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ABSTRACT
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them in different cnvitonments. It had heen of Hnmense mnterest to see the hehavion

of these new materials i presence of sopne external ;N'!HHIMNIHHM like. ener gl

particle radiation on them. [t 1s from this motivation the radiation studies on
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studies are not only limited to study the behavior of superconductors in radiative

environment, but these studies are now bheing used to tailor the properties of the

superconductors to use them in specific applications.

Present study, deseribed in the thesis includes irradiation of hiegh Te \.H;x_:('n;{()T_(\

superconducting system with energetic projectiles of cnergy ~ 100 MeV, Since at
this cnergy, the electronic energy loss due to inclastie collision. of a projectile with

the electrons of the target atoms, shares major contribution to the total energy loss
value, the projectiles are chosen with gradually increasing electronic energy loss value.
The chosen projectiles

s according to this scheme are 75 MeV O (S, =0.17 KeV/A),
75 MeV *Nj (5, = | 45 KeV/A) and 100 MoV 127 (Se = 2.09 KeV/A). The first

interest was 1o spe that whether this YBCO system is sensitive to this electronic
energy loss in terms of jig change in properties. The next objective was that if this
system s really responsive to these irradiations then whether it is possible to use
these effects of irradiation N properties iy making devices. The results of different
exXperiments performed In the present study, demonstrated that the YBCO system

responds differently 1 )¢ irradiation of the proje

SCCINS apparent tq¢ there

ctiles with different S, value, and it

is a threshold value of S, above which the system changes

s superconducting Property significantly. Also it has been observed that alter g
certain dose value for 4 Particular projectile. the normal state electrical conduct ity
of the system Undergoes 4 drastic change. This fact can be used in futiure for ion
beam ]iihogra.plly.
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In the second part of the thesis deposition of buffer lavers on Si. for subsequent

growth of high Tc YBCO film on it. is undertaken to explore the feasibilitv of the

integration between superconductor and scmiconductor and also 1 explore the pos

sibility of large area deposition of high T¢ thin film on Si

I W (i}fi|']t‘“' l.l'l.“l('

materials, SrTi03 and MgO, has been deposited on Si by e-beam deposition method

and subsequently characterised by different surface sensitjve tec)

XPS, HIBS, ERDA and also by XRD. The imtegrity of the |

imiques hke, AES,

'”“('! I.:_\'t'l‘\ are llll‘l L"‘i

by heat treating them upto 900°C" and subsequently charactenising them e Fuen i

have confirmed that the deposited buffer lavers are well imtegrated even after the |

_—_
1t al

treatment to such a high temperature and also there is no S mterdiflusion inside the

film from the substrate. But the stoichiomet ry of the SrTiO4 film and the crvstalline

orientation of both the films are still to be improved.
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1.1 Introdution

In the early twentieth century when Kammerlingh Onnes' was
studying the resistance variation of Hg at liquid He temperatures,
he observed a dramatic effect, namely, the element lost its
resistance almost instantancously when the temperature was around
4.2 K. Such a phenomenon was not observed in any of the metals
studied till then. The most startling feature was the sudden drop
in the resistance as shown in fig. 1.1. As this was a totally new
effect, hitherto unobserved, he termed it as superconductivity and
the temperature at which this occurred, was called the transition
temperature. With this initial discovery, there was a burst in the
experimental research to look for many more metals which would
show the newly discovered phenomena. As a result of this. host
of materials in elemental form showed the existence of
superconductivity with widely varying transition temperatures
(Table-1.1). All this was fine. but the questions arosc : What
superconductivity is due to ? Is it himited to only being scen at
liquid helium temperatures and only in metals ? Can it be a
reversible phenomenon ? What will happen to this state if external
perturbations are applied or a continuously increasing current is
passed through the sample ? To answer all these and many more
questions, a systematic study of a large number of metals and alloys
cnsued, while 3 vigorous theoretical research started, to look into

the mechanism of superconductivity. In so far as the effect of



TABLE 1.1

Elements Transition
Temperature (Tc)

Hg 4.1K
La 6.0K
Pb 7.2K
Nb 9.3K

Sn 3.7K
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external perturbation on a superconductor is concerned, the first
experiment was done by Meissner and Oschenfield® who observed
that an applied ficld to a superconductor could not penctrate the
material. Likewise, if superconductor in a magnctic ficld was
cooled through the Tc, the field got excluded from the solid. Thesc
effects were attributed to be due to perfect diamagnetism of the
solid (fig.1.2). It was observed that. with the ficld mcreasing upto
a value called Hc, the critical field; the matenal retamed its
superconducting property while a small increment above Hc made
the material to become normal. The subsequent decrease in the
magnetic field resulted in restoration of the superconducting state.
This merely implies: the superconductivity will be destroyed by
a magnetic field greater than Hc, which is related thermodynamically
to the difference in free energies between normal and superconducting
state in zero field. Empirically Hc(T) has been found to be

functionally dependent on temperature, by the following relation
He(T) = He(0) [ 1 - (T/Tc)? ] (1.1)

The two above mentioned  unique propertics of a
superconductor were first described by F and H London’ by

invoking the idea of microscopic electric and magnetic ficlds.

The gist of the London theory is: the phenomenon of



Fig. 1.2. Schematic diagram of exclusion of magnetic flux from interior of

Masstve superconductor. A is the penetration depth.
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superconductivity is due to superconducting electrons described by
a rigid wavefunction, leading to a density of electrons n. which
can have an upper bound of n, the density of conduction e¢lectrons.
A refinement in the London’s formalism was brought about by
Pippard ¢ who introduced an additional concept of coherence length
g, to have a similar characteristic dimension as wavefunction. The
main argument behind this was, that only the clectrons within ~kT¢
of Fermi energy can play a major role in the phenomenon which
sets in at Tc. Pippard’s theory was a good success in confirming
the theoretical values with those of experiments on Tin and
Aluminium and thus led pathway for development of the famous

BCS theory® which introduced the concept of energy gap.

The center point of this epoch making theory is that the two
electrons with opposite spins and momenta, can get bound via the
virtual phonons. This interaction is characterized by an interaction
parameter and is different for different superconductors. These
bound electrons have been given the name “Cooper pairs™ and are
the Bosons with total spin cquals to zero. As is characteristics of
all Bosons, they also condense together to the zero energy state,
the superconducting state. These Cooper pairs have the spatial
extent of & One of the crucial predictions of the theory is that
these pairs possess a minimum energy E = 2A(T) nceded to break
them into two quasi particles. This energy gap parameter A(T) is

supposed to increase from zero at Tc to a limiting value such that

7



E (0) = 2A(0) = 3.528 kTe for T << Tc 1.9)
g

There was yet another landmark in the direction of
understanding the superconducting state. This was the famous
Ginzberg-Landau-Abrikosov-Gorokov theory or GLAG theory”® In
this case, the emphasis is entirely on the superconducting state
rather than on the excitations. The superconducting clectrons, here,
are defined by a pseudo wavefunction y(0) defining the local
density of Cooper pairs by n_ = |y(x)*. This function wy(x) 1s
called the order parameter. This theory had a major breakthrough
in explaining a peculiar phenomenon of intermediate state in @ class
of superconductors. the type-I superconductors. In this case, near
Hc, the material 1s broken into laminac of normal and
superconducting regions. The GLAG theory successfully explained
this phenomenon and fig.1.3 depicts pictorially the situation with
the concept of order parameter. Similar to the coherence length
in Pippard’s theory, GLAG theory introduces another characteristic

length E(T) which characterizes distance over which (r) can vary.

Far below from Tc (T << Tc) &~E,. Now that few
characteristic lengths have been generated, a new GL parameter
K was defined which is independent of the temperature. This

parameter is related to & and A by x = A& For a pure
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superconductor k << | as A < &. This case relates to materials
called Type-I superconductor. Abrikosov revolutionized the theoretical
aspects by putting forward another interesting case in which
£ < A, ie, x> 1. This was surcly possible in some materials and
these were called Type-II superconductors. It was shown that the
exact break point was at ¥ = 1/N2, and for x > 1/\2 the field
penetrated not to give discrete laminae but to a continuous increase
in flux starting at first at a field valuc Hc, and reaching maximum

at a second critical field Hc, as shown in fig.1.4.

1.2 Materials

Since the discovery of superconductivity in 1911, many
metals have been found to show this property in the lLg. He
temperature range. The temperature at which superconductivity
occurs in metallic elements varies anywhere between 0.01 K and
10 K, with niobium showing the highest value. In addition to single
elements and compounds, many metallic alloys also cxhibit
superconductivity. Niobium nitride was found to be superconducting
at 16 K as early as in 1941. Then, another alloy Nb,Ge was prepared
which showed the superconducting transition temperature at 23 K.
This temperature remained as the highest superconducting transition
temperature till 1986, when Bednorz and Muller in their historic

achievement, found that LaCuO, in which La was partly replaced

10
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by barium shows superconductivity around 30 K. Confirmation of
superconductivity in well characterized samples of La, Ba Cu0,
and La, Sr CuO, (x=0.08-0.25) started an unprecedented scarch for
other oxide materials. In early 1987, several groups reported that
compounds of the type YBa,Cu,O, become superconducting above
the easily accessible liq. nitrogen temperature (77 K.
Superconductivity thus came out of the very cold. Bednorz and
Muller were awarded the Nobel Prize in 1988 for their pathfinding
achievement leading to the so called high Tc matenals. Several
families of superconducting oxides have since been synthesized,
with transition temperatures in the range of 40 K-130 K as shown
in the fig. 1.5. These startling discoveries in Physical Science have
probably the greatest potential for technological applications since
the invention of the transistor or laser. Superconductors can thus
be divided into two major categories. onec which require lig. He
and the other for which liq. N, is sufficient to produce their
superconducting properties. Few of the propertics of some of these

new superconductors are described in Table 1.2.

1.3 Structures
All the oxide high Tc ceramic superconductors have one thing

in  common: they are structurally flawed members of g

crystallographic family, known as perovskites®. Therefore, in the

12



TABLE 1.2
Matenal T.(K) E(nm) A(nm) N Eg/KT (i-l‘tllll-
measurements
La Sr CuO 33 ~2 ~220 ~50-100 3-6
YBaCuO 90-95 =13 =150 ~75 3-55
BiSrCaCuO 105-120 4.2(]1).0.1(1)
TIBaCaCuO 110-125

13
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begining of this section perovskite structure will be introduced and

then its relation with oxide superconductors will bc indicated.

Perovskites, which derive their name from the specific
mineral known as ‘perovskite’, are ceramics (solid materials
combining metallic elements with non metals, usually oxygen) that
have a particular atomic arrangement. They are the carth’s most
abundant minerals and have long been of interest to geologists for
the clues they hold to the planet’s history. Whereas a given crystal
structure is usually associated with a specific electrical property,
perovskites run the gamut from insulators to semiconductors.
superionic conductors, metal like conductors and now high
temperature superconductors. What accounts for this remarkable
range of properties ? The answer is hidden in the fact that slight
modifications of ideal perovskite structure often result in new
features. There is no one-to-one correlation; a given modification
does not automatically produce a particular degree of clectrical
conductivity. Yet any time the ideal structurc is altered, the

possibility of new electrical or other properties arises.

In their ideal form, perovskites, which are described by the
generalized formula ABX,, consists of cubes made up of three
distinct chemical elements (A, B and X) which are present in a

ratio of 1:1:3 (fig. 1.6(a)). The A and B atoms are metallic cations

15



and the X atoms are non metallic anions. An A cation - the larger
of the two kinds of metals - lies at the center of each cube. the
B cations occupy all eight corners and the X anions lic at the
midpoints of the cube’s twelve edges. One example of a perovskite
structure is the ferroelectric BaTiO, (A=Ba, B=Ti and X=0). Above
200°C BaTiO,'" crystallizes into the ideal form of perovskite
structure. Its unit cell consists of a single cube. The Ba in the
A position is larger than the titanium in the B positions, and oxygen
fill all 12 of the X sites. The lattice constant or length of unit
cell is a=b=c=4.0118 A. The crystal often grows into the shape

of a cube or an octahedron, reflecting the symmetry of the atomic

structure.

Many perovskites are somewhat distorted because the central
cation is too small in relation to the B cations at thc centers of
the cubes. The disparity causes the X atoms. and sometimes the
B’s, to move out of position. Crystallographer often visualize such
movements by thinking of ideal unit cell not as simple cube but
as a cluster of polyhedrons (fig. 1.6(b)). Each B cation. which
defines the corner of adjoining cubes, is surrounded by and closely
bonded to six anions, one from each of the six cube edges that
converge at the corner. The anions define the points of an
octahedron. The A cation, formerly viewed as being at the center

of a cube, is now considered to be surrounded by eight corner-

16



(b)

Fig. 1.6. (a) Basic cubic structural unit of perovskites, (1) Polvhedron

model of perovskite structure,
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sharing octahedrons, each of which contains a B cation 1in the
center. When A cations are too small in relation to the B cations.
the octahedrons, whose axes are aligned in an ideal perovskite, tlt
and twist; the framework collapses around the A cations, lowering
the symmetry and potentially altering the perovskite's optical,
elastic, electrical and other physical properties. In tilted perovskites.
B cations may remain at the center of the octahedron, as in the
ideal form, or they can be shifted from their position. In the later
case, this “off centering” of positive charge cation causcs
polarization of the material. In some matenals direction of
polarization can be changed with the influence of external electric
field. These materials are known as ferroelectrics. BaTiO3 one
such ferroelectric, having perovskite structure, 1s commercially

widely used in electronic devices.

The variation from ideal perovskite structure can be of many
more types. The A and B sites can be filled up by two or more
type of cations and also by different valence state of same element.
In Ca,CaUO,, Ca atoms take up the A position, but the B positions
are distributed between Ca and U atoms. Similarly, in (Mg Fe)S10)_

A site is shared between Mg and Fe,
BaBiO,

with varying proportion.

s a matenal_ with perovskite structure, where B sites are

filled up by two charged states of Bi, namely, Bi*" and B An

al Iquiti :
most ubiquitious feature of the perovskites is twinine which 1

18



a large scale defect and is likely to be present In any sample
which deviates from ideal cubic form. Twining can have dramatic
effect - favorable or unfavorable - on electrical properties.
perovskites can be off stoichiometric also. In oxygen deficient
calcium ferrite (CaFeO, ), the oxygen deficiency results in layers
consisting of iron B cations that are surrounded by four oxygen
atoms rather than the usual six. These layers arc interspersed with

ones featuring normal octahedrons.

All these complexities 1n perovskite structure can occut
together in almost any combination and an infinite number of

perovskite variants seems 10 be possible.
1.3.1 Perovskite type superconducting structurc

In their first report on high temperature superconductors

Bednorz and Muller referred to their samples as “metallic oxygen
defie1ent csonsess perovskite like mixed valent copper compounds™’.

Subsequent work has confirmed that the new superconductors do

indeed have these characteristics.
In oxide superconductors Cu takes up the B sites of the

perovskite structure and in most cases retains the CuO, layering

with two oxygens per copper in the layer. The other cationic sites

19



(A sites) are replaced by Bi, Ca, La, Sr, Tl and Y for the larger
Ba, forming ‘layers’ containing only one oxygen or nonc per cation.

We can divide these cations in four size groups as follows :

Cation lonic radius
Cu®' 0.72 A
Bi* 0.74 A
Y 0.94 A
TP 0.95 A
Bi? 0.96 A
Ca* 099 A
Sr* 1.12 A
La* 1.14 A
Ba° 1.34 A

It is clearly evident from the above table that all other cations
are significantly smaller than Ba. In all the oxide superconductors,
one common feature is that the CuQ, layers are planar or close
to planar leading to fairly uniform lattice size in the a-b plane.
viz., the parameters of compounds LaSrCuO (a=b=3.77 A),
YBaCuO (a=3.83 A, b=3.89 A), BiSrCaCuO (a=b=3.82 A) and
TIBaCaCuO (a=b=3.86 A). In these oxide superconductors, few
fundamental fcc unit cells of perovskite structure stack vertically

to form the superconducting unit cell of that particular compound
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with some oxygens removed in the process. This oxygen loss causes
shrinkage of the vertical height or 'c' parameter of the
superconducting unit cells from the valuc that would be expected

for the stacking of perovskite cells.

In the next sections structures of some oxide superconductors

are discussed according to their chronological order of evolution.

1.3.2 Lanthanum copper oxide

The structure of (La, M ),CuO, called the 21 structure,
where M is usually Sr or Ba, is given in fig.1.7. It has tetragonal
structure at room temperature and becomes orthorhombic at around
180 K. It has a quasi two dimensional structure of K, NiF "
described by the prototype compound LaCuO, corresponding
x = & = 0, keeping in mind that in the superconducting compounds
themselves some of the La atoms are replaced by a divalent cations
such as Sr or Ba. Since La has a charge of +3 and both Ba and
St have +2, whereas the charge state of oxygen is -2, it tollows
that all the copper is divalent (+2) when x=0, and some¢ become
trivalent for x> 0. Since the discovery of superconductivity
in the cuprates of K NiF, structure, many other cuprates with
considerably higher Tcs have been discovered, and all of them

possess Cu-O sheets as an essential feature.
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Fig. 1.7. K)NiFy structure of Las_, M, CuO, (M = Ba or S
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1.3.3 Yttrium barium copper oxide

The structure LnBa,Cu,0, is called the 123 structure, where
Ln’s are rare earths(fig.1.8). Amongsts this family only YBa,Cu O.
will be described here, since the work described in this thesis is
confined only on this phase, although this 1s not the most stable
phase in the Y-Ba-Cu-O system. The 123 phase can occur both
in tetragonal (a=b=3.9018 A, c=11.9403 A)(fig.1.9(a)) and m
orthorhombic (a=3.827 A, b=3.882 A and c=11.682 A)(fig.1.9(b))
structures. Usually, the orthorhombic phase is superconducting with
few reported exceptions'*'*. The compound is tetragonal at high
temperatures and undergoes a second-order, order-disorder transition
at about 700°C to the low temperature orthorhombic phasc. The
tetragonal phase at room temperature can be obtained by quenching
the material from high temperature. In the tetragonal phasec, the
oxygen sites O(05) and O(01) sites are equivalent and therefore
randomly occupied. But in orthorhombic phase, these sites are
inequivalent and so a preferential occupancy takes place at O(01)
site forming a Cu-O chain in the b direction. The vacancy at O((5)
site causes the unit cell to compress slightly along ‘a' to render
a < b. The fractional site occupancy of the oxygens in the basal
plane as a function of the heating temperature in oxygen
atmosphere is given in fig.1.10. This also gives the x value of the

formula YBa,Cu,0, . Fig.1.11 shows the variation of the
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Fig. 1.8. Structure of Y Ba,('u 0-.
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Fig. 1.9. (a) Orthorhombic. (b) Tetragonal structure of YBCO unit cell.
Oxygens are randomly dispersed over the basal plane sites in the tet ragonal

structure. Thermal vibration ellipsoids are shown for the atoms.
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orthorhombic unit cell parameters of YBa,Cu,0, with oxygen
stoichiometry x and fig.1.12 shows the variation of the
superconducting transition temperature of YBa,Cu,0, with x.
Structural studies revealed that in x = 0.5 composition, fully
oxygenated Cu-O chains are present along the b axis, alternately

with fully vacant Ol sites''.

YBCO tetragonal structure can be visualized as made of three
prototype perovskite fcc oxygen unit cells stacked onc above
another'® (fig.1.13). For generation of YBCO. in the middle cube
Ba atom at the center is replaced by Y and all the oxyvgens at
the vertical edges of this cube are removed. To take up this unfilled
space due to removed oxygen and also duc to smaller s1ze of Y.
the middle cube is compressed and the oxygen on the vertical edges
of the other two cubes are shifted toward the basal plane Cu.
Therefore, in YBCO structure, therc i1s a three fold layering
sequence with median copper oxide planes adjacent to Y are much
more closer together than they are to the basal planes. Also. because
of the compression of the middle cube. the median Cu planes are

slightly puckered whereas the basal planes arc perfectly flat.

1.3.4 Bismuth-strontium-calcium-copper oxide

Bismuth cuprates of general formula Bi(Ca, Sr),.,Cu O, .

were discovered in 1988 with Tc values of 90 and 100 K for
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n = 2 and n = 3 respectively. Fig.1.14 shows the structure of
bismuth cuprate. These cuprates are orthorhombic and have Cu-
O sheets besides two Ca, Sr-O layers. Crystals of these cuprates
have mica like morphology. One of the problems with these bismuth
cuprates is that they can never be produced with pure phase''. Thus,
in a composition containing preponderantly the n=2 member,
Bi,CaSr,Cu,0,, some n = 3 and n = | layers are usually present.
This is, because these members can casily intergrow with cach other
at the unit cell level. Another aspect of these cuprates is that the
actual cationic content is likely to be different from that given by
the nominal formula. The divalent Ca ion can be replaced by a
trivalent rare earth ion as in Bi,Ca, Ln Sr,Cu,O, (Ln =Y or rare
earth). The oxygen content, carrier concentration and Tc. all vary
with x, with Tc and carrier concentration maxima at around x=0.25.

