparison to conventional coarse grained

materials.

The nanostructured materials are often classified in to the following three
category [185). The first category comprises materials with reduced dimensions in
~ the form of nanomater sized particles, thin wires or thin films that are isolated,
substrate supported or embedded. Chemical Vapour deposition (CVD), Physical
Vapour Deposition (PVD), inert gas condensation, various aerosol techniques,
precipitation from the vapoh: appear to be the techniques most frequently used to
generate this type of microstructure. Well known examples of technological
application of materials whose properties depends on this type of microstructure
are catalysts and semiconductor devices utilizing single or multilayer quantum
well structures [185].

The second category comprises materials in which the nanometer-sized
- microstructure is limited to a thin nanometer sized surface region of a bulk
material. PVD, CVD, ion implantation and laser beam treatments are the most
widely applied procedure to modify the chemical composition or atomic structure
of solid surface on a nanometer scale. Surfaces with enhanced corrosion

resistance, hardness, wear resistance or protective coatings are examples in which



the properties of thin surface layer are improved by means of creating a nanometer
sized microstructure in a thin surface region. An important subgroup of this
category is materials, the surface of which is structured laterally on a nanometer
scale by developing a nanometer sized structural pattern on the free surface.
Patterns of this type may be synthesized by lithography, means of local probes and
surface precipitation processes. Patterns in the form of an array of nanometer sized
islands (e.g. quantum dots) connected by nanometer sized wires are examples of
this type of microstructure. Processes and devices of this type are expected to play
a key role in the production of the next generation of electronic devices such as
highly integrated electronic circuits, terabit memories, single electron transistor,

quantum computers, etc.

The third category comprises of bulk solids with a nanometer sized
microstructure and are assembled of nanometer sized building blocks-mostly
crystallites- as displayed in figure 1.7. These building blocks may differ in their
atomic structure, their crystallographic orientation or chemical composition. In
other words, materials assembled of nanometer sized building blocks are
microstructurally heterogeneous consisting of crystallites and grain boundaries.
Bulk materials with a nanometer sized microstructure are called nanostructured
materials. The synthesis, characterization and processing of such nanostructured
materials are the part of an emerging and rapidly growing field referred to as
nanotechnology. Research and development in this field emphasizes scientific
- discoveries in generation of materials with controlled microstructural
characteristics, research on their processing in.to bulk materials with engineered
properties and technological functions, introduction of new device and concepts

and manufacturing methods.
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Figure 1.7: Two dimensional model of a nanostructured material. The atoms in
the centers of the crystal are indicated in black. The ones in the
boundary core regions are represented as open circle. [185]

In our present study we will focus our attention on the synthesis of a group
of complex perovskite ceramic oxides, with the general formula, Ba,REZrOs s (RE
= Rare Earth) which resulted in our experiments as nanoparticles for better phase

purity, homogeneity and sintering behavior.

1.6  Scope of the present work

It was reported that the addition of ZrQ, in YBCO did not have any
detrimental effect on its superconducting properties [205-209], and this addition
has eliminated the slow cooling and oxygenation steps in the synthesis of YBCO
superconductor. But the addition of ZrO, resulted in the formation of a secondary
phase and was identified as YBa,ZrQOg which coexisted with the YBCO
superconductor even after severe heat treatment conditions. Attempts were made
to synthesize YBa,ZrO4 by the conventional solid state reaction method for its

potential use as substrate for YBCO superconductor, but it was reported that
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YBa,ZrOg4 could not be synthesized as single-phase materials without addition of
CuQ. In this context, studies were carried out to overcome this difficulty by
substituting Y by rare-earth elements and it was found that a group of ceramic
materials with the formula Ba,REZrQss (RE = La, Ce, Eu and Yb) could be
synthesized and sintered as single phase materials through the conventional solid
state route. But when RE = Ho and Er, the system crystallized in to a multiphase
ceramic and it was found that the addition of CuO enhanced the formation of
single phase of these compounds. The Ba,REZrQ; s materials are found to be non-
reacting with high Tc superconducting materials and have favorable dielectric
properties. The suitability of BaREZrOss materials was demonstrated by
developing superconducting films with good superconducting characteristics. In
the present research work, the difficulties with the synthesis of the newly
developed Ba,REZrQs s as well as YBa;ZrOg have been overcame by developing a
modified combustion procedure to obtain them as nanoparticles in a single step
processing by using only a hot plate as the only external heat source. The
experimental details and the results obtained are described in detail in the

following chapters of this thesis.
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CHAPTER II

PREPARATION AND CHARACTERIZATION TECHNIQUES

2.1 Introduction

Powder synthesis is one of the major challenges in the development of
advanced ceramic materials for their various functional and structural
applications. Ceramic industry requires the raw materials as powders and the
quality of these powders has the strongest influence on the structure and
properties of the final ceramic product. The processing of ceramics, both
substrates and high Tc superconductors, involves preparation of high purity
powders as single-phase materials (calcination), compaction of the single-
phase powder in to the desired shape followed by densification and texturing
at high temperatures (sintering). The microstructure and the final properties
of ceramic powders are largely depend on the characteristics of the starting
powders such as the particle size and size distribution, particle shape and
shape distribution, degree of particle agglomeration, chemical composition
and homogeneity [1, 2]. A brief description of the various methods used for
preparation of samples and different techniques used for their
characterization are given in this chapter. However, the specific details

regarding the sample preparation and characterization are described in detail

in the respective chapters.

2.2 Ceramic Processing

The conventional way of advanced ceramic fabrication includes the powder

preparation, shaping and sintering.



2.2.1 Powder Preparation:

In general the powder preparation technique fall in to three categories, viz.,
solid phase synthesis, liquid phase synthesis and gas phase synthesis. The solid
phase synthesis (solid state reaction method) of ceramic oxides employs a series of
mixing, grinding and heating cycles with varying heating schedule. In this method,
the stoichiometric amount of the initial reaction mixture is calcined in a certain
range of temperature for certain time. Calcination processes are endothermic
decomposition reactions in which an oxysalt such as a carbonate, oxide or a
hydroxide decomposes, leaving an oxide as a solid product and liberating a gas [3].
Solid state reaction is a relatively cheap technique for the production of ceramic
oxide powders. The solid state reaction method, though widely used because of its
simplicity, has certain disadvantages. In the case of multicomponent system, the
mixing of the constituent salts or compounds is a very important part in solid state
reaction method and one of the problems associated with the conventional mixing
is that it may not result in sufficient transport of powders which in turn may
prevent a complete solid state reaction during calcination. In the ball milled
powders it is difficult to obtain reproducible uniform distribution of materials
especially when one constituent fraction is present in small amounts. Inadequate
mixing of powders can lead to compositional inhomogeneities, insufficient
stoichiometry control and formation of extraneous phases during high temperature
annealing. The presence of aggregates/agglomerates in calcined materials would
result in high porosity and microstructural coarsening leading to poor sinterability

and inferior physical characteristics [4-6].

In the present study, ceramic materials were synthesized by both solid state
route and combustion process. In the solid state route, stoichiometric amounts of

the reagents, which are oxides and/or carbonates, were thoroughly mixed in an
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agate mortar with acetone as wetting medium for 2 h. The powders were dried in
electric oven at 150°C for 2 to 4 h. The dried mixture was calcined in air at a
desired temperature for ~ 24 h in alumina/platinum crucibles with multiple
grindings, The resulting powder was ground well and the calcination step was
repeated 2 to 3 times. In the present work ceramics materials were also synthesized
as phase pure nanoparticles by using a modified combustion process. In this route
aqueous solution of the constituent ions were prepared by dissolving
stoichiometric amounts of respective nitrates/oxychloride/oxides. These solutions
were mixed together and an equivalent quantity of citric acid was added. The
amount of citric acid was kept at the citric acid to cation ratio unity. The
oxidant/fuel ratio of the system was adjusted by the addition of ammonium
hydroxide and nitric acid. The solution containing the complex precursor at neutral
pH was then heated in a hot plate. Initially the solution boils and on completion of
evaporation the solution turns into a foam. The foam then ignites and the product

of combustion was voluminous and fluffy.

2.2.2 Shaping

Depending on the shape and required characteristics, numerous powder
forming process have been developed. The most commonly used powder shaping
techniques are die pressing, rubber mold pressing, extrusion molding, slip casting
and injection molding [6]. The powder itself consists of solid brittle particles, so it
is difficult to fill the powder in a die by pressure alone. As the pressure is
increased, there is more strain on the compact, and cracks that can cause the
compact to fracture are formed. Therefore, a binder is usually added to enhance
the fluidity of the powder [5]. Polyvinyl alcohol is the commonly used binder for
the forming of oxide ceramics. In the present study, the powders were pressed

uniaxially pressed at a pressure of ~ 350 MPa using a hydraulic press.
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2.2.3 Sintering

Sintering is the most important step during ceramic processing because it is
at this stage that a powder compact is exposed to the maximum temperature. When
a ceramic material is heated, there is a certain temperature at which they begin to
diffuse, and in most cases there is shrinkage resulting in densification. During this
process, the redistribution of matter takesplace in such a way that minimize the
system free energy. Besides densification, many electrical, magnetic, optical and
mechanical properties are determined by the physical and chemical changes during
sintering at high temperature. Characteristics of the starting powder such as
particle size distribution, degree of particle agglomeration, particle shape, shape
distribution, particle aggregates, have a profound influence on densification and
microstructural development [7]. A large number of sintering methods such as
standard pressure sintering, hot pressing, hot isostatic pressing, reaction sintering,
recrystallization sintering, ultra high pressure sintering are frequently employed
[6). In the present study, the sintering of the powder compacts were done in a

programmable furnace in a certain temperature range.

2.3 Preparation of High Tc Superconducting thick films

A number of techniques has been proposed and are in use for the
development of superconducting thick films. They include dip-coating, screen
printing, spray pyrolysis, spin-coating, pain-on etc. All these techniques, in
general, start with the preparation of a homogeneous mixture, known as ink,
consisting of the superconductor powder and an organic vehicle. The vehicle is a
mixture of polymers and solvents. The ink is then coated on the substrate by any of
the above techniques and dried. The coated and subsequently dried coating are
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fired at high temperature in order to sinter the particles in the ink so that a textured

film is obtained.

In the present study, thick films of YBCO, Bi (2212) and Bi (2223)
materials have been produced by dip-coating and melt texturing technique. For
dip-coating, a suspension of the superconducting material was prepared by
thoroughly mixing fine powders of the superconductor with isopropyl alcohol or n-
butanol. For obtaining the film, the polished and cleaned substrate is dipped in the
thick film suspension and the dipping process is repeated until a required thickness
is achieved. The resulting film is then dried in a hot air oven and is subjected to
controlled heat treatment. The actual temperature, time of annealing, rate of

heating and cooling are described in the respective chapters.

2.4 Characterization techniques

The newly developed ceramic materials are crystalline and are dielectrics in
nature. The structures of the materials are studied by x-ray diffraction technique
and their dielectric properties are studied using an impedance analyzer. The
nanoparticulate powders of the newly developed materials were characterized by
differential thermal analysis, thermogravimetric analysis, FT-IR spectroscopy,
BET surface arca measurements, gas adsorption studies, agglomerate size analysis
and high-resolution transmission electron microscopy in addition to powder x-ray
and electron diffraction. Thermal analyses were also carried out on the coarse
grained powders produced through the cﬁnventional solid state route. The
superconducting properties of the superconductor-insulator composites and high
Tc superconducting thick films were carried out by temperature-resistance

measurements using four-probe technique.
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2.4.1. Powder X-ray Diffraction Technigue

Powder x-ray diffraction is one of the most important tools for the
investigation of the structure of matter. This technique had its beginning in 1912
when Von Laue discovered that the crystal diffract x-rays in the same way as the
visible light is diffracted by a diffraction grating. In other words, the crystal acts as
a three-dimensional grating for the x-rays and the manner of the diffraction
revealing the crystal structure of the matter. Later on, other uses were developed
and today the method is applied, not only to the structure determination, but such
diverse problems as chemical analysis, stress measurement, study of phase
equilibria, measurement of particle size, determination of the orientation of one

crystal or the ensemble of orientation in a polycrystalline aggregate [8,9].

The resolving power of any optical instrument limited to diffraction is
proportional to the wavelength of the electromagnetic radiation used and the
diffraction pattern are produced when the wavelength is comparable to the
interatomic spacings in crystals. Radiations of longer wavelength are no longer
diffracted by the periodic lattice of the crystal and that of shorter wavelength is
diffracted through inconveniently smaller angles. x-rays have wavelengths
comparable with the interatomic spacings in crystals. When x-rays of wavelengths
comparable or smaller than the lattice constants are allowed to incident on a
crystal, one or more diffracted beams are observed in directions quite different
from that of incident beam. W. L. Bragg explained the observed angles of
diffracted x-rays from a crystal in which the incident waves are reflected
specularly from parallel planes of atoms in the crystal, with each plane reflecting
the very small fraction of the radiation.
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The diffraction of x-rays by the periodic structure of the crystal lattice is
illustrated in figure 2.1. The horizontal dotted lines represent a parallel crystal
plane with Miller indices (hkl) and W;W; and W3 W, are the wave fronts incident
and scattered by the periodic lattice of the crystal. The scattered waves undergo a
constructive interference when

2dyq $in® = nh M
where dy is the spacing between crystal planes, n is the order of the spectrum and

A is the wave length.

Wy W3

0=~ Q==Q===Q-sQ=n-Qm=-Q==-0==-0

Figure 2.1: Reflection of a plane wave by a set of parallel planes.

For the present study, the powder X-ray diffraction (XRD) patterns were
obtained using a computerized Rigaku Dmax (Japan) diffractometer employing
Nickel filtered CuKo, radiation (A =1.5406 A). The XRD patterns were recorded at
a scan speed of 4°/min at a step scan of 0.01°. Identification of the phases is done

by comparing the d spacings and line strengths of the observed x-ray diffraction
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pattern of the sample with standard reference data. The samples for x-ray
diffractograms were prepared by smearing the finely ground powder on a standard
glass plate provided with a grove.

2.4.2 Differential Thermal Analysis (DTA):

Differential thermal analysis is concemned with the detection of physical or
chemical changes, which may occur when matter is heated. Specifically, DTA
studies the change in absorption or liberation of heat by a sample measured as a
function of the temperature. This change is compared to a reference substance that
has been submitted to the same conditions. The method is especially suited for
studying the structural changes within a solid at elevated temperatures and is
mostly qualitative. For the present study, Differential thermal analysis was carried
out using a Shimadzu DTA-50H unit with alumina as reference material. The
samples were heated in nitrogen atmosphere at a heating rate of 10°C/min from

room temperature to 1300°C. ~20-mg powder is used for each measurement.

2.4.3 Thermogravimetric Analysis (TGA)

Thermogravimerty studies the weight changes takesplace in a sample as the
temperature is gradually raised in a certain rate. Two modes are commonly
employed for thermogravimetric analysis. The first type, dynamic
thermogravimetry subjects a sample to a continuous increase in temperature,
usually linear with time. The second type, isothermal thermogravimetry subjects a
sample to a constant temperature for a long time and the weight changes is noted.
The instrument used is an automatic thermobalance. Information gained from TGA
is often enhanced by the application of DTA, as the two techniques are

complementary. The combination of TGA with the information from X-ray



59

diffraction and DTA vyields a good quantitative estimation of solid state reaction.
For the present study, thermogravimetric analysis was carried out using a
Shimadzu TGA-50 unit at a heating rate of 10°C/min in nitrogen atmosphere from

room temperature to 1100°C, ~5 mg powder is used for each measurement.

2.4.4. IR spectroscopy

The principle of this technique lies in the fact that when IR interacts with
the materials, various chemical bonds in the material vibrate as it absorbs the IR
radiation. These vibrations are either in the stretching or in the bending mode.
When infrared light is passed through a material some of the frequencies are
absorbed while other frequencies are transmitted through the sample without being
absorbed. FT-IR spectra were recorded using a Nicolet 1 400D FT-IR
spectrometer. The materials were finely dispersed in KBr using an agate mortar
and pestle. The finely dispersed material was then ;;ressed in the form of circular
discs of ~10 mm diameter and 0.5 mm thickness at a pressure 250 MPa. These
pellets were then dried with IR light before the FT-IR spectrum has been recorded.

2.4.5 Gas Adsorption Technique

Analysing the surface character of powder is perhaps one of the most
important and most difficult procedures in ceramics characterization. Surface
phenomena are a consequence of asymmetrical or unbalanced forces between
atoms and molecules at the interface of a particle and are electronic in origin. The
direct means of the characterization of the surface of ceramic powder is the
transmission electron microscopy and will be described later. The indirect methods
include (i) interaction of the powder with a liquid and (ii) interaction of the powder

with a gas.
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One of the most popular techniques used for the determination of the
specific surface area of fine powders is that of low temperature nitrogen gas
adsorption. What is measured is the amount of nitrogen gas adsorbed by a powder
sample at liquid nitrogen temperatures over a range of gas partial pressures. The
amount of gas forming a monolayer of the powder surface is usually caiculated
using Brunauer, Emmet and Teller (BET) equation [10].

P __l . c

-1
V(Po- P) VmC YmC

< @
Where V is the total volume of gas adsorbed, V,, is the gas adsorbed when the
adsorbent surface is covered with a unimolecular layer, P is the equilibrium
pressure of the system, P, is the saturation pressure of the adsorbate gas, C is a
constant dependent on the heat of adsorption and heat of liquefaction of the
adsorbate gas, is in the range 50 to 300 for many adsorbents{11].

It has been shown that for P/P, values 0.05 to 0.30, the plot of [P/V (P, —
P)] versus P/P, is a straight line having a slop of (C-1 / V,C) and an intercept of
1/V,C making it possible to calculate both V, and C. ‘The specific surface area of
the powder is obtained from the relationship

_ VmolN

S VoW ' ()

Where o is the area occupied by one molecule of adsorbate (assumed 16.2 A2 for
nitrogen at 77 K), N is the Avagadro’snumber, W is the weight of the powder
sample and Vo is the ideal gas volume {12].

The average particle size of the powder was calculated from surface area

values by assuming they all consists of monosized hard spherical particles. The
particle size is given by [12].
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d = C))

5
oS
Where p is the density of the material and S is the specific surface area.

In the present study, the ceramic powders were degassed at 200°C for 24 h
using an electric oven and the nitrogen gas adsorption studies were carried out in a
Micromeritics unit model Gemini 2360. For generating adsorption isotherm,
relative gas pressure is increased in different steps and the volume of the nitrogen
gas adsorbed for 30 min was measured. The gas adsorption studies were done at

liquid nitrogen temperature.

2.4.6 Agglomerate size Analysis

Agglomerate size distributions of the powders were studied using
sedimentation technique. The usefiliness of the sedimentation technique for
agglomerate size measurement relies on the fact that the rate of fall of a particle in
a fluid medium is proportional to the volume of the particle [12]. The rate of fall
(v) of a spherical particle is related to the diameter (d) of the particle by

_ M] 12 5
[(p-cr)g ©)

where , 1 is the viscosity of the fluid, v is the rate of fall (terminal velocity), p is
the particle density, o is the fluid density and g is the acceleration due to gravity.