Partial substitution of Bi by Pb seems to facilitate the formation

of bismuth cuprates.

1.3.5 Thallium cuprates

These materials with highest known Tc have also been
discovered in 1988. These superconductors are composed of
thallium, barium, calcium, copper and oxygen with the general

formula Tlm832Can_lCunO The structure is given in fig.1.15.

m+2n+2°

Thallium is coordinated to oxygen in a large octahedron. The

thallium-oxygen octahedron form a plane that rests on a plane of



Fig. 1.14. Structure of bismuth cuprate containing two ('u ) sheets.
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copper-oxygen octahedron or pyramids. The subscript 'm' in the
general formula of these compounds describes the number of layers
of thallium oxygen octahedra. Only compounds that have one or
two layers are known. The number of copper layers (m) can vary
from one to four. In these cuprates also, we encounter the problem
of phasic inhomogenity. All compounds 1n the series are
superconduciing at high temperatures. The highest, at 125 K, 15
the superconductor TIBa,CaCu,O . The toxicity of thallium oxide
makes handling the materials very risky and hazardous. Duc to this,
except under very carefully controlled laboratory conditions, using
these materials is highly inadvisable and so their potential for

commercial use is not yet explored.

The most common feature of all these cuprate family of
superconductors is that they all contain Cu-O planes in them which,
in turn, indicates the importance of the presence of these layers
in the phenomenon of superconductivity. The increment of Tc with
the increase of the number of Cu-O layers in bismuth and thallium
compounds confirms this hypothesis. The present understanding
says'' that these two dimensional Cu-O sheets are primarily
responsible for superconductivity, they have charge reservoirs in
the form of Cu-O chains (123 compounds) or TIO (thallium
compounds) or BiO (bismuth compounds) layers. Because of the

presence of the two dimensional Cu-O sheets, properties of these
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materials are anisotropic. Accordingly, these cuprate

1StV ond! » a-b planc
much higher normal state resistivity pcrpundlcular to the a-b |

compared to that in the plane. The mica like morphology 10 bismuth

' ' ' ¢ »¢ important
cuprates underscores {heir anisotropic naturec. Another 1mpor

feature common to the cuprates 18 that they all are 'hole’
superconductors. Earlier belief was that this hole resides on Cu
site. But now the present general consensus'®' 1s that the excess
positive charge resides on oxygen giving rise to O type species
rather than reside on COpper giving rise to Cu'. This oxygen holes
can dimerize in the form 0., Considerable evidence of the
presence of such O' species have been found from X-ray absorption
spectroscopy, photoemission studies and Auger electron spectroscopy:.
Cu’* has not yet been ‘dentified in these materials. Tc of these
cuprates varies with the hole concentration In the material with
. maxima at an optimal hole concentration. Another feature
common to these superconductors of cuprate families 1s that they

generally have parent members which are antiferromagnetic
insulators (e.g., La,CuO,, YBa,Cu O, BiCaSr,LnO,).

So far the structures and properties of the oxide
superconductors in bulk form have been discussed. Now the subject
of discussion will be shifted to another important form of
superconductors, namely, high Tc thin film. Also the methods of

preparation of these high Tc thin films will be discussed briefly
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' er layers
in the next section. Lastly, the usefulness of different buffer l1ay

. . - . N p . ’ S\'
for growing high Tc film on semiconducting substrate, namely,

will be described.

1.4 High Tc Thin Films

After the initial exhuberence of the discovery of the high Tc
oxides, scientists all over the world started thinking about the
applications of these exotic materials. Two immediate applic:uiuns
were apparent which involved the direct replacement of present
technology current-carrying lines with superconductors, in order to
reduce the heat generated and decrease the pulse dispersion which
leads to higher packing densities and higher speed. So far
processing of high Tc tapes and wires could not come up with
expectations. The present status of superconducting current
carrying lines entirely consists of thin films, which arc used for
on chip interconnects, and thick films, which are used for chip-
carrier interconnects. The main importance of thin films comes
from the fact that it has less imperfections in structurc and greater
current carrying capacity than those of the bulk materials. In good
quality YBCO thin film, the critical current density can be as high
as 10’A/cm? High Tc thin films have their other applications t0o0.
One of the important usage of high Tc thin films is as an active
device component (eg., Josephson Junction) which is being used

in a wide range of fields. High Tc superconducting thin fiims are
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also being used in the electronics of space vehicles, as space is
thought to be ideal place of using high Tc materials because of

its cooler atmosphere.

1.4.1 Preparation of thin films

Thin film processing has come through a long and tedious
way of optimization and subsequent modifications with various
techniques and in present days people can deposit few unit cell
thick high Tc films with much more precision. Amongst the very
many techniques, laser ablation'*** and magnetron sputtering®'** arc
the two most popularly used techniques to produce YBCO thin film
because they are relatively less complicated and good quality
stoichiometric high Tc YBCO thin films can be made reproducably
by these two techniques. A brief description of these two techniques

is given in the following subsections.

1.4.1.a Laser Ablation Technique

In this technique pulsed laser beam of appropriate wavelength

(generally used laser beam wavelengths are 308 nm, 248
nm, 488 nm) and appropriate intensity is collimated through
the quartz window of the chamber on the target at some

incident  angle. The target wused is either stoichiometric

YBaZCu307_x bulk samples or sometime a composite target.

36



fabricated from a mixture of barium fluoride, yttrium oxide,
and copper oxide powder. The energy dissipated from the
laser beam on the target surface evaporates the material in
molecular form which then condense on the substrate surface
which is kept at a small distance from the target (the distance varies
from few mm to few cm in different cases). The resulting
film quality depends on the various processing parameters used
in this technique. Most important factor for homogencous film
deposition 1is the laser energy density used. The optimum becam
energy for homogeneous YBCO film deposition has been found
to be 4-5 j/em®  So far good quality laser ablated YBCO film
is made when substrate is kept at temperature ~700-800°C.
Oxygen pressure in the deposition chamber is also important
for the quality of the film grown. The lower limit of O, pressure
for crystalline film growth is ~ 5 X102 mbar. The oricntation
of the deposited film also varies with oxygen pressure.  Good
quality  c-axis  oriented superconducting  YBCO film has
been prepared by laser ablation when chamber pressure of oxygen
is between 0.1 mbar and 0.3 mbar. As the oxygen partial pressure
is increased, above 0.4 mbar, 'a-b' axis oriented YBCO film
growth takes place. It is also noticeable that the oxygen
pressure required in laser ablation is more as compared
with sputtering, another effective technique for good superconducting

film deposition. The main reason is that in PLD technique,
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deposition is not a continuous process like sputtering. In laser
ablation relatively large amount of material is deposited in short
burst of time(~ 0.5-1 A/s). Naturally. large concentration of
oxygen is required for effective oxidation of such a high
concentration of fragments in each pulse. Like other techniques,
substrate is a very important factor for depositing good quahty
superconducting films by laser ablation. So far best quahty laser
ablated YBCO film has been made on (100) SrTiO, substrate, A
schematic diagram of standard laser ablation technique generally

used for high Tc film deposition is given in Fig. 1.16.

1.4.1.b Magnetron sputtering technique

Single target sputtering is widely used for deposition of
high Tc superconductors. In general, in cathode sputtering, a

gas plasma is created by applying high voltage between two
electrodes. The target is kept on the cathode and the  positive

ions, accelerated towards the cathode under the applied potential,

sputter the material from the target. This sputtered matenial

then condense on the substrate which is generally kept at ground
potential in D.C. sputtering at a small distance from the cathode.
In conventional D.C. sputtering the gas pressure in the chamber

is kept high to create sufficient ions for sputtering. But the problem

of high pressure sputtering is that the resulting  films are

contaminated with the impurities present in the chamber T
. To
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Fig. 1.16. Typical preparation chamber for laser evaporation.
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avoid this difficulty a magnetic field is created in the plasma
region by using a magnetic assembly behind the cathode.
This magnetic field confines the electrons in the plasma for
longer time so that they can experience more number of collisions
inside the plasma and thereby create more number of ions. In
this way sputtering with considerable ratc can take placc at low
chamber gas pressure and even at low voltage. This 1s the

basic process involved in magnetron sputtering.

The main advantage of sputtering with respect to other
techniques is the relative ease of process control, repeatability
of resulting sample characteristics. and recasonable processing
time. Thin films of the high temperaturec superconductor
YBa,Cu,0, have been sputter deposited with good result on

variety of substrates such as Si, ALO,, SrTiO,, MgO and others.

The main disadvantage of this technique is the possible
presence of oxygen resputtering effects which result ina  film
composition different from that of the target. In order to
achieve a desired composition in the films, adjustment of
the target composition is a method which is commonly employed.
The resputtering  problem involves heavy energetic particles
produced at the target (cathode) or arising from the plasma which

bombard the growing film and, in the case of YBCO, preferentially
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resputter Ba from its surface. In some cases resputtering has
been found to actualy etch the substrate. Resputtering is
strongest when a strongly oxygenated target is used, or when
anAr/O, mixture is used as the sputtering environment. The
net effect of resputtering is a non-uniform thickness profile of
the film and a film composition which can be sigmfiacntly
different from that of the target. There arc three type of particles

which participate in resputtering effects :

1) Negative ions : Targets made by pressing Y.0,.Ba0.Cu0O
powders, or superconducting YBCO targets which are highly
oxygenated, release negative oxygen ions from their surface.
These ions are accelerated across the sheath and are
subsequently neutralized in the plasma. They now have high
kinetic energy and a small scattering rate and thus can reach

the substrate where they preferentially resputter barium from

its surface.

2) Neutral argon : Some Ar ions are accelerated to
the  target where they are neutralized and are reflected back
towards the film. This process is significant when the mass of
the atoms constituting the target is larger than that of the Ar

tons. It has been reported that for YBCO targets this process
1s negligible.
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Fig. 1.17 Typical preparation chamber for sputter deposition,
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during deposition and after deposition the film is slowly cooled
down to room temperature in oxygen atmosphere. The YBCO film
deposited below 400°C are all amorphous. So the films which are
deposited at room temperature or below 400°C, have to go through
post annealing at high temperature (~850°C). The main problem
with post annealing of YBCO films 1s, since annealing of the film
at ~850°C requires the film to pass through the temperature range
450°C-600°C and since at this “forbidden™ temperature range for
YBCO the nucleation of the other non-superconducting phases are
thermodynamically feasible, the resulting film 1s often a polyphasc
mixture which has inferior superconducting properties (like current
density etc.) than the insitu annealed films. This problem could
be avoided by using BaF, as Ba source and wet oxygen anncaling
after traversing forbidden temperature range during which Ba is

bound as a fluoride. This process has the advantage of precluding

the formation of BaCO3.

142 The Necessity Of Buffer Layers

It has been mentioned earlier that substrate is a very
important factor in high Tc thin film deposition. The choice
of the substrate depends on few factors. (1) Substrates
should be stable at high temperature (~ 900°C) which is essential
in the post deposition annealing technique in the high

Tc thin film processing. (2) They should not react with the
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3S1 ailing 10
superconductors during the thermal processing. failing

which, the superconducting properties  are degraded and other

unwanted phases occul. (3) Diffusion of film constituents Into

the substrate and those of the substratc into the film should be
Jeast, to make 2 good film-substrate interface. Even for the best
substrate so far used. oxygen deficiency s observed in first few
layers of vBCO thin film — grown oOf them. (4) The latuce
parameters of the substrat and their thermal expansion coefficients
should match properly with those of the high Tc¢ maternial.

Otherwise mechanical strains which get. developed can make the

film quality worst.

So far epitaxial high Tc YBCO has been made only on
a few substrates like SrTi0 22, MgO™, LaAlO %, LaNbO.™
and Yttria stabilized Zirconia®®». Among them single crystal
SrTiO, has come out t0 give best quality YBCO films. But despite
of being recognised as best substrate material, this crystalline
SrTiO, has very little potential from the application point of
view, because of its high cost, non-availability of large area
substrates and above all, its high dielectric loss at microwave

frequencies. Other single crystal substrates mentioned earlier

also suffer from some of these shortcomings. From this point

of view, it is very much important and essential to make good

high Tc films on semiconductor substrates. Much work has
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been done to deposit YBCO on Si substrates due to the possible
use of high Tc superconductors in microelectronics as passive
interconnects or as superconductor/semiconductor  devices'*.
These investigations have already provided useful data regarding
the feasibility of the integration between superconductor and

semiconductor.

Growing YBCO thin film on barc Si substrates poses
several difficulties**-**. Although a few successes have been
reported, the characteristics of resistivity vs. temperature was found
to be semiconducting above onset temperature or to exhibit low
temperature tail in the transition region when YBCO was directly
deposited on bare Si substrate’®*°. There are certain rcasons for
these degradations. Firstly, Si diffuses into the YBCO film,
breaking the Cu-O bond to form SiO,, thereby degrading the film
quality severely. Also Cu diffuses very fast in Si at high temperature
and significant Ba loss has also been observed at the film-substrate
interface®®*!. Therefore, several other phases are formed inside the
film. In addition, because of the lattice constant and thermal
expansion coefficient mismatch, cracking of the film and island
formation takes place. The last difficulty can be avoided to some
extent by depositing the YBCO film at higher substrate temperature.
But to circumvent the problem of diffusion, deposition of a thin

buffer layer on Si, which can act as a barrier to the diffusion
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between Si and YBCO, is essential prior 10 the deposition of YBCO.
Now the suitability of a material as a buffer layer depends on few
of its properties. It should be chemically stable at higher
{emperature Decause the film has to be processed  at high
temperature. The most important requirement is that,there must not
be significant amount of Si diffusion inside this material at high
temperature. Also. it should restrict the reverse issue, 1.C. the
diffusion of the different constituents of YBCO inside Si, because
this can lead to the formation of deep levels in Si*** which n
turn can serve as effective recombination Centers. and hence
degrade the performance of active devices, such as transistors and
diodes. located on Si chip. Lastly, to grow good quahty YBCO
film on this material, 1ts lattice constants and thermal expansion

coefficients should have values nearer 10 those of YBCO.

The mostly used buffer layers on Si for YBCO thin film
deposition, are the perovskite type oxides like SrTiO.*, BaTiO..
PbTiO, etc. Also 710,, YSZ. MgO, SrTiO/MgAl O, BaTi0,
MgAlLO,, PbTiO,/MgALO, arc also used successfully. Another
group of buffer layers which are gaining more and more importance
are the metallic buffer layers. The additional advantage of using
metallic buffer layer 1s \-r_)_/_lf_two fold. One is, it provides a well
controlled surface for the fabrication of the superconductor.

Secondly, it enables the possibilities of practical applications
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involving three dimensional device fabrications using superconductor/
. ~ -~ 55 . _ % _
metal/semiconductor materials. S0 far CoSi.,”, RuO,, Indium-tin

oxide have proved to be promising metallic buffer layers for YBCO.
1.5 Irradiation of High Tc Superconductors

Since its discovery, numerous ion irradiation experiments
have been performed on high Tc superconductors. mainly with
YBa,Cu,0, . An overview of these irradiation studies 1s described
in Chapter II. The energies of the different projectiles used 1n these
experiments ranges from less than 1 MeV to several GeV. The main
concern of most of these experiments has been the interpretation
of effects of irradiation induced lattice defects on superconductivity
and normal state properties of the copper-oxide-based high Tc
compounds®®. Copper-oxide superconductors are defect ridden® and
the normal state conductivity of these systems cannot be understood
from the details of fermi surface and conventional electron-phonon
scattering®®*®. The defects make the system to remain n a
metastable state through lattice mismatch and co-ordination
incompatibilities® and it is now believed that the superconductivity
of these systems is closely associated with this metastability”'.
Therefore, one of the way( to understand few aspects of
superconductivity is to create defects in it and ion irradiation s
one such effective means of creating defects in the superconductors

with the extra advantage that the high energy projectiles can e
— % : ¢ L‘
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disorder at rather more stable lattice points®? which is not possible
with the other methods. lon irradiation can also be effectively used
to control the tailoring of properties of superconducting materials
so that their behaviour in magnetic field and their current tarnsport
capability can be changed favorably. Lastly, ion beam irradiation
is used in a very important aspect. namely, superconducting device
technology. Planar SQUID has bcen fabricated **** by ion beam
lithography.

1.6 Objective of the Thesis

The motivation behind the present work is of two folds. First
is to investigate the effect of irradiation on the propertics of
superconductors with energetic ions in the cnergy range of
50-200 MeV. A systematic scheme has not been explored till now,
though a good deal of data is available, yet the use of the
projectiles, their energies and target conditions have been purely
random, e.g., change of projectile has not been systematic with
regard to energy and only low temperature irradiation have been
studied. In this energy range of the projectiles used, energy loss
due to electronic excitation of the target atoms is quite significant
and it is very important, from the point of view of fundamental
lon-matter interaction, to see the effect of irradiation on the
properties of this superconducting system, i.e., to see whether this

system is sensitive to electronic loss or not. The projectiles are.
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therefore, chosen with increasing electronic loss parameter. Since
nuclear loss effect is also present in the irradiated bulk sample.
it has been tried to separate out the nuclear loss at the end of
the projectile’s range by using thin films of ‘123" material. Since
the material is multi-atomic compound with complicated phonon
distribution, it is interesting to see the effects of temperature during

irradiation and the present work includes such study.

Secondly, the present study was aimed to correlate the
irradiation effects to its possible place in device technology. This
is the motivation behind the interest of growing superconducting
films on semiconducting Si substrates and then the necessity of
making suitable buffer layers between YBCO thin film and Si
substrate is realized and undertaken. Although the present study
does not include any direct experiment in the direction of device
technology, the general irradiation experiments were motivated to
find such applications. One such example is the search for the
critical dose of irradiation at which the superconductor makes
transition to insulator. Therefore, the motivation of the present work

sttms from both fundamental and applicational aspects of

irradiation studies.

1.7 Outline of the Thesis

In this thesis an attempt has been made to consolidate the
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results of the experiments and their interpretations in five chapters:

The PRESENT CHAPTER, CHAPTER 1 is an introduction
and deals with the basic superconductivity phenomenon and the
basic structures of the high Tc materials and their preparation and

also describes briefly the motivation of the present work.

The SECOND CHAPTER is an overview of the irradiation
studies so far carried out with different types of projectiles on

superconducting materials, mainly on YBa Cu O, .

CHAPTER 3 describes the experimental set-up used to
prepare the materials, to irradiate them with both high and low

energy particles and to characterize them with various techniques.

The CHAPTER 4 consists of three sections. The first section
deals with the results of the irradiation experiments carried out
on high Tc YBCO system with different projectiles of different
energies after describing the results of the characterizations of the
unirradiated samples and also with the discussion of these results.
In second section the characteristics of the buffer layers grown on
Si substrates are described after which the possible interpretation
of the results are discussed. The third section is the conclusion

of the present study which also indicates @Ut the possible future
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extension of the work and the limitations encountered in the present

studies.
In APPENDIX-I a brief introductin about the computer

simulation code TRIM (Transport and Range of lons in Matter)

is given.
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CHAPTER II

RADIATION EFFECTS ON
HIGH Tc
SUPERCONDUCTORS



2.1. Introduction

The discovery of supcrconductivity above about 50 K 1n
ceramic cuprates' led to a spurt in research in these materials to
achieve higher and higher transition temperatures. Besides this
parameter, attempts have been made to look into other properties
like the critical current density and cntical magnetic field. The
objective was to make these materials in wire or tape form for
making of superconducting magnets which could be used in a
variety of situations and in particular in high energy nuclear physics
experiments. The obvoius question arises: How these ceramic
superconductors will behave in such radiative environments ? To
be able to answer this, one obviously needs to study the high Tc
superconductors, by intentionally exposing them to radiation like
electrons, protons, neutrons and ions. The effect of irradiation with
energetic particles on the properties of superconducting materials
has been extensively studied and it has become an area of active
research for the past few years. While good deal of work has been
done with light particles, attempis have been madec to exposc the
materials to high energy heavy ions over an energy interval of few
100 KeVs and upto GeV. Work has been reported in great detail
on irradiation studies on thin films in the energy range upto 175

MeV? and in bulk samples in GeV range’.