For the present study, the agglomerate size distribution of the powders were
studied by using a Micromeritics sedigraph model 5700. The powders were
ultrasonically dispersed in water before the agglomerate distribution curve was

recorded.
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2.4.7 Transmission Electron Microscopy

Transmission electron microscopy is the tool for the in sifu measurement of
powder surfaces. The wave nature of moving electrons is the basis of the electron

microscope. The wavelength of electron wave is equal to

1226

6
A ﬁg ©)

Where V is the accelerating voltage.

The resolving power of any optical instrument, which is limited by
diffraction, is proportional to the wavelength of whatever is used to illuminate the
specimen. In the case of good microscope that uses visible light, maximum useful
magnification is about 500X, higher magnification gives larger images but do not
reveal any more details. However fast electrons have wavelengths very much
shorter than those of visible light and are easily controlled by electric and magnetic
fields because of their charge. This diffraction of electron beams is the principle of

a Transmission Electron Microscope.

In transmission electron microscopy, electrons of higher energy (~10° eV)
are allowed to transmit through the specimen surface. Some electrons will be
transmitted and some will be diffracted by the specimen as the electron beam
strikes it. If the transmitted beam is used for the generation of micrographs, such
pictures are called bright field micrographs. In dark field mode, the diffracted
electrons are used for the generation of micrographs. Both in bright and dark field
images, particles with same orientation have the same gray level. The selected area
electron diffraction patterns can also be utilized for the study of crystal structure.
The geometry of indexing the electron diffraction pattern is shown in fig.2.2 [13).
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A B

Figure 2.2: The Geometry for Indexing an Electron Diffraction pattern

Where, K, is the direct wave vector (2n/ A), K is the diffracted wave vector, G is

the diffracted lattice vector (2n/ d), L is the camera length, R is Radius vector of
the ring (spot)

From the geometry of triangles
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G
< d

= M

|

Therefore by knowing the camera length, wavelength of electron wave and radius

of the ring or spot, structure of the material can be elucidated.

In the present study the morphology and structure of the materials were
studied by a JEOL 2000 EXII High Resolution Transmission Electron Microscope
(HRTEM) operated at 200kV and at a vacuum of 10 Torr. The powder particles

were supported on a carbon film coated on a 3 mm diameter fine mesh copper grid.
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The carbon films were coated by a Edward 303 vacuum coating unit at a vacuum
of 10 Torr. The powders were dispersed in methanol and agitated with ultrasound
for 10 min. Two drops from the topmost layer of this suspension were dropped on

the support film.

2.4.8. Dielectric measurements

At low frequencies, the determination dielectric constant is usually based on
the measurement of capacitance of a paralle! plate capacitor or coaxial capacitor
containing the material under test. The technique is based on the principle that
when a material is introduced between the plates of a parallel plate capacitor, its
capacitance increases by a factor &, the dielectric constant of the material. The

dielectric constant g’ is related with the capacitance C as

,  Cd
8 |-
aod

)

Where &, is the permittivity of free space (8.85x107% £/m), A is the cross

sectional and d is the thickness of the specimen.

The dielectric properties of the viz. dielectric constant (£’) and loss
properties of the factor (tan ) of the materials have been studied using a complex
impedance analyzer (Model Hewlett Packard, 4192) in the frequency range 30 Hz
to 13 MHz both at room temperature and liquid nitrogen temperature. The
materials used for the dielectric measurements were sintered to high density
(>97%) in the form of circular discs of diameter ~10 mm and thickness ~ 1 mm.
The sintered specimens were mechanically polished and cleaned the surface with
acetone. Room temperature curing silver paint was pasted on both the surfaces
and was dried in an electric oven at a temperature of ~100°C for 4 h. Copper leads

were taken from the silver electrode surfaces. This was used as the sample for
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dielectric measurements. The capacitance and dissipation factors were directly
measured from the impedance analyzer both at room temperature and liquid
nitrogen temperature. For the measurements at liquid nitrogen temperature, the

samples were well-immersed in liquid nitrogen taken in a thermoflask.

2.4.9. Resistance measurements

Resistance measurements are one of the important tools to characterize a
superconductor sample. The superconducting transition temperature (T¢) can be
directly determined by resistance measurements of the sample as a function of
temperature. In the present study standard four-point probe method was used for
the resistance measurements of the superconductor-insulator and superconducting
~thick film samples. The four-probe method of measuring the resistance has the
advantage over two-probe method that the effects due to contact resistance, lead

resistance etc can be avoided.

Four probe technique in van der Pauw geometry permits the measurement
of an isotropic sample of uniform flat thickness but with arbitrary shape if meet the
following criteria [14, 15]. The different criteria are, (i) the contacts are at the
periphery of the sample, (ii) the cdntacts are sufficiently small, (iii) the sample is
'_uniform in thickness, (iv) the sample does not contain holes, and (v) the sample is
homogeneous. The measurement i3 based on a theorem, proved by van der Pauw
[14, 15}, for a sample of uniform thickness and for arbitrary shape with four
arbitrarily positioned contacts (A,B,C&D) on the edges as shown in figure 2.3.
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Figure 2.3: Lead arrangement for van der Pauw with four contacts A, B, C, and
Don the periphery for resistance measurements (ref. 15)

If we define
Vo -V
Ras, cp = - ©)
Lin
and Rac. pa _ Va—Vb a0y
Isc

where Vp — V¢ is the potential difference between contacts D and C caused by the

passage of current I from A to B, etc. van der Pauw theorem takes the form

eXp (-t Rap,cp d/p)+exp (-t Rpcpad/p) =1 (11)

Where p is the resistivity and d is the sample thickness. This equation can be

solved for p, we get
p =(nd/In2) { Rap,cp - Rac,pa) / 2} { FRancp) / Rac, pa)} (12)

Here F is a function of the ratio resistance such that

(Rapco - Rec,pa) / (Ras,cp + Rac,pa) =F arc cosh {exp(in2 / F)}/ 2 (13)
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In the special case of samples and constants which are in variant under rotation of

90°C, the sheet resistance Rs = p / d reduces to simple form

Rs= p/iny) (V/1)=(n/In 2) Rsp,cp = (n/ln 2) Rscpp (14)

Specimens with such symmetry are often easily prepared. Here V is the voltage
between two voltage contacts and I is the current flowing through two current
contacts.

The resistivity measurements can be made with either direct or alternating
current. With direct current care must be taken to eliminate the effects of

thermoelectric voltages in the voltage circuit by frequency reversing the sample

current.

In the present study, the specimen is mounted on a copper block, which is
attached to one end of a copper tube. The sample is electrically insulated from the
copper block applying a thin layer of insulating varnish between the specimen and
copper block. Four copper leads were attached symmetrically on the periphery of
the sample using conducting silver paste. The schematic diagram of the resistance
measurements is shown in figure 24. A calibrated copper constantan
thermocouple was fixed to the copper block very close to the sample to measure
the temperature of the sample. The sample holder set up was introduced in to a
cylindrical vessel. The vessel was evaluated and a small amount of nitrogen gas
was introduced. The whole set up was then introduced in to liquid nitrogen Dewar.

Resistance measurements were made at close intervals while the sample was
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Figure 2.4. Schematic diagram for resistance measurement. S, Sample holder with
sample and thermocouple; E, Electrical feed through; F, Flanges; R,
O ring; P, pumping port; I, input for nitrogen gas

continuously cooled at a low rate. The experiment was conducted by cooling the
sample continuously and taking the readings at close intervals. The rate of cooling
was controlled by introducing appropriate amount of nitrogen gas in to the vessel
as well as by raising the Dewar smoothly and slowly by means of a lab jack. A
Keithley nanovoltmeter model 18! was used for resistance measurements, A
Keithley electrometer model 602 was used for measuring higher values of

resistance.
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2.4.10 Current density measurements _

The critical current density (J¢) of the superconducting films was measured
at 77 K in zero magnetic fields by direct method. Superconducting films were
developed on a rectangular substrate of dimension 15 mm (length) and 2 mm
(width) was used for current density measurements. Four contacts were given
linearly as shown in Figure 2.5. In the present study, 1tV criterion was followed
for the determination of Jc. All other set for current density measurements were

same as that employed for resistivity measurements except the current source and

C R -
U A T __CA)—

the linear contacts

1
L

- Figure2.6: Schematic diagram of current density measuement showing sample (S),
storage cell (C), rheostate (R), ammeter .(A)’ and nanovoltmeter (V)
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CHAPTER 11

SYNTHESIS OF Ba;RE ZrQO;s (RE = La, ‘Ce, Eu, Yb, Ho, and Er) : ANEW
GROUP OF COMPLEX PEROVSKITE CERAMIC OXIDE THROUGH
SOLID STATE REACTION METHOD

3.1 INTRODUCTION

In the course of our research on mixed oxides of rare-earth elements for
their use as substrate for YBa;Cu;07.5 (YBCO) superconductors [1-8], we have
synthesized a new group of complex perovskites, Ba,REZrOs s (RE = La, Ce, Eu,
Yb, Ho, and Er) having general formula A,(BB*)Og [9-12] which could be used as
substrates for high T superconductors. In this chapter, the synthesis and sintering
of Ba,REZrOss ceramics as single-phase material through solid state reaction
method and their characterization are presented . The crystal structure, sintered -
density, resistivity measurements, dielectric properties, melting behavior and

stability of these materials are studied in detail and the results also are presented.

3.2  Synthesis of Ba,REZrOss (RE =La, Ce, Eu, and Yb)

Ba,REZrOs 5 (RE = La, Ce, Eu, and Yb) materials have been synthesized by
the solid state reaction process. High purity (99.9 %) BaCO;, RE;O; (RE = La,
Ce, Eu and Yb) and ZrQO, were weighed in the precise stoichiometric ratio of
Ba,REZrOss and wet mixed in an agate mortar with acetone as the wetting
medium. The powders were then dried in an electric oven at ~ 100 °C for 1 h. The
dried powders were then compacted at a pressure of 2 MPa in the form of circular
discs of ~25 mm diameter. These pellets were heated at a temperature of 1200°C
for 24 h and then furnace cooled to room temperature. The x-ray diffraction pattern
(XRD) taken on a powdered sample heated at 1200°C showed the multiphase

nature of the powder. Therefore, the powders were pressed again and subjected to
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further heating at a temperature of 1350°C for 72 h with two intermediate
grindings. Figure 3.1 shows the powder XRD patterns of the phase evolution of
Ba,LaZrOs s material as a typical example. The individual calcination temperature

and time for the synthesis of each material as single phase is given in Table 1.1.

5 20 40 60 80 90
20 ~

Figure 3.1. The XRD pattern of evolution of Ba,LaZrOss phase during heat
treatment, (a) stoichiometric mixture containing BaCO;, La,0;, and
ZrO; (b) heated at 1350°C for 12h, (c) heated at 1350°C for 24 h (d)
heated at 1350°C for 48h (e) heated at 1350°C for 48h

Table 1.1 : Calcination temperature and time of Ba;REZrOs s ceramics.

Material Tempearture Time
CO (h)
Ba,LaZrOs s 1350 40
Ba,CeZrOs 5 1350 48
Ba,EuZrOs 5 1350 72

Ba; YbZrOs s 1350 72
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3.3  Sintering of Ba,REZrQOs s ceramics

For the sintering of Ba,REZrOss, the single phase materials were ground well
using an agate mortar and were uniaxially pressed in the form of circular discs
having 13 mm diameter and ~2 mm thickness by applying a pressure of 350 MPa
using poly vinyl alcohol as the binder. The green densities of the samples for this
pressure were calculated from the dimensions and weight of the sample with an
accuracy of + 0.02 g/cc. The relative green density for all the samples were ~ 45+
2% of the theoretical density. These green compacts were sintered in a
programmable furnace (Nabertherm, Model HT04/17, Germany) in the
temperature range 1520 —1675 °C. The heating schedule adopted for the sintering
of Ba,EuZrOs s is shown in Figure 3.2. The sintering temperature, sintering time,
sintered density, and theoretical density for each material is given in Table 3.2.
The sintered density was measured following the Archimedes method and

theoretical density was calculated from the lattice constant values using the

formula,

o

Peat = NV

(3.1)

where Z is the number of molecules per unit cell, M is the molecular weight, N is
the Avagadro Number and V is the cell volume. Figure 3.3 shows the variation of
sintered density with sintering temperature for Ba;EuZrOs 5 material. The sintered
samples are mechanically strong and could be sliced into thin pieces of thickness
0.5 mm by a diamond cutter. Good reflecting surfaces were obtained by
mechanical polishing. Organic solvents such as alcohol, and carbon tetrachloride

could be used as effective cleaning agents.

“ Published in Journal of Materials Research, 12 (1997) 2976
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Figure 3.2 : The heating schedule adopted for the sintering of Ba;FuZrOs s
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Figure 3.3: The variation of relative density of Ba;EuZrQs 5 with temperature
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Table 3.2 Sintering temperature, time, theoretical density, sintered density and
relative density of Ba,REZrOs s ceramics

Material Sintering  Sintering Theoretical Sintered Relative
temperature time density density  density
Q) (h) (g/cc) (g/cc) (%)
Ba,L.aZrOs 5 1550 10 6.65 6.31 97
Ba,CeZrOs s 1600 10 6.30 6.05 96
Ba,EuZrO; s 1625 12 6.76 6.49 96
Ba, YbZrOs s 1675 12 7.04 6.76 96

3.4  Structural characterization of Ba;REZr(Qs 5 ceramics

The crystal structure of the newly developed materials has been studied by
powder XRD using a computerized Rigaku (D .., Japan) x-ray diffractometer
using Ni-filtered CuKo radiation. The finely ground powders of the sintered
pellets were used as the samples for the x-ray diffraction studies. Figures 3. 4(a-d)
show the x-ray diffraction patterns of sintered powders of Ba,LaZrOs;s,
Ba,CeZrOs s, Ba;EuZrOs 5, and Ba, YbZrOs s for 20 between 5 and 90°. The XRD
data comprising of 20,d values, line widths, line strengths and (hkl) are given in
Table 3.3(a-d). The XRD patterns and the data clearly show that all these materials
have the same structure as judged by the similarity in intensities and positions of
the lines. Ba,REZrQs 5 is also found to be isostructural with other rare-earth cubic
perovskites with general formula A;(BB’)Os such as Ba,EuNbOs, Ba,YNbOg
reported in PDF cards (Powder Diffraction Files, International Center for
Diffraction data (ICDD), Dept. of Commerce, USA) in which doubling of the basic
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perovskite unit cell is observed [13-18]. This doubling of the basic perovskite unit
cell in these materials is due to the ordering of B (RE) and B’ (Zr) atoms on the
octahedral sites [9,11-12,19-20]. In a substitutional solid solution, there is a
random arrangement of B and B’ atoms in equivalent positions in the crystal

structure. If, upon suitable heat treatment the random solid solution rearranges in

(220}

g
(440)
r—- (620)
- (44 4)
Liser

Figure 3.4: X-ray diffraction pattern of phase-pure sintered (A) BaLaZrQss (B)
Ba,CeZrQs s , (C) Ba;EuZrOs 5, and (D) Ba, YbZrOs 5 for 26 from 5 — 90°



Table 3.3 (a) : X-ray diffraction data® of Ba,L.aZrOs s
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No 20(deg.) Width(deg) d(g) (hkl) /1,
1 18.289 0.270 4.846 111 3
2 21.149 0.465 4.197 200 8
3 30.080 0.555 2.968 220 100
4 35.439 0.360 2.531 311 6
5 37.071 0.510 2.423 222 10
6 43.090 0.525 2.098 400 31
7 48.458 0.495 1.877 420 6
8 53.426 0.555 1.713 422 40
9 62.539 0.555 1.484 440 10

10 70.948 0.630 1.327 620 15

11 78948 0.570 1.212 444 8

12 86.713 0.795 1.122 642 15

¥ Accepted in Powder Diffraction File, Published by Dept. of Commerce, ICDD

(USA)



Table 3.3 (b) : X-ray diffraction data® of Ba,CeZrOs s

No 20(deg) Width(deg) d(z) (bk) 1/1,

T 17871 0150 4959 111 2
2 20664 0.105 4295 200 3
3 29.002 0315 3067 220 100
4 34.605 0390 259 311 5
5 3619 0090 2479 222 5
6 42.050 0.165  2.147 400 30
7 47.280 0210 1921 420 6

g 52.120 0.225 1753 422 32
9 60.965 0.075 1518 440 12
10 69.104 0.195 1358 620 11
1 76.820 0.105 1239 444 5
12 84298 0165 1147 642 10

* Accepted in Powder Diffraction File, Published by Dept. of Commerce, ICDD
(USA)



Table 3.3 (¢): X-ray diffraction data™ of Ba;EuZrOs s
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No 20(deg) Width(deg) D) (hk) I/IL
1 18234 0.090 4861 111 8
2 21.084 0.120 4210 200 8
3 29.990 0.405 2977 220 100
4 35325 0.090 2538 311 7
5 36970 0.120 2430 222 10
6  42.929 0.315 2.105 400 29
7 48299 0.075 1.882 420 6
8 53253 0.338 1718 422 29
9 62329 0.285 1488 440 15
10 70.701 0.180 1331 620 13
11 78.663 0.120 1215 444 7
12 86.406 0.105 1.125 642 12

* Accepted in Powder Diffraction File, Published by Dept. of Commerce, ICDD

(USA)



Table 3.3 (d): X-ray diffraction data ™ of Ba,YbZrOs s
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No 20 (deg) Width(deg.) d(a) (hkl) 1/1,
1 18.284 0.180 4.848 111 4
2 21.142 0.105 4,198 200 7
3 30.070 0.345 2.969 220 100
4 35.424 0.225 2.531 311 5
5 37.054 0.090 2.424 222 10
6 43.051 0.405 2.099 400 30
7 48.438 0.135 1.877 420 6
8 53.400 0.495 1.714 422 30
9 62.516 0.355 1.484 440 10
10 70.921 0.105 1.327 620 15
11 78.916 0.105 1.212 444 8
12 86.697 | 0.105 1.122 642 15

* Accepted in Powder Diffraction File, Published by Dept. of Commerce, [CDD

(USA)

to a structure in which B and B’ occupy the same set of positions but in a regular

way, the structure is described as a superstructure [9-11]. In the superstructure, the

positions occupied by B and B’ are no longer equivalent, and this is exhibited in

the XRD pattern by the presence of superstructure lines, i.e. the (odd, odd, odd)

reflections. This 1:1 ordering in complex perovskites of the type A,(BB*)Os is

most probable when there exist a large difference in the valency and ion sizes of B

and B’ cations which result in a very strong tendency to order through electrostatic
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forces {9, 12]. In the case of newly developed Ba,REZrQss ceramics, the
difference in valency between RE and Zr are not too large but their ionic sizes
differ considerably and in such cases there is always a tendency for ordering after
prolonged annealing {9, 12] as observed in the present case. The XRD peaks
including the minor ones are indexed for a cubic perovskite structure. The crystal
structure diagram of Ba,REZrOss materials is shown in figure 3.5. Though
Ba;REZrOs s materials have the A,(BB’)Og structure, taking into account the

%Ba O RE

@ OO0

Figure3.5: The Crystal structure diagram of Ba,REZrOs s
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valency of Zr at +4, the chemical formulae of the compounds are written as
Ba,LaZrQs s, Ba;,CeZrOs s, BayEuZrQs s, and Ba,HoZrOss. The lattice parameter
was determined from the simple least square refinements using all XRD peak
positions for 20 values from 5 to 90°. The lattice parameter for all the materials are
in the range 8.394 - 8.551 A. The cell volumes were calculated based on the
doubling of the basic ABQO; unit cell.