62



The subject of these irradiation studies is manifold. A host
of material properties have been studied under the cnergetic
irradiation, namely, change in critical current density, variation of
Tc, the width of transition temperature, the change in lattice
parameters, optical properties and transition from superconducting
to semiconducting to insulator phases etc. From these studies it
is envisaged that the properties of superconductors can be tailored
according to specific applications. For cxample. the projecule
induces pinning centers in the superconducting target materials and
in this way Jc of the target can be improved. Many groups have
found a systematic increase in Jc with increased radiation fluence
accompanied by a slight decrese in Tc for a moderate radiation
dose. Also, it is important to monitor the bechaviour of
superconductors under radiative environments. Superconducting
magnets in fusion reactors, bending magnets in high energy particle
accelerators, require materials having immunity to ion beam.
neutron or y-ray irradiation.During the expected lifetime of a fusion
reactor, the superconductor of the magnet is exposed to fast neutron

radiation of about 5 X 10'*/cm?2.*

While normally the change in the crystal structure or any
other ion induced effects have been observed by ex situ experiments
of XRD and SEM/TEM, the insitu experiments have mainly

included the study of change in resistivity of the samples with dose.
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This experiment has been fruitfully used to establish a few critical
parameters like the critical dose and also a threshold value of
energy loss at which the samplc changes any of its property rather
abruptly. Another aspect of these irradiation studies is that thesc
experiments are very effective approaches in probing the basic
processes involved in superconductivity. For example, ncutron
diffraction measurement reveal the ordering of O vacancies in
certain sites, resulting in one dimensional Cu-O chain parallel to
the orthorhombic b-axis. These chains are absent in the tetragonal
phase and shows no superconductivity. Therefore, it can be inferred
that disordering the Cu-O chains might be the cause of any

destruction of superconductivity due to irradiation.

There are two fundamental energy loss mechanisms of the
energetic projectiles penetrating through matter. 1) Electronic
Energy Loss and 2) Nuclear Energy Loss. In the first case. the
projectiles share their energy with the orbital electrons of the target
atoms and thereby excite them. These excited clectrons can then
produce more and more excited electrons and form cascades. These
excitation can even end up in resulting a displacement of target
atoms. The second process actually takes place at the end of the
projectiles’ range in the matter, when the energy becomes very low.
The projectile then collides elastiacally with the target nuclei and

gives some of its energy to the recoil. After few such collisions.
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the projectiles get implanted inside the material. There is a spread
of this implanted region about the range of the projectile, because
of the statistical probability of collision of the ions inside the
materials. This spread is called straggling. It has becn found that
in the low/medium energy regimes (upto ~ 3 MeV) the nuclear
loss is mainly responsible for the change of the properties like
superconducting transition temperature, normal state resistivity etc.
and same has been attributed to the defects created in Cu-0 lattice
sites’. But for high energy projectiles at the begining of its path
through matter, the ion loses most of its energy by electronic loss
mechanism. It has been observed that in the high energy regime
(2150 MeV) there is a threshold value of thc electronic loss of
an ion in the system beyond which the material undergoes drastic
changes and formation of latent tracks takes place®®. Though an
exact value is not proposed, but as a guiding factor it has becen
proposed that if S /S_= 2000 for a typical S_, then that valuc should
be the threshold. The energy of the projectile required to attain

such a threshold for a given target is different for different

projectiles.

Thus, effect of energetic particles on the superconducting
materials is necessarily to be correlated with the effect of either
or both of the two losses. Keeping this in view, the following three

types of projectiles are considered for a review in the present thesis.

65



In the actual work carried out it is the first aspect which has been

addressed in the present project.

1) Effects due to ion beam irradiation,
2)  Effects due to neutron irradiation,
3)  Effects due to electron, proton and a particle

irradiation.

2.2 Effects due to Ion Beam Irradiation

The properties on which the effects of ion bcam radiation
has been studied extensively, are, the normal state conductivity,
superéonducting transition temperature, critical current, change in
crystallinity and structural phase transformation. Whatever be the
incident energy of the particle, it is known that at least onc of
the above mantioned property will change. This change can be
either for the worse or for the good. This change (good or bad)
will be decided by the magnitude of the energy and the final state
of the projectile i.c., whether it loses all its encrgy within the
material and sits there (implantation) or passes through the
material. When the projectiles used for bombardment are of low
energy ( 100 - 200 KeV), it is the surface of the sample (both
bulk and thin film) which is affected and the projectile get

implanted inside the target. Here the elastic collision between the
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target atoms and the projectiles, plays the major role in affecting
the material properties. But in case of high energy (few hundred
MeV to few GeV) irradiation, specially in case of thin film target,
it is totally the inelastic energy loss through electronic cxcitation
that plays the dominant role in changing the properties of the target
and the projectile penetrates through the sample. For bulk it is the
combined effect of the two energy loss mechanisms, 1f the range
is less than the thickness. Out of the number of irradiation
experiments, so far carried out on high Tc superconductors, only

few important ones will be discussed in this report.

One of the most common effect of irraciation on
superconductors is the change in crystallinity. For a polycrystalline
YBa,Cu,0, (YBCO) film irradiated by 500 KeV O at relatively
low dose (2X10'*/cm?), the amorphous zones first appear at the
kinks or sharp turns at the grain boundaries. These amorphous
zones weaken the coupling between the superconducting grains and

result in large degradation of Tc When irradiated at higher

downset”
dose (6X10%/cm?), the grain boundary becomes completely
surrounded by a thin (15 nm) layer of amorphous phase which
destroys the phase coherence between the grains. The film becomes
insulator at low temperature. On the other hand, these amorphous

zones are not seen in epitaxial YBCO films, for which, under 1

MeV O* irradiation, Tc__, moves to lower temperature’. In these
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situations it is the nuclear loss which seems to be playing a decisive

role although electronic loss is also coexistant.

Another important effect is the structural change induced by
ion beam irradiation. A linear expansion of c-axis parameter with
dose has been observed (fig. 2.1), and is probably duc to build
up of defect concentration®. lon radiation also induces orthorhombic
to tetragonal (OTT) transition®. It is suggested that such a phase
transition is due to preferential radiation induced disordering of
O in the Cu-O basal plane. If the radiation level has not induced
the complete disappearence of twinning, i.e., some part of the
sample has remained in the orthorhombic phase, then the induced
OTT is reversible upon annealing to room temperature. The
reversibility of OTT further indicates that such a transition is not
due to O loss from the sample but due solely to O disordering.
For Bi system, transition from Orthorhombic to Perovskite structure

is observed for 50 KeV He' irradiation'®.

One of the most important aspects of ion beam modification
of high temperature superconductors is the possibility of enhancing
the critical current density (fig. 2.2), Jc. Defects introduced from
ion irradiation can act as pinning centers for magnetic flux lines
or vortices. The critical current density in as grown HTSs is

typically limited by weak pinning energies for these fluxoids in
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comparision with thermal energies for activating flux motion;
therefore an irradiation induced increase in pinning can give rise
to an increase in Jc. The results of few investigations along this

direction are summarised in the table-2.1.



TABLE-2.1

Sample

(before irradiation)

Ion Jc enhancement Reference

used (after irradiation)

YBCO/SrTi0,
Jc = 6X10*
A/cm?

514 Kev Jc__ + 10% T.Masegi et al.
O’ Jpn.J. Appl.
Phys.

Rp=5500 A
Q=2X10""0O'/cm*

28(1989)L1521

YBCO single

2-3.5 Jcmg+few times R.B.Van

crystal MeV Dover

H* ct al.. Appl.
0.8X0.8X0.2 mm? Rp=0.045mm Phvs.Lett..
Jc=9X10* A/cm? (3 MeV) 56(1990)
at 70 K Q=3X10'"*H"'/cm? 2681
YBCO twinned 3 MeV [ order L.Civale et al.

crystal
1X1X0.3 mm?

H' of magnitude  Phys.Rev.Lett,,

65(1990)1164

YBCO epitaxial
film

Appl.Phys.Lett.,

Je=5.2X10° A/cm?

at 77 K

25 MeV Jc,_ (B=3T)
o} +

B.Roas et al.,

two times

54(1989)1051
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It should be noted here that except for the case of 514
KeV O, in all the cases nuclear energy loss and hence the damage
cascade is very less inside the film. In the last case mentioned
in the table, Jc enhancement is still observed after annealing up
to 300 K''. This could be an indication that the relatively heavily
damaged regions should be most important for the pinning. Track
induced enhancement of critical magnetisation current density
Je(M) is observed for 5.3 GeV Pb ion irradiation on bulk sintered
samples at low fluences (¢t = 3X10'" cm)'*. But it was very
sensitive to orientation of the applied magnetic field with respect
to the track formed. Similarly, improvement of critical transport
current density Jc(T) had been seen for 173 MeV Xe ion
irradiation when the magnetic field was aligned parallel to the
tracks. A detailed study on the correlation between Jc enhancement
and the microstructure of the radiation damage, such as the work

of Kirk et al.}, is important to the understanding of the mechanism.

Fig. 2.3 (a) and 2.3 (b) show the Resistance vs. Temperature
result of two typical irradiation experiments on YBCO thin film.
The superconducting transition temperature Tc has been seen either
to be decreased or to remain constant in most cases of irradiation

experiment.In case of low energy irradiation Tc degradation has
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been observed to be proportional to nuclear energy loss'*!*. But
in some cases it has been seen to be improved. Shirashi et al.'
irradiated sequentially single phased YBCO pellets with 200 KeV
nitrogen ions and had seen an increase in Tc when mecasured with
current density greater than 25 kA m? (fig. 2.4). The optimum
dose for enhancement of zero resistance temperature was about
[X10" m? and at a measuring current of 100 kA m~ Tc¢ had
increased from 86.5-87.1 K to 90.9 K. Radiation induced increase
in Tc has also been seen in La,.CuO, by 2.9 GeV Kr' bombardment
for Kr fluence of 1X10' to 3X10'*/cm?.""

Transition of the conducting behaviour of YBCO from
metallic to semiconducting was observed bv 2 MeV As and
1 MeV O ion irradiation'® with slightly different activation energices
of the resulting semiconductor. This was explained as an example

of a metal-insulator transition due to damage induced disorder.

One of the important application of ion irradiation 13
patterning of the material. The fact that irradiation can change
YBCO sample into amorphous phase, has been used to pattern
circuits onto YBCO film'*?°. Jon beam patterning can be used to
produce planar structure in YBCO with a simple processing
sequence involving the formation of a metallic mask over the areas

that are to remain superconducting followed by suitable implantation
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to sufficient dose to render the surrounding material non
superconducting and effectively insulating. A d.c. SQUID has been
made in this way, operating at liquid N, temperature'®. Patterned
films are also important for measurement of critical current. The
other way to make patterned HTS is, to use an ion beam to

21,22

decompose metallo-organic precursors®'*. An alternative technique
of patterning is to turn an insulating material into superconducting

one by using ion implantation to introducc alloy constituents:".

Another application of these experiments 1s composition
adjustment through doping by ion implantation (fig. 2.5). Lot of
investigations have been carried out for this purpose with different
degrees of success?*?*. But there are some problems associated with
composition adjustment and ion doping. Considering the doping
by chemical means, the amount of impurity required for HTSs 1s
a few percent of the atomic concentration. This implies that an
ion implantation dose of 10'® to 10' ions/cm? or even higher is
needed. Such high doses will make the superconductor completely
amorphous. Post annealing may restore the crystalline structure and
thus the annealing behaviour of the impurities in HTSs needs to
be studied. During annealing, Ba segregation has been observed™.
fon implantation at elevated temperature is often used for doping
in semiconducting materials such as GaAs and GaP for effective

insitu reduction of the damage caused by ion bombardment. This
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method may be useful for ion implantation in HTSs. Out diffusion

of oxygen at elevated temperatures and surface decomposition may

be expected.

2.3 Neutron Irradiation Effect

Unlike the case of charged particle irradiation effects, the
accelerated neutral projectiles (ncutrons) can directly collide with
the nuclei of the host target without much of an interaction with
the electron cloud. In neutron bombardment experiments on HTSC,
Tc increase has been observed in La,CuO, indicated by fast
neutrons (E > 0.1 MeV)?. By irradiation with reactor fast neutrons
(E > 0.1 MeV), a Tc improvement of 7 K in a YBCO pellet made
by solid state reaction method has been reported by Okada et al.”.
The irradiation was carried out at low temperature (20 K) and the
sample was maintained at 77 K during the measurement and during
storage. Such Tc improvements was repeatedly observed on the
same sample over a period of more than 10 days. However, when
irradiated at room temperature, there was no improvement in Tc
of the sample. The origin of these Tc abnormalities has not been
fully understood yet. In almost all the neutron irradiation
experiments®* transport Jc has been seen to increased while the
magnetisation Jc is found to decrease. This is explained on the
basis of creation of intragrain pinning sites and destruction of the

weak links along the grain boundaries. The effect of neutron
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irradiation is different from the effect of ion beam radiation on
Jc. Most of the ion bombardment experiments show a systematic
decrease in Jc with the dose, except that by Civale et al.** and
Dover et al.**. In the case of neutron irradiation, almost all
experiments show a systematic increase of Jc with neutron fluence
up to a moderate dose of about 5X10'/cm’. The reason bchind
such a difference 1s that there are differences of collision processes
by ions and neutrons. Thc nuclear cross section of neutron
collisions with target nuclei is less than the Rutherford cross section
of ions by a factor of 107 to 10® The penetration range of 100
KeV O* ions in YBCO is about 1.5 pm, but the characteristic ten
times attenuation length of neutrons of same energy is of the order
of a meter. Therefore, a bulk sample of a few milimeters is very
transparent for fast and thermal neutrons. In contrast to ion
irradiation with a fixed sample position to the incident ion beam
direction, the interaction of neutrons with the superconducting
sample is totally uniform. The Rutherford cross section of ions is
proportional to Z? of the target atomic number. So the interaction
with Ba (Z=56) is much more probable than the interaction with
O (Z=8). In the case of neutron interaction with target atoms, the
probability with different target lattice atoms is more or less equal

which is clear from the table 2.2 for relative cross section.
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TABLE-2.2

Particles Relative Cross Sections
0] Cu Y Ba
Proton ] 13 24 49 4
o Particle 1 14.8 27 55.6
Neutron ] 1.8 2 1.6
2.4 Electron, Proton & o Particle Irradiation
Effect

Contrary to neutron or ion irradiation where the strong
increase of the transition width points to the damaging of weak
links between the grains, electron seems to affect only intragrain
(bulk) properties of YBa,Cu,0.. 30 MeV electron irradiation** at
very low temperature (5 K) and subsequent annecaling at 105 K
has been seen to cause an increase in Tc by about 2K at a moderate
dose of 1X10' cm? beyond which Tc seems to be saturated.
Electron irradiation at higher temperature (at 185 K and 375 K)
has been found to decrease the Tc (fig. 2.6). It is suggested that
in case of low temperature (5K) irradiation followed by the
annealing at 105K (which is slightly above the onset temperature

of the superconducting transition of the particular sample), a low
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thermal mobility of vacancies may be realized. Then, in the YBCO
systems, rather perfect atomic chains O-Cu-0O-Cu-O may be formed
with the resulting Tc increase. The saturation of the Tc value at
rather low fluences was probably due to the balance achicved
between formed and decaying O-Cu-O chains. The changes in the
Tc behaviour at irradiation temperatures of 185 K and 375 K was
attributed to an essential enhancement of vacancy mobility. In that
case, the enhanced oxygen diffusion through vacancies might
disturb the perfection the O-Cu-O chains and thus cause the Tc
decrease. The annealing behaviour of YBCO samples irradiated by
2.7 MeV electron beam at low temperature (T _< 40 K) showed
some important features®®. The isochronal annealing behaviour of
Tc after irradiation showed a significant step at 180 K overlaid
by a continuous nearly temperature independent recovery of 0.1%K.
As high as 40% of radiation damage has been seen to get annealed
out at 320 K. This behaviour was explained as the recovery of
Frenkel pairs, created by the electron irradiation, at temperatures
below RT, 1) in an uncorrelated way responsible for the continuous
annealing behaviour, 2) in a correlated way leading to the step at
180 K. Only few works have so far been reported about the effect
of electron irradiation on critical current. Takayuki et al.’’ have
found that by 28 MeV electron irradiation with a fluence of
4.7X10'¢ electrons cm?, Jc determined from I-V characteristics at
temperatures from 75 to 85 K was enhanced by about 8%.

Surprisingly in this experiment both Tc__ and Tc remained

et downset
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unaffected. A very systematic study of electron irradiation effect
on bulk YBCO was carried out by Basu et al.**. They used 100,
150, 200, 250 and 300 KeV electrons at 83 and 300 K and they
have shown that YBCO is insensitive to 100 KeV electron
irradiation. But irradiation by higher energy electron leads to
irradiation induced oxygen disordering of the oxygen atoms and
vacancies, mainly by single displacement events. Their results
suggest, that the displacement threshold energy for oxygen in
YBCO is around 18 eV and that irradiation induced oxygen
reordering occurs in YBCO at 300 K, but not at 83 K. Radiation
damage of YBa,Cu,0  (124) superconductors induced by 1 McV
electron beam was studied by ultra high resolution high voltage
electron microscopy’® and it was found that small spots with nearly
amorphous structure are formed mainly at the (CuQ), double chain
layers at an early stage of irradiation and the area gradually
increases with irradiation time. It was suggested that amorphization
was induced by direct knock-on displacements of atoms by

collisions with high energy electron beam.

Effect of proton irradiation on critical current has already
been mentioned in Table-2.1 and a typical result of 2 MeV proton
irradiation on YBCO is shown in fig. 2.7. Number of workers have
found the critical current to increase as a result of proton

irradiation?®. Proton radiation effect was also studied on
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superconducting ring resonator made from thin film of YBCO%.
[t has been seen that 2 MeV proton irradiation made the
superconducting transition temperature Tc to decrease predictably
with fluence. For temperatures below about 0.9 Tc, there was no
significant change in the transmission coefficient, the center
frequency, or the quality factor Q of the resonator, cven for doses
in excess of 4X10' protons/cm? (0.04 dpa). Similarly, the low
temperature surface resistance R of an unpatterned film did not
change with irradiation. This experiment helped to evaluate theorics
ascribing the residual resistance R to weak links, flux pinning,

impurities and lattice imperfections.

Irradiation with 200 KeV «a particles on YBCO thin film was
carried out by Vadlamannati et al.*’. The changes 1n the
superconducting properties was attributed to both oxygen loss as
well as oxygen and cationic displacement by irradiation. This was
demonstrated by study of recovery of these defects by plasma
oxidation and relatively low temperature ( 600°C) anncaling in
oxygen. Plasma oxidation of films irradiated to low fluences
enabled the replacement of oxygen atoms in the lattice leading to
substantial recovery of Tc, Jc and normal state resistivity.
Irradiation induced oxygen and cationic displacements and other
microscopic defects were further annealed out at relatively low

temperature leading to an almost full recovery of Tc,, normal state
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resistivity and even caused a slight increase of zero field Jc. A
TEM study of irradiated films showed evidence that they were

struturally disordered.

Based on the brief review presented above it is sure that the
high Tc superconductors offer fascinating possibilities in both
technology and basic science and studies of ion implantation and
irradiation can potentially contribute both to the application of these
materials, and to better understanding of their properties. The
results have been reviewed of a series of experiments in which
energetic particles were used to synthesize and modify thin films
and bulk samples of high Tc superconductors. Although most of
the irradiation works with high Tc superconductors were performed
on YBCO system, experiments with other systems discovered later

have been coming up gradually.
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CHAPTER il

EXPERIMENTAL
TECHNIQUES



This chapter is mainly devoted to the description of the
various experimental procedures used in carrying out the sample
preparation, characterisation and electrical measurements. The

general outline of the chapter is given below.

3.1 Ceramic Preparation

This section deals with the details of synthesis of the high
Tc superconductor in the bulk form. A brief description is given

of the press and high temperature furnace used in the processing.

3.2 Characterization of the Samples

This section deals with the description of the various
characterisation techniques used to evaluate the samples whether

in bulk or thin film form. The section is devoted to a brief

description of the following:

(1) X-ray diffraction (XRD)

(11) Scanning Electron Microscopy (SEM)

(111) Auger Electron Spectroscopy (AES)

(iv) X-ray Photoelectron Spectrocsopy (XPS)

(v) Rutherford Back Scattering Spectroscopy (RBS)



(vi) Elastic Recoil Detection Analysis (ERDA)

(vii) lodometry to determine oxygen concentration

3.3 Ion Beam Radiation

This section devotes to the description of the low and high
energy ion beam irradiation techniques, instruments & methodology

of irradiation.

3.4 Thin Film Preparation

This section devotes to the method of thin film preparation
of the buffer layers on Si. A brief description 1s given of the

systems used for the thin film preparation.

3.5 Electric Measurements

Details are given of the experimental techniques used for
measurement of electrical parameters of both bulk and thin film
samples. Special mention is made of the on line measurements
of the variation of the resistance with ion dose in case of high

energy irradiation experiments.