The lattice parameters of Ba,REZrQs 5 are also calculated based on a hard

sphere approximation using equations,

4(R4 + Ro)
ap = — (3.2
a= )
ag < 2RB+ ZRB’ +4R0 (33)
Ao = 2 *2”‘“' (3.4)

where Rs:, Ry, Ryp and Ry are the ionic radii of each of the respective cations A,
B, B’ and anion O. a, and ap are the calculated lattice parameters based on A and
B cations and a ., is the calculated lattice parameter. The radii of the ions of the
respective co-ordination were obtained from Shannon et al [21, 22] and are given
in Table 3.4. a,, ap and a, observed lattice parameters and percentage of
deviation between the observed and calculated lattice parameters are given in
Table 3.5. The close agreement between the theoretical and observed lattice
parameters confirms the structure assigned to Ba;REZrOs s ceramics. The good
agreement between the bulk density and the theoretical density of Ba;REZrOs s
ceramic materials in the present study definitely confirm that the Ba,REZrOs
ceramics crystallize in A,(BB*)Og type complex cubic perovskite crystal structure.
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Table 3.4: Ionic radii for respective co-ordination and polarizabilities of elements
used for the synthesis of Ba;REZrQOs s {Shannon, RD, (ref.24, 25, 26)]

Element Ionic Radii ()  Ionic Polarizability (1‘\3)
Ba 1.74 6.40
Zr 0.86 3.25
O 1.21 2.01
La 1.20 4.82
Ce 0.90 6.15
Eu 1.09 4.53
Yb 0.998 3.58

Table 3.5: Observed lattice parameters, Calculated lattice parameters and the % of
deviation between calculated and observed lattice parameters of

Ba,REZrOs s ceramics.

Material 2 () Acu deviation (%)
Ba,LaZrOs s 8.394 8.65 2.98
Ba;CCZl‘Os.s 8.551 8.35 2.3
Ba,FuZrOc s 8420 8.54 1.4
Ba, YbZrOs s 8.395 8.39 -0.05

3.5  Synthesis of Ba;REZrQO;s (RE = Ho and Er):

In the previous sections,

the synthesis, sintering and structural

characterization of a group of complex perovskite materials with general formula
Ba;,REZrOs s (RE = La, Ce, Eu and Yb) are described. Attempts were also made to

synthesize materials with RE = Ho and Er in the above series through the
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conventional solid state reaction method. Figures 3.6 and 3.7 show the XRD
patterns of the stoichiometric mixture of Ba;REZrOs s (RE = Ho or Er) heated at
different temperatures in the range 1350 to 1650°C for different duration. It is
observed that all the diffraction peaks are doublets and the doubling of the peaks
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Figure 3.6. X-ray diffraction pattern of Ba;HoZrQss material calcined at (a)

1350°C for36 h, (b) 1350°C for 72 h, (c) 1450°C for 24 h, (d) 1550°C
for 15h
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could not be eliminated by increasing the annealing temperature and time. A close
examination of the XRD pattern revealed that the doubling of the peaks in the
XRD pattern shown in the figures 3.6 and 3.7 are due to the formation of two
stable phases, BaZrO; and BaREO;; (RE = Ho and Er) developed during the
annealing process. This was confirmed by synthesizing BaZrO; and BaREQ;
(RE = Ho and Er) separately as single-phase materials through solid state reaction
and comparing the XRD patterns obtained with Figures 3.6 and 3.7.

1
e

20 30 40 50 60
) 20 —~

Figure 3.7: X-ray diffraction pattern of Ba,ErZrQOss material calcined at (a)
1350°C for36 h, (b) 1350°C for 72 h, (¢) 1650°C for 12h
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The stoichiometric amounts of high purity (99.9%) Ba(CO); and RE,O; (RE = Ho and
Er) were wet mixed in agate mortar with acetone as the wetting medium, dried and
calcined in air at 1350°C for 72h with three intermediate grindings. Similarly, BaZrO;
has also been synthesized by the solid state reaction method by calcining the
stoichiometric mixture of Ba(CO); and ZrO, at 1200°C  for 12h [23].
Figure 3.8(a-b) show the XRD patterns of BaZrO; and BaHoO; s respectively. Figure
3.8(c) is the XRD pattermn of a mixture of BaZrQ; and BaHoO, 5 taken in 1:1 molar
ratio. Figure 3.8(c) is compared with the XRD pattern obtained for the stoichiometric
mixture of Ba,HoZrOs s heated at 1650°C for 12h shown in figure 3.8(d).
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Figure 3.8: The XRD pattern of (a) BaZrO;, (b) BaHoO, s, (c) 1:1 molar mixture
of BaZrO; and BaHoO,s and (d) stoichiometric amount for the
preparation of Ba;HoZrOs s heated at 1650° for 15 h.
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The XRD patterns given in figures 3.8 (¢) and 3.8 (d) are exactly identical showing
that the doubling of the peak in the XRD pattern shown in Figure 3.6 can be due to the
formation of a mixture consisting of BaZrQ; and BaHoO, 5. Similarly, figures 3.9(a-c)
show the XRD patterns of BaZrO,, BaErO, 5 and their 1:1 molar mixture respectively.
Figure 3.9(c) is compared with the XRD pattern obtained for the stoichiometric
mixture of Ba,ErZrOss heated at 1650°C for 12h shown in figure 3.9(d). The XRD
patterns given in figures 3.9(c) and 3.9(d) are exactly identical which indicates that the
doubling of the peak in the XRD pattern shown in figure 3.7 can also be explained as
due to the formation of a mixture consisting of BaZrO; and BaErO, 5.
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Figure 3.9: The XRD pattern of (a) BaErO;s, (b) BaZrOs, (c) 1:1 molar mixture
of BaZrO; and BaErQO;s and (d) stoichoimetric amount for the
preparation of Ba,ErZrQOs s heated at 1650° for 15 h.
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Figure 3.10: X-ray diffraction pattern of Ba;HoZrOs s material (a) calcined with 1
% CuO as additive and (b) sintered at 1600°C.
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Figure 3.11: X-ray diffraction pattern of Ba,ErZrOs ;s material (a) caicined with 1
% CuOQ as additive and (b) sintered at 1650°C.
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As the development of these stable phases prevented the formation of Ba;HoZrOs 5
and BayErZrOss as single-phase materials, it was decided to attempt the liquid
phase sintering by the addition of small amount of impurity in the reaction
mixture. Addition of small amount of CuQ to the reaction mixture was found to
have tremendous effect on the phase formation of both BaHoZrO;s and
Ba,ErZrOss. We have added 1 wt % of CuQ to the reaction mixture and then
thoroughly mixed in an agate mortar for 1 h, The mixed powders were then
calcined at 1350 °C for 24 h and then furnace cooled to room temperature. Figure
3.10(a) and 3.11(a) show the XRD patterns of Ba,HoZrOss and BaErZrOs s
calcined at 1350 °C for 24 h. The XRD patterns clearly shows the formation of
Ba,HoZrOss and Ba,ErZrOss as single-phase materials with virtually no
secondary phases. For our present case the phase and structure developed during
liquid phase sintering can be explained on the basis that CuQ melts at a relatively
lower temperature and this melt is likely to assist the phase formation of both
Ba,HoZrOs s and Ba,ErZrOss as single phase materials through a liquid phase

assisted reaction mechanism [24].

3.6 Sintering and structural studies of Ba,REZrQOss (RE=Ho and Er)

The Ba,REZrQOs s (RE = Ho and Er) powders obtained through the addition
of CuO as impurity were then grouncl. well and pressed in the form of pellets and
these pellets were sintered in the temperature range 1350-1650°C in air for 10 h.
The samples were mechanically strong and could be sliced in to thin pieces by a
diamond cutter. Good surfaces were obtained by mechanical polishing. The
powder x-ray diffraction pattern of sintered Ba,HoZrQs s and Ba,ErZrQ; s for 20
between 5 ° and 90 ° are shown in figures 3.10(b) and 3.11(b) and the x-ray
diffraction data are given in Table 3.6(a&b).



Table 3.6 (a): X-ray diffraction data ™ of Ba;HoZrOs 5

No 20(deg) d(a) Width (deg.) (hkl) 1/1,

1 18217  4.865 0.244 111 2
2 21.065 4.214 0.173 200 4
3 29.960  2.980 0.296 220 100
4 35.299  2.549 0.214 311 3
5 36916  2.432 0.352 222 5
6 42.888  2.107 0.255 400 35
7 48.252 1.885 0.206 420 13
8 53.120 1.720 0.408 422 30
9 36.706  1.622 0.267 511/333 2
10 62.266 1.490 0.535 440 9
11 70.627  1.333 0.497 620 10
12 78.613 1.216 = 0.459 444 5
13 86.307 1.126 0.704 642 8

* Accepted in Powder Diffraction File, Published by Dept. of Commerce, ICDD
(USA)
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Table 3.6(b): X-ray diffraction data * of Ba,ErZrOs s

No 20(deg) d(3) Width(deg) (hkl) I/I,

1 18.270  4.852 0.129 111 4
2 21.126  4.202 0.105 200 8
3 30.050 2.971 0.259 220 100
4 35394  2.534 0.180 311 6
5 36.990 2426 0.270 222 6
6 42.990  2.101 0.270 400 30
7 48.940 1.879 0.359 420 8
8 53.290 1.715 0.360 422 29
9 56.898 1.617 0270 5117333 3
10 62.380 1.485 0.540 440 11
11 70.860 1.328 0.300 620 9
12 78.870 1.213 0.400 444 4
13 86.640 1.123 0.240 642 8

* Accepted in Powder Diffraction File, Published by Dept. of Commerce, ICDD
(USA)

The XRD pattern and the XRD data clearly show that these two materials
have the same structure as evident from the similarity in intensity and positions of
the lines and are isostructural with other Ba;REZrO; 5 (RE = La, Ce, Eu and Yb)
materials. The lattice constant values of these materials were also calculated using
equations 3.2, 3.3 and 3.4 and are in good agreement with the experimentally

observed values. The processing conditions and structural parameters of the



92

Ba,REZrOs s (RE = Ho and Er) materials are summarized in Tables 3.7 and 3.8

respectively.

Table 3.7: The Processing parameters of Ba;HoZrOs 5 and Ba;ErZrOs s materials

Material Calcination Duration of Sintering Duration of
temperature calicination temperature sintering
(°C) () CO (L))
Ba,HoZrOs 5 1350 24 10 1600
Ba;ErZrOs s 1350 24 ' 10 1650

Table 3.8: Structural parameters of Ba,HoZrOs s and Ba;ErZrOs s

Parameter Ba;HoZrOss Ba;ErZrOss
Observed Lattice Parameter (3) | 8.428 8.404
Calculated Lattice parameter (#) | 8.35 R.47
Deviation between observed and calculated (%) - 0.93 0.83
Theoretical density ( g/ cc) 6.86 6.63
Sintered density (g / cc) 6.65 6.36
Relative sintered density (%) 97 96

Tonic radii (#) 0.901 1.021

Ionic polarizability (3°) 3.97 3.81
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3.6 DTA Studies of Ba,REZrO;s( RE = La, Ce, Eu, Yb,Ho and Er)

In order to understand whether Ba,REZrOs s materials are thermally stable,
differential thermal analyses (DTA) have been carried out in the temperature range
30-1300 °C in nitrogen atmosphere. Figure 3.12 shows the DTA trace for a typical
Ba,EuZrQ; s material recorded at a heating rate of 10°C/min. It is obvious from
the figure that there is no enthalpy change occurring in the sample as it is heated
up to 1300 °C. This observation clearly shows that there is no structural changes
taking place in the sample and the materials are thermodynamically stable up to a
temperature of 1300 °C.

Endotherm« AT -+ Exotherm

0 500 1000 1300
Temperature (*C)

Figure 3.12: DTA trace of Ba;EuZrOs s
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3.7 Melting studies of Ba,REZrO; - (RE=La, Ce, Eu, Yb, Ho and Er)

Melting studies were carried out in order to see whether Ba,REZrQOs s
ceramic materials melt congrue;ltly and the growth of single crystals from melt is
possible. Single phase Ba,REZrO; s materials were completely melted using an
oxy-hydrogen flame. The melted and subsequently quenched samples were then
crushed to fine powder and the structure was studied by powder X-ray diffraction
techniques. The XRD patterns of these samples are identical to the sintered
sample, which indicate that Ba,REZrQss materials melt congruently and the
growth of the single crystal from melt is possible.

3.8 Stability studies of Ba;REZrOs,sl(RE = La, Ce, Eu, Yb, Ho and Er)

The atmospheric stability and resistance to degradation of the Ba,REZrOs s
ceramics were studied by humidity treaiment. Well-sintered samples of
- Ba;REZrOs 5 were kept in boiling water for 30 minutes. The electrical resistivity
and density of the humidity treated specimens measured after drying were the
same as those of sintered samples. This clearly revealed that Ba,REZrO; 5 showed
high stability and resistance to degradation under atmospheric conditions. The
electrical resistivity measurements of Ba,REZrOs s samples were carried out using
Keithley solid state electrometer model 602. The resistivity of the sintered as well

as humidity treated Ba,REZrQOss specimens were ~ 10" Q cm at room

temperature.
3.9 Dielectric studies of Ba,REZrO:s (RE = La, Ce, Eu, Yb, Ho and Er)

The dielectric properties such as dielectric constant (") and dielectric loss

factor (tan &) of the newly synthesized Ba,REZrQOs s ceramic materials have been
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studied in the frequency range 30 Hz to 13 MHz at room temperature and at liquid
nitrogen temperature using a complex impedance analyzer (HP 4192, USA).
Sintered circular discs of Ba,REZrO; s having a diameter of 13 mm and thickness
of ~ 1 mm with silver electrodes on both sides were used for dielectric
measurements. Figures 3.14 and 3.15 show the variation of dielectric constant and
loss factor with frequency at room temperature for Ba,REZrOs s materials. The
study of the variation of & and tand of Ba;REZrQ; s materials with frequency at
liquid nitrogen temperature in the frequency range 13 Hz to 13 MHz showed that
there was no substantial change in the value of &’ of Ba,REZrQss materials.
However, the value of tand decreased almost by one order and the variation of tand

with frequency is shown in figure 3.16.
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Figure 14: Variation of dielectric constant (¢) with frequency for (A)Ba,LaZrQs s
(B)B32Cle05_5, (C)BagEquOS,s, (D)BaszZrOﬁ, (E)BazHOZI'Oj\s,
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Figure 15: Variation of loss factor (tand) with frequency for (A)Ba,LaZrOss

(B)BaZCleois, (C)BazEuZI‘Os.s, (D)BaszZrO5_5, (E)BazHOZI'Osls,
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Figure 15: Variation of loss factor (tand) with frequency for (A)Ba;LaZrOss
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The dielectric constants have also been calculated using Clausius-Mossotti
equation and dielectric polarizabilities {25].

_ W t8a

3.5
Wn—4nc (3-3)

where V,, is the unit cell volume and « is the total dielectric polarizability. The
ionic polarizabilities of the elements under study were obtained from Shannon etal
and are given in table 3.4. The dielectric constant and loss factor values and total
dielectric polarizability and dielectric constant based on the Clausius-Mosotti
equation is given in Table 3.9. The dielectric constant values calculated using

equation (3.5) agree very well with that observed.

Table 3.9: Dielectric constant calculated and measured dielectric loss at 10 MHz
and total dielectric polarizability of Ba;REZrOs 5 ceramics.

Material Total Dielectric Dielectric  Dielectric loss (tand) at
dielectric constant constant 10MHz
polarizabilty (calculated) (measured Room 77K
at 10 MHz) temp.

Ba,LaZrOs s 132.7 29.13 21.37 57x10° 3x10°
Ba,CeZrOs s 133.03 25.64 33.18 6x10° 4x10™*
Ba,EuZrOs s 126.65 24.98 24.98 35x10°  6x10*
Ba,YbZrOs s 124.3 22.57 29.03 4x10° 35x10"
Ba,HoZrOs s 124.4 23.53 23.53 24x107° 5x10°
Ba,ErZrOs 5 123.66 21.56 21.62 53x10°  4.1x10*
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3.10 Conclusions

A new group of ceramic oxides with the general formula Ba,REZrOss (RE=
La, Ce, Eu, Yb, Ho and Er) has been synthesized and sintered as single phase materials
by solid state reaction method for the first time. The structure of the materials were
studied by XRD and found that they are isostructural and have an ordered complex
cubic perovskite structure of the general formula Ax(BB’)Os. The presence of the
superstructure lines in the XRD pattern of Ba,REZrOs s indicates the doubling of basic
ABQ; perovskite unit cell. Two materials in this group, viz., Ba;HoZrOs s and Ba
,BrZrOss could not be synthesized as single-phase materials through solid state
reaction method by using only the constituent oxides or carbonates. During high
temperature annealing, the development of stable BaZr(); and BaREQ, s (RE = Ho and
Er) phases prevented the formation of Ba,REZrQOss (RE = Ho and Er) as a single-
phase materials even at 1650°C. However, an addition of small amount of CuO
(1 wt.%) in the reaction mixture has resulted in the formation of an ordered complex
perovskite phase during the heating process. The phase and structural development
during liquid phase sintering in the present case can be explained on the basis that CuO
melts at a relatively lower temperature and this melt is likely to assist the phase
formation of both Ba;HoZrOs s and Ba,ErZrQs 5 as single phase materials through a
liquid phase assisted reaction mechanism.