3.1 Ceramic Preparation

Preparation of any ceramic' involves mainly few essential
steps regardless of the fact whether it is conducting or not. The
first step is to know exactly the chemical reaction due to heat
treatment of a mixture of salts which results in the formation of
the desired ceramic in its stoichiometric composition. Next step
is the thorough mixing in an agate pestle-mortar of the weighed
constituents of the salts required to synthesise the ceramic. This
mixed powder is then pressed to uniform circular discs of suitable
diameter and thickness in a hydrostatic press. This first stage 1s
then referred to as pelletising. After this step the pelletised mixture
is heat treated to initiate reaction process among the basic
constituents. Normally the temperature required to achieve this
is in excess of 800°C and the time frame used is anywhere between
6 hrs to 24 hrs. This process is called calcination. This step
is just to decompose the constituents and help in the reaction of
the components to create the ceramic. However, this step is not
the final stage as the desired properties do not get acquired at
this stage due to the large amount of crystalline imperfections and
compositional and macroscopic variation within the bulk of the
sample. These are then removed and tailored by further heat
treatment in a controlled way. This step is called sintering and

is not undertaken straightway after calcination. Instead, the



calcined pellet is reground thoroughly and then pelletised again
and heat treated. In many situations multiple calcinations are also
done to ensure uniform composition.  Thus, after the final
calcination the pellets are reground, pelletised and then sintered.
In sintering process also there are variation in heat treatment
process as demanded by the desired property of the ceramic. The
sintering can be done in gas flow or air and the heating cooling
cycles can be chosen. The sintering stage again can be chosen
as a multiple step of grinding pelletising to achieve the desired
properties. The sintering temperature is also set normally above

800°C for times anywhere between 1 hr to 100 hrs.

Now, the press used to make pellets in any of the steps

mentioned above is briefly described here. The schematic of the

press is shown in Fig. 3.1.

This press used is a hydraulic “Proto lifting and hoisting”
type having a lift of its central piston of 150 mm. The base
" of the press is 2" thick iron square plate which at it’s four corners
house four 1" dia iron rods. On the top of these four rods rest
another 1" thick square iron plate which can be fixed by bolts
at any desired height. This upper square plate is used for adjusting
the vertical lift of the central piston and therefore the vertical

movement of the central piston can be adjusted to the required
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height. Base plate also houses one cylindrical oil filled air tight
container which when pressed by another hand driven piston
conveys the pressure to the central piston in turn. A small hole
is driven into the base plate for air release. This hole can be air
tightened using a screw and o-ring arrangement. The powder to
be pressed is taken in a die-steel die of 1" diameter & kept on
the main piston which is hoisted by applying a pressure through
another hand driven piston until the upper part of the die rests
against the upper square iron plate and when the required pressure
is reached then air is leaked through base plate for lowering the

central piston and the tablet.

The high temperature treatment in all the sample preparations
(bulk, thin film) was done in a microprocessor controlled Furnace
OMEGA Junior-I by Tempress (USA). The most important aspect
of this instrument is the precise control of ramp up or ramp down
time of heating or cooling schedules and the constancy of set
temperature over a large linear zone between low temperature
(~50°C) and high temperature (1100°C). The constancy in
temperature is + 0.1°C over a hot zone as long as 25 cm. The
ramp up or down schedules can be programmed between
0.1°C min to 100°C/min. The other notable feature is that of the
facility of loading 16 different recipes involving such data as ramp

(in % min), temperature (T°C). At any point of time any desired
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recipe can be executed as per the process. A typical photograph

of the furnace used is shown in Fig. 3.2.

3.2 Characterization of the Samples

It is essential to know the nature of the sample with regard
to the reproducibility in their structure and morphology and also
the effect, the external perturbation have on these properties. To
achieve this goal, all the samples were examined by a combination
of variety of characterisation techniques, for their reproducibility
in the structural, and compositional properties. Samples were
characterised also to see the changes produced due to thermal and

ion radiation treatments.

3.2.1 X-ray diffraction

To do X-ray, Siemens X-ray Diffractrometer was used in
026 Bragg-Brentano mode with the angle scanned between 3-63°.
All the samples were examined without any cooling or heating.
In a few cases to resolve the ambiguity in the presence of different
phases the experiment was done in a slow izxp mode at the peak
of interest. The diffractogram was continuously received on a
computer. The X-ray source was Cu at 25KV and the diffraction
pattern was taken with the adjustments of the sensitivity of the

intensity scale.
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3.2.2  Scanning electron microscopy

Scanning electron microscopy was used to evaluate the
surface microstructure of the virgin and the irradiated samples.
The study of the surface morphology is very essential in order
to correlate the changes occuring in the samples due to any
parameter varying in the preparation of samples or to study the
changes taking place due to external perturbations acting on the
specimens. A JEOL SEM Model was used to study the sample.
The specimens to be examined were cut into small pieces and
mounted on a holder which could be inserted into the electron
microscope via a load lock mechanism. Large number of samples
were examined at a time to see for the relative changes in the
surface morphology due to variation in the irradiation parameters
or heat treatment schedules. In order to eliminate any electron
beam induced modification the beam current was maintained to

10'% A range.
3.2.3  Auger electron spectroscopy

The Auger electron spectroscopy technique for chemical
analysis of surface is based on the Auger radiationless process.
When core level of a surface atom is ionized by an impinging

electron beam, the atom may decay to a lower energy state through
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an electronic rearrangement which leaves the atom in doubly
ionized state. The energy difference between these two states iIs
given to the ejected Auger electron which will have a kinetic energy
characteristic of the parent atom. The process 1s, therefore,
specified by three parameters, the core from which the elastic
electron is emitted, the core from which the electron fills up the
vacancy and the core from which the Auger electron is emitted.
e.g., KLM, MNN etc. The Auger process is shown in fig. 3.3. From
the fig. the kinetic energy of the Auger electron is given by the

equation,

Eo=Ex — Fr, = Er.. — %

where E, 1s the energy of the level from which the eléstic

electron is emitted, EL‘ is the energy of the level from which the

electron fills up the vacancy and E, is the energy of the level

22
from which the Auger electron is emitted. ¢, 1s the work function
of the target. When the Auger transition occurs within a few
angstrom of the surface, the Auger electron may be ejected from
the surface without loss of energy and give rise to peaks in the
secondary electron energy distribution function. The energy and

shape of these Auger features can be used unambiguously to

identify the composition of the solid surafce.
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An Auger electron spectroscopy system consists Of an
ultrahigh vacuum system, an electron gun for specimen excitation,
and an energy analyzer for detection of Auger electron peaks In
the total secondary energy distribution. Because the Auger peaks
are superimposed on a rather large continuous background. they
are more easily detected by differentiating the energy distribution
function N(E). Thus the conventional Auger spectrum I the
function dN(E)/dE. Electronic differentiation is readily accomphshed
with a velocity analyzer by superimposing a small a.c. voltage on
the energy selecting voitage and synchronously detecting the output
of the electron multiplier. The peak-to-peak magnitude of an Auger
peak in a differentiated spectrum generally is directly related to
the surface concentration of the element which produces the Auger

electrons.

Unlike X-ray diffraction or scanning electron microscopy,
Auger electron spectroscopy (AES) is a destructive technique. In
spite of this minor shortcoming AES is a very powerful technique

for materials study and characterisation when it comes 10 the

of

of

investigation of small compositional variations and tracing
Impurities in minute quantities distributed in the thickness
sample. The sensitivity of the Auger technique is determined by
the transition probability of the Auger transition involved, the

incident beam current and energy, and by the collection efficiency
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of the analyzer. With a 3 KV, 50 pA beam and a high sensitivity
cylindrical mirror analyzer, the limit of detection for the elements
varies between approximately 0.02 and 0.2 atomic percent with
spectrum scanning rates of 1 eV per second. All elements above
helium produce Auger peaks in the 0-2000 eV range. The power
of this technique lies in its capability of precise depth profiling
of the samples by accurately controlled sputter etching by low
energy Ar ion gun. The interference of background environment
is eliminated as the samples are analysed by AES in clean ultra
high vacuum condition with pressure in the range of ~ 10 torr.
The amplitude of the Auger signal is dependent on the exciting
beam energy and current, the transmission and resolution of the
analyzer, the amplitude of the modulation voltage, the multiplier

gain, and the sensitivitry setting of the lock-in-amplifier.

In the present case AES technique has been used to study
the bulk and thin film samples to get to know the composition
at the surface and in the depth of the material. In the case of
insulating samples like MgO or SrTiO, thin film the problem of
charging by primary electron beam is overcome by putting a dot

of silver on the sample.

The samples to be studied are cut into small pieces and are

put on a 15 position carousel which is mounted on a goniometer
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in the Auger analysis chamber. The sample to be analysed is
positioned in front of the probing e-beam by rotating the

goniometer mounted on top of the UHV chamber. The primary
e-beam energy is chosen to be 3 KeV and the Auger electrons
extracted from the samples are energy analysed by a single pass
Cylindrical Mirror Analyser. The relative atomic concentration of

the elements were dtermined from the corresponding peak-to-peak

height by using the formula,

- I_r / ].:: {i
Ce=gmg,/ Z Sa da

AN ]

where [ is the peak-to-peak Auger amplitude of the element
X, S, 1s the relative sensitivity of the element x which can be found
from the Auger Handbook? and d 1s the scale factor of the element

X, which here is taken as unity for all the elements. The summation

is over one peak per element.
3.2.4 X-ray photoelectron spectroscopy

Like AES, XPS, more commonly known as electron
spectroscopy for chemical analysis (ESCA), is a surface sensitive
technique that uses the energy distribution of secondary electrons
ejected from a target (usually, a thin film) for elemental and

quantitative analysis. Surface analysis by XPS is accomplished by
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irradiating a sample with monoenergetic soft X-ray and energy

analysing the electrons emitted. The emitted electrons have kinetic

energies given by,

K.E =hv-BE. -9,

where hY is the energy of the photon, B.E. is the binding
energy of the atomic orbital from which the electron originates,

and ¢_is the spectrometer work function.

The surface sensitive nature of XPS is a result of the short
inelastic mean free path (IMFP) of the emitted electrons and in
XPS, one can assure surface sensitivity by using optimal (low)
photon energies. In the laboratory most commonly used X-ray
sources for XPS are Mg K_, (1253.6 eV) and Al K, (1486.6 V).

giving rise to photoelectron energies in the desired range.

Fig. 3.4 shows the XPS process. The typical laboratory
equipment includes an x-ray source that floods the sample with
radiation characteristic of the anode material. In addition to the
photoelectrons emitted in the photoelectric process, Auger
electrons are also emitted among others due to relaxation of the
energetic ions left after photoemission. The ionization occurs to

a depth of few micrometers. But since the probability of interaction

108



XPS Process

X=ray photon

EL2,3 J// L2,3
B, & L
E « K
(hY — E)
N (E)

A Wk

Ex Bl B SV E/eV

Fig. 3.4. Schematic representation of XPS. The one electron energy diagram
at the top s for an ideal free atom. The graph at the bottom shows the electron

energy Jist sithution leavine the <ohid.
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of electrons with matter exceeds those of the photons, only those
electrons that originate within tens of angstroms below the solid
surface, will not suffer any energy loss and are most useful in XPS
studies. Nevertheless, few electrons which undergo loss before
emerging from the background, are also present and are useful in
many other interpretations. The electrons are detected by an
electron spectrometer according to their kinetic energy. The
analyser accepts only those electrons having an energy within the
range of a fixed energy “window”, referred to as the pass energy.
Different energies are scanned by applying a retarded electrostatic
field. Electrons are detected as discrete events, and the number
of electrons for a given detection time and energy is stored digitally

or recorded using analog circuitry.

XPS data are typically presented with the binding energy
scale reversed so that kinetic energy increases to the rnight. For
quantitative analysis the background in the XPS spectra due to the
inelastically scattered electrons is subtracted by various methods
and the peaks integrated to give the intensity. The quantitative
analysis requires that the intensities be referred to a standard
sample. The most common means of normalising intensities is to
use tabulated sensitivity factors or to use laboratory-specific
references. The sensitivity factors represent the relative intensities

obtained in the pure elemental form. Normalization consists of
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dividing the experimentally determined intensity for an element by
its sensitivity factor. A better method is to use a laboratory-specific
reference - a measurement of the pure element with the same

equipment under the same conditions.

One of the many advantages of using X-rays rather than
electrons to excite the specimen is the absence of backscattering
effects. But one notable disadvantage of this scheme is that the
area of the sample probed is only defined by the acceptance of
the analyser, resulting 1n poor spatial resolution. However. with the
advent of recently developed X-ray microprobes, which can
produce micron or submicron spot sizes, dramatic improvement has
been achieved in spatial resolution of XPS. Argon ion etching is
commonly used to clean the sample surface and also to probe the

composition as a function of the depth of the sample.

In the present case thin films of MgO on Si substrate has
been analysed in Perkin Elmer (Model 1257) system with
nonmonochromatised dual anode (Mg K_and Al K ) X-ray source.
The sample was mounted on x, y, z, © high precision manipulator
and placed in a chamber evacuated to a pressure ~ 107'° torr. The
analyser is a 280 mm diameter hemispherical analyser with
resolution of 25 meV. In situ cleaning of the sample was done by

rastering a 2 KeV Ar' ion beam. The experimental data was
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obtained by using PC interfaced data acquisition system using
pulse counting technique. The quantitative analysis was done by
normalising with sensitivity factors of different elements using
¢—-handbook. The expression for determination of the atom fraction

of any constituent in a sample, C,. is obtained by using the

expression

. L5
(1'= - —

S Eon, 5 B0

where n, I. and S, are the atomic concentration, [ 1s the
intensity of the peak and S is the sensitivity factor respectively

of the 1 th. element in the sample.

3.2.5 Heavy ion Rutherford backscattering
and elastic recoil detection analysis

Ion Scattering techniques are very powerful and versatile for
material characterization. Rutherford Back Scattering (RBS)
spectrometry is a well established tool for material analysis®. The
advantages of this technique are : the speed of the technique 1S
fairly high, it does not require ultra high vacuum and most
important of all is that its ability to percieve non-destructively the
depth distribution of atomic species below the surface of the

material and the quantitative nature of the results. In backscattering
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experiments a collimated beam of energetic particles from a
particle accelerator is made to fall on a target material (either in
the bulk form or thin film) which is to be characterized. The
projectile beam either falls at normal incidence or at an angle to
the sample surface. A detector, which is generally a solid state
detector (silicon surface barrier detector (SSBD)), is placed at some
back angle which transforms the particle counts at that angle into
equivalent electrical signal. This signal after preamplification and
amplifiacation in successive steps is then fed into a multichannel
analyser (MCA). The signal is then processed by the MCA. which
subdivides its magnitude into a series of equal incremants. Each
increment is numbered and is referred to as a channel. Modern
MCAs contain thousands of channels. An event whose magnitude
falls within a particular channel is registered there as a count. At
the termination of the experiment. each channel has registered a
certain number of counts. The output of MCA is thus a series of
counts contained in various channels. Therefore, the count 1is
equivalent to signal height, i.e.. the concentration of the atomic
species and the channel number is equivalent to energy of the
backscattered projectile. The high energy edge of the signals from
different masses appear at different places. The signals from the
heavy masses will appear at higher energies and that of light
masses at low energies because of the energy transfer to the target

atoms. In case of thin films the low energy edge of the signals



depend on the depth of the films and also on the specific energy
loss value of the projectile inside the target. Therefore. the energy
scale can be converted into depth scale. The mass resolution 1s
the minimum mass seperation that can be detected by the detector.
The depth resolution is defined by the energy width between the
positions at 12% and 88% of the full height of a signal that
corresponds to an abrupt change in sample composition. For
projectiles with same energy and flux, the scattering cross section
gives the scaling factor for the scattering yoelds from different
elements. The relative concentration ratio of two eclements
transforms into relative yields by a ratio given essentially by Cross
section ratio of the elements or by (Z /Z,)* with som¢ correction.
where Z, and Z, are atomic numbers of the elements under study.
Therefore, from output spectra of MCA. one can determine the
stoichiometric abundance ratio in compound target. surface
impurities, impurity distribution in depth, thickness of a thin film

target etc. depending upon the requirements of the characterization.

In conventional RBS 2 MeV He ions are uscd as the
ptojectiles. Now a days heavy ion backscattering (HIBS) is being
used with greater advantages in the characterization procedures-‘.
The advantages associated with the use of heavy jons are :

1)  In conventional RBS with light target projectiles (He'") mass
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resolution becomes poorer for heavy target elements. But
using heavy projectiles, better matching of projectile’s mass
with that of the target atoms for heavy targets is achieved.
Also the energy seperation OE corresponding to a given mass
seperation OM is increased with the use of heavy projectiles.

Thus, the mass resolution is improved by using heavy

projectiles.

2)  Higher stopping power, which, under the right scattering
conditions, can lead to egivalent or better depth resolution

than that achievable with normal RBS.

3)  The optimum depth resolution can be achieved at higher
angles of incidence to the surface with HIRBS reducing the

effect of surface roughness on the attainable depth resolution.

4)  The higher scattering cross section leads to greater scattered

particle yield per projectile.

In backscattering it is very difficult to take out the signals
from light target atoms, viz., O, N, among the other heavier target
species. Elastic Recoil Detection Analysis (ERDA)" 1s a
complimentary technique to avoid this difficulty of backscattering.
In this technique the detector detects the recoils of light target
particles at a suitable forward angle. In ERD it 1s in principle

possible to perform virtually background free analysis of light
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elements in surface layers. In order to fulfil the requirements for
background free detection one has to stop the unwanted particles.
In the conventional set up of ERD the heavy particles are stopped
in an absorber foil infront of SSBD and only the energy of the
tarnsmitted particles is determined. Due to the differences in
energy loss of the different recoil elements, the presence of the

absorber foil results in mass seperation.

In the present case e-beam evaporated SrTiO_ thin films has
been analysed by simultaneous HIBS and ERDA using 55 MeV
Siions from 15UD Pelletron at Nuclear Science Centre, New Delhi.
Also the behaviour of the films under different annealing

temperature has been studied with these techniques.

Collimated Si ions were bombarded on the sample which was
mounted on a 1.5 m diameter general purpose scattering chamber.
The chamber has detector arm which is concentric with rotation
axis of the sample holder. The beam spot was about 2 mm in
diameter and the current was 1 to 2 pna. The target was tilted

at an angle of 30° so that the detection of elestic recoils and

backscattered ions can be carried out simultaneously. It allows

; . . ) 740
investigating Sr and Ti in backscattered 100 spectrum at 135 and

O in recoil spectrum at forward angle of 45°. Silicon surface barrier

detector of 60 pm depletion depth with a 2X4 mm? slit infront
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of it, was used for recording recoil energy spectrum. The detector
subtended a solid angle of 0.4 millisteraradian (msr) and an angle
of 1°. A 30 um polypropylene foil was used infront of the detector
to stop unwanted recoils of Si, Sr and Ti. Backscattered ions were
detected in a 600 mm?® surface barrier detector of 60 um depletion
depth. Detector was kept at a distance of 140 mm and it subtended
a solid angle of 30.6 msr. A schematic description of the

simultaneous HIBS and ERDA experiment is given in fig. 3.5,

3.2.6 lodometry to determine oxygen concentration

lodometry is a destructive but sufficiently accurate chemical
test to determine the ‘y’ value in YBa,Cu,O and this test 1s
important because the ‘y’ value plays a detrimental role in the
superconductivity of this family of compounds. The different steps
of the method and the procedure to calculate the ‘y’ value IS
described as following.
Titration I :

.  The powdered sample of weight W (~ 30-40 mg) is taken

in a three neck flask.
2. Cover the sample in the flask with 1 gm of KI.

3. Create inert gas (say N,) atmosphere in the flask.
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Fig. 3.5. Schematic description of the simultancous HIBS & FRDA experi-

ment.



10.

Add 5 ml of 6N HCI in the flask.

Stir with a magnetic stirrer till the sample 1s completely
dissolved. The colour of the solution turn:from reddish to

yellow. Care is taken that no black specks of the YBCO is

left undissolved.

Add 5 ml 6N NH,OH to the flask. The colour of the solution

changes to a persistent greenish blue colour.

Add 2 ml 85% concentrated H_,‘PO4 and the colour turns

reddish yellow

Titrate the solution in the flask with 0.0IN Na S O, until

the colour slowly changes to pale yellow.

Add 1 ml freshly prepared starch solution and the colour of

the solution immediately changes to black violate.

Continue titration with 0.01N Na,S,O, till the end point of
the titration is reached when the solution becomes totally
colourless. Then the volume of the Na,S. O, spent in titration

is noted down and is denoted by V..

Titration II :

1.

Take powdered YBCO sample of weight W, (30-40 mg)

the three neck flask.

118



Dissolve in 5 ml 6N H(] and the solution becomes

colourless.

Add 10 ml water and raise the temperature of the solution

to 60°C.

Add 6N NH,OH to this hot solution and the colour changed

to persistent blue.

Add 2 ml of conc. (85%) H,PO, and as a result the solution

turns colourless.

Cool the solution to room temperature and create neutral

atmosphere (N, in the present case) inside the flask.

Add 10 ml KI to the solution and the colour becomes deep

yellow.

Continue titration with the same recipe as described from
step 8 of titration I and the volume V, of Na,S,O, spent in

the titration is measured.

Calculation to determine ‘y’ :

The oxygen valency in the compound is given by the formula

P = (V/W)I(V/W) + 1

The oxygen content y = total +ive valency (except Cu)/2 + 1.5P

and, therefore, in case of YBa,Cu, O, vy = 3.5 + 1.5P

A set of titration has been done and the value of (V,/W:)
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and (V,/W,) has been calculated from different combinationgin the
set of data. The ‘y’ values are calculated from these values of
(V/W) and (V/W,) and those values of 'y’ exceeding 7 are
discarded. The ‘y’ value of the sample under study is then

determined by averaging the valid ‘y’ values.

3.3 Ion Beam Radiation

The center point in the present thesis on the study of high
Tc superconductors is to examine the effect of energetic particles
on the material properties. The energy range of the projectiles
employed was 75-100 MeV, although few samples are also
irradiated with 150 KeV '"N. The low energy irradiation was done
in the VARIAN implanter of CEERI, Pilani. All the high energy
irradiation experiments were carried out with the 15 UD Pelletron
acceleartor in Nuclear Science Centre, New Delhi. In this context
it is considered essential to go into a brief description of the
Pelletron accelerator where majority of the irradiation experiments

described in this thesis were performed.

3.3.1 The pelletron at NSC

The 15 UD 16MV Pelletron accelerator at Nuclear Science

Centre (NSC) is a large tandem van de graff type electrostatic
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celerator capable of accelerati :
ac P M almost any ion beam from

drogen to uranium to energies < 3
hydrog CIEICS  Trom a few tens of Mev to

dreds of Mev. A schematic diagr= i ' INCI
hun atic diagra gy, showing the basic principle

of acceleration of ions in a tandem accelerator is given in fig 3.6

Fig 3.7. shows a schematic diagramy of the accelerator facility at

NSC. Different important parts of (he accelerator at NSC are

described briefly in the following few subsections.

3.3.1.a The injector system

Negative 1ons are produced in ap jon source housed in a high

voltage deck biased to a negative potential (c.g. -400 KV at NSC).
An accelerator tube system having proper insulation and voltage
gradient follows the high voltage deck and pre-accelerates the ions
produced in the source travelling to the ground potential. The
required ion beam is then selected using the injector magnet. The

injector is equipped with three tyvpes of ion sources:

i)  Source of negative ions by ceriym sputtering (SNICS) which

can produce negative 10ns of almost all elements (except

He, Ne, Ar, Kr and Xe).

ii)  Alphatross for marinly He 1ons and

=k
N
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iii) Duoplasmatron mainly for high quality H" ions.

3.3.1.b  Description of the accelerator

This electrostatic accelerator at NSC is installed’ with a
vertical configuration in an insulating tank which is 26.5 m long
and 5.5m in diameter & filled up with SF, as an insulating gas.
Inside this tank, is the high voltage terminal about 1.52 m in
diameter and 3.81 m in height. This terminal can be charged to
a high potential that can be varied from 4 to 15 MV. This terminal
is connected to the tank vertically through ceramic titanium tubes
called accelerating tubes. A potential gradient is maintained
through these tubes from high voltage to ground from top of the
tank to the terminal. as well as from terminal to the bottom of

the tank.

Negative ions from the ion source are injected in the
accelerator & accelerated towards the terminal. In the terminal.
negiative ions are stripped off a few electrons & thereby converted
to positive ions, which are further accelerated as they proceed to
the bottom of the tank at ground potential. As a result the ions

emerging out of the accelerator gain energy given by

E~V(g+1) MV
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Where V is the terminal potential (in MV) and q is the charge
state of the ions after stripping. These high energy ions are then
analysed to the required energy with the help of a 90° bending
magnet known as analyser magnet directed to the desired
experimental area with the help of a multiport switching magnet
which can deflect the beam into any of the seven beam lines in

the beam hall.

The insulating column which supports the high potential
terminal consists of thirty 1 MV modules, 15 on either side of
the terminal. The upper portion of the column is referred to as
the low energy section while the portion below the terminal as
the high energy section. Two shorted sections with no potential
gradient, commonly known as dead sections, are provided one each
in the low and high energy column sections for equipment housing.
Both are provided with an electron trap and a sputter ion pump.
The low energy dead section (LEDS) is also provided with an
electrostatic quadrupole triplet lens while the High Energy Dead
Section (HEDS) is equipped with a second foil stripper assembly.
A shorting rod system is also provided for temporarily shorting

selected column modules without entering the pressure vessel.

Running a normal cable from power source at ground

potential to a device sitting at high potential 1s quite difficult
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because of problems associated with insulation. Two insulating
shafts run from each ground end to the terminal and are used
to drive four 400 cps generators, which provide power for the
equipment such as pumps, strippers, beam diagonostic and control

equipments etc. housed in the dead sections and the terminal.

3.3.1.c  Vacuum System

For the production, transport and acceleration of the ions it
is very essential to have the smallest possible number of air atoms/
molecules present in their path. The presence of these atoms/
molecules will cause scattering and recombination of the ion beam
and eventually lead to its loss. Because of this the 1ons always
travel through tubes evacuated to very low pressure. For this.
different types of vacuum pumps are used at different locations
to establish very high vacuum from the ion surce to the
experimental areas. The beam line upto the target chamber was

maintained at 10° torr by means of a series of ion pumps.
3.3.1.d The Charging System
An important aspect of the pelletron accelerator is the

generation of the high voltage at the terminal. This is done using

the two charging chains present in the accelerator. The chain
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comprises of alternating conducting and insulating links®. The
conducting links are hollow cylindrical steel structures, approx. 3.2
cm long, called pellet (hence the name pellelron). The insulating
links are made of a material which has small elongation, high
Young’s modulus, high dielectric constant, low reactivity with
insulating gases like SF, and freon and high resistance to repeated
bending. In this system, there are two chains run at 15m/sec. which
carry approximately 150 pA per chain. The chains are located

in the high energy section.

The pelletron charging system is shown in fig. 3.8. The

functions of the different components are described below.

1) I, is held at -V and induces positive charge q on the pellet.

negative charge flowing to ground through P..

2)  The charged pellets are carried to the terminal. On reaching
the terminal they come in contact with P, and transfer their

charge to the terminal.

3) I, forms a capacitative gap with pellets. ~Now since
Vg/c, for a given charge, if we decrease crpacittance,
potential increases and vice versa. Hence capacittance as
I, is adjusted to hold potential V. This allows W, to pick

up charge and transfer it to I,. Since I is connected to
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4)

5)

6)

7

terminal and if terminal potential is zero, W, picks up charge

and transfers it to I, till potential of I, is raised to 0+V.

Since 1, is at potential V w.r.t. terminal, it induces negative

charge on the pellets, hence doubling the charging current.

Negative charges are carried to the motor end where they

come In contact with P and are carried to ground.

Pellets approaching either pulley are at a considerably higher
potential w.r.t. them. When they come into contact with them
charge is drained very quickly and sparking occurs. I, forms
a capacitative gap with pellets and allows W, to pick up
charge and transfer it to I, Again, I is connected to
terminal and is at terminal potential. Hence. I, is charged
to 0-V. There is a high potential difference between P, and
the pellets and as the distance between the two decreases,
a high field develops which can lead to sparking. However,
the negative potential on 1, neutralizes the effect of the field
and suppresses sparking. Also I, holds the charge on the

pellets and retards the proccess of discharging of the pellet.

I, is held at potential V with the help of a power supply
and performs a function similar to 1., that of suppressing

negative charge at P,.
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Spacing between the pellets and inductors plays a very

important role in the charging process. Generally, 1, to I, are

3
equally spaced whereas I, and I, are adjusted such that I, is at

-V and I3 at +V w.r.t. terminal.

3.3.1.e The Control System

The accelerator is controlled from the control room using
a control software running on a PC-AT 386 computer with EGA
graphics and running under MS-DOS. The hardware consists of
a main CAMAC (Computer Automated Measurement and Control)
crate connected to the PC through a crate controller supporting
the Auxiliary controller Bus (ACB). The status display and the
meters help in the continuous monitoring of the status of the

important parameters.

The devices to be controlled at the various locations of the
accelerator are connected to the CAMAC crates provided nearby
and the signals from the computer through the main CAMAC crate
in the control room to the crates placed at other locations and vice

versa are sent through a CAMAC serial highway.

The devices located at high potentials (i.e, the terminal, the
dead sections and the high voltage deck) are connected to the

CAMAC by using fibre optics cables. In this method the voltage
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signal going to a device or coming from a device is first converted
to a frequency signal (using voltage - to - frequency converters
or frequency-to-voltage converters). These frequency stenals can

then be transmitted as optical pulses.

For irradiation experiment on bulk samples. the samples were
cut into small rectangular bars and were mounted on specially
designed target holders housed in the metal chambers having a base
pressure of at least 1077 torr. For low temperature irradiation. the
samples were mounted on patterned glass epoxy board which were
fixed on a cold finger cooled by liquid nitrogen. The glass epoxy
mount ensured that the temperature of the material was above the
transition temperature. This factor is important for insitu R vs.
dose measurement in case of low temperature irradiation. In all
the irradiation experiment with high energy beams the ion fluence
was varied between ~10'%cm? to ~10'"/cm?. The fluence of the
beam was determined by counting the number of particles
bombarding the sample using a current integrator and a counter.
The secondary electrons coming out of the sample were suppressed

by an electrostatic suppressor.
3.4 Thin Film Preparation

Thin film samples used in the present work were prepared
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by physical vapour deposition employing electron beam evaporation,

d.c. magnetron sputtering and laser evaporation.

In the case of thin film preparation for YBa,Cu,0. MgO.
YSZ, SrTiO, or LaAlQ, single crystal substrates of lcm® size were
used. The dielectric films on Si were deposited by e-beam
evaporation of pressed pellets of StTiO, and MgO powders. The
depositions were done in an oil free ion pumped Varian VT118A
UHV system having a base pressure of 1x10* mbar. The system
used is as shown in Fig. 3.9. The preparation chamber, 18" in
diameter, is of stainless steel with Meander type water cooling
arrangement. Rough pumping of the chamber is done by three
sorption pumping units and the final base pressure is obtained by
seven triode ion pumps of 110 1/s speed each. Essentially the
system contains two e-guns of 10 KW each with a water cooled
hearth of 40 cc crucible. The substrates are mounted on a stainless
steel planetary holder which can be fixed to a rotary feed through.
2" diameter Si wafers were used in all the depositions. The
thickness of the samples for deposition is monitored with the help
of an INFICON XTC quartz crystal microbalance fitted in the
stainless steel evaporation chamber. The pressure in the chamber
is measured by 890 Ar Varian ionization gauge of Bayerd-Alpert
type. As the dielectric used are highly non conducting great care

had to be exercised in the evaporations. Before the actual

133



Fig. 3.9. The Varian VTIISA ULV svstem used for e-beam depositi {'
thin films. sition o
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evaporation could be commenced the charge in the electron gun
hearth had to be carefully degassed at the minimum of the power.
This outgassing normally resulted in large pressure outbursts
resulting in tripping of the system. Thus, after ascertaining the
stable vacuum condition of the system the actual deposition of the
film was carried out. In this way, the buffer layers of SrTiQ
and MgO films were deposited on Si for further usage for
deposition on YBCO thin or thick film. Before depositing the thin
films on Si substrates they are cleaned by standard RCA cleaning

procedure. The cleaning steps are as follows :

1. Ultrasonic cleaning in trichloroethelene (duration 10-15
min.).

2. Keep wafers in boiling trichloroethelene (duration 10-15
min.).

3. Rinsing in acetone (duration 10-15 min.).

4. Ultrsonic cleaning in acetone (duration 10-15 min,).

5. Keep wafers in boiling acetone (duration 10-15 min.).

6.  Rinsing in deionised (DI) water (resistivity 18 M-ohm cm)

(duration 10-15 min.).

7. Keep the wafers in boiling Di water (duration 10-15 min.),
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10.

1.

12.

13.

14.

15.

16.

17

Keep the wafers in boiling solution of NH,OH : H,O, : H,0
2o I o1 5 (duration 10-15 min.).

Rinsing in DI water.
Keep in boiling DI water.

Keep in boiling solution of HCI HO, : HO =1 1 :6

( duration 10-15 min.)

Rinsing in DI water.

Keep in boiling DI water.

Give 1-5 sec dip in buffered HF (buffer is NH,F)
Rinse in DI water for 10 min.

Blow dry the substrates in N, gas.

Keep in boiling solution of HNO, : HF = 10 : 1.

Step 1 to step 7 is necessary to remove dirt and grease on

the surface. Step 8 to step 13 is needed to remove metallic

impurities on the surface. Step 14 is necessary to remove oxide

layer on the substrates. For immediate use of substrates, cleaning

upto step 16 is sufficient. They can remain oxide free for about

30 min. after cleaning. But for longer duration oxide passivation,

step 17 1s necessary.
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The YBCO thin films are deposited by d.c. magnetron

sputtering and by laser ablation technique in other laboratories.

3.5 Electric Measurements

Standard four terminal network was used to conduct the
routine electrical resistance measurements. The Tc measurements
were done by a set of Keithly current source and Keithly multimeter
using a laboratory made cryostat shown in Fig. 3.10. The
measurement of the low energy irradiated samples was done ex
situ after the implantation by using the Keithly set of instruments.
In the case of high energy irradiations the R vs. dose measurements
were done on line as a function of ion dose up to a dose ~ 10'
ions/cm?.  In this case the Keithly set of instruments were
connected to a PC and an automatic data acquisition was done at

each ion dose in both the direction of sample current.
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CHAPTER IV

RESULTS, DISCUSSION &
CONCLUSIONS



The present chapter deals in total the presentation of the
various results, and their discussions. It has been subdivided into
three sections. The first section describes the results of all the
irradiation experiment carried out in the present study and their
possible interpretations. The chapter IV B is devoted to a special
issue of study of buffer layers for the growth of YBCO thin film
on large area substrates for application oriented studies. Based
on the experiments presented, the final conclusions and scope for

future work are given in the sub chapter 1V(C).
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CHAPTERIV A

IRRADIATION STUDIES ON
YBa,Cu,0, SYSTEM



4a.1 Unirradiated Bulk Samples

In this section, results of various experiments on different
properties of the virgin YBa,Cu,0, (YBCO) samples arc
described. As mentioned earlier, bulk YBCO samples were prepared
by standard solid state technique by using weighed quantities of
Y.0,, BaCO3 and CuO powders in stoichimetric ratio. Different
recipes of sintering temperature have been used to optimize the
superconducting properties of the YBCO pellets. Here, only the
results on the optimized samples will be described. The thermal

schedule used to prepare such samples are given below.

TABLE 4a.l
Component used Calcination temp. Sintering temp.
and duration and duration
Y,0,, BaCO,, 850°C (£ 0.1°C) 930°C (= 0.1°C)
CuO 12 hrs. in O, atmosphere

twice sintered.
10 hrs. each. Slowly
cooled to 200°C

atramp 2°C/minute

- - —— - —— - o -
- - - -



4a.1.1. Results of R vs. T measurements

After the preparation of the bulk samples. the (first
experiment was to evaluate the superconducting transition of the
specimens. Fig. 4a.l(a), (b), (c¢) show the R vs. T variation of the
YBCO bulk samples at different measuring currents; 1 mA. 10 mA
and 50 mA. It is clearly seen that the samples are superconducting
with transition temperature ~ 90 K and with metallic behavior
In resistance variation near room temperature. The transition 1s

quite sharp (ATc ~ 1K) and the R /R

o
(T 300K TNT 100K) ratio 1s 2 1n
each case. Transition temperature is seen to decrease with increase

In measurung currents.

To ascertain the correctness of the Tc measurement by R vs.
T technique, susceptibility was also measured. Fig. 4a.2 shows the
results of the a.c susceptibility measurement carried out on the
bulk YBCO. The Tc from this measurement is seen to be 90.5 K.
From the value of the real part of the susceptibility (X') when the
sample 1s in superconducting state, it can be inferred that the
sample 1s 90% volume superconducting. This indicates the good
quality of the sample and thus the suitability of the thermal recipe

used to prepare the specimen.
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4a.1.2. Results of the iodometric test

We know that the value of ‘v’ in the formula YBa,Cu, O plays
a very crucial role. Hence. it is essential to know this and also
to correlate this with the measured Tc¢ values. To do this. the value
of ‘y’ was determined by iodometric analysis. Table 4a.2.a. 4a.2.b.
and 4a.2.c give the results of the iodometric measurement. The
measurement shows that the value of V' in the formula of YBCO

in the present sample is 6.95.

Table 4a.2.a. TITRATION |

Sl. No. Weight of the sample (W) Volume of Na. SO,
spent In mg. for

titration (VI) in mi.



Table 4a.2.b  TITRATION 11

SI. No. Weight of the sample (W) Volume of Na SO,
In mg. spent for titration
(V,) in ml

= = TV = O S - = - - - - - - . . . . e e - - -

1. 28.6 28.4
2. 28.5 28.6
3. 33.3 24.9

150



Table 4a.2.c

Determiantion of oxygen concentration

Combination  The value of  Value of 'y’
used from valency (P) in the formula
table 4.2.a using YBa,Cu,0,
and table P=(V /W )/ using y=3.5+
4.2.b to (VW) + ] 1.5P
calculate

V. /W, and

VW,

I, 2.1938 6.7907

2,2 2.3254 6.9881

CH 2.6831 7.5247

2,1 2.3394 7.0091

3,2 2.2542 6.8812

[,3 2.5854 7.3781
(123),.. 2.3929 7.08938
(123),.,

e

Average value
of ‘y’
discarding
those values
which are

much above 7

6.95



4a.1.3. Results of XRD

As 1s well known, YBCO system is superconducting only if
it has orthorhombic structure. While R vs. T and a.c. susceptibility
techniques give Tc and ATc yet one can not really ascertain whether
the sample is really 100% uniform with regard to its desired
crystalline property. To do this, it is necessary that X-ray
diffraction be done. Fig. 4a.3 (a) shows the X-ray diffraction
pattern of the bulk YBCO pellet. This is a plot of intensities from
different (hkl) planes as a function of twice the Bragg diffraction
angle 6. The YBCO (123) peaks are identified and are designated
by the corresponding (hkl) value in the fig. The lattice parameters

a, b and ¢ are calculated by using the formula

1

d = — - — (4a.1)
Vb2 + (52 4 (42

where d is the spacing between the palnes. Taking different (hkl)
values and the associated d values in the diffraction spectrum, the
lattice parametrs are calculated as 'a' = 3.8076A, 'b' = 3.8649A
and 'c' = 11.5947A. It is clear from the inequality of the ‘a” and

‘D’ values that the sample structure is orthorhombic,
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Fig. 4a.3. (a) XRD spectrum of the unirradiated YBCO bulk pellet.



The orthorhombicity is generally determined from the
orthorhombic splitting (a,b) using the angular values of the lines
(102) and (012). But, it is difficult to seperate out these two peaks,
because the intensity is rather low (at 20= 28.034° in Fig. 4a.3
(a)) and they occur in a region where many intense peaks of some
impurities increase the noise level. Therefore, few other pair of
peaks are concentrated upon for this purpose. Some of them are
the peaks at 26 = 32.6°(hkl = 013) and 26 = 32.9°(hkl = 103,
110), the peaks at 20 = 46.7° (hkl = 020, 006) and 26 = 47.7°(hkl
= 200) and peaks at 20 = 58.3°(hkl = 123, 116) and 26 = 58.9°(hkl
= 213). Clearly, the splitting of (013) (26 = 32.699°) and (103)
(20= 32.967°) peaks in fig. 4a.3 (a) shows the orthorhombicity
of the sample. In the next few sections, to show the changes in
crystallainity and structure produced by irradiation, the variations
will always be referred to w.r.t. these peaks. Fig. 4a.3 (b) shows
a slow scan of the diffraction spectrum of the virgin YBCO sample

between the angles 46° and 48°.

4a.1.4. Results of SEM

X-ray studies gave us the clue of the presence of the various

crystalline phases of the same material. ldeally hal_l__}herszfmple[;%

—_—

should also be structurally homogeneous with regard to grain size
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uniformity. This is best judged by performing SEM on the same
sample at different locations. Fig. 4a.4 (a), 4a.4 (b) show the SEM
pictures of the surface of a typical YBCO sample at two different
positions. While Fig. 4a.4 (a) shows quite big and packed grains,
Fig. 4a.4 (b) shows litle bit smaller grains with relative by/lcss
packing density. This shows that, even after such a prolonged heat
treatment, there is still some inhomogenity of grain sizes at

different parts of the sample.

After having described the basic properties of the virgin
samples now we turn to the results on the effect of ion irradiation
on the aforementioned properties. The various ions used are
oxygen, nickel and iodine and also low energy nitrogen and the

results are presented sequentially.

4a.2. Results of Oxygen Irradiation

This section describes the results of the 75 MeV 'O

irradiation on YBCO samples in bulk form.
4a.2.1 Projectile Parameters
The 75 MeV 'O beam was derived from a tandem type Van

de Graff accelerator, the 15 UD Pelletron. The charge state varies

from 5' to 7' in different experiments to maintain an €nergy of

N
(@)



Fig. 4a.4. (a),(b) SEM pictures of unirradiated bulk YBa,Cu,0-_,

sample at two different locations.
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75 MeV as dictated by terminal voltage used. The enrgy loss

parameters of this beam and the recoils, vacancies etc. created by

it in YBCO target as calculated from computer simulation
programme TRIM are shown in Fig. 4a.5 (a), 4a.5 (b), 4a.5 (c),

4a.5 (d) and 4a.5(e) and results are summarised in table 4a.3.