The crystal structure diagram of the Ba,REZrOs s is studied from the XRD
pattern. The lattice parameters of BayREZrOs 5 materials measured by x-ray diffraction
are in the range 8.394 - 8.551 A. Based on the proposed crystal structure, the lattice
parameters of the Ba;,REZrOss materials were calculated by using a hard sphere
approximation and is in good agreement with the values observed experimentally.
These new materials are thermally stable and do not undergo any phase transition in
the temperature range 30 - 1300 °C. These materials melt congruently making the
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single crystal growth from melt possible and are stable under atmospheric conditions.
The dielectric constant and loss factor values of these materials are studied at room
temperature and liquid nitrogen temperature and are in a range suitable for electronic
applications at microwave frequencies. There was no substantial difference in the
value of the dielectric constant measured at room temperature and liquid nitrogen
temperature, but the dielectric loss decreased almost by one order of magnitude at 77
K. The dielectric constants of the Ba,REZrOs 5 materials were also calculated using the
Classius-Mossotti equation and dielectric polarizabilities of the elements and are in

agreement with that measured.
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CHAPTER IV

BARIUM RARE-EARTH ZIRCONATES AS NOVEL SUBSTRATE FOR
SUPERCONDUCTING YBa,Cu;0,5 FILMS

4.1 Introduction

The discovery of high temperature superconductivity above liquid nitrogen
temperature in YBa;Cu3O7.5 (YBCO) has led considerable amount of research
activities on the preparation of these materials in the form of thick and thin filias
for device applications [1]. Thick films of high T superconductors are of interest
for many applications such as magnetic shielding, substrate wiring, various high-
speed microelectronic devices and microwave electronic circuits [2-9]. The
particular advantages of thick film route are simplicity, low cost of process and the
ability to apply coating on large area and on curved surfaces [2,10-11]. For the
preparation of superconducting YBCO thick film different techniques such as
screen printing, dip-coating, spin-coating, spray pyrolisis, paint-on-method etc, are
used.

In the fabrication of a superconducting film, the selection of a substrate is a
crucial factor. One of the most important requirements for the selection of a
material as substrate for high temperature superconductors is the chemical non-
reactivity between the substrate and the film at the processing temperature. The
over riding importance of chemical non-reactivity of the substrate with the film
over other substrate requirements has been highlighted in many articles [1,10,12-
14]. In addition to the chemical non-reactivity, the substrate should have low
dielectric constant and loss factor for their application in microwave devices [10,
12-13]. Also the substrate should have thermal and lattice match with HTSC film

and be free from any phase transitions. Perovskite oxides are preferred as substrate
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materials because the ceramic superconductors have perovskite structure and
therefore a reasonable number of coincidence sites exist between the substrate and
the superconductor which enhance epitaxial growth {1]. All the currently available
substrates represent some Kind of compromise, i.e. they either offer a good lattice
match and a high dielectric constant, or a low dielectric constant and a poor lattice
match or twinning. Therefore, the search for a suitable and economically viable

substrate for high temperature superconductor is an active area of research.

The conventional substrates such as ALO;, Si, Si0Q,, react with YBCO
superconductor at the processing temperature and reduce the transition temperature
of the film drastically [5-6,14-19]. Even MgO, the most widely used substrate for
YBCO, forms an interlayer of Ba-salt at YBCO-MgO interface if the processing
temperature is above 700°C thereby reducing the transition temperature of the film
drastically [5-6,20-22]. S1TiO;, though has a good lattice matching with YBCO, its
high dielectric constant and loss factor values restricts its use for microwave
device applications [1,13,23]. Presently, LaAlO; has become a substrate of choice
for the growth of YBCO films. Though LaAlQ; has a moderately low dielectric
constant and loss factor, it has the disadvantage that it is available only in twinned
crystalline form [1,13] and its dielectric constant vary from point to point in a
manner that cannot be controlled or predicted {1]. The newly developed materials
Ba,REZrOs s (RE = La, Ce, Eu, Ho, Er) are found to be potentially suited as
substrate for YBCO superconductor”. This chapter describes chemical reactivity
studies between Ba;REZrOs s and YBCO superconductor and the development of
superconducting YBCO thick films on Ba,REZrOs 5 substrates by dip-coating and
melt texturing. The lattice matching of Ba;,REZrQ; s with YBCO is also discussed

in this chapter.
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4.2  Chemical reactivity between YBCO and Ba,REZrOs 5

One of the primary concerns about a material to be selected as a substrate for high
Tc superconductor is the chemical non-reactivity between the substrate and the
superconductor at the processing temperature. In order to understand whether the
newly developed Ba,REZrOs 5 ceramics are chemically non-reacting with YBCO
superconductor, a detailed chemical reactivity study have been carried out. The
single phase YBCO samples for the present study has been synthesized by the
conventional solid state reaction method. Stoichiometric amounts of high purity
(99.99%) Y,0;, BaCO; and CuO were weighed in the precise ratio YBa,Cu;07.5
and thoroughly mixed in an agate mortar using acetone as wetting medium. The
mixture is then dried in an electric oven at 100°C for 2h and calcined at 930°C for
48 h with two intermediate grindings. The finely ground calcined powder was
pressed in the form of circular discs with dimensions of 13 mm diameter and ~ 1.5
mm thickness by applying a pressure of 300 MPa. These discs were sintered in air
at 950 °C for 15h and then cooled slowly at the rate of 2°C / min from the sintering
temperature to 550 °C  for oxygenation. The samples were
annealed at this temperature for 24 h and then furnace cooled to room temperature.
The phase purity of the sample has been examined by XRD and the
superconductivity of the sintered samples was studied by temperature-resistance
measurements, The sintered samples were single phase and the pure YBCO
samples gave a Te g of 92 K. The chemical reactivity studies between
Ba;REZrOss and YBCO have been performed in two different approaches. The

*Published in Journal of Materials Research, 12 (1997) 2976
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first is to examine whether there is any structural change taking place in YBCO
due to the presence of Ba,REZrOs 5 in the composite and the second is to study the
effect of addition of Ba;REZrOs s on the superconducting properties of YBCO in
the YBCO-Ba,REZrOs 5 composite.

4.2.1 The structural studies of the Ba,REZrQOss -YBCO composites

In the present study, single phase YBCO and Ba,REZrQs s powders were

mixed in different volume ratio and pressed in the form of circular discs of 10 mm

20 30 40 50 60
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Figure 4.1 (a): X-ray diffraction pattern of (A) pure YBCO, (B) pure Ba,LaZrOs s,
(C) 10 vol.% of Ba,L.aZrQ; s-YBCO, (D) 20 vol.% of Bal.aZrOs s-
YBCO (E) 30 vol.% of Ba;LaZrOss-YBCO and (F) 50 vol.% of
Ba;LaZrOss-YBCO composite systems after annealing at 950°C
for 15 h.
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diameter and ~ 2 mm thickness. These discs were then annealed at 950°C for 12 h
and cooled slowly to room temperature. The structure of the Ba,REZrQO; s-YBCO
composite has been studied by powder XRD. If YBCO reacted with such
annealing conditions, additional phases besides YBCO and Ba;,REZrOs 5 or change
in lattice constant values would be observed in the X-ray diffraction pattern. On
the other hand if YBCO does not react with Ba,REZrQs 5 the crystalline phases
after annealing will be just two identical phases of YBCO and Ba)REZrOss.
Powder XRD patterns of annealed samples of different volume mixture of YBCO
and Ba,REZrOs 5 are shown in figures 4.1(a-f). In these figures, the XRD patterns

of the two phases in the annealed samples were cormpared with those of pure

20 30 40 50 60

20——

Figure 4.1 (b): X-ray diffraction pattern of (A) pure YBCO, (B) pure Ba;CeZrO;ss, (C)
1:1 volume mixture of Ba;CeZrQs s-YBCO annealed at 950°C for 15 h.



107

\ JUI\ Jbu\_ﬁ A
B g

JILJ.JL}JL&‘
30

420 50 60

20
20—

Figure 4.1 (c): X-ray diffraction pattern of (a) pure Ba,EuZrOs s, (b) pure YBCO,
(¢) 1:1 volume mixture of Ba,EuZrQs s-YBCO annealed at 950°C for
15 h

YBCO and pure Ba,REZrO; 5. It is clear from these figures that there is no new

additional phase formed (within the precision of X-ray diffraction technique)

besides YBCO and Ba,REZrOss in the YBCO-Ba,REZrOss composite. This

indicates that there is no detectable chemical reaction taking place between YBCO

and Ba;REZrQs s.
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Figure 4.1 (d): X-ray diffraction pattern of (A) pure YBCO, (B) pure
Ba; YbZrOss, (C) 10 vol.% of Ba;YbZrOs s-YBCO, (D) 20 vol.% of Ba,YbZrOs s-
YBCO (E) 30 vol.% of Ba,YbZrQss-YBCO and (F) 50 vol.% of Ba,YbZrOs s-
YBCO composite systems after annealing at 950°C for 15 h.
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Figure 4.1 (e): X-ray diffraction pattern of (a) pure Ba,HoZrO;s (b) pure YBCO
(c) 10 vol.% of BazHoZrQ;s-YBCO, (d) 20 vol.% of Ba,HoZrOs 5-
YBCO (e} 30 vol.% of Ba,HoZrQOss-YBCO and (f) 50 vol.% of
Ba;HoZrOs5-YBCO composite systems after annealing at 950°C
for 15 h.
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Figure 4.1 (f): X-ray diffraction pattern of (a) pure Ba;ErZrOs s, (b) pure YBCO,
(c) 1:1 volume mixture of Ba;ErZrOs s-YBCO annealed at 950°C for
15 h.

4.2.2 The superconducting properties of Ba,REZrO;s-YBCO composite

The effect of Ba,REZrOs s addition on the superconducting properties
of YBCO was studied by temperature-resistance measurements.
Superconducting YBCO and Ba,REZrQss were mixed in different volume
ratio and pressed in the form of pellets at a pressure of 250 MPa. These
discs were sintered at 950°C for 12 h and then slow cooled at the rate of
2°C/min to 550°C. The samples were then oxygenated at this temperature for
24 h and then furnace cooled to room temperature. The resistance

measurements of the composites were made by standard four-probe technique
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using a nanovoltmeter (model 181, Kiethley Instruments, Cleveland, OH) and
a current source (model 220, Kiethley). The temperature of the sample was
measured by a calibrated copper Constantine thermocouple calibrated with an
RF 800 rhodium-iron resistance sensor with an accuracy of + 0.2K. Figures
2(a-f) show the resistivity versus temperature curves for the YBCO-
Ba,REZrOs s composites containing different vol.% of Ba,REZrQs s annealed
at 950°C for 12 h. A superconducting transition of ~ 92 K in all these
composites indicate that a substantial addition of Ba,REZrQOs s in YBCO did

not have any detrimental effect on the superconducting transition temperature

of YBCO even after severe heat treatment.
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Figured.2(a):The electrical resistivity vs. temperature curves for composites
containing (A) 10 vol.% of Ba,LaZrO;s-YBCO, (B) 20 vol.% of

Ba,LaZrOs s-YBCO (C) 30 vol.% of Ba,1.aZrQs s-YBCO and (D) 40
v0l.% of Ba;L.aZrQs 5-YBCO.
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Figure 4.2 (b): Temperature-Resistivity curve of composite containing 20 vol.%
of Ba;CeZrQ; 5 and 80 vol.% of YBCO
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Figure 4.2 (¢): Temperature-Resistivity curve of composite containing 20 vol.% of
Ba;EuZrOs s and 80 vol.% of YBCO
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Figure 4.2(d):The electrical resistivity vs. temperature curves for composites
containing (A) 10 vol.% of Ba;YbZrQss-YBCO, (B) 20 vol.% of
Ba, YbZrOs s-YBCO (C) 30 vol.% of Ba;YbZrOss-YBCO and (D)
40 vol.% OfBﬁszZI‘Os_s'YBCO.
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Figure 4.2 (e): The electrical resistivity vs. temperature curves YBCO (c) 10
vol.% of Ba,HoZrO;s-YBCO, (d) 20 vol.% of Ba,HoZrOs s-YBCO
(e) 30 vol% of BaHoZrOss-YBCO and (f) 40 vol% of
Ba,HoZ10s s-YBCO (f) 50 vol.% of Ba,HoZrQ; 5-YBCO composite
systems.
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Figure 4.3 (¢): Temperature-Resistivity curve of composite containing 20 vol.% of
Ba,ErZrOs s and 80 vol.% of YBCO

4.3  The Lattice matching of Ba,REZrQ; s with YBCO

Another important criteria for the selection of a material as a substrate for
the epitaxial growth is the matching of lattice constant between the substrate and
the material to be grown on the top of it. It was reported that for any material to be
grown as an epitaxial layer on a substrate the minimum lattice mismatch between
the substrate material and the overgrown film is about 15 % [24]. The lattice
mismatch is given by

a—-b
a

£E=

4.1)

where ‘a’ and ‘b’ are the in plane lattice constant of the substrate and the
overgrown material. The crystalline structure of superconducting YBCO is of
orthorhombic type symmetry with a = 3.82 A, b=3.88 A, and ¢ = 11.68 A [25].
The lattice mismatch between the newly developed Ba,REZrQOss material and
YBCO in the a-b plane was calculated using equation (4.1) with a = (a/2) taking
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the doubling of the basic perovskite unit cell in Ba;REZrOs5 s material in to account

and are given in Table 4.1.

Table 4.1 : Lattice mismatch between Ba,REZrOs s and YBCO

Material  Lattice constant (A) Aa/a(%) Ab/a (%)

Ba,l.aZrQs 5 8.394 8.9 7.5
Ba,CeZrOs s 8.550 10.6 9.2
Ba;EuZrOs 5 8.420 9.3 7.8
Ba, YbZrOs s 8.395 8.9 7.5
Ba;HoZrOs s 8.428 9.3 7.9
Ba,ErZrOs 5 8.404 9 7.7

It is clear from Table 4.1 that the lattice match between Ba,REZrOss and
YBCO is within the tolerable limit for epitaxial growth and is in a range
comparable to that of MgO (4.208 A) which is extensively used as substrate for
epitaxial films of YBCO.

4.4 Preparation of YBCO thick films on Ba,REZrQ; ¢

The suitability of Ba,REZrQOs; as substrates for high Tc YBCO
superconducting films has been confirmed by developing YBCO films on
Ba,REZrQ; 5 substrates by dip-coating and melt texturing. The YBCO suspension
for dip-coating was prepared by thoroughly mixing fine superconducting YBCO
powder with isopropyl alcohol or n-butanol and the viscosity of the suspension
was controlled by the addition of commercially available fish oil. The polished and

cleaned Ba,REZrO;s 5 substrates were then dipped in the YBCO suspension and
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then dried. This step was repeated until a required thickness is attained. The dip-
coated films were then dried in an oven to avoid organic dispersants and subjected

to controlled heat treatments.

As mentioned earlier, for the successful fabrication of superconducting
YBCO thick film, optimization and close control of heat treatment conditions are
essential. In the present study, for the preparation of YBCO thick films on
Ba,REZrOs s, the following optimized processing conditions are developed. The
dried dip-coated films were heated in a programmable furnace at the rate of 5°C/
min in air up to 1000°C and kept at this temperature for 2 min. The films were
cooled from 1000°C at a rate of 2°C /min up to 950°C and were annealed at 950°C
for 2 to 3 h. The films were then slow cooled at the rate of 1°C/min to room
temperature. The diagrammatic representation of heating and cooling schedule
adopted for the preparation of YBCO thick films on Ba;REZrOss is shown in
figure 4. 3. The heating of YBCO films up to the partial melting temperature of
YBCO (1000°C) was necessary to obtain good adhesion between the substrate and
the film and also for obtaining highly textured films with smooth surfaces. The
slow cooling procedure adopted was essential to facilitate oxygenation. Also it has
been found that annealing temperature close to the melting point of YBCO and
relatively short annealing time enhanced the c-axis orientation of the YBCO film.
The surface of the dip-coated and melt-textured film looked black and the peel off
test carried out using an adhesive tape showed that the films on Ba,REZrQOs s had
good adhesion to the film.,
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Figure 4.3: The heating schedule adopted for the preparation of YBCO thick films

4.5 Characterization of the YBCOQO thick films

The structure of the YBCO films dip-coated and melt textured on
Ba;REZrOs 5 substrate were studied by x-ray diffraction and the superconductivity
of the films were studied by temperature-resistance and critical current density

measurements,

Figures 4.4 (a-d) show the XRD patterns of YBCO films dip-coated on
Ba;REZrOs 5 substrates. Except for the characteristic peaks of Ba,REZr(s 5 all the
other peaks in figs. 4. 4 (a-d) are those of orthorhombic YBCO. The absence of
any other peaks other than those of Ba;REZrOs s and YBCO indicate that there is
no detectable chemical reaction between Ba,REZrQss and YBCO even at the
partial melting temperature of YBCO.

The superconductivity of the YBCO thick films developed prepared on
Ba;REZrOs 5 was studied by standard four-probe technique. A Kiethley current
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source model 220 and Kiethley nanovoltmeter model 181 was used for resistance
measurements. The temperature of the films was measured by a copper-
Constantine thermocouple with an accuracy of + 0.2 K. Figs 4. 5 (a-d) show the
temperature-resistance curves for dip-coated YBCO films on Ba,REZrOs;
substrates. The films showed metallic behavior in the normal state and gave a zero
resistivity transition of 92 K with transition width (AT) of ~ 2K. The critical
current density (J¢) of the film under zero applied magnetic field were ~ 10*
Afcm®. The values of Te, Jo and AT obtained for YBCO thick films on
Ba,REZrO; 5 substrates are summarized in Table 4.2. These results clearly confirm
that the newly developed Ba,REZrOs s materials are potentially suited for their
application as substrates for superconducting YBCO films for various device

applications.

Table 4.2: The superconducting transition temperature (T¢), transition width (AT)
and critical current density at 77 K for YBCO films on BayREZrOs 5

substrates
Substrate TcO)XK) AT(K)  Jc(Alem?)
Ba,LaZrOs s 92 2.0 1.1 x10*
Ba,EuZrOs s 92 1.9 5.4 x10°
Ba,YbZrOs s 92 2.1 3.2x10°

Ba,HoZrOs 5 92 2.0 3.7 x10°
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Figure 4.4 (a): XRD pattern of dip-coated YBCO film on Ba,L.aZrQs s substrate
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Figure 4.4 (b): XRD pattern of dip-coated YBCO film on Ba;FuZrQs 5 substrate
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Figure 4.4 (c): XRD pattern of dip-coated YBCOQ film on Ba, YbZrOs s substrate
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Figure 4.4 (d): XRD pattern of dip-coated YBCO film on Ba,HoZrOs s substrate
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Figure 4.5 (b): Temperature-Resistance Curve for dip-coated YBCO film on
Ba,EuZrQs s Substrate
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Figure 4.5 (¢): Temperature-Resistance Curve for dip-coated YBCO film on
Ba,YbZrQs s Substrate.
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Figure 4.5 (d): Temperature-Resistance Curve for dip-coated YBCO film on
Ba,HoZrO; s Substrate.
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4,6 Conclusions

The results of chemical reactivity studies between Ba,REZrOs s and YBCO
superconductor indicate that the newly developed materials are chemically non-
reacting with the YBCO superconductor even at the extreme processing
conditions. The XRD patterns of the Ba;REZrOs; 5-YBCO composite do not show
any additional phase other than those of Ba;REZrQs 5 and YBCO in the composite
even after severe heat treatment. The addition of Ba,REZrOs s up to 50-vol.% in
YBCO did not show any detrimental effect on the superconducting properties of
YBCO. The lattice constant matching of Ba,REZrOss with YBCO is within the
tolerable limit for epitaxial growth. The suitability of Ba,REZrO;s s materials as
substrate for YBCO was confirmed by de\{eloping superconducting thick films of
YBCO on Ba;REZrQs s materials by dip-coating and melt texturing. Because of
the high processing temperature and partial melting of the YBCO films in the dip-
coating and melt texturing process, YBCO films adhered very well to the
Ba,REZrO; s substrates. A peel off-test carried out using highly adhesive tape
confirmed the excellent adhesion of the YBCO films to the substrates. The
structure of the dip-coated films was studied by XRD and the superconductivity
was studied by temperature-resistance and critical current density measurements.
The films showed metallic behavior in the normal state and gave a T¢y of ~ 92K
with a transition width of ~ 2K. The critical current density of the dip-coated and
melt textured films were ~ 10* A/em? at 77 K under zero applied magneticfield.
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CHAPTER V

DEVELOPMENT OF SUPERCONDUCTING Bi-CUPRATES THICK
FILMS ON BARIUM RARE-EARTH ZIRCONATES BY
DIPCOATING AND MELT TEXTURING *

5.1 Introduction

The discovery of superconductivity in bismuth-strontium-calcium-copper-
oxide (BiSCCO) was accompanied by the claims that these new oxides would soon
supplant YBa,Cu304.5 (YBCO) as their T¢ was higher, they were less dependant
on the maintenance of a precise oxygen content, and they were less sensitive to
agueous contamination [1-2]. Since the initial discovery, however, it has become
clear that there are several structural forms for this new series of superconducting
compounds and that it is particularly difficult to synthesize the phase, which has a
Tc higher than that of YBCO. The oxide which forms most readily has the
chemical composition Bi,Sr;CaCu,0;5 [Bi (2212)] and has a T¢gy of 85 K. The
high T¢ phase (T¢gy =110K) having the nominal stoichiometry Bi,Sr,Ca,Cu; Oy _
[Bi (2223)] was formed only as minority phase [3]. It was reported by several
workers that the incorporation of Pb in the Bi-Sr-Ca-Cu-O system coupled with a
prolonged sintering in a narrow temperature range was essential to obtain a high
concentration of the high T phase {4-8]. As in the case of YBCO, the immediate
application of BiSCCO superconductors are also in the form of thick and thin films
in microwave integrated circuits, transmission lines and other high frequency

devices [9-16]. Processing based on thick film technology will have the advantage

“Published in Materials Letters, 41 (1999) 112
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of making large area superconducting films for high Q resonators and

superconducting magnetic shields.

As in the case of YBCO superconductor, the most important criteria for the
selection of any material as substrate for Bi-cuprate superconducting film is the
chemical non-reactivity between the substrate and the film at the processing
temperature [17]. Bi {(2223) superconductor is found to be readily reacting with the
conventional substrates such as Al,O;, Si, SiO,, etc. at the processing temperature
[18]. MgO is the most widely reported substrate for Bi (2223) superconductor.
However, even on MgQ substrate, Bi (2223) developed always contained both low
Te Bi (2212) and high Tc Bi (2223) phases [19, 20]. In this chapter, we describe
the details of the synthesis of Bi (2212) and Bi (2223) superconductors and their
chemical compatibility with Ba;REZrO;s (RE = La, Ce, Eu, Yb, Ho and Er)
substrates. The development and characterization of superconducting Bi (2212)
(T = 85 K) and Bi (2223) (T = 110 K) thick films on these newly synthesized

substrates are also described in this chapter.

5.2 Synthesis of Bi (2212) superconductor

High purity (99.99%) Biy0;, SrCO;, CaCO,, and CuO were weighed in
the precise stoichiometric ratio Bi;Sr,CaCu;0y and wet mixed using acetone as the
wetting medium in an agate mortar and died in an electric oven. The dried powders
are then calcined in air at a temperature of 820 °C for 24 h. The calcined powders
were ground well and sintered in air at 840°C for 40 h. Figures 5.1 (a) and 5.1 (b)
show the XRD pattern of the sintered Bi (2212) and the corresponding

temperature-resistance curve. The XRD values of Bi (2212) superconductor
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comprises of d values, 28, line strengths, widths and %%/ indices are given in Table

5.1
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Figure 5.1(a): X-ray diffraction pattern of sintered Bi(2212)
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Figure 5.1(b): Temperature resistivity curve of Bi(2212)



Table 5.1:  X-ray diffraction data of sintered Bi (2212) superconductor:

No 28 d(A) Width(deg) 1/I, hkl
1 574 1539 0.249 50 002
2 17380 5.098 0.479 14 006
3 23101 3.847 0.295 100 008
4 24752 3.594 0.350 21 113
5 27369 3.256 0.260 55 115
6 29.070 3.085 0.269 75 0010
7 30905 2.891 0.309 43 117
8  33.090 2.705 0.269 37 020
9 34953 2.565 0.389 58 0012
10 35.136 2552 0.389 15 119
11 44531 2.033 0.460 23 2010
12 45.140 2.007 0.700 17 1113
13 47437 1915 0.480 14 220
14 48700 1.857 0.480 12 2012
15 50.404 1.809 0.490 21 1115
16 57756 1.595 0.399 27 2210

5.3 Chemical reactivity between Ba,REZrOs;s and Bi (2212)
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The most important aspect that makes a material to be suited as a

substrate for high Tc superconductor is the chemical non-reactivity between

the substrate and the superconductor at the processing temperature. In order

to understand whether Ba,REZrQOss are chemically compatible with Bi
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(2212) superconductor, chemical reactivity studies between Ba,REZtOs 5 and
Bi (2212) were carried out in detail up to a temperature of 850°C. For the
chemical reactivity studies, single phase Bi (2212) and Ba,REZrOs 5 powders
were thoroughly mixed in different volume ratio and pressed in the form of
circular discs of 13 mm diameter and ~ 1.5 mm thickness by applying a
pressure of 300 MPa. These discs were then annealed in air at 850°C for 15 h
and then furnace cooled to room temperature. The chemical reactivity

between Bi {2212) and Ba;REZrQs s was studied by XRD.

Figures 5.2 (a-f) show the XRD pattern of the composite mixture
consisting of different volume ratio of Bi (2212) and Ba,REZrOss and
annealed at 850°C for 15 h. In all the figures the XRD pattern of the annealed
mixture is compared with pure Bi (2212) and pure Ba,REZrOs 5. If Bi (2212)
reacted with Ba,REZrQs s under such annealing conditions, additional phases
besides Bi (2212) and Ba;REZrOs s or change in lattice constant would be
observed in the XRD pattern of the annealed mixture. On the other hand if Bi
(2212) does not react with Ba,REZrO; 5 under such annealing conditions, the
crystalline phases after annealing will be just two identical phases of Bi
(2212) and Ba;REZrOss. It is clear from those figures that Bi (2212) and
Ba,REZrOs s remained as separate phases in the composite mixture and there
was no indication of any change in lattice parameter of either Bi (2212) or
Ba,REZrOs 5. These observations clearly confirm that Ba,REZrQs s materials

are chemically compatible with Bi (2212) superconductors.

The effect of Ba,REZrOs 5 addition on the superconducting properties
of Bi (2212) was studied by temperature-resistance measurements.

Superconducting Bi (2212) and Ba,REZrOss were thoroughly mixed in
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different volume ratio 0- 50 % of the superconductor and pressed in the form

of pellets at a pressure of 250 MPa. These discs were sintered at 850°C for
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Figure 3.2 (a). X-ray diffraction pattern of (a) pure BayCeZrQs;5 (b) pure Bi (2212)
(c)Bi (2212) -10 vol% BayCeZrOss, (d) Bi (2212) -20 vol%
Ba,CeZrOss, () Bi (2212) -30 vol.% Ba,CeZrOss, (f) Bi (2212) -50
vol.% Ba;CeZrOs s composite systems after annealing at 850°C for 15 h.
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15 h and then furnace cooled to room temperature. The resistance
measurements of the composite compacts were made by standard four-probe
technique using a nanovoltmeter (model 181, Kiethley Instruments,
Cleveland, OH) and a current source (model 220, Kiethley). The temperature

of the sample was measured by a calibrated copper Constantine thermocouple

i ™| " 1 1 1. 1 1 1 1 X
3 10 20 30 40 50 60
26—
Figure 5.2 (b): X-ray diffraction pattern of (a) pure Bi (2212} (b) pure Ba;LaZrOs 5 (¢}
Bi (2212) -50 vol.% Ba;LaZrOs s composite systems after annealing
at 850°C for 15h

calibrated with a RF 800 rhodium-iron resistance sensor with an accuracy of
+ 0.2K. Figures 5.3 (a-f) show the resistivity versus temperature curves for
the Bi (2212)- Ba;REZrOs s composites containing different volume ratio of
Ba,REZrOs s annealed at 850°C for 15 h. A superconducting transition of 83
K was obtained for all the composites. This indicates that a substantial

addition of Ba,REZrQs s in Bi (2212) did not have any detrimental effect on
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the superconducting transition temperature of Bi (2212) even after severe

heat treatment.
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Figure 5.2 (c¢): X-ray diffraction pattern of (a) pure Bi (2212) (b) pure
Ba,EuZrOss (c) Bi (2212) -50 vol.% Ba,EuZrOss composite
system after annealing at 850°C for 15 h.
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Figure 5.2 (d): X-ray diffraction pattern of (a) pure Bi (2212) (b) pure
Ba,YbZrOss (c) Bi (2212) -50 vol.% Ba,YbZrOss composite
systems after annealing at 850°C for 15 h.
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Figure 5.2 (e): X-ray diffraction pattern of (a) pure Ba;ErZrOs s (b) pure Bi (2212)
(¢) Bi (2212) -50 vol.% Ba,ErZrOss; composite systems after
annealing at 850°C for 15 h.

Figure 5.1 (f): X-ray diffraction pattern of (a) pure Ba;HoZrOss (b) pure Bi (2212)
(c) Bi (2212) -10 vol.% Ba,HoZrOss, (d) Bi (2212) 20 vol.%
Ba,HoZrOs s, (€) Bi (2212) -30 vol.% BaHoZrOs s, (f) Bi (2212) -50
vol.% Ba,HoZrQs s composite systems after annealing at 850°C for
15 h.
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Figure 5.3 (a): The electrical resistivity vs. temperature curve for (a) 10 vol.% of
Ba,CeZrO;s-Bi (2212), (b) 20 vol.% of Ba,CeZrQOs5-Bi (2212),
(c) 30 vol.% of BayCeZrO;s-Bi (2212), (d) 40 vol% of
Ba,CeZrQss-Bi (2212), and (e) 50 vol.% of BayCeZrOss-Bi
(2212) composites after at annealing at 850°C for 15 h in air.
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Figure 5.3 (b): The electrical resistivity vs. temperature curve Bi (2212)-
Ba;LaZrO; s composite containing 20 vol.% of Ba,L.aZrQs s
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Figure 5.3 (c): The eclectrical resistivity vs. temperature curve Bi (2212)-
Ba,EuZrOs s composite containing 20 vol.% of Ba,EuZrOs s
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Figure 5.3 (d): The electrical resistivity vs. temperature curve Bi (2212)-
Ba,YbZrOs 5 composite containing 20 vol.% of Ba,YbZrOs s
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Figure 5. 3 (e): The electrical resistivity vs. temperature curve for (a) 10 vol.% of
Ba,HoZrO; s-Bi (2212), (b) 20 vol.% of Ba,HoZrOs5-Bi (2212),
() 30 vol% of BaHoZrOss-Bi (2212), (d) 40 vol% of
Ba;HoZrO55-Bi (2212), and (e) 50 vol.% of BayHoZrOss-Bi
(2212) composites after at annealing at 850°C for 15 h in air.
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Figure 5.3 (f): The electrical resistivity vs. temperature curve Bi (2212)-
Ba,ErZrQ;s 5 composite containing 20 vol.% of Ba,ErZrOs s
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5.4 Development of Bi (2212) thick films on Ba;REZrQO; s

The suitability of Ba,REZrOss materials as substrate for Bi (2212)
superconductor was confirmed by developing superconducting thick films on these
newly developed substrates. The Bi (2212) suspension for dip-coating was
prepared by thoroughly mixing fine superconducting Bi (2212) powder with
isopropyl alcohol or n-butanol and the viscosity of the suspension was controlled
by the addition of commercially available fish oil. The polished and cleaned
Ba,REZrOs 5 substrates were then dipped in the Bi (2223) suspension and dried.
This step was repeated till a required thickness is attained. The dip-coated films
were then dried in an oven and heated in a programmable furnace at a rate of
5°C/min in air up to 880°C and kept at this temperature for 2 min and then
annealed at 850°C temperature for 6 h. The films were then cooled at a rate of 1°C
/ min up to 800°C from the annealing temperature of 850°C and then furnace
cooled to room temperature. Heating up to 880°C was required to get good
adhesion between the film and the substrate. Because of the high processing
temperature and partial melting of the Bi (2212) films in the dip-coating and melt
texturing process the films adhered very well to the Ba;REZrOs 5 substrates. A
peel off-test carried out using highly adhesive tape confirmed the excellent
adhesion of the Bi (2212) films to the substrates.

The structure of the Bi (2212) films dip-coated on Ba,REZrQ; s substrates
was studied by x-ray diffraction and the superconductivity of the films were
studied by temperature-resistance measurements using a standard four probe
technique. Figures 5.4 and 5.5 show the XRD patterns of Bi (2212) films dip-
coated on Ba;EuZrOss and BayHoZrQss substrates respectively. Except for the
characteristic peaks of Ba;REZrOs 5 all the other peaks in figures 5.4 and 5.5 are
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those of orthorhombic Bi (2212). The temperature-resistance curves for dip-coated
Bi (2212) films on Ba;EuZrQs s and Ba,HoZrOs s substrates are shown in figures
5.6 and 5.7 respectively. The films showed metallic behavior in the normal state
and gave a zero resistivity transition of 85 K. The J¢ of the films measured using
11V criteria was ~ 4 x 10° A/cm? at 77 K under zero applied magnetic field. This
clearly confirms that the newly developed Ba,REZrOss materials are potentially
suited for their application as substrates for superconducting Bi (2212) films for

various device applications.
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Figure 5.4: The XRD pattern of Bi (2212) films dip-coated on Ba;EuZrOs 5 substrate
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Figure 5.5 : The XRD pattern of Bi (2212) film dip-coated on BayHoZrOs 5 substrate
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Figure 5.6: Temperature-Resistance curve for Bi (2212) film developed on
Ba,EuZrOs 5 substrate
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Figure 5.7: Temperature-Resistance curve for Bi (2212) film developed on
Ba;HoZrOs s substrate

5.5  Synthesis of Bi (2223) superconductor

Single phase Bi (2223) powder for the present study was also prepared
through the solid state route. High purity (99.9%) Bi,Os;, PbO, SrCO,, CaCO; and
CuO were weighed in the precise stoichiometric ratio of Bi; sPbg sSr,Ca,Cu;0, and
the reaction mixture was thoroughly wet mixed in an agate mortar with acetone as
the wetting medium. The mixture was dried in an oven and the dried powder was
calcined in air at three different temperatures of 800, 805 and 810°C each for 15 h.
The finely ground calcined powder was pressed in the form of circular discs with
dimensions of ~13 mm diameter and ~ 1.5 mm thickness by applying a pressure of
~ 300 MPa. These discs were then sintered in air at 850°C for 200 h continuously.
The sintered samples were then cooled slowly at a rate of 1°C/min from the

sintering temperature to 800°C and then finally furnace cooled to room
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temperature. The structure of the sintered samples was studied by x-ray diffraction
and the superconductivity of the sample was studied by temperature-resistance
measurements. The XRD pattern of single-phase Bi (2223) superconductor is
shown in figures 5.8 (a) and the XRD values comprising of d values, 20, line
strengths, widths and k4l indices are given in Table 5.2. The temperature-
resistivity curve of the sintered Bi (2223) sample is given figure 5.8(b).

Table 5.2: x-ray diffraction data of single phase Bi (2223)

No 28 d(A) Width I/I, hkl

1 4760 18549 0423 30 002
2 9370 9430 0420 8 004
3 19120 4638 0465 15 008
4 23880 3.540 0.540 73 0010
5 26190 3402 0480 41 115
6
7
8
9

28810 3.097 0.600 100 0012
31.840 2.808 0.480 53 119
33.110 2703 0.480 54 200
33.780 2.651 0.675 63 1114
10 35450 2.530 0.450 38 1111
11 44510 2033 0495 11 2012
12 47560 1.910 0.390 11 220
13 47990 1894 0450 13 1117
14 49.080 1.854 0.465 13 0020
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Figure 5.8 (a): XRD pattern of single phase Bi (2223) superconductor
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Figure 5.8 (b) : Temperature-resistivity curve for pure Bi (2223) sample
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5.4 Chemical reactivity between Ba;REZrQ;s and Bi(2223)

In order to understand whether the newly developed Ba;REZrOs s ceramics are
chemically compatible with Bi (2223) superconductor, the chemical reactivity studies
between Ba,REZrOs s and Bi (2223) have been carried out up to a temperature of
850°C. Single-phase Ba,REZr(; 5 and Bi (2223) were thoroughly mixed in 1:1 volume
ratio and the mixture was pressed in the form of circular discs with dimensions ~13
rmm diameter and ~1.5 mm thickness by applying a pressure of ~300 MPa. These
pellets were then heated in air at 850°C for 15 h and the chemical reactivity was
studied by powder XRD. The XRD patterns of Bi (2223)-Ba,REZrOss (RE = La, Ce,
Eu and Yb) composites annealed at 850°C for 15 h is shown in figure 5.9. The XRD
patterns of the two phases in the annealed samples were compared with those of pure
Bi (2223) and Ba;REZrQs 5 in the Ba;REZrO55-Bi (2223) composite. It is clear from
these figures that two materials in this group with RE = La and Eu are non-reacting
with Bi (2223) as judged by the absence of any additional phase other than Bi (2223)
and Ba;,REZrOss (RE = La and Eu) phases in these composites. In the case of
Ba;CeZrQs 5 and Ba, YbZrQOs 5, the Bi (2223) in the composite has decomposed in to a
mixture of Bi (2212) and Bi (2223) under such annealing conditions. But when RE =
Ho or Er, Bi (2223) present in the composite mixture was fully decomposed in to Bi
(2212) on annealing at 850°C for 15 h as shown in figure 5.10. The XRD data
- comprising 20, d values, line widths, line strengths of the composite after annealing at
850°C is given in Table 5.3 (a~d). The volume fiaction of Bi (2223) in the Bi (2223)-
Ba,REZrOs s composite was calculated from the XRD data using the empirical relation
given below [21]

V=(Y -29.07)/(28.81- 29.07) (5.1)
28.81 <Y «29.07
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where V is the volume fraction of Bi (2223) and Y is the 26 for peak appearing
between 28.81 and 29.07, caused by the interplay of reflection from the crystal planes
(0010) of Bi (2212) phase and (00/2)of Bi (2223) phase. The volume fraction of

—A- By UJLMJL_J

Figure 5.9 : Powder X-ray pattern of (a) pure Bi (2223), (b) 1: 1volume mixture of
Bi (2223) and Ba,LaZrOss, (c) 1: 1volume mixture of Bi (2223) and
Ba,CeZrOss, (d) 1: 1volume mixture of Bi (2223) and Ba,EuZrOs s,

(e) 1: 1volume mixture of Bi (2223) and Ba,YbZrOs s, ; all annealed
at 850°C for 10 h in air.
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Bi (2223) in each composite was calculated using the above empirical relation is given
in Table 5.4. It is obvious from the tables 5.3 and 5.4 that among Ba,REZrOss
materials, those with RE = La and Eu are potentially suited as substrates for Bi (2223)

superconductor.