TABLE 4a.3

Beam Species Energy Rate of Rate of

Electronic  Nuclear energy Range

energy loss loss (dE/dX),
(dE/dX), in in eV/A

eV/A
150y 75 MeV 1.72 E+02 1.06 E-0] 32pum
10 KeV  1.55 E+01 2.39 E+0] 139 A

The various experimental results in the light of the various
properties described in section 4a.l are given sequentially in the
following subsections. The main additional parameter included in
this, is the study of variation of resistance with dose. This
parameter helps in judging apriori what prominent properties will

show changes.
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4a.2.2 Results of insitu R vs. dose measurements

Fig. 4a.6 (a,b) shows the variation of normalised resistance
(R,) as a function of the ion dose of the impinging projectiles at
ambient temperature (4a.6 (a)) and at low temperature (4a.6 (b)).
The low temeperature experiment was planned in such a way, so
that the temperature of sample (~100 K) was above the transition
temperature Tc of the YBCO target. The resistances at different
doses are normalised with respect to the unirradiated value R, and
the normalisation is done to avoid the different values of initial
resistances of different samples. In both the cases, the resistance
has been decreased from its initial value as a result of irradiation.

However, the striking difference between the two curves are:

(1)  for low temeperature irradiation the resistance shows a slight
trend of increase at higher doses, while for room temperature
irradiation the nature of the change in resistance w.r.t. fluence
shows an initial flat region at lower doses, followed by

gradual decrease at higher doses.

(i) the normalised change in resistance (AR/R . ) is much more
in the case of low temperature irradiation than the case at
room temperature irradiation (at 1 X 10'2 ¢cm? fluence, for
low temperature irradiation AR/R = -0.077 and at room

-

temperature irradiation AR/R = -0.002).
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4a.2.3 Results of XRD

Fig. 4a.7 and 4a.8 show the X-ray diffraction spectra of 75

MeV oxygen irradiated bulk samples at dose | X 10'¥cm? and

4 X 10"/cm?® respectively. Here the results of room temperature

and low temperature is not given seperately, because experiments

are carried out ex-situ and once the sample irradiated at low

temperature is taken out of the irradiation chamber, it loses it's
previous low temperature history. The x-ray diffraction results
shows that there is a marked decrease in crystallinity between the
samples irradiated at 1 X 10'? and 4 x 10'%cm?. The twin peaks
between the values of the diffraction angle 26, 32° and 34°. merges
at the higher dose. Fig. 4a.9 (a), (b) and (c) show the slow scan
of the diffraction spectrum of the oxygen irradiated sample at

4 X 10"/cm?, between different diffraction angles. The broadening

of the peaks shows the degradation of crystallinity by irradiation.

4a.2.4. Results of SEM

Fig. 4a.10 (a), (b) show the surface morphology of
unirradiated sample used for oxygen irradiation experiment and
4a.11 (a), (b) show those of irradiated samples at dose 1x10' and
Ix10/cm? respectively. The grain size does not seem to change

much due to oxygen irradiation as seen from the SEM photographs.
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But at highest doses it seems that some Impurity phases have come

to the surface.

4a.2.5. Results of R vs. T measurement

To seperate out the effect of oxygen irradiation on tarnsition
temperature of the YBCO bulk sample irradiated at typical dose
of 5 x 10'¥/cm?, we used two contigurations of the samples. namely,
planar and tarnsverse, during Tc measurement as shown in fig
4a.12 (a) and 4a.12 (b). Fig. 4a.13 (a) shows the R vs. T curve
with the lead arrangement as in fig. 4a.12 (a) and insert. Tc (0)
is about 82 K. In the other arrangement (fig. 4a.12 (b)) 2s shown
in fig. 4a.13 (b) the Tc(0) comes down to 79 K. In both the cases

Tc (onset) has remained at almost the same value at ~ 85 K.

4a.3. Results of Nickel Irradiation

This section describes the results of 75 MeV *¥Ni iirradiation

on YBCO bulk samples.
42.3.1. Projectile parameters

75 MeV 8Ni of charge state 5' was used. The results of
Simulation calculation by TRIM for this projectile in YBCO target

are listed in table 4a.4. Fig. 4a.14 (a). (b), (c), (d) and (¢) show
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Flg.4a.l2(a) Sample connections i planar geometry

Fig.4 ; ons |
g-4a.12(b) Sample connections i transverse geometry
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the different graphs by TRIM for this projectile-target combination.

TABLE 4a.4

Beam Species Energy Rate of Rate of

Electronic  Nuclear energy Range
energy loss loss (dE/dX)
(dE/dX) in in eV/A

IS

eV/A
8N 75 MeV 1.46 E+03 3.60 E+00 7.7Tum
10 KeV 1.23 E+01 1.24 E+02 65 A

4a.3.2 Results of insitu R vs. dose measurement

Fig. 4a.15 (a) and 4a.15 (b) show the insitu variation of
normalised resistance (R ) with fluence for 75 MeV Ni irradiation
at ambient and low temeperature. Here also, in low temperature
experiment, temperature is kept above the Tc of the target. For
room temperature irradiation resistance increases above its
unirradiated value at initial smaller doses. It then goes down below
its unirradiated value at the dose ~ 6 x 10'/cm?. It again starts
increasing considerably at dose ~ 2 X 10"/cm? and at a dose
I X 10'%cm? upto which dose value the room temperature

experiment was carried out, the normalised change in resistance
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becomes ~1.09. In contrast, in low temperature irrradiation

experiment, the resistance decreases below its unirradiated value
even at smaller doses also and this lower value of resistance
sustains even at the highest dose of room temperature irradiation,
ie., 1 x 10"/cm?. At this value of the fluence, in low temperature

case, the normalised change in resistance takes up the value ~ 0.41

which 1s far different from that value at room temperature

irradiation experiment. The low temperature irradiation was
continued with further increase in fluence and at a dose
~ 4 X 10%/cm? the resistance jumped to a high value where

normalised change in resistance becomes ~ 102.72.

4a.3.3. Results of XRD

Fig. 4a.16 (a), (b), (c) show the X-ray diffraction spectra of
75 MeV Ni irradiated YBCO samples at different doses, namely,
5 X 10'"/cm?, 1 X 10%/cm? and 1 X 10"/cm? respectively. From
the spectra, it is clear that the crystallinity of the sample
deteriorated gradually with increasing dose. The twin peaks due
to (013) and (103) planes between 32° and 34° diffraction angle,
disappear even at a dose of 5 X 10'%cm?® The ‘¢’ lattice parameter
calculation shows that it does not change from its initial

unirradiated value. In the three cases shown in Fig. 4a.16 (a), (b),
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(c), ‘c’ parameter is calculated as 11.59A, 11.66A and 11.62A

respectively. Fig. 4a.17 shows the slow scan of the diffraction

spectrum between angle 46° and 48° of a typical irradiated sample

at a dose 1 X 10'"/cm?. The broadening of the peaks shows the

degradation of crystallinity due to irradiation.

4a.3.4. Results of SEM

Fig. 4a.18 (a) and (b) show the surface morphology by SEM
of the unirradiated sample at two different magnifications. Fig.
4a.19 (a), (b) ,(c) and (d) are the SEM photographs of the 75 MeV
Ni irradiated sample at dose values 1 X 10'"/ecm?, 1 X 10'/cm2
I X 10"cm? and 1 X 10'¢/cm®. Comparing the two sets of
photographs it is clearly visible that at lower doses surface
morphology and grain sizes do not change much from that of the

unirradiated sample. Only at high dose, the grain size changes.

4a.3.5. Results of R vs. T measurement

Fig. 4a.20 shows the R vs. T curve for the unirradiated
sample in 75 MeV Ni irradiation experiment and fig 4.21 (a) and
(b) show the R vs. T characteristics of the two YBCO samples
irradiated by 75 MeV Ni at two different doses, namely,
5 X 10'%cm? and 1 X 10'%cm?. The unirradiated sample shows

little bit lower Tc(0) (~80 k). because the Tc of the unirradiated
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Fig. 4a.17. Slow scan of XRD spectrum of Ni irradiated bulk YBCO at dose
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Fig. 4a.18. (a), (b) SEM pictures of unirradiated bulk YBa,Cu;0:_;
ig. 4a.18. (a), :

tions.
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Fig. 4a.19. SEM pictures of Ni irradiated bulk YBa,Cu30;_; sample
with dose (a) 1 x 10" /cm? and (b) 1 x 10'?/cm?
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Fig. 4a.19. SEM pictures of Ni irradiated bulk YBa,Cu;0-_, sample
with dose (¢)1 x 10" /cm? and (d) 1 x 10'°/cm?.
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imple is measured by measuring the Tc of the lower surface of
}Le irradiated sample and the sample for irradiation was kept in
1acuum in the irradiation chamber for quite some time and R vs.
measurements are taken after taking out the samples to
tmosphere which could degrade the Tc(0) of the sample by some
i,amount. Due to irradiation at smaller doses { =5 X 10%/em?) Te(0)

is seen to be decreased by a small amount ( ~ 2 K). But at high

dose ( ~ 1 X 10"/cm?) the sample lost its superconducting property

' which is clearly visible from fig 4a.21 (b).
|

f4a.4. Results of Iodine Irradiation

This section will describe the irradiation effect of 100 Mev

"I on bulk YBCO samples.

4a.4.1. Projectile parameters

Fig. 4a.22 (a), (b), (c), (d) and (e) are the TRIM plots of
the passage of 100 MeV 'Yl inside the YBCO bulk target and
lonization , vacancies and recoils created due to this irradiation.

Table 4a.5 lists the energy loss values of 100 MeV and 10 Kev'?’
[ in YBCO target.
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TABLE 4a.5

Beam Species Energy Rate of Rate of

Electronic Nuclear energy Range
energy loss loss (dE/dX)
(dE/dX), in in eV/A

eV/A
127] 100 MeV 2.09 E+03 1.80 E40] 8.32um
10 KeV  1.32 E+01 2.04 E+02 57 A

4a.4.2 Results of R vs. dose measurements

Fig. 4a.23 (a), (b) show the insitu resistance variation of the
bulk YBCO samples irradiated by 100 MeV '?’I projectiles, at room
temperature and low temperature respectively. Although the
magnitude of change of normalised resistance brought about by
this energetic projectile is small, the nature of the changes are
altogether different in the two cases. In the case of irradiation at
room temperature the resistance is seen to increase from its initial

o . : lue
value of before irradiation and maintains an almost constant va

. : -
throughout the range of the fluence used in the experiment, 1

upto ~ 2 x 10'/em?. But for low temperature irradiation. the

. : han that
variation in R with dose shows just the opposite nature t

: . small dose
for the case of room temperature irradiation. At sma

|
<
tn
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Fig. 4a.23. (a) Insitu variation of normalised resistance (R,) as a

function of dose for 100 MeV '*'I irradiation at ambient temperature.
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(~10%/em?), the resistance goes down to half of its initial
upirradiated value and settles to ap almost constant value upto
highest dose (~ 10'%/cm?) used in the experiment. It is to be noted
here that, anticipating damage of the sample with high current of
a heavy particle like "I, the beam current could not be increased
indefinitely, and therefore, the effect at higher doses (beyond
[0'/cm?) remains unexplored. As a quantitative information it is
noted here, that at the dose 1 X 10"/cm2. the normalised change
in resistance (AR/R __) in case of room temperature irradiation
becomes .024, while in case of low temperature irradiation, the

parameter takes up the value -0.51. The negative sign is indicative

of the fact that, resistance has decreased from its initial value.

4a.4.3. Results of XRD

Fig. 4a.24 (a) and (b) show the XRD spectra of unirradiated
and 100 MeV '] irradiated sample respectively. It shows a
deterioration of crystallinity due to irradiation. The twin peaks due
to (103) and (013) has gone and only one peak of lesser intensity
has occured at that place. Calculation shows that the ‘c’ lattice
parameter has also been increased from a value of 11.6502A to

11.76A due to irradiation.
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fa 44 Results of SEM

4a.4 (a) (b) show the SEM phmou”; of the
Fig. 4@ ]
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femperature irradiated sample) and 4a.25 (c). (d) show that ot the
sample irradiated with 2.4 x 10"/cm® dose (room temperatute
imadiated sample). The pictures show the formation ot craters a»
big as of 20pm diameter, due to | irradiation. Fig. 4a 25 (¢) show s
some sort of melting of the grains. This might be the result of
heat generation, since that particular sample was irrdaited

ambient temperature.

4a4.5. Results of R vs. T measurement

The irradiated sample surface becomes highly resistive wher
taken out of the irradiation chamber. Fig. 4a.26 shows this

a 1 ) . 9 T bk 1}
" it also shows that the nature of R vs. T resembled with

of an nsulating substance.

4
3. Results of low Energy Irradiation

Few bulk samples w

in t the -
Planter Machine of CEERI. Pilani and were characteri-

ere irrdadiated with 150 Kev '*N be2””
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Fig. 4a.25. (a), (b) SEM pictures of iodine irradiated bulk YBa,;Cu30;_;

sample with dose 1 x 10'*/cm?
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'~ Fig. 4a.25. (c), (d) SEM pictures of iodine irradiated bulk YBa,Cu.O
3074

sample with dose 2.4 x 10" /cm?
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Fig. 4a.26. R vs T of the iodine irradiated sample (dose ~ 10™/cm?).




after irradiation by R vs. T Mmeasurement and SEM. The results

of these characterizations are described in this section.

4a.5.1. Results of R vs. T measurement

The samples were irradiated with six different doses, 1 x 10",

Ix 10", 1 X102 1x 10" 1 X 10" and 1 X 10'/cm?. Fig. 4a.27

shows the R vs. T of the unirradiated sample and Fig. 4a.28 shows
that of the irradiated sample at doses | x 10", 1 X 10" and 1

X 10'*/cm?. The figures show that Tc, . and Tc(0) remains almost

unchanged after irradiation with different doses. Fig. 4a.29 shows
a comparision in the R vs. T nature between the unirradiated and
irradiated sample at dose 1 X 10'S/cm® The fig. shows that

although the onset is same, there is a slight tail at downset for

the irradiated sample.

4a.5.2. Results of SEM

Fig. 4a.30 show the SEM picture of the surface of
unirradiated sample and Fig. 4a.31 (a), (b) show that from the
surface of irradiated sample at dose 1 x 10'%cm? and
1 X 10'¢/cm? respectively. Fig. 4a.30 shows that the surface of the
unirradiated sample consists of a mixture of small and big grains.
But the SEM pictures of the irradiated sample clearly show that

the grain size has been increased considerably. Also, there are
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Fig. 4a.30. SEM picture of the unirradiated bulk YBa,Cu,0-_, sam-

Ple used for low energy nitrogen irradiation experiment
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voids created at high dose of irradiation.

4a2.6 Thin Film Irradiation Results

Few sputteredfdeposited thin films of YBCO on YSZ, MgO

and SrT10, and few laser_ablated thin films of YBCO on LaAlO.

substrates are used in the irradiation experiments. The thickness
of the films were in the range 500-1000A. The Tc of the films
on YSZ and LaAlO, were ~ 85°K and those on SrTi0, and MgO
substrates are having a Tc ~ 80 K. The films on YSZ, MgO and
LaAlO, were irradiated by 100 MeV '?’I and the films on SrTiO,
were used in the irradiation experiments with 75 MeV '*O. One
film on SrTiO, was tried in ion beam lithography experiment with
150 MeV Ag beam, which did not yield fruitful result due to
breaking of the sample. In iodine irradiation experiment, in all the
thin film samples the dose of irradiation was limited to lower
values, since high dose might cause burning of the film. In 1odine
irradiation experiment attempt to measure insitu R vs. dose nature
of YBCO film on YSZ _was_fgiled due to electrical contact problem.
In oxygen irradiation experiment insitu sheet resistance variation
by Van der Pauw method with dose was calculated. The samples
on LaAlO, got peeled off after irradiation with 100 MeV T at a

dose ~ 10'/cm? and the sample on MgO became insulating after

exposure to a moderate dose (~ 5 X 10'"/cm?) of 100 MeV |

irradiation.
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4a.6.1. Results of sheet resistance vs. dose
measurement

The sheet resistance variation with oxygen fluence was

measured by standard Van der Pauw method by making four

electrical contact at four corners of squarish shaped YBCO thin

film sample on SrTO, substrate and using the formula, for sheet

resistance with reference to the geometry shown in fig. 4a.32 (a)

given by,

R, = 4.5325%12—F (%) (4a.2)

where F(RYR") is Van der Pauw function. R' is the potential
difference between the contacts C and D per unit current through
contacts A and B and R" is the potential difference between the

contacts A and D per unit current through the contacts B and C.

Fig. 4a.32 (b) shows that the sheet resistance remains almost

constant upto a dose of 4 x 10"%/cm?.



A B

Fig.4a.32(a) Connection geometry in Van der Pauw method
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4a.6.2. Results of XRD

Fig. 4a.33 (a), (b) shows the XRD of the unirradiated and
irradiated YBCO thin film on YSZ (dose ~ 1 X 10'//cm?) by 100
MeV 1, respectively. The XRD was taken at unirradiated and
irradiated portion of the same sample. The spectra show that
although few peaks are lost due to irradiation, some peaks are

gained in intensity by a small amount.

4a2.6.3. Results of R vs. T measurement

Fig. 4a.34 (a), (b) show the R vs. T curve for the unirradiated
and irradiated thin films of YBCO on YSZ substrate. Irradiation
was done by 100 MeV I at a dose 1 X 10'"/cm? The fig. shows
that the thin film sample remains superconducting after irradiation,

but its Tc has gone down from 85 K to 82 K.

4a.7. Discussion of the Results

In this section the effect of irradiation of bulk and thin film
samples of YBCO with three different energetic ions will be
discussed with possible explanation from the results obtained in

the different experiments as described in the earlier sections of

this chapter.
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The discussion starts with the results of R vs. dose
measuremnets. This measurement is performed at two different
sample temperatures during irradiation, to find out the effect of
sample temperature on the effect of irradiation and to explore some
physics of defect creation inside the sample. In all the cases of
irradiation with the three different ions, except in case of room
temperature irradiation by 100 MeV 'Y’[, the observed resistance
is seen to decrease upto certain dose. In order to explain the
decrease in resistance from its initial value as a result of
irradiation, one must remember the fact that although the
projectiles interact with all the atoms in the target, nemely, Y, Ba,
Cu and O, during the ions passage, the probability of O atoms
in the material getting displaced is highest because this is the
lightest atom among the others and also, they are loosely bound
in the lattice compared to the other atoms. Since, it is believed
that an ordered arrangement of oxygen vacancy is crucial even for
normal state metallic conductivity', then from the previous
argument, the decrease in resistance strongly suggests an
improvement of the ordered arrangement of oxygen vacancy upto
certain dose of irradiation. This dose is also different for different
projectiles. This is because increasing dose means multiplying the

number of defects created by 2 single ion. Since, each projectile

has its own energy loss value which is different, the defect density
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created by single ion of ®ach species is different from that by the

others and therefore, the doge upto which oxygen vacancy ordering

prevails over the effects of other defects is different for the three

different ions used. Ip case of iodine irradiation at room
temperature, the resistance ig Seen to increase even at smaller dose.
But at this point one should keep in mind that "I has greatest
energy loss value dmong the three ions and in present study the

effect of the doses lower than I X 10"/em? could not be traced

because of the unavailability of very low beam current from the

accelerator. Therefore, from R vs. dose curve in case of I irradiation
at room temperature it can not be inferred that vacancy ordering
did not take place at any dose in this case. But the fact which
i1s evident from the R vs. dose curve is that, at dose as low as
I X 10'"/cm? the defect density generated by I 1on is sufficient
to increase the resistance of the sample. At this point, it is
worthwhile to mention the values of normalised change in
resistance (AR/R ) after exposure to a typical dose for the three
ions, in case of room temperature irradiation. In case of room
) ~ -0.002, for Ni

temperature irradiation by oxygen (AR/R

(AR/R

unirr

~ -0.03 and for I, (AR/R_. ) ~ 0.024 at a fixed dose

unirr)
of 1 X 10'%cm?2 From this it can be seen that only for I, the
normalised change in resistance value is positive, .., in this case
the vacancy ordering seems to be totally counter balanced by the

other types of defects produced as a result of irradiation. This fact



can be attributed to be due to high energy loss value of the ']

beam. It should be mentioned here that, initial increase of

resistance at the smaller doses in case of Ni irrdaition at room
temperature does not corroborate to the explanation given so far.
This might be due to the sudden generation of huge number of
defects and their inability to relax in smaller time. But over longer
time scale they get annealed out and the resistance decreases at
larger doses. Now coming to explain the effect of different target
temperature during irradiation. it is better to compare the nature
of the two variations in normalised resistance (R,) w.rt. fluence
at two temperatures. If we compare the normalised change in
resistance ataf)articular dose ( say, 1 X 10'/cm?) for the three ions,
then we see that the numerical values in case of low temperature
irradiation is always greater in magnitude (-0.51, -0.43 and -0.077
in case of I, Ni and O respectively) than those values for room
temperature irradiation (.024, -0.03, -0.002 for I, Ni and O) and
in low temperature irradiation they are always negative which is
indicative of the fact that the resistance has always decreased from
its initial value in case of low temperature irradiation. This shows
that in case of low temperature irradiation there is a favorable

situation for improving the vacancy ordering of the oxygen sites

due to ion irradiation and at the same time freezing this situation,

thus retaining the ordered vacancy state: this is not the case at

room temperature irradiation. since a part of the ordered vacancy

b
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arrangement due ' Toits :
g to irradiation again gets disordered due to larger

mplitude ' i i
amp of lattice vibration. Secondly, the change in resistance

due to irradiation e
at low temperature shows a marginal increase

in resistance in ) . .
case of oOXygen and cosiderable increase in

resistan ' i iati iodi ' 1at] '
€€ In case of Ni irradiation. For iodine irradiation, it

remains more or less at a constant value upto the highest dose

of irradiation carried out. The increase of R at higher fluences

1s due to the creation of other types of defects (point defects,
cascades etc.) which have a detrimental effect on conductivity of
the sample. But still, upto higher value of fluences, vacancy
ordering prevails over the other types of effects in case of low
temperature irradiation, which is evident from the fact that at
higher fluences also the resistance of the samples remains at lower
values than their initial values at higher fluences. In case of Ni
irradiation resistance values shoots up to a large value at a
particular dose of 3.5 x 10'/cm? in case of low temperature
irradiation. This might be due to the fact that the tracks of the
ions overlap at this very high dose creating huge defects and also
due to lateral straggling of the ions it does not leave much

conducting path for the measuring current to flow.

Looking into the R vs. T results, let us first take the results

of oxygen irradiation (dose ~ I X 10'%cm?). Here as described

| ' jgurati f electrical contact (is, made
In section 4a.2.5. twoO configurations O is

1)
(%)
(5]



for the measurement, namely, transverse and planar. The difference

in the results of /
in the R s, T measurements in these two

configurations can be understood on the change in the current

percolation path due to radiation damage of the sample. When

measurements are done in the tarnsverse mode then we are

including two different regions. namely, i) the radiation affected

region, 11) the region (lower portion) which is unaffected by the

ion beam. On the other hand the planar geometry does not directly

account for both the two regions together, probably due to non-
uniform current density path between the voltage probes.Now it
can be seen from fig 4.13 (a) and (b) that the onset of transition
remains almost the same ( ~ 85 K) in both the cases and in effect
it appears that the net result of 'O i1on bombardment on YBCO
i1s to increase the width of the superconducting transition.
Therefore, it can be definitely concluded from this experiment that
the oxygen irradiation has only affected the weak links between
the grains. In case of Ni irradiation also, at smaller doses, Tc
change is small. Here, to include the irradiated part, the voltage
contacts were made on the irradiated zone and to find out the R
vs. T of the unirradiated part, the bottom part of the sample was

used and one can see that the Tc is degraded little bit que tq

irradiation. High dose irradiation has made the sample non

superconducting. It might be due to the total deterioration of weak

links leaving no percolation path for superconducting current to



flow. For iodine irradiation, R vs. T of the lower dose irradiated

sample could not be taken. But the higher dose irradiation,like in
the case of Ni, has destroyed superconducting properties of the
target. But, here, the nature of R vs. T is different from that of
the Ni irradiated sample. For Ni irradiated sample, the resistance
keeps on decreasing with decrease in temperature. But the iodine
irradiated sample shows big increase in resistance with decrease
In temperature which is the behavior of an insulator. Therefore.
it seems that I, due to its high energy loss value, has affected the
intra grain superconductivity also and at high dose it transforms

the material to an insulator.

All the XRD spectra confirm the fact that, crystallinity of
the sample has been deteriorated as a result of irradiation. The
increment of the width of the peaks, as shown in slow scan spectra,
also support this fact. But at smaller doses in case of oxygen and
nickel, the orthogonality still remains, as is evident from the
occurence of the twin peaks of (013) and (103) planes between

the diffraction angles 32° and 34°.But at high dose of irradiation

orthogonality disappears.

SEM pictures show that there is not much change in surface
morphology for lower dose irradiation. But the morphology has
changed significantly in case of iodine irradiation where big craters
have been formed.
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Now to address to the question : “to which energy loss

mechanism do we attribute the change in resistance or other
properties, as was described in the earlier sections, by the ion
irradiation ?”, one can refer to the tables 4a.3, 4a.4 and 4a.5. It
is seen clearly from these tables that, at this energy range
(~75-100 MeV), the electronic energy loss value (dE/dX), is
significantly higher than the nuclear loss (dE/dX)_ value and
(dE/dX)_ remains higher than (dE/dX)_upto few micron depth of
the sample from the surface. Only at the end of the range, where
the projectile becomes very much less energetic, (dE/dX)_ becomes
dominant. Now XRD, SEM signals come from only few micron
thickness of the top surface of the sample. Therefore, whatever the
change we are observing in these characterizations, are at the

region where (dE/dX)_ is the predominat energy loss factor.

In the context of resistance change of the normal state, a
simple model is proposed to judge the role of two different energy
loss mechanism. The proposition under the model is : the effects
on the material due to electronic and nuclear losses is envisaged
to be seperable and that the whole system can be broken up in
various sections with the irradiation, affecting the sample
differently and having definite geometrical extent. In this context

the various thicknesses are defined as under and shown in Fig.
43.35 (a).
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Sample thickness : t

The extent of electronic loss : d, (approximately the range

of the ion)

The extent of the nuclear loss : d_( approximately the ion

straggling s)

With these fixations of the geometrical parameters and the

fact that only a small fraction of the sample is irradiated, the entire

target is postulated to be made up of various resistances connected

in parallel, as depicted in Fig. 4a.35 (b). Now the various

assumptions made, are :

1.

The reistivity of zone I is not abruptly changed due to
irradiation and due to geometrical considerations the value
of the reistance of this zone is much larger than that of zone
I11, the unirradiated portion. The assumption is based on the
fact that the range of the ions used (32 pm maximum, in

the three cases) is much less than the thickness of the

samples.

The reistance of zone II is much larger than that at other

zones namely, 1 and III. This is based on the fact that the

resistance of this region is basicaliv confined to the

09
(o8
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straggling region which is much smaller in thickness than

even the range of the jons.

Now based on the assumptions made above, a simple model

1s worked out below.

Let us consider only the irradiated portion AB (fig. 4a35
(a)). The reistivities of three zones are defined as p,, pjand p.
corresponding to the resistances R, R, and R,. Further R is
designated to be affected due to the electronic loss of the ions
exclusively and that R, due to the nuclear loss. These three
resistances are assumed to be connected in parallel such that the
total equivalent resistance of 1 and II is :

R = (R,R/(R, +R)) = R, (1 - R/R) (42.3)

for R, >> R, and by taylor’ series expansion neglecting the higher

order terms.

Now the total equivalent resistance between the points A and

B is given by

R = fR.(1 - R/R)RIHR,(] - R,/R,;) + Ry} (4a.4)
. (] 1 2
1.8,
| R 4
R = R (I - /Ry) (4a.5)
. 3

Irr
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Eqn, 4a.5 has also been obtained under the assumption that
R, >> R and R, >> R

Now the change in the resistance due to irradiation can be

easily obtained by computing R... - R, and is obtained to be after

taylor’s series expansion etc. as .
AR = [(py/d){ 1/t - 1/(t-r-s/2) + (p,(1-s/2)/p,
+ (t-r-s/2)%)}]/w (4a.0)

where the resistivity is p = Ra/l and a = w.d and rs and
t are range , straggling and thickness. The expression clearly relates
the resistivity p, due to electronic loss to the observed variation
AR. p, in the expression can be safely assumed to be constant in
view?of the condition r << t for bulk samples. Thus, we can see
clearly that the effect of change in normal state resistivity 1s a
consequence of the changed resistivity coming in due to electronic

loss mechanism.

The question now comes that by which mechanism electronic
loss affects the materials. Earlier belief was that only insulating
substances get affected by this inelastic process. But during the

last few years, it has been well established that high levels of linear

- 1 -
. . : : sually refrred to as
energy deposition 1n electronic excitation ( usually
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LET) during swift heavy ion irradiations, can induce structural
modifications in metallic systems. such as point defect creation,
phase transformation or even latent track formation®. As 1t 1s
understood from the discussion of the results of the present study
that YBCO is also sensitive to electronic loss of the energetic
projectiles in it and since the behaviour of YBCO in normal state
1s metallic, we can extend this arguments about the mechanism

of affecting the structure by electronic loss for metallic systems

to YBCO also.

It has been seen that there is a threshold value of electronic
energy loss (dE/dX)_ below which the effect seen is due to elastic
collission or radiation annealing, where part of the energy
deposited in electronic excitation is converted into atomic motion.
This leads to a partial recombination of defects just created,
decreasing, for one single 1on, the number of produced defects.
Above the threshold, a whole new process starts, where effect of
damage production in elastic collissions and LET annealing
becomes completely negligible as compared to this new process
of damage production. It is believed that below threshold, the
kinetic energy carried away by the &-electrons (excited electrons)
is converted into atomic vibrations via electron-phonon coupling.
The resulting heating up of the lattice might well account for the

defect recombination and annealing mentioned above. This
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“Thermal Spike” model was invoked years ago for insulating

: 3 . . .
materials’. More recently a tentative extension of this model to

the metallic system has been made®.

Coming to the structural modification by electronic energy
loss , a “Coulomb Explosion” model which considers the relaxation
of the electrostatic potential energy stored in the space charge
resulting from the ionization of the atoms, has been used for quite
some time for insulators and organic materials’. Contrary to what
happens in insulator, the life time of the space charge in a metal
is extremely short, due to the presence of free conduction electrons.
The lifetime, 1, is roughly given by a few 10°'¢ seconds for metals.
Nevertheless, for sufficiently high LET levels, when the ionization
occurs inside a continuous cylinder, it has been shown®, that the
recoil energy, E_, acquired by the ionized atoms due to coulomb
repulsion can reach 0.1 to few eV. Now, as far as the individual
collissions are considered, recoil energy smaller than the threshold
energy E, (=25 eV) can not lead to a defect creation. In such a
scheme, Coulomb explosion appears to be inefficient towards
damage creation. But the collective and coherent aspects of the
recoils? have to be taken into account, so that the concept of the
threshold energy, E,, becomes meaningless. In fact, it has been

shown’ that the spatial and temporal coherence of these excitations



WS i '
allows an easy coupling to the phonon spectrum. More precisely,

low frequency modes are preferentially excited, which occurs (1)

for accoustic waves (l.e,, g = 0) and (2) for soft modes (usually

at large q values) if any. In the first case, 2 radja] shock wave

Is generated. whereas in the latter, large amplitude atomic

movements are induced. either of these two processes can lead to

structural modifications and /or defect creation

Molecular dynamics calculation shows that as soon as E. Is
higher than = 1 eV, lattice defects are created. Starting with a
crystal in which a preexisting stable Frenkel pair was induced, it
was shown® that recoil energies as low as 02 eV/atom Wwere
sufficient to induce the recombination of these frankel pairs in

the vicinity of the 1on path.

As it was discussed above the results of the jrradiation
experiments in the present study show that in case of |ow electronic
energy loss wvalue ( for oxygen), there is change only in width of
transition. whereas in case of high energy loss valye (for iodine)

the superconducting property has been changed totally and the

irradiated sample becomes 1nsulating. Therefore, from our result

also it is clear that there is certain value of electronic energy loss

for YBCO aboVve which the internal property of the superconducting
or

1 @ ~hanged, probably, due to the breaking of the Cu-O
material 1s

bonds.
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Few samples are irradiated with low energy (150 KeV)
nitrogen, because nitrogen is very near to oxygen in the periodic
table and was expected to have similar nuclear energy loss value
which the 75 MeV O have at the end of its range in YBCO bulk
target and is also verified from the TRIM calculation [(dE/dx)..
for 150 KeV O = 11.17ev/A and (dE/dx)_for 150 KeV N = 8.16
ev/A]. In other words the effect of 75 MeV O at the end of the
range iIn YBCO bulk material is experimentally simulated on the
surface of YBCO targets by bombarding them with 150 KeV
nitrogen. From the result it is seen that there is not much effect
of 150 kev N irradiation on the superconducting properties of the
YBCO, which in effect can be applied to 75 MeV O at the end
of its range. Therefore, from indirect argument it can be said that
whatever effect is seen in case of 75 MeV O irradiation is solely

due to electronic loss of the ions.

Finally, addressing the thin film irradiation results, it can be
said that due to the lack of sufficient number of good quality
YBCO thin films, with reproducable properties, thin film
experiments could not be properly planned and carried out
extensively. Still from the few experiments done on the thin films

of YBCO in the present study, few qualitative but correct

conclusions can be drawn. In case of oxygen irradiation, not much
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change of normal state resistance has been observed in contrast
to the result of the similar experiment on bulk samples where a
decrease in resistance has been seen. Similar work on thin film
was carried out by 25 Mev 'O at 100 K elsewhere®, where a
increase in resistance is observed. It is known to everybody that
bulk samples have more intrinsic defects which leaves more scope
of improvement than the thin film. The thin films, on the other
hand, are much more perfect in structure and exposure to
irradaition can only increase the degree of defects increasing the
sample resistance. The result of the oxygen irradiation experiment
on YBCO thin films can be explained in the light of the above
arguments. In case of iodine, the change in Tc from R vs. T
measurement indicates the fact that due to its greater electronic
energy loss value, iodine perhaps changed the intrinsic

superconducting properties of YBCO film.

Therefore, from the irradiation studies it has been observed
that there is a definite effect of increasing electronic energy loss
of the bombarding projectile on the properties of the superconducting
material. In R vs. dose measurements in bulk samples, since the

current path follows a parallel circuit, the net change observed,

due to the change in a very small thickness on the surface of the

sample, is small. This total change not only depends on the value

of the energy loss parameter. but also on the thickness of the



affected layer of the bulk sample. For this reason, in case of Ni
and I irradiation, although the effect of irradiation may be high,
but still the net change is small because the range of these
projectiles are small in the material. Thin film samples with
exposure to this heavy projectiles might have given sharper
changes. Nevertheless, we have been able to detect the differences
of changes for different projectiles as discussed in the earlier part
of this chapter.Also the different results obtained for the films on
different substrates with the exposure to the same energetic particle
of almost same order of fluence, showed that the behaviour of the
resultant irradiated film not only depends on the energy loss value
inside the films, but also the energy loss at the interface of the

film and substrate which is different for different substrates.
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CHAPTERIVB

THIN FILM BUFFER
LAYERS ON Si



In this chapter the deposition of two materials SrTiO, and
MgO as buffer layer for YBCO film on S; and the results of their
characterization by different techniques will be described. At the

end of the chapter possible imerpretations of the results obtained

in different measurements wil| e discussed. SrTiO, and MgO were

chosen as buffer layers because of their amicability with YBCO

films as substrate materials.

4b.1. Deposition and Characterization of
SrTlO Thin Films on Si

StTiO, thin films of thickness 1300 A were deposited on 0.8-
1.0 Q-cm (111) p-type Si substrates by e-beam evaporation from
sintered pellets. The base pressure of deposition was 2 x 10* mbar
and deposition pressure was 5 x 10 mbar. Some of the samples
were annealed in flowing O, at 700°C and 900°C. The thickness
of the sample was measured by a surface profilometer. The films
were then characterized by Auger electron spectroscopy (AES) and
simultaneous heavy ion backscattering (HIBS) and elastic recoil
detection analysis (ERDA) and by X-ray diffraction technique

(XRD). The results of these characterizations are described in the

next few subsections.



4b.1.1. Results of AES

Results of the AES studies of the as deposited and the

annealed thin films at 700°C are described in this subsection. Fig.

4b.1 shows the AES spectrum of the surface of the as deposited

StTiO, film. The spectrum indicates the presence of all the

components, i.e.. Sr, Ti and O in the film. The surface of the as
deposited film is seen to be free from any impurity, which clearly
indicates that there is no incorporation of any foreign element from
the vacuum chamber even though the deposition pressure was
5 X 10° mbar. Fig. 4b.2 (a) shows the AES spectrum of the surface
of SrTiO, film annealed at 700°C in flowing oxygen. In this case
we see that besides the presence of the three constituents of the
source material, there are two additional elements (sulphur, 149
eV and carbon, 270 eV) present in the sample. Fig. 4b.2 (b)-(d)
represents the AES spectra of the annealed film with successive
removal of the sample by Ar ions. Although the presence of S is
seen only on the top surface of the film, carbon is seen to be
present throughout the film. The AES depth profile of the annealed
film is shown in fig. 4b.3. This figure confirms that there is no
Si interdiffusion into the film. The depth profile also indicates that
the concentration of Ti is constant upto a certain thickness below
the surface and then diminishes sharply. In contrast the
concentration of Sr is almost uniform throughout the thicknes of
the film.
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Fig. 4b.1. AES spectrum of the as deposited SrTiO3 thin film.
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time (= depth) of the 700°C annealed SrTiOs film on Si.
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4b.1.2. Results of HIBS and ERD
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Fig. 4b.5. (a) Backscattered spectruinl of as deposited SrTi0; film.
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o, . £,\2 . 1
(d_a) _ (Zlé-zr)) 4 [{1- (2—;’;) sin? 0}z + cos 0]
backscatt

dQ i1 sinZ , . (4b.1)
st {1- (%‘;)zsin"’O}%
do Zi 22 (M + M)
(TQ) = | At , (4b.2)
¢ recosl 2L ( (IU ) A I'Z cos® Q

where Z, Z, and M,, M, are the atomic numbers and the
masses of the projectile and target atoms respectively, E is the
energy of the projectile and E(d,) is the reduced beam energy at
the scattering position after energy loss in a layer of thickness d,
at the entrance of the target, 6 and ¢ are the backscattering and
forward angles respectively. In the above formulae the scattering

cross sections are given in laboratory frame of reference.

Calculating by the procedure given above, the stoichiometric
ratio of Sr, Ti and O in three differenet cases are listed in table

4b.1. It shows that the prepared samples under study are Sr rich

although the starting material was SrTi0,.
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TABLE 4b.1

Ratio
Sample Type
Sr Ti O
unannealed 1.73 1.0 9.8
700°C annealed 1.68 1.0 4.9

900°C annealed 2.

N

1.0 1.8

4b.1.3. Results of XRD

Fig. 4b.7 (a), (b) and (c) show the XRD spectra of the StTiO,
tablet which was used as source material, of as deposited SrTiO,
thin film on Si (111) substrate and 700°C annealed SrTiO, thin
film on Si1 (111) substrate. Figures clearly show that while the as
deposited film is almost amorphous in nature. a (211) orientation

has been generated as a result of thermal treatment.

4b.2. Deposition and Characterization of MgO
Thin Films on Si Substrates

The second material chosen for buffer layer was MgO also
because of its suitabality as a substrate material to YBCO thin
films. MgO pellets were made by pressing MgO powder and then

sinterine them at 1000°C. These pellets were used as source In
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Fig. 4b.7. (a) XRD spectrum of the Sr'Ti0O3 pellet used as a source for
c-beam deposition of SrTiO3 thin film.
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the e-beam deposition system. Before deposition the substrates
were heated. Because MgO is a hygroscopic material, it absorbs
some water vapor during loading into the vacuum chamber. By
substrate heating MgO pellets were also heated up and the absorbed
water vapor was removed by desorption. The base pressure of
deposition was 2 X 10* torr and the deposition pressure was 6-
§ X 10 torr. The deposition rate was 0.5 A/sec and the final
thickness was 200A. After removing from the chamber the as
deposited films were then annealed at 800°C for | hr. Here (100)
Si substrates were used as substrate material. The films were then

characterized by AES, XPS and XRD, the results of which are

discussed 1n the next few subsections.

4b.2.1 Results of AES

Fig 4b.8 (a) shows the AES spectrum of the surface of the
annealed MgO thin film on Si (100) and fig.4b.8 (b)-(d) represents
the AES spectra of the same film with sucessive removal of the
film by Ar ions. These results show that the film is clean, except
the presence of very small amount of carbon on the top surface.
Fig. 4b.9 shows the AES depth profiling of the film. This shows
that the interface 1s quite sharp and there is no Si diffusion inside
the film. The amount of Mg and O remains constant throughout

the depth of the film.
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4b.2.2. Results of XPS

Fig. 4b.10 (a) shows the XPS spectra of the annealed MgO
thin film on Si (100) and fig.4b.10 (b) shows that of the same
surface after little bit of sputter cleaning by Ar ion. Like AES
results, these figures also show that C is present only at the top
surface of the film. Fig. 4b.10 (c), (d) show the finger prints of
Mg 2p peak and O 1s peak. Quantitative analysis reveals that Mg
and O are present in the film in 1 : | ratio. Also the Mg 2p peak
is shifted by ~ 3.3 eV due to bonding.