Table 5.3 (a): XRD data of Ba,L.aZrO; s - Bi (2223) composite

No 20(deg) d(A) width(deg) HKI 1/I,
1 4760  18.549 0.240 002 30
2 9370 9430 0.360 004 3
3 19120  4.638 0.270 008 8
4 23880  3.540 0.360 0010 35
5 26190  3.402 0.165 115 25
6 28810  3.097 0.270 0012 46
7 30.08 2978 0.645 2200 100
8  31.840  2.808 0.270 119 32
9 33110  2.703 0.180 200 47
10 35450  2.530 0.315 1111 26
11 4308  2.102 0.360 400" 32
12 43740  2.067 0.165 0018 8
13 44510  2.033 0.150 2012 21
14 47560 1910 0.345 220 24
15  47.990  1.894 0.345 1117 21
16  49.080 1.854  0.195 0020 18
17 53345 1716 0.465 420° 37

*  Substrate peaks



Table 5.3 (b): XRD data of Ba,CeZrOs 5 - Bi (2223) composite

No 20(deg) D(A) width(deg) Hkl 1/1,
1 4730  18.549 0.165 002 19
2 5740  15.384 0.270 002* 20
3 23.101  3.847 0.255 008* 19
4 23910 3.719 0.285 0010 21
5 24.752 3.594 0.210 113¢ 16
6 26190  3.402 0.195 115 7
7 27369  3.594 0.210 115 32
7 28940  3.146 0.390 0012 32
8  29.080  3.068 0.165 0010° 35
9 29450  3.068 0.165 220" 100
10 31.040 2.878 0.375 117* 19
11 31.860  2.807 0.285 119 32
12 33.100  2.704 0.345 200 32
13 33750  2.653 0.360 0014 25
14 35040  2.558 0.180 119* 35
15 35450 2.533 0.195 1111 17
16  42.180  2.099 0.430 4000 30
17 43740  2.067 0.165 2010 11
18 44420  2.033 0.315 2012 14
19 47.540 1.911 0.195 220 21
20 47990  1.894 0.315 1117 14
21 52,190  1.648 0.575 4200 30
22 55696  1.648 0.315 315® 18

®Bi (2212); ~ Substrate peak
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Table 5.3 (¢): XRD data of Ba;EuZrOs 5 - Bi (2223) composite

No 26(deg) d(A) Width(deg) hkl I/1,
1 4760  18.549 0.240 002 36
2 9.370  9.430 0.360 004 3
3 19.120  4.638 0.270 008 10
4 23880  3.540 0.360 0010 40
5 26190  3.402 0.165 115 25
6 28810  3.097 0.270 0012 46
7 29265 2978 0.645 220 100
8  31.840  2.808 0.270 119 32
9 33110 2703 0.180 200 47
10 35450  2.530 0.315 1111 26
11 42994 2,102 0.360 400" 32
12 43740  2.067 0.165 0018 8
13 44510  2.033 0.150 2012 21
14 47560  1.910 0.345 220 24
15 47990  1.894 0.345 1117 21
16  49.080  1.854 0.195 0020 18
17 53.345 1716 0.465 4200 37

" Substrate peak
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Table 5.3 (¢): XRD pattern of Ba,YbZrOj 5 - Bi (2223) composite

No 20(deg) D(A) width(deg) hkl I/1,
1 4760  18.549 0.240 002 61
2 5740 15384 0.240 002® 30
3 19.120 4.638 0.330 008 21
4 23100 3.808 0.360 008°® 24
5 24808  3.586 0.300 113* 29
6 26190  3.402 0.195 115 27
7 28840  3.582 0.390 0012 60
8  29.180  3.060 0.165 0010° 27
9  30.084  2.968 0.210 2200 100
10 31.040 2878 0.375 117* 47
11 31880  2.805 0.315 119 32
12 33100 2,704 0.345 200 62
13 33.760  2.653 0.360 0014 57
14 35050  2.558 0.180 119* 29
15 35410 2533 0.195 1111 30
16  43.070  2.099 0.430 4000 24
17 44510  2.033 0.315 2012 20
18 47.540 1911 0.195 220 31
19  47.990  1.894 0.315 1117 23
20 49.080  1.854 0.210 0020 20
21  53.080 1.724 0.575 420" 33

®Bi(2212) ; ~ Substrate peak
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Figure 5. 10: (a) 1: 1volume mixture of Bi (2223) and Ba,HoZrOs 5,
(b) 1: 1volume mixture of Bi (2223) and Ba,ErZrOss ,
all heated at 850°C

Table 5.4: Volume fraction of Ba,REZrQs s — Bi (2223) composite

150

Material Y Volume fraction of Bi (2223)

(")

Ba,LaZrOs s 28.81 160

Ba,CeZrOs; 5 28.94 50

Ba,EuZrOs 5 28.81 100

Ba,YbZrOs 5 28.84 85

Ba;HoZrOs 5 No peak ¢

BayErZrOs 5 No peak 0
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The effect of Ba,REZrQs s addition on the superconducting properties
of Bi (2223) was studied by temperature-resistance measurements.
Superconducting Bi (2223) and Ba,REZrQ; s were mixed in 4:1 volume ratio
and pressed in the form of pellets at a pressure of 300 MPa. These discs were
sintered at 850°C for 15 h and then slow cooled at the rate of 2°C/min to
800°C and then furnace cooled to room temperature. The resistance
measurements of the composite compacts were made by standard four-probe
technique using a nanovoltmeter (model 181, Kiethley Instruments,
Cleveland, OH) and a current source (model 220, Kiethley). The temperature
of the sample was measured by a calibrated copper Constantine thermocouple
calibrated with a RF 800 rhodium-iron resistance sensor with an accuracy of
+ 0.2K. Figure 5.11 (a-f) shows the resistivity versus temperature curve for
the Bi (2223)- Ba,REZrQ; s composites containing 20 vol.% of Ba,REZrOs 5
annealed at 850°C for 15 h. A superconducting transition of 110 K was
obtained for composite containing La, Ce, Eu, and Yb as rare-earth element.
This indicate that a substantial addition of Ba,REZrOss (RE=La, Ce, Eu and
Yb) in Bi (2223) did not have any detrimental effect on the superconducting
transition temperature of Bi (2223) even after severe heat treatment. But the
composite mixture gave a T of 85 K when RE = Ho and Er. This reduction
in T¢ is due to the decomposition of Bi (2223) in to Bi (2212) when annealed
the composite mixture at 850°C for 15 h.
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Figure 5. 11 (a): Temperature-resistivity curve for Bi (2223)-Ba,LaZrOs s
composite containing 20 volume % of Ba,LaZrOs 5
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Figure 5. 11 (b): Temperature-resistivity curve for Bi (2223)-Ba;,CeZrOss
composite containing 20 volume % of Ba;CeZrOs s
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Figure 5. 11 (c¢): Temperature-resistivity curve for Bi (2223)-Ba;EuZrOs;s
composite containing 20-volume % of Ba;EuZrOs
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Figure 5. 11 (d): Temperature-resistivity curve for Bi (2223)-Ba;YbZrOS5 s
composite containing 20 volume % of Ba, YbZrOs s
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Figure 5. 11 (e): Temperature-resistivity curve for Bi (2223)-BaHoZrOss
composite containing 20 volume % of Ba;HoZrOs 5
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Figare 5. 11 (f): Temperature-resistivity curve for Bi (2223)-Ba;ErZrOs s
composite containing 20-volume % of BayErZrOs 5
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5.6 Development of Bi (2223) thick films on Ba,REZrQOs :

The suitability of Ba,REZrOss (RE = La and Eu) as substrate for Bi (2223)
superconductor was confirmed by developing superconducting Bi (2223) thick films
on them by dip-coating and melt texturing. The Bi (2223) suspension for dip-coating
was prepared by thoroughly mixing fine superconducting Bi (2223) powder with
isopropyl alcohol or n-butanol and the viscosity of the suspension was controlled by
the addition of commercially available fish oil. The polished and cleaned Ba,REZrOs
substrate was then dipped in the Bi (2223) suspension and dried. This step was
repeated till a required thickness is attained. The dip-coated films were then dried in an
oven and heated in a programmable furnace at a rate of 5°C/min in air up to 880°C and
kept at this temperature for 2 min and then annealed at 850°C temperature for 6 h. The
films were then cooled at a rate of 1°C / min up to 800°C from the annealing
temperature of 850°C and then furnace cooled to room temperature. The heating
schedule adopted for the preparation of Bi (2223) film is given in figure 5.12. Heating
up to 880°C was required to get good adhesion between the film and the substrate. A
peel off-test carried out using highly adhesive tape confirmed the excellent adhesion of
the Bi (2223) films to the substrates

The structure of the Bi (2223) films dip-coated on Ba;REZrQs s substrate were
studied by x-ray diffraction and the superconductivity of the films were studied by
temperature-resistance measurements using a standard four probe technique. Figures
5.13 and 5.14 show the XRD patterns of Bi (2223) films dip-coated on Ba,LaZrOs s
and Ba,EuZrQs 5 substrates. Except for the characteristic peaks of Ba,REZrQs s all the
other peaks in figures 5.13 and 5.14 are those of orthorhombic Bi (2223). The phase
purity of Bi (2223) film was further confirmed by calculating the volume fraction of Bi
(2223) from the XRD data using the empirical relation given in equation 5.1. The
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calculation using the above empirical relation shows that the volume fraction of Bi
(2223) in the dip-coated film on BayREZrOs s is 100%. Figures 5.15 and 5.16 shows
the temperature-resistance curve for dip-coated Bi (2223) films on Ba;REZrOss
substrates. The films showed metallic behavior in the normal state and gave a zero
resistivity transition of 110 K. The Critical current density (J¢) of the film measured
using 1uV criteria was ~ 3 x 10° A/om® at 77 K under zero applied magnetic field.
Because of the high processing temperature and partial melting of the Bi (2223) films
in the dip-coating and melt texturing process the films adhered very well to the
Ba;REZrO; s substrates. This clearly confirms that the newly developed Ba,REZrOs 5
materials are potentially suited for their application as substrates for superconducting
Bi (2223) films for various device applications.

0 100 200 300 400 500 600
Tine (min.)

Figure 5. 12: Heating schedule adopted for the preparation of Bi (2223) thick
films on Ba,REZrQs 5 substrates,
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Figure 5.14: XRD pattern of Bi (2223) thick films developed on Ba,FuZrQs 5 substrate
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Figure 5.15: Temperature-resistance curve for dip-coated Bi (2223) thick film on
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Figure 5.15: 'l'emperature-resistance curve for dip-coated Bi (2223) thick film on
Ba,EuZrQs 5 substrate
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5.8 Conclusions

Single-phase Bi,Sr;CaCuyOy [Ty = 85 K] and Bi sPbg sSr2CayCusOy
[Ty = 110 K] superconductors were synthesized and sintered through solid state
route. X-ray diffraction and resistivity measurements have shown that the newly
developed Ba,REZrQss substrates are chemically non-reacting with Bi (2212)
superconductors even under extreme processing conditions. A superconducting
transition of 85 K was obtained in all the composite mixture consisting of
Ba,REZrQs s and Bi (2212) containing 0-50 vol. % of Bi (2212) superconductor.
The suitability of Ba;REZrQOs s materials as substrate for Bi (2212) was confirmed
by developing superconducting Bi (2212) thick films on Ba,REZrOs ;s materials
by dip-coating and melt texturing. The films showed metallic behavior in the
normal state and gave a Tcg, of 85 K and Jc 4 x 10’ A / em? at 77 K under zero
applied magnetic field. The suitability of Ba,REZrOs 5 as substrates for Bi (2223)
superconductor has also been studied. The results of chemical reactivity studies
between Ba,REZrOs; and Bi (2223) superconductor indicates that the newly
developed materials with RE = La and Fu are chemically non-reacting with the Bi
(2223) superconductor even at the extreme processing conditions. Bi (2223) does
not react with Ba,;REZrQs s (RE = La and Eu) even after annealing a 1: 1 volume
mixture at 850°C for 10h, and the addition of Ba;REZrOs s up to 20 vol.% in Bi
(2223) did not show any detrimental effect on the superconducting properties of Bi
(2223). The materials with RE = Ce, Yb, Ho and Er were either decomposed fully
or partially in to Bi (2212) when annealed at a temperature of 850°C for 15 h. The
suitability of Ba;REZrOs s materials as substrate for Bi (2223) was confirmed by
developing superconducting thick films of Bi (2223) superconductors on
Ba,REZrO;s s materials by dip-coating and melt texturing. The film showed
metallic behavior in the normal state and adhered very well with the substrate. The
Bi (2223) film dip-coated and melt textured on Ba;,LaZrQs 5 gave a Tc(0) of 110K
and Jc 3 x 10° A / cm? at 77 K under zero applied magnetic field.
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CHAPTER VI

SYNTHESIS AND CHARACTERIZATION OF NANOPARTICLES OF

BARIUM RARE-EARTH ZIRCAONATES THROUGH A NOVEL
COMBUSTION ROUTE

6.1 Introduction

Synthesis of advanced ceramics and specialty materials as nanoparticles, or
nanocrystalline materials, is one of the major fields in material-processing
technology [1-6]. The specific advantages of nanocrystalline materials are superior
phase homogeneity, purity, sinterability and microstructure leading to unique
mechanical, electrical, dielectric, magnetic, optical, and catalytic properties [2-6].
A brief write-up on the properties and classification of the nanostructured materials
are given in the introductory chapter. By using conventional solid state route, it is
not possible to obtain a nanosized powder because the initial sizes of the reactants

themselves are muuch higher.

In earlier chapters, we have described the synthesis of a new group of
complex perovskite ceramic oxides, Ba,REZrQOs s (RE = La, Ce, Eu, Yb, Ho and
Er), through conventional solid state method and characterization for their
potential use as substrates for high T superconductors. These materials are found
to be non-reacting with YBCO and Bi (2212) superconductors at extreme
processing conditions and have attractive dielectric properties for their use as
substrates for these high temperature superconductors at microwave frequencies.
Two materials in this group with RE = La and Eu are found to be no-reacting with
Bi (2223) superconductor also even at extreme processing conditions. But the

synthesis of Ba,REZr(Qs s materials through the conventional solid state method
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was found to be tedious due to the repeated calcination of the reaction mixture at
high temperatures for prolonged duration. To synthesize these materials as phase
pure powders by solid state route, very prolonged heating at temperature ~ 1350°C
were required. In order to achieve high density, the powder compacts were sintered
up to an elevated temperature of 1675°C for prolonged duration. A few materials
in this group could not be synthesized or sintered as single component materials
without the addition of CuQ. The high temperature processing leads to the
unwanted microstructure coarsening leading to poor sinterability and physical
properties [7]. In order to improve the characteristics of the powder, especially
their sinterability and phase purity, attempts were made to synthesize Ba,REZrQOs 5
materials as nanoparticles. We have now developed a modified combustion
process for the synthesis of Ba,REZrOss as nanoparticles. The synthesis of
Ba,REZrOs s (RE=Y, La, Eu, Ho and Er) as nanoparticles and the characterization
of the combustion product by X-ray and electron diffraction, Differential Thermal
Analysis, Thermogravimetric analysis, infrared spectroscopy, BET surface area
determination, gas adsorption studies, agglomerate size analysis, and high-
resolution transmission electron microscopy described in this chapter. The
sintering of nanosized Ba,REZrQs 5 powders and structures of the sintered samples
are studied in detail and the results are presented. A brief write-up on various wet-

chemical methods for the synthesis of nanoparticles of ceramic oxides is also given

in this chapter.

6.2 Wet Chemical methods:

Wet chemical methods or liquid phase synthesis represents a large number
of preparation methods, which in general starting with an inorganic or metal-

organic precursor solutions [8]. The most important wet-chemical methods can be
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subdivided into five groups. (i) Dispersion methods: This technique is based on the
dispersion of a precursor solution in small droplets or atomization prior to drying
in air or in a non-mixable liquid. In this way, the distance of phase separation
during drying and calcining is limited by the dimensions of the submicron
droplets. Individual granular particles of the desired ceramic can be obtained by
drying these droplets followed by calcination. Emulsion techniques [1,9,10], spray
drying [11], freeze drying [12,13] etc., are the powder preparation routes based on
this method. (ii) Immobilization techniques: In this process the solution is
immobilized in some way or another. Demixing during the wet chemical
preparation is retarded in this way. This immobilization is done by the formation
of a glassy or gelatinous matrix in which the precursor is dispersed or by making a
polymeric network. For example, the precursor can be immobilized by
complexation with organic acids or alcohols. Processing from polymeric
precursors [14-16], oxalate route [17-19], citrate route {20-22], etc. are techniques
employing this principle. (iii) Precipitation: This procedure is in general based on
the controlled hydrolysis of an aqueous solution of metal salts or an alcoholic
solution of metal organic compounds. The precursor solution is strongly diluted,
while precipitation takes place in strongly basic or neutral medium. In this way it
is possible that precursor solution precipitates instantaneously at high nucleation
rate. But in the case of multicomponent system it is likely that various components
precipitate at different pH values of the solution an'd this would affect adversely
the powder homogeneity. Prior to drying and calcination, the reaction by products
such as alcohol, chlorides or nitrates are washed out by water. Washing may
selectively remove a precipitated component, which result in change in chemical
homogeneity and composition. The filtered precipitate after washing is calcined at

high temperatures. Coprecipitation {23-25], hydrothermal synthesis [26-28] etc are
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techniques employing precipitation reaction. (iv)} Sol-gel processing: Sol-gel
process has been proposed to be very effective method for producing ceramic
oxides for various structural and electronic applications [29-31). In sol-gel
processing, colloidal particles in a suspension, a sol is mixed with a liquid, which
causes the colloidal particles to join together into a network called a gel. A gel can
also be formed by extracting part of the solvent from the sol. Polymerization
during the gelation step greatly restricts chemical diffusion and segregation. The
gel is dried and calcined. Sol-gel is a multi step operation involve the processing of
high volume of liquid with relatively low yield has been pointed out as one of its
main drawbacks. (v) Combustion synthesis: Recently, another processing
technique termed as seif-sustained combustion or combustion synthesis has been
used to synthesis fine ceramic powders. The process of combustion synthesis
involves rapid decomposition of a saturated aqueous solution containing metal
salts, an oxidizer and a fuel. Mostly the powder obtained through combustion
synthesis is single phase pure without the need for a calcination process. Therefore
the method has energy and cost saving advantages. Combustion synthesis was used
by Kingsley et al (32-34] for the synthesis of ceramic oxides. In this method,
mixture of respective metal nitrates (oxidizers) and urea (fuel) were dissolved in
minimum quantity of water and heated at 500 °C. Pramanik e a/ have used the
thermolysis of a precursor mass consisting of metal nitrate solutions mixed with
polymeric polyvinyl alcohol (PVA) in presence of urea at external temperatures of
300 °C to 500 °C to prepare a variety of ceramic oxides [35-39]. Hess et af applied
combustion synthesis by using glycene as fuel to prepare Yttrium Aluminium
Garnet [40]. All these methods of combustion synthesis is limited to the

preparation of those compound which have water soluble metal salts.
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6.3 The modified combustion process *

We have developed a modified combustion process for the synthesis of
nanoparticles of ceramic oxide powders using metal salts, which are even insoluble
in water. Here a solvent, which dissolves all the metal salts required for the
preparation of particular ceramic oxide, is used. The solvent may be ethyl aicohol,
methyl alcohol, ethylene diamine tetra acetic acid, water etc. In this new method
no calcination step is involved and phase pure nanoparticle powder is obtained at a
relatively low temperature (~ 200°C) using a sand bath / hot plate. The details of
procedure for the synthesis of ceramic oxides as nanoparticles through the present
method comprises of (1) preparation of the solution of all the metal salts in the
required stoichiometric ratio, (2) addition of required quantity of an organic
complexing agent like citric acid or ethylene diamine tetra acetic acid (EDTA) to
the solution, (3) Adjusting the ammonia / nitrate content in the system, and (4)
heating the solution on a hot plate/ sand bath. On heating, the solution boils and
undergoes dehydration followed by decomposition leading to smooth deflation
producing a foam. The foam then ignites giving voluminous and fluffy product of
combustion. The salts of metals may be selected from its alkoxides, oxides,
nitrates, oxychlorides, carbonates or anything that could be brought in a solution.
The ammonia/nitrate content is adjusted by addition of the appropriate reagents.
Ammonia/nitrate could be added as (NH4)NO; or any of their derivatives

depending on the system selected.

In the present combustion method, citric acid or EDTA was used as the

complexing agent instead of polyvinyl alcohol and urea or glycene was replaced

¥ Indian Patent File No. NF 58 / 98 (1999)
US Patent File No. 09/ 537 252 dated 28 March 2000
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with ammonia. By this change of complexing agent and the oxidant / fuel system it
was possible to obtain single-phase ceramic oxides in a single step combustion
process and the usual calcination for prolonged duration at high temperature was
not needed. The only heat source used for the present study is a hot plate / sand
bath, hence the route has energy and cost saving advantages. The modified
combustion route presented here has also avoided the use of any additives for the
synthesis of complex perovskite oxides. The method is so versatile that single
phase of any ceramic oxide can be synthesized as nanoparticles through this route

and is beyond the scope of this thesis.
6.3 Synthesis of Nanoparticles of Ba;REZrOss ®

Aqueous solution containing the ions of Ba, RE, (RE=Y, La, Ce, Eu, Yb,
Ho and Er) and Zr were prepared by dissolving stoichiometric amounts of high
purity (99.9%) Ba(NOs);.5H;0, RE,0;, and ZrOCl;.8H,0. Since RE;O; is
insoluble in water, it was dissolved in 0.1 N nitric acid. Since nitrogen containing
compounds leads to ecasier and cleaner burn out than chlorine containing
compounds ZrOCl;.8H,O solution was boiled with nitric acid until no trace of
chlorine was detected by silver nitrate test [41]. The solutions were then mixed
together and an appropriate amount of citric acid was added to it. The oxidant/ fuel
ratio of the system was adjusted by the addition of ammonium hydroxide and nitric

acid. The solution containing the precursor complex was then heated on a hot plate
.

Published in

Nanostructured Materials, 11 (1999) 623;
Journal of Material Synthesis & Processing, 8, (2000) 1;
Journal of Materials Research, 15 (2000) 2125
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to about 250°C. Initially the solution boils and undergoes dehydration followed by
decomposition leading to smooth deflation with enormous swelling producing a
foam. The foam then gets ignited giving a voluminous and fluffy product of

combustion.

6.4 Characterization of Ba,REZrQO; s powders:

The as-prepared Ba,REZrOs s materials obtained by the present combustion
route were characterized by different powder characterization techniques. The
structure of the as-prepared and subsequently heated powders was studied by X-
ray (XRD) and electron diffraction. In order to know whether there is any phase
transition is taking place in the as-prepared sample, thermal analyses viz.
Differential Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA)
have been carried out. The as-prepared samples were also characterized using IR
spectroscopy, Gas adsorption studies and agglomerate size analyses. The powder
morphology was studied using High Resolution Transmission Electron
Microscopy (HRTEM).

6.4.1 Structural Characterization of the combustion product

The structure and phase purity of the powders were examined by XRD
using a Rigaku, Dmax (Japan) X-ray diffractometer with nickel filtered Cu-Ka
radiation. Figures 6.1 (a) and 6.2 (a) show the XRD pattern of the as-prepared
powder samples of Ba,L.aZrOs 5 and Ba;EuZrQO; 5 for 26 between 20° and 60°. The
broad and diffused peak at d = 2.96 and 2.98 A correspond to the major (220)
reflection of Ba,LaZrOss and Ba,EuZrQOss respectively, indicating that the
complex ceramic perovskite phase is formed during the combustion process itself.

The near amorphous nature of the pattern suggests the ultrafine nature of the
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powders obtained. The as prepared powders of Ba;LaZrOs s and Ba;,EuZrOs 5 were
heated in a muffle furnace at different temperatures between 500°C and 1100°C in
order to understand their crystallization behavior. The XRD pattern of the
subsequently heated powders of Ba,LaZrQOss and BaEuZrQOss are shown in
figures 6.1 (b-d) and 6.2 (b-d) respectively. It may be noted that there is no

structural change takes place in the samples other than increasing the crystallinity
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Figure 6.1; XRD pattern of Ba,1.aZrOs 5 (a) as-prepared, (b) heat treated at
500°C, (c) 800°C and (d) 1100°C each for 8 h in air
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Figure 6.2: XRD pattern of Ba,EuZrQOs 5 (a) as-prepared, (b) heat treated at
500°C, (c) 800°C and (d) 1100°C each for 8 h in air

of Ba,LaZrQs s and Ba,EuZrQs 5 ceramics as the temperature is increased. There is
no indication in the XRD patterns of any additional phase other than Ba;,LaZrOs s
and Ba;EuZrQOs s either in the as prepared or in the heat-treated samples. These
observations clearly show that the Ba,l.aZrQs s and Ba,EuZrOs s phase formations
was complete during the combustion process itself without the need for a
calcination step. It may be noted that single phases of Ba,LaZrOss and
Ba,EuZrQO; s materials can be o_btained through solid state reaction route only after
calcining the reaction mixture at a temperature of 1350°C for 72 h with

intermediate grindings.



171
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Figure 6.3: The XRD pattern of the powder obtained directly after combustion (a)
Ba;YZrOs s, (b) Ba;HoZrOs s, (¢) BayErZrOs s

Figure 6.3 shows the XRD pattern of the as-prepared Ba;YZrOs s, Ba;HoZrOs s,
and Ba,ErZrQss powders obtained directly after combustion. All the peaks are
indexed for a complex cubic perovskite structure corresponding to Ba;,REZrOs s
(RE =Y, Ho and Er) materials. There was no indication in the XRD pattern of any

additional phase in the as-prepared powder. In Table 6.1, the lattice constant
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values calculated from the XRD patterns of the powders of Ba,REZrOs s obtained
through the present combustion route are compared with the corresponding
powders obtained through the solid state route. These observations clearly show
that the phase formation was complete during the combustion process itself,
without the need for a calcination step. The broad nature of the peaks in fig. 6.3
indicates the ultrafine nature of the crystallites. As evident from the figure, the
solid combustion products were single phase and no intermediate phases or
unreacted components were present in the samples. It is interesting to note that
Ba,REZrOs s (RE = Y, Ho and Er) materials could not be synthesized as single
phase materials through solid state route by using the constituent oxides or
carbonates and the impurity addition was always required to obtain these material

Table 6.1: Lattice constant values and the particle size calculated from XRD
pattern of the combustion synthesized Ba,REZrO; s powders.

Material Lattice constant (A) Full width at  Particle size

Combustion  Sintered solid Half Maximum  calculated
x103 (rad)  from XRD

synthesized state powder

(nm)
Ba;,LaZrOs s 8.390 8.350 7.557 19
Ba,EuZrOs s 8453 8.420 13.03 11
Ba,YZrOs s 8.400 8.400 7.976 18
Ba;HoZrOs s 8.428 | 8.428 11.04 13

Ba,ErZrOs 5 8.453 8.445 9.407 15
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as single phase. Crystallite size was calculated from the X-ray line broadening of
(220) diffraction peak using Scherrer formula {42]

Do 094 6.1
pcosé

where D is the crystallite size in nm, A is the wave length of the X-ray ( 1.5406A),
B is the corrected half width and 0 is the diffraction peak angle. The calculated

crystallite size by assuming uniform particles are given in table 6.1.

6.4.2 Thermal characterization of the combustion product

The thermal characterization of nanoparticles of Ba,REZrOs;s
synthesized through the modified combustion process has been carried out
using differential thermal analysis (DTA) and thermogravimetric analysis
(TGA). The DTA was carried out using a Shimadzu DTA-50H differential
thermal analysis up to 1100°C at a heating rate of 10°C/min in nitrogen
atmosphere. The thermogravimetric analysis was done in the temperature
range 30-1100°C using a Shimadzu 50 H unit in nitrogen atmosphere.
Figures 6.4 to 6.7 shows the DTA and TGA curves of the as- prepared
powders of Ba,REZrQs 5 obtained directly after combustion. In all the cases
TGA shows a loss of weight at ~100°C which can be due to the adsorbed
moisture present in the sample. This weight change corresponds to an
endothermic reaction in the DTA curve at 100°C. Even though the materials
were dried initially before recording the DTA and TGA curve, because of its
ultrafine nature moisture adsorption occurs immediately on the exposure to
the atmosphere. Thereafter neither the weight nor the enthalpy of the
samples changed till 1100°C. This implies that the combustion is complete

during the process itself and no organic intermediates were present in the



174

samples. There was also no evidence of any phase transition taking place in

the sample up to this temperature.
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Figure 6.4: TGA and DTA Trace of as-prepared Ba,L.aZrOs s powder between 30
and 1100°C in nitrogen atmosphere at a heating rate of 10°C / min.

6.4.3 FT-IR studies of Ba;REZrOss:

Additional information regarding the phase purity and the presence or organic
intermediates were obtained by FT-IR spectroscopy. IR spectra of the samples
were recorded in the range 400-4000 cm™ on a Nicolet 1 400 D FT-IR
spectrometer using KBr pellet method. Figures 6.8 to 6.12 show the FT-IR
spectrum of as-prepared Ba,REZrOss compared with that of the sintered
specimens. The additional vibrations in the as-prepared powder other than that

present in the sintered sample are due to adsorbed moisture. This corroborates the
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XRD and thermal analysis results that the combustion is complete and no organic

intermediates were present in the sample.
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Figure 6.5: TGA and DTA Trace of as-prepared Ba,EuZrOs s powder between 30
and 1100°C in nitrogen atmosphere at a heating rate of 10°C / min.
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Figure 6.6: DTA Trace of as-prepared Ba,YZrOss powder between 30 and
1100°C in nitrogen atmosphere at a heating rate of 10°C / min.
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Figure 6.7: TGA and DTA Trace of as-prepared Ba,HoZrOs s powder between 30
and 1100°C in nitrogen atmosphere at a heating rate of 10°C / min.
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Figure 6.8: FT-IR spectrum of (a) as-prepared Ba;LaZrOss powder obtained
through combustion synthesis and (b) Ba,LaZrQOs s heated at 1350°C.
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Figure 6.9: FT-IR spectrum of (a) as-prepared BaEuZrO;s powder obtained
through combustion synthesis and (b) Ba;EuZrQs 5 heated at 1525°C.
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Figure 6.10: FT-IR spectrum of (a) as-prepared Ba,YZrOss powder obtained
through combustion synthesis and (b) Ba;YZrOs s heated at 1500°C.
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Figure 6.11: FT-IR spectrum of (a) as-prepared Ba,HoZrOs s powder obtained
through combustion synthesis and (b) Ba;HoZrQOs 5 heated at 1600°C.
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Figure 6.12: FT-IR spectrum of (a) as-prepared Ba,ErZrO; s powder obtained through
combustion synthesis and (b) Ba,ErZrOs s heated at1600°C.
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6.4.4 Gas adsorption studies of the combustion product:

The powder characteristics like adsorption isotherm and specific surface
area of the powder was studied using nitrogen adsorption studies. The surface
area and gas adsorption studies of the samples were carried out on a
Micromeritics unit model Gemini 2360 using nitrogen as adsorbent. The
powder samples for this study was degassed at 300°C for 2 h and the
adsorption studies were done at liquid nitrogen temperature using analar
nitrogen. Table 6.2 gives the BET surface area and the equivalent particle size
of Ba,REZrOs s calculated by assuming that they are all consists of discrete

monosized particles using the formula.

t=6/pA (6.2)

where t is the particle, p is the density of the materials and A is the specific
surface area. The adsorption isotherm of nanoparticles of Ba,REZrOs
powders is shown in figure 6.13 . The adsorption behavior of all the material in
the group are identical and corresponded to type II isotherm [43]. Type 1I
isotherm is usually encountered for non-porous powder with average pore
diameter larger than micropores. The knee of the isotherm indicates the
completion of the first adsorbed monolayer and with increasing relative

pressure, the higher layers being filled until at saturation, the number of

adsorbed layers become infinite
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Table 6.2: BET surface area, particle size calculated from surface area and pore
size of the combustion synthesized Ba,REZrOs 5 powder.

) BET surface area Particle size Pore diameter
Material (m?/g) calculated from (cc/g)
surface area (nm)
BazLaZI'OS_5 10 90 0.0543
BazEqu05_5 19 49 0.0636
Ba,YZrOs s 21 48 0,0483
Ba,HoZrOs s 20 43 0.0536
Ba,ErZrOs 5 46 40 0.0517

Vol. Adsorbed (cc/g)

Relative Pressure

Figure 6.13: Adsorption isotherm of (a) Ba;YzrQs s, (b) Ba,LaZrOs s,
(C) BagELIZI'O5_5, (d) BazHOZl'Osj, (e) BazErZr05_5
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6.4.5 Agglomerate size analysis of the combustion product

The agglomerate size distribution of the as-prepared nanoparticles of
Ba,REZrOss was studied using a Micromeritics sedigraph model 5100. The
powder particies were dispersed in water and agitated ultrasonically for 10 min for
recording the agglomerate size distribution curve. The agglomerate size
distribution of Ba;REZrQs s is shown in figure 6.14. It is clear from the particle
distribution curve that the majority of the as-prepared powder lies in a smaller
particle range (<1pum). A few percentage of the as-prepared powder have a larger
particle range between 5-10 um. The maximum size of the agglomerate as seen

from the agglomerate size distribution data was ~ 10 pm.
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Figure 6. 14: The agglomerate size distribution of the as-prepared powder (a)
BagYZr05_5, (b) BazLaZI'Osj, and (C) BazEUZI'O5_5
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6. 4.5 TEM studies of the combustion product

The powder morphology of the as-prepared powder like particle size, size
distribution, shape, shape distribution, degree of particle agglomeration etc were
obtained from High-Resolution Transmission Electron Microscopy (HRTEM). The
samples for HRTEM was prepared by ultrasonically dispersing the powder
particles in methanol and allowing a drop of this to dry on a carbon coated copper
grid. The carbon films were developed by vacuum coating technique using an
Edward 303 instrument. The Transmission Electron Micrographs were obtained
using a JEOL 2000 HRTEM with a top entry stage operating at 200 kV
corresponding to a wavelength of 2.508 pm. Each selected area diffraction (SAD)
pattern was recorded at a camera length of 100 cm and the calibration of camera
length has been confirmed to be within 5%. The TEM studies of the Ba,REZrO;s ¢
powder obtained by combustion synthesis showed the powder particles to be

submicron-sized aggregates of nanocrystallites.

Figure 6.15 (a) is a typical bright field image of the as-prepared
BayLaZrOs s powder particle and figure 6.15(b) is the corresponding SAD pattern.
Fig.6.15(c) is a representative powder particle imaged in the dark field mode at a
different region. The particles in the system are found to have a bimodal
distribution with two size ranges of about 35nm and 65 nm. The SAD pattern
obtained has been indexed and is in agreement with the XRD results. Table 6.3
shows the electron diffraction data of Ba,LaZrQ;s powder obtained through the
present combustion route. The ring pattern in the SAED also indicates the

nanocrystalline nature of the Ba,L.aZrOs 5 powder.
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(©)

Figure 6.15: (a) Bright field TEM micrograph of an as-prepared Ba,l.aZrOs s, (b)
corresponding selected area diffraction pattern, and (c) dark-field
image of a particle of as-synthesized Ba,L.aZrOs s powder
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Table 6.3: Electron diffraction pattern of a powder particle of Ba;,LaZrOs s

Ring No Diameter (mm) d(A) hkl

1 21.68 2314 222
2 26.26 1.910 420
3 33.72 1.486 440
4 40.42 1.241 444
5 45.02 1114 642

Figure 6.16 (a) shows typical high-resolution electron micrographs of a
nanoparticle cluster from the as-prepared Ba;,EuZrQs s powder. The measured particle
size distribution shows a mean particle size of 38 nm with a standard deviation of 12 nm.
The particles are of regular cuboidal shape and are submicron aggregates of
nanocrystallites. The selected area diffraction pattern of this sample is shown in figure
6.16(b). The electron diffraction data of the pattern shown in figure 6.16 (b) is given in
Table 6.4. A small fraction of the as-prepared powder also consists of larger cuboidal
particles of about 100 nm size as shown in figure 6.16(c). A closer examination of these
larger sized particles reveals that they consist of finer nanocrystallites in the size range 6
nm to 22 nm. The electron diffraction pattern corresponding to this region showed
spotty nature which can be due to the fact that the finer crystallites having related
orientations are agglomerated together resulting in a limited set of orientations. Figure
6.17 is the high-resolution lattice image of the agglomerate sample in figure 6. 16(c).
This lattice image shown in figure 6.17 confirmed the possibility of finer crystallites in
the particle having the same orientations. The same set of lattice planes is imaged across

nanocrystalline boundaries in the same orientation.
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Figure 6.16: (a) Bright field TEM micrograph of an as-prepared Ba,EuZrOs s, (b)
corresponding selected area diffraction pattern, and (c) bight field

micrograph of an as-prepared Ba,EuZrQOs s powder containing larger
particles
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Figure 6. 17: HRTEM lattice image of a powder showing aggregation og finer
crystallitesin the particle having related orientation

Table 6.4: SAD pattern of a powder particle of Ba,EuZrOs 5

Ring No. Diameter (mm) d (A) Hkl

1 19 2.639 311
2 22 2.279 400
3 26.5 1.892 420
4 30.5 1.664  511/333
5 34.5 1.453 442
6 40.5 1.238 444

Figure 6.18 (a) shows a typical high-resolution electron micrograph of a
nanoparticle cluster from the as-prepared Ba,HoZrOss powder imaged in bright

field mode and fugure 6. 18 (b) is the corresponding dark filed image. The size of
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the agglomerates ranged from 200 to 300 nm while the measured nanocrystalline
grains are in the range 4 nm to 16 nm with a mean size of 8.2 nm. Both
agglomerate and the nanocrystallites are seen to be of irregular shape. The selected
area diffraction pattern of this sample is shown in figure 6.18(c). The diffraction
data comprising of ring diameter, d values and (hk!) values are given in Table 6.5.
The electron diffraction pattern is now indexed for a cubic perovskite structure in
which the doubling of the basic perovskite unit cell is observed. The SAD pattern
is in good agreement to the XRD data.

Table 6.5: SAD pattern for nanoparticles of Ba;HoZrOs s

Ring No. Diameter (mm) d(A) hkl

1 16.9 2965 220
2 19.0 2.639 311
3 21.0 2379 222
4 24.0 2.106 400
5 27.0 1.857 420
6 29.5 1.700 422
7 35.0 1.433 440
8 38.0 1.320 620
9 41.0 1.223 642

A typical bright field image of a powder particle of as-prepared YBa,ZrOs s
is shown in figure 6.19(a) and the corresponding selected area diffraction pattern is
given in figure 6.19(b). Aggregate sizes raﬁged from about 300 nm to more than
1000 nm while the crystallite sizes, as measured in dark field images, ranged from

5 nm to 50 nm. Figure 6.19(c) is a representative powder particle, imaged in the



188

Figure 6.18: (a) Bright field and (b) dark field TEM micrographs of a as-prepared
Ba,HoZrOss powder particle, (c) corresponding electron
diffraction pattern.
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Figure 6.19: (a) Bright field TEM micrographs of a powder particle of the as-
prepared Ba,YZrQs s, (b) corresponding electron diffraction pattern
and (c) dark field image of a powder particle of the as-synthesized
BagYZI‘OS'S.
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dark field mode using the (220) beams. The electron diffraction pattern obtained
for the nanocrystalline particle has been indexed and is given in Table 6.6. The
HRTEM lattice imaging of a powder particle is shown in Figure 6.20. An
intercrystalline boundary has also been imaged. The lattice image of the
nanocrystalline powder showed very little distortion or strain in the lattice and the

interface is quite sharp and seems to be without any second phase.

Figure 6. 20: HRTEM lattice image of an intercrystalline boundary of Ba;YZrOs:s.
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Table 6.6: SAD pattern of YBa,ZrQs s nanopowder

Ring No. Diameter (mm) d(A) Hkl

1 19.7 2.539 311
2 23.0 2.179 400
3 27.0 1.857 420
4 31.5 1.592 511
5 35.0 1.433 440
6 36.5 1.374  531/442
7 38.0 1.320 620
8 41.5 1.208 444
9 47.0 1.067 642
10 49.5 1.013 660

6.5 Sintering of nanoparticles of Ba,;REZrQ;s:

The nanoparticulate powders of Ba,REZrQss synthesized through the
present method has been sintered to ~ 98 % of the theoretical density. The single
phase Ba;,REZrOs s powders were pressed at a pressure of ~ 450 Mpa in the form
of circular discs of dimensions 13 mm diameter and ~ 2.5 thickness and these discs
were sintered in air in the temperature range 1375-1525°C for duration ranging
from 4 to 10 h. The relative green densities of the samples were 55 + 2% for this
pressure. The individual sintering temperature and time for the nanoparticles of
each materials synthesized through the present combustion method compared with
the sintering temperature and time of the respective powders obtained through the
solid state route is given in Table 6.7. The sintered and relative densities of
nanoparticles and coarse-grained powders of Ba,REZrQss materials are also
compared in Table 6.7. In all the cases there are a substantial decrease in sintering
temperatures of the nanocrystalline powders. The sintering behavior of the

nanoparticles of Ba,REZrO; s powders synthesized through the combustion route
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Table 6.7: Comparison of sintering parameters and sintered densitiecs of nano
particles obtained through the present method and coarse-grained
powders obtained through solid state route of Ba;REZrOs s materials.

Nanoparticles obtained through the Coarse grained powder obtained
modified combustion process through the solid state route

Material sintering density Sintering density

Temp. Time Sintered Relative Temp. Time Sintered Relative

Q) 0 (gley () (C) {®) (glee) (%)
6

BalaZrOss 1375 6.52 98 1550 10 6.31 97
BaEuZrOss 1525 6 6.54 97 1625 10 6.49 96
BaYzrOss 1500 4 6.02 97 1675 10 5.96 96
Ba,HoZrOss 1500 10 6.72 98 1600 10 6.65 97
Ba,ErZrOss 1525 6 6.49 98 1650 10 6.36 96

* in presence of 1 wt.% of CuO

is compared with that of coarse-grained powders synthesized through solid state
reaction method. Figure 6.21 shows the variation of relative density with
temperature for the above two sets of powders. It can be clearly seen from the
figures that sinterability of nanoparticle is excellent compared to that of coarse-
grained powders synthesized through solid state route. A sintered density of 97 %
could be obtained for nanoparticles at a sintering temperature of 1525°C for 6h. In
the case of powders prepared through solid-state route, a minimum sintering
temperature of 1650°C for 10 h was required to obtain a sintered density of 96% of
the theoretical density. This reduction in sintering temperature and time may be
attributed to the enhanced kinetics due to the small degree of agglomeration and
ultrafine nature of the powder [44].
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Figure 6.21: Variation of Relative density with temperatre of Ba,EuZrOs s nanoparticles
6.6  Structural characterization of the sintered Nanoparticles

The XRD pattern for 26 between 5 and 90° of sintered Ba;REZrOs s
samples synthesized through the combustion process is shown in figures 6. 27
(a-b). The sintered samples were single phase and has the same structure as
that of the solid state synthesized powders. All the peaks including the minor
ones are indexed for a cubic perovskite structure with the general formula
A;BB’0Oq4, in which the doubling of the unit cell is observed. The lattice
constant values calculated from the XRD patterns of the Ba;REZrOs;
material synthesized through the present method agrees very well with the

lattice constant values synthesized through the solid state route.
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Figure 6.22: The XRD pattern of sintered nanoparticles of (a) Ba,YZrOss, (b)
BazLaZrosvs, (a) BazEU.ZI‘Os_s
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Figure 6.22: The XRD pattern of sintered nanoparticles of (a) Ba,HoZrOs s, (b)
BazErZrO 5.5

6.7 Conclusions
A modified combustion process has been developed for the synthesis of

nanoparticles of ceramic oxides. The method is particularly useful for the synthesis

of nanosized particles of complex perovskite ceramic oxides. By using the present
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combustion route nanoparticles of phase pure materials can be synthesized by
heating a precursor solution containing metal salts and a complexing agent in a
hotplate / sand bath after adjusting the oxidant / fuel ratio of the initial solution.
The newly developed Ba,REZrOs s materials were synthesized as nanoparticles
through the present modified combustion process. The X-ray and electron
diffraction studies revealed that Ba,REZrOss; was obtained as single-phase
materials without another phase and had a cubic perovskite (A;BB’Og) structure.
The thermal analyses were carried out to study the changes occurring in the sample
on heat treatment. The thermal studies revealed that the decomposition is complete
during the combustion process itself and there was no evidence of any phase
transition at high temperature. Additional information regarding the phase purity
and the presence of carbonaceous impurities were obtained from IR spectroscopic
studies. The particulate properties such as specific surface area and adsorption
behavior were studied using nitrogen gas adsorption technique. The particle
morphology of the as-prepared powders was studied by high-resolution
transmission electron microscopy. The TEM studies of the Ba,REZrOs s powder
obtained by combustion synthesis showed the powder particles are submicron-
sized aggregates of nanocrystallites. The aggregate / agglomerate size ranged from
100 nm up to 1 microns while the measured nanocrystalline grains ranges from 4
nm to 65 nm. The high-resolution lattice image of the nanocrystalline particle
showed very little distortion in the lattice and the intercrystalline boundary was
quite sharp without any second phase. The nanocrystalline powders obtained
through the present method could be sintered to high density at relatively lower
temperature for shorter duration. The sintering behavior of the nanoparticles of
Ba,REZrOs 5 powders is excellent compared with the powder obtained through the

solid-state reaction method.
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CHAPTER VII
SUMMARY AND CONCLUSION

The thesis presents detailed study on (1) the development of a new group of
complex perovskite ceramic oxides for their use as substrate for high 1
superconductors through conventional solid state reaction method, (2) preparation
and characterization of high T superconductors films on the newly developed
substrates, and (3) synthesis of the newly developed materials as nanoparticles

through a modified combustion process.

In the course of this research work, a new group of ceramic oxides with the
general formula Ba,REZrOss (RE= La, Ce, Eu, Yb, Ho and Er) has bcen
synthesized and sintered as single-phase materials by solid state reaction method
for the first time. The structure of the materials are studied by XRD and all these
materials are found to be isostructural having an ordered complex cubic perovskite
structure of general formula A,;(BB’)0¢. The presence of the superstructure lines
in the XRD pattern of Ba,REZrO;s indicates the doubling of basic ABO;
perovskite unit cell. Two materials in this group, viz., Ba;HoZrOss and
Ba,ErZrQs s could not be synthesized as single-phase materials through solid state
reaction method by using only the constituent oxides or carbonates. During high
temperature annealing, the development of stable BaZrO; and BaREO; 5 (RE = Ho
and Er) phases prevented the formation of Ba,REZr(O;s (RE = Ho and Er) as a
single-phase materials even at 1650°C. However, an addition of small amount of
CuO (1 wt.%) in the reaction mixture has resulted in the formation of an ordered
complex perovskite phase during the heating process. The lattice parameters of Ba_
2REZrQOs s materials measured by x-ray diffraction are in the range 8.394 - 8.551
A. Based on the proposed crystal structure, the lattice parameters of the

Ba;REZrQOs 5 materials were calculated by using a hard sphere approximation and
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is in good agreement with the values observed experimentally. Thesc new
materials do not undergo any phase transition in the temperature range 30-1300°C.
These materials melt congruentty making the single crystals from melt possible
and are stable under atmospheric conditions. The dielectric constant and loss
factor values of these materials are studied at room temperature and liquid
nitrogen temperature and are in a range suitable for electronic applications at
microwave frequencies. There was no substantial difference in the value of the
dielectric constant measured at room temperature and liquid nitrogen temperature.
but the dielectric loss decreased almost by one order of magnitude at liquid
nitrogen temperature. The dielectric constant values of the Ba;REZrOs s materials
calculated using the Classius-Mossotti equation are found to be in agreement with

the experimentally observed values.

The results of chemical reactivity studies between Ba;REZrOs 5 and YBCO
superconductor indicate that the newly developed materials are chemically
compatible with the YBCO superconductor even at the extreme processing
conditions. The XRD patterns of the Ba,REZrQ; <-YBCO composite do not show
any additional phase other than those of Ba;REZrQs s and YBCO in the composite
even after severe heat treatment. The addition of Ba,REZrOs 5 up to 50-vol.% in
YBCO did not show any detrimental effect on the superconducting properties ol
YBCOQ. The lattice matching of Ba,REZrOs s with YBCO is within the tolerable
limit for epitaxial growth. The suitability of Ba,REZrOs s materials as substrate for
YBCO was confirmed by developing superconducting thick films of YBCO on
Bay,REZrQs s materials by dip-coating and melt texturing. Because of the high
processing temperature and partial melting of the YBCO films in the dip-coating
and melt texturing process, YBCO films adhered very well to the Ba;REZrOs s
substrates. A peel off-test carried out using highly adhesive tape confirmed the

excellent adhesion of the YBCO films to the substrates. The structure of the dip-



coated films was studied by XRD and the superconductivity was studied by
temperature-resistance and critical current density measurements. The films
showed metallic behavior in the normal state and gave a Ty of ~ 92 K with a
transition width of ~ 2K. The critical current density of the dip-coated and melt

textured films were ~ 10* A/em® at 77 K under zero applied magnetic field.

The suitability of Ba,REZrQs 5 as substrate for Bi (2212) and Bi (2223) has
been studied in detail using x-ray and electrical measurements. In the present
study, single-phase Bi;Sr»CaCuyOy [Te() = 85 K] and Bi; sPbg sSr,Ca,CusO, [T
= 110 K] superconductors were synthesized and sintered through solid state routc.
X-ray diffraction and resistivity measurements have shown that the newly
developed Ba,REZrOss substrates are chemically non-reacting with Bi (2212)
superconductors even under extreme processing conditions. A superconducting
transition of 85 K was obtained in all the composite mixture consisting of
Ba;,REZrOs s and Bi (2212) containing 0-50 vol. % of Bi (2212) superconductor.
The suitability of Ba,REZrOs s materials as substrate for Bi (2212) was confirmed
by developing superconducting Bi (2212) thick films on Ba,REZrQs s materials
by dip-coating and melt texturing. The films showed metallic behavior in the
normal state and gave a T, of 85 K and Jc ~ 4 x 10° A/ cm” at 77 K under zero
applied magnetic field. In the present study it was found that Ba,l.aZrQOss and
Ba;EuZrOs 5 are found to be non-reacting with the Bi (2223) superconductor even
at the extreme processing conditions. The materials with RE = Ce, Yb, Ho and Er
were either decomposed fully or partially in to Bi (2212) when annealed at a
temperature of 850°C for 15 h. The suitability of Ba,REZrOs s (RE = La and Eu)
materials as substrate for Bi (2223) was confirmed by developing superconducting
thick films of Bi (2223) superconductors on Ba,REZrOs s materials by dip-coating
and melt texturing. The film showed metallic behavior in the normal state and

adhered very well with the substrate. The Bi (2223) film dip-coated and melt
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textured on Ba,REZrOs s gave a T(0) of 110 K and Jo 3 x 10° A/ cem? at 77 K

under zero applied magnetic field.

A new single step process for the synthesis of Ba,REZrOs; 5 as nanoparticles
is described in detail in the thesis. By using the present combustion route
nanoparticles of phase pure materials can be synthesized by heating a precursor
solution containing metal salts and a complexing agent in a hot plate/sand bath
after adjusting the oxidant/fuel ratio of the initial solution. The X-ray and electron
diffraction studies revealed that Ba,REZrOss obtained is singie-phase and
nanoparticles and had a cubic perovskite (A;BB’Qg¢) structure. The thermsl
analyses were carried out to study the changes occurring in the sample on heal
treatment. The thermal studies revealed that the decomposition is complete during
the combustion process itself and there was no evidence of any phase transition at
high temperature. Additional information regarding the phase purity and the
presence of carbonaceous impurities were obtained from IR spectroscopic studics.
The particulate properties such as specific surface area and adsorption behavior
were studied using nitrogen gas adsorption technique. The particle morphology of
the as-prepared powders was studied by high-resolution transmission electron
microscopy. The TEM studies of the Ba,REZrOs s powder obtained by combustion
synthesis showed the powder particles are submicron-sized aggregates of
nanocrystallites. The aggregate/agglomerate size ranged from 100 nm up to |
microns while the measured nanocrystalline grains ranges from 4 nm to 65 nm.
The high-resolution lattice image of the nanoccrystalline particle showed very little
distortion in the lattice and the intercrystalline boundary was quite sharp without
any second phase. The nanocrystalline powders obtained through the present
. method could be sintered to high density at relatively lower temperature for

shorter duration. The sintering behavior of the nanoparticles of BayREZrOs s
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powders is excellent compared with the powder obtained through the solid-statc

reaction method.

7.1 Future Projections

The suitability of the newly developed materials for various structural and
functional applications will be explored. The newly developed Ba,REZr()«s
materials have dielectric properties in the range suitable for their use as dielectric
resonators. Other studies will be carried out to examine their potential use as
dielectric resonators. In addition, the mechanical properties of Ba;REZrOs s will
be evaluated for their use for structural applications. The thermal properties ol
Ba,REZrOss such as thermal conductivity, thermal diffusivity, thermal
expansivity, specific heat capacity, etc. will be evaluated to examine whether the
thermal properties of these materials are suitable for substrate application. All
these studies will be extended for nanoparticles of Ba,REZrOss; material
synthesized through the modified combustion route and the properties of both
coarse-grained and nanoparticles will be compared. For the commercial
exploitation of these materials, it is necessary that these materials are to be grown
as single crystals. The melting experiments carried out on the single phasc
Ba;REZrOs 5 revealed that these materials melt congruently, making it possible to
grow them as single crystals from melt. One of the major future projections is the
growth these materials as single crystals and the development of superconducting
thin films on the single crystal substrates. High T superconducting thin films will
be developed using pulsed laser ablation on single crystals, polycrystalline coarse

grained materials and sintered nanostructured Ba,REZrQOs s materials.

The growth of single crystal films of Ba;REZrOss on technologically
important substrates such as Si, Si0,, AlLO; etc. will be useful as they arc

commdnly available and are widely used for many microelectronic applications.
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The su(I:cessfuI preparation of single crystal films of Ba;REZrOs s epitaxially on Si
and the growth of high quality superconducting films on them can have
tremendous potential for application in integrating superconductivity with the
existing semiconductor technology. As the wuse of high temperature
superconductors in high power electrical application has now taken new turns, the
deposits of YBCO on textured metal tapes with suitable buffer layer may the high
temperature superconductor wire technology that enables high field electric power
devices at liquid nitrogen temperatures. In this case the successful deposition of
Ba;REZrOs s commeicially available textured metal tapes and the deposit of cither
YBCO or Bi cuprate films on these layers would be break through in
superconductivity research. The very recent discovery that MgB, -an intermetallic
compound- superconduct at 40 K raised the expectations of superconductor
technology. The suitability of Ba;REZrOs s materials as substrate for the recently
identified MgB§ superconductor will be studied in detail with a top priority.

In the present study, the modified combustion processes were applied only
for the synthesis of the nanoparticles of the materials described in the present
thesis. A lot many ceramic oxides are in use in various devices and their properties
will be greatly enhanced/modified if they were synthesized and sintered as
nanoparticles. The newly developed modified combustion process will be
extended for the synthesis of nanoparticles of such commercially important

materials using aqueous and non-aqueous metal salts.
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