4b.2.3. Results of XRD

Fig. 4b.11 shows the XRD spectrum of annealed MgO thin
film on Si (100) substrate. The peak at 20 = 57.619° is identified
as MgO peak of (331) orientation.

4b.3. Discussion of the Results

As was mentioned in first chapter. this growth of buffer
layers on Si substrate for subsequent growth of high Tc film on
these was undertaken as a preliminary investigation of the
feasibility of using superconducting technology in semiconductor

. Yv- .
industry. Our main goal was to achieve a'integrated good quality

of buffer layer on Si, where no interdiffusion between Si and the
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ffer layer occurs at high temperature which is necessary in high
film processing. As we describe the results obtained in the

esent study, it will be seen that certain amount of success has

en achieved in this respect.

From the AES results, it is seen that two types of impurity,
and S, are present in the SrTiO, film. While S remains only
on the top surface of the film, C is seen to be present throughout
the film thickness, which is detrimental to the film preparation
of ‘123’ compound on the buffered substrate. Now the origin of
the two impurities can be envisaged to be due to the high-
temperature processing rather than to the film deposition itself.
This is based on the reasoning that if the vacuum environment or
the source material were responsible for the observed impurities,
then even the surface of the as deposited film should have indicated
the presence of C and S. However this was not the case as seen
in fig. 4b.1 (a). Thus, the only possibility for these impurities to
be incorporated remains in the annealing process. The source of
C can be attributed to any trace impurity present in the Ar gas
feeder line to the sputter gun of the AES system. This is expected
as the concentration of the impurity seems to be fairly constant
with each sputter layer of the sample. In case of MgO, the problem
of incorporation of foreign element has not arisen and except on

the top surface of the MgO film, where small amount of C is
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present, the film is perfectly clean as revealed by both XPS and
AES. This cleanliness of MgO film also consolidates the
apprehension of incorporation of C from Ar gas feeder line which
was changed before the probing of MgO film. The depth profiling
of both SrTiO, and MgO film confirm one important fact that,
there 1s no Si diffusion inside the deposited thin film as a result
of heat treatment. The result of the deepth profiling of SrTiO, film
(fig. 4b.3) can be explained on the basis of the simple fact that
the e-beam was focussed to a fine spot and that it was not swept
across the sample during deposition. Both these aspects tend to
melt the material only in one spot, thus resulting in a non-
stoichiometric vapor stream. Also, the local variation in the
composition of the sintered pellet will be reflected in the
composition variation in the final film deposited on the esubstarte.
Further, the condition of the e-beam used can result in partial
fragmentation of the material with the high-vapor pressure
component evaporating favorably through the deposition time.
However, such a situation seems to be favorable, as the initial Sr
layer perhaps helps in inhibiting the outdiffusion of Si from the
substrate. This is predicted from the results of other workers', who
have deposited SrTiO, on Si after depositing an initial SrO layer
on it. The result of the depth profiling of SrTiO, can be
approximated to a simple structure comprising of an initial layer

of StO and then one of Ti defici'ent SrTiO, with the possible
y
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presence of some SrTiO,. This leads us to cojecture that the e-
beam evaporation results in the fragmentation of the pellet with
Sr and/or SrOy being predominantly evaporated. In comparison the
result of the depth profiling of MgO film is less complicated. It
shows (fig. 4b.9 ) that Mg and O remains constant in amount
throughout the film and quntitative analysis of both XPS and AES

show that the components (Mg and O) of the film are in the same

ration in the film within the experimental error.

The results of the simultaneous HIBS and ERDA of SrTiO,
films also show that there is no Si diffusion inside the film and
the film is Sr rich. It also shows drastic reduction of O from the
film at very high temperature. This may be due to the fact that
the resulting film is not fully stoichiometric SrTiO, and therefore
all the oxygen atoms inside it are not strongly bonded. HIBS also
shows a Sr diffusion as a result of high temperature annealing at

900°C. This result is in agreement with the observation of other

workers?.

XRD of SrTiO, reveals the formation of (211) peak of SrTiO,
as a result of annealing. This is in agreement with the result
obtained by other workers'?*, who have deposited SrTiO, on Si
using a focussed e-beam and subsequently annealed the sample in

O. at 800°C. The result of XRD also confirms the fact that there
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is definitely a SrTiO3 Phase present in the otherwise non-
stoichiometric film. The XRD of MgO also shows the .presence

of a crystallographic orientation in the annealed MgO film.

Therefore, it is observed from the above results that buffer
layers of good integrity have been deposited on Si for subsequent
YBCO film deposition. But there are still lot to be improved about
these films. In case of SrTiO, film, although there is no Si
diffusion inside the film at high temperature, the stoichiometry of
the buffer layer is not correct, which is essential for YBCO film
deposition. For getting stoichiometric film, instead of focussing

the e-beam at a point, perhaps we need to raster the beam over

the SrTiO, target which was not easily possible in the present case.
In case of MgQO, stoichiometric MgO film has been deposited
without any Si diffusion inside the film at high temperature. But
the favorable crystallographic orientation for YBCO film has not
been attained, which might be achieved by controlling the substarte
temperature during deposition and also by controlling the annealing

parameters after deposition.
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CHAPTERIVC

CONCLUSION & FUTURE
SCOPE



dc.1. Summary and Conclusion

The present thesis has mainly dealt with the study of
irradiation effects on the various properties of the YBa,Cu,0, high
Tc superconductor. The samples used in the experiments were the
bulk sintered pellets of YBCO. Few experiments have been done
©m thin films. An attempt has been made to prepare buffered Si
Substrates for synthesis of the thin film material. This aspect has
been addressed by the preparation of two types of oxide thin films
as buffer layers on Si wafer. The specific oxides used were - StTiO,
amd MgO. The integrity of the buffer layer on Si was established
by heat treatment of the system to as high temperature as 900°C
amd then subsequent evaluation by surface sensitive techniques of
AES. XPS and the high energy backscattering techniques like
R wutherford Backscattering (RBS) and Elastic Recoil Analysis
(ERDA). In general all the samples were analysed routinely by X-

raw diffraction and scanning elctron microscopy.

The main thrust in the present thesis is on the after effects
£ high energy heavy ion irradiation on the properties of the ‘123’
o
aterial. For this the energetic beam were derived from tandem
T

- e Graff accelerator with the energy in the range of 75-
t}’pe van d gy

100

of proj€
~arameter on the properties of the material and also (g
I

aieV. The chosen projectiles were O, *Nj and '?’I. The chojce

ctiles was mainly to see the effect of the varying “hergy

JosS
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establish th 1t]
€ condition of the threshold electronic loss parameter.

Material I
POperties  were compared both before and after

irradiation.

Thus, based on the abridged details of the various

experiments done and the results presented in the thesis, following

salient conclusions arise. These are indicative of a few of

interesting problems that can be taken up for future research in

either understanding the basic defect mechanism or even in applied

research to generate planar devices.

1) The effect of 75 MeV 'O irradiation ( electronic energy loss=
0.17 keV/A) does not seem to degrade the superconducting

properties of ‘123’ system.

2) The effect of 75 MeV *8Ni irradiation (electronic energy loss
= 1.45 keV/A) seems to have the point of inflection with

regard to its deleterious effects on the properties.

This is borne out by the fact that when the irradiation is

done at room temperature the property does not deteriorate upto

a certain dose (~103/cm?). Beyond this dose the system shows a
monotonous degradation as evidenced by the results of R vs. dose

measurements and the Tc measurement on the sample irradiated

at the highest dose (1 x 10'/cm’).
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4)

5)

T : :
o further INVestigate the aspect of the effect of increasing
energy loss the next projectile was '27[ and irradiation by it

leads us to conclude specifically that the results of *Ni are

correct. In this situation a dose of ~10""/cm? on the sample

Increases the normal state resistance and yields a decrease
in the Tc by about 3K. Unfortunately, irradiation with dose
value lower than ~10'""/cm? in this case could not be carried

out because of unavailability of very low beam current.

From all the irradiation experiments it becomes clear that
the sample temperature during irradiation has definite
involvement in the after effect of irradiation. It turns out in
each cases of irradiation at low temperature on the bulk
YBCO samples, that normal state conductivity has been
improved, most probably by vacancy ordering. This effect has
not been observed in case of thin films because they are less

prone to the inherent defects and leaves less scope of

improvement.

Thin film irradiation results suggest that the total effect of

irradiation in thin film not only depends on projectile-film

combination but also depends on the film-substarte

combination.
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4c.2 Scope for Future Work

In a nutshell the Present thesis has dealt with the study of
high energy heavy ion irradiation effects on the properties of high
TCVYBaZCu3O7_x Superconductor. Variety of techniques have been

used in the study of irradiation effects. It is worth mentioning that

the most important aspects addressed are the following :

) Systematic variation of the energy loss parameter by

choosing proper ion species.

2)  Study of electrical properties on the samples at two distinct

temperatures while using any projectile.

(')
—

Study of integrity of buffer layers on Si substrate for large

area deposition of HTSC films.

4)  Feasibility of ion beam lithography for fabrication of planar

devices.

It is ascertained that all these four above mentioned aspects

need to be probed further in an extensive and systematic way.

While the present project gives a definite direction to the

first problem yet the investigation with regard to change af ensigy

loss parameter in a wide range will be necessary. RYBSGIIL BHDsen

289



lons were '°O, **Ni and 7] Tt wi[| be worth while to include heavier
projectiles like "' Ta. At this point one should be careful about the
fact that increasing energy of the projectile does not necessarily
mean increased electronic energy loss value, because this parameter
has a maxima at certain energy value, above which it decreases
gradually. For example, in case of oxygen, this maxima occurs at
~ 9 Mev and this energy loss at which the maxima appears
increases for heavier projectiles. Therefore, to get higher energy
loss after a certain limit for a given projectile, one has to go for
heavier projectiles. The restriction of a single ion and changing
the energy is not considered to be advantageous as the range in
variation of energy loss is not much in the available range of
energies. It should be mentioned at this point that, insitu
characterization of superconducting samples during irradiation,
e.g., R vs. T measurement, a.c. susceptibility measurement etc.,
which were not possible in the present study, can be taken up for
future investigation. These studies are important because exposure

of suuperconducting oxides to atmosphere from high vacuum

might change their behavior to some extent.

With regard to aspect number 2, a definite goal seems to
be defined with regard to associating the role of lattice vibration

. : . : - i 1t 1s mentioned
in conjunction with electronic loss parameter since it 1
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in the earlier chapter that the possible mechanism by which
electronic loss inflicts Structural modification in materials is the
coherent aspect of this energy loss. To further elucidate on this
it will be worthwhile to study HTSC samples at more target

temperatures, viz., 4.2 k, 77 K, ice point and at high temperature.

Aspect 3 is also important from the point of view of
application of HTSC in microelectronics area. To this effect
successful epi growth of perovskite oxides will be of great help
but on large area wafers. This essentially means that techniques
such as sputtering or e-beam alone are suitable. It must be pointed
out here that, due to unavailability of substrate heating arrangement
to high temperature, it was not possible to deposit Mgo or SrTi0,
films at substrate temperature higher than 200°C. Therefore, the
effect of variation of substrate temperature on the behavior of the
films, specially on their crystallographic orientation, can be taken

up as a subject of future investigation.

Aspect 4 is feasible once aspect | is established, i.e., a value
for threshold S at room temperature. Once this gets established,
then flood exposure ion beam lithography can be easily achieved

by irradiation through e-beam generated metal masks.
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Introduction

When energetic particles traverse through matter they are
slowed down in matter (target) by momentum transfer to target
atoms and by exciting the electronic system of the target. The first
process 1s known as ‘nuclear stopping’ and the latter process is
called ‘electronic stopping’. The nuclear stopping can be
understood by studying the ion-atom repulsive forces and the
binary collissions. The electronic stopping is a more complex
phenomenon. The estimation of these two losses of the energetic
particles inside the matter is very much essential in order to know
the trajectories of the ions inside the matter, their total ranges in
the target and also to know the distributions of the different types
of the defects created inside the matter by the energetic particles.
These informations can be obtained either by analytical calculations

or by using Monte Carlo simulation methods.

Before describing the simulation process the analytical

formulae will be summarised first.

Analytical Formulae

In analytical methods first the binary collission between the
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in the form of

exchange and correlation energies and the attractive potential
energy due to the potential well of other neclei. the final result

's always a positive potential (repulsive) and considering the

screening of the electrons In the target atom, this potential is less
than the value of the Coulomb potential Z Z e¥/r. It is formally
described by “Coulomb Term” Z/Z,er, a “screening factor”
¢ (r/a) [0 < ¢ <1] and a “screening length” ‘a’. Fitting the result
for several hundred pairs of atoms. a universal screening function

1S obtained as

r
T : ( 2: o +
d, = 0.1818exp (—3.2 a) 4 0.5099 exp (0.9423 u)

.
. 2817 exp (—0.2016 -
0.2802 exp (—0.429 —) + 0.02817 exp (=0 ) “)

a
and the value of ‘a’ is given by

0.8851a0 (509 A (Bohr radius)
s 1 o -
Z;23 + 7523

{4 =

Gross deviation can occur for ionic crystal because of

rearrangement of electronic distribution or forming of chemical

bonds etc.
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After fixing the interatomic potential as

the scattering angle is calculated ag a function of energy in the
C.M. system and impact parameter p. It is standard practice to

express this energy and Impact parameter as dimensionless

parameters as following.

All the lengths are expressed in terms of screening length

[P

a’, 1.e., X =r/a and b = p/a and energy is expressed in units of

ZZ,e*a and it becomes a dimensionless quantity.

Ee . I / (Zl 22€2>
=z \rv )

The scattering angle 6 and the energy T given to the target

atom in an atomic collission are then given by,

: b
I 5L
(’)(&‘J))=7‘"-‘Z/J0 | = S by



where X, is the distance of closest approach and

T'=15FEsin® (<),

Using these formulae ang €Xpressing E in the expression of

T 1n terms of € and rémoving the constant parameters

like Zj, M|
etc.,

a universal stopping cross section is obtained as,

x>, 0t .
.,9',"(&,‘)=/0 sin? (‘) ) d(b?)

For insulator target no electrons or holes are available to
screen the ionic charges and hence long range coulomb forces are
acting far beyond the nearest neighbours in the lattice. The nuclear

stopping cross section in this case is given by

o2 T,
Sp=5ut -‘Eln hw

' T uclear stopping term
where the first term S_~ is the usual n PP

for binary collission.
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¢, = lim &(x)

I —00

and TS i1s the energy transferred. Here the bound state of the
lattice 1s considered, where the laws of quantum mechanics would

not allow energy transfer to these atoms which are less than hw

ie., a few 102 eV

The damage cross section can be written as,

ba( Ed) [/}
Sy=¢ /d ‘ sin’ 3‘1(1’2)
0 -

E, is defined as kinetic energy necessary for parmanently

removing an atom or ion from its lattice site, beyond the region
of spontaneous recombination. For ceramic materials E, is of the

order of 30-90 eV. Energies of this magnitude are transferred only

o <
in close binary encounters with impact parameter b<b, where

T(b,) = E,. Typically b, <10, pdélA. So damage production is very

little affected by ionic character of the projectile or target.
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Electronic StOpping

Historically the electronic stopping was calculated for point
charges, such as protons. The main feature of electronic stopping

is that the lower the ion velocity becomes, the lesser are the
stopping power contributions of high density regions (i.e., the inner
shell of the target atoms). This means at low velocities only the

outer shells or even Just valence or conduction electrons are

responsible for the electronic stopping.

For practical application requiring high precision, the

formula used for electronic stopping of point charges is

g = Diog (L2 uE
+ —1— Spo = CoVE, Sni = T fog (= + (k)

where Z ﬂ(v)=effective charge of the projectile for scattering
c ' t the same
target electrons and S (v) = stoppIng power for protons a

velocity v as the heavy 1ons.
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Z,; can be taken as the average charge as seen by the

electrons of the target and hence the value of Z . is expected to

fall within the boundaries, le., Z2' < Z . <Z, where Z is the nuclear

charge of the ion (responsible for electron scattering close to the

ion nucleus) and Z° is the Charge state of the ion ( responsible

for electron scattering at large seperation from the nucleus). By

appropriate averaging over all possible encounters

) 2 DAy
Zegy =27 +0.05(Z — Z) (1_0) I (1 N (2.\1.1.>2)

[&F S

where v_ denotes the Fermi velocity of the target material

and v, is the Bohr velocity (usually V. =V,

Monte carlo calculations

The advantage of Monte Carlo method over analytical
methods are : It allows the explicit consideration of surfaces and
interfaces, the rigorous treatment of elastic scattering with any
number of different target atoms in multiatomic targets, and finally
it yields the full distribution functions rather than a few moments
of such distributions. It is also easy to include recoil cascades
which in turn yields all the information on sputtering, ballistic

mixing and defect production.
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The major limitation of this method is that it is inherently

a computer time consuming procedure. This problem has been

alleviated by using effective programs.

Physical Assumptions Used In The TRIM Code

The TRIM (Transport and Range of Ions in Matter) program,
as other simulation programs, follows a large number of individual
ion histories in a target. Each history begins with a given position,
direction and energy of the ion. The ion is then followed through
a sequence of collisions with the target atoms with the assumption
of straight free flight path between collisions. The particle’s energy
1s reduced after each free flight path by the amount of electronic
energy loss and then (after the collision) by the so called nuclear
energy loss which is the result of transferring momentum to the
target atom in the collission. Each ion’s history is terminated either
when the enrgy drops below a pre-specified value or when the
particle has moved out of the front or rear surface of the target.
The target is considered as amorphous with atoms at random

locations which means that any directional properties of the crystal

lattice are ignored. Thus it actually describes the implantation into

i ' hich ma
amorphous materials, and neglects channeling effects which may

become important at low-dose and low-energy implants where
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fraction of the jons may get steered through open passages (plannar

or axial) along certain directions in crystalline structures. At high

energies, the acceptance angles become small but channeling

nevertheless persists.

Monte Carlo simulations are based on the binary collission
model. The assumption breaks down at very low energies where
deflection may occur even at large seperations from the target
nucleus. In this case the ion may interact with more than one target
atom at the same time and errors may be introduced by treating
such collissions seperately with very small free flight paths in
between. Nevertheless the TRIM results yield quite satisfactory

agreement with experimental data.

At high energies the TRIM code is quite efficient as it takes
into account the natural increase in free flight paths; a particle’s
free flight path between noticable collisions is long at high energies
and 1s steadily reduced in the course of slowing down. The TRIM
program contains provisions for dealing with very high energies
and includes relativistic electronic energy loss and straggling for
higher energies. For ion energies below 1 MeV/am.u., the
electronic straggling however, was found to be of little importance
for the projected range profiles and is usually neglected. Some kind

of electronic straggliing at low energies can be introduced by the
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puilt 1 i sa .
It in option of treating the electronic energy loss as dependent

nt 1 £ ) o L.
on the distance of closest approach in the individual collissions.

The presently described computer program is available for
targets of several layers of different composition. The program
provides output for one and two dimensional distributions of ion

range and energy deposition, as well as the reflection and

transmission characteristics of planar targets.

Atomic Collissions

The scattering of the ion by the target atoms is not only an
important process of slowing down the incident ion by momentum
transfer to the target atoms, but also determines the geometry of
the particle trajectories. In the TRIM program a simple analytic
expression of high accuracy is used which has often been named

the “magic formula”. This formula is based on very simple

geometric considerations and gives the scattering angle 6 in C.M.

system as

0 ptp+?
(‘055: p+ 7o

where & is an empirically fitted correction term.
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0 1s the screening function and given by the universa formula as
given earlier. This form of ¢ 1s chosen because, first of all, it is
based on a number of several hundred individually calculated
biatomic potentials, secondly, it compared wel] to more than
hundred experimentally determined poetentials and thirdly and
finally, quite good agreement between range predictions and

experiments could be obtained when using this kind of potentials.

For the sake of computer efficiency, the universal screening
function and magic formula are not used at energies
E >> Z Z e%/a. At such high enrgies all noticable deflections and
energy transfers take place at rather small impact parameters where
the potential is very close to an unscreened coulomb potential. In
this case computer time is saved by using a potential which varies
from coulombic through an r'S to r? potential for which the
deflection angle and transferred energies can be obtained in a
simple analytic way, providing about the same precision in the high

energy regime as the magic formula does in the low energy region.
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From the known scattering angle © in the c.m system, the

deflection angle y of the ions trajectories in the laboratory system

' i1s obtained by,

sin @
Y = arctan ————— —

cos il + -Hl
Ay

For determining the new ion direction in three dimensional
space we need - besides of the polar angle y - another (azimuthal)
angle ¢ which is selected randomly between 0 and 27 for
amorphous materials. The energy transferred to the target atom in

the collision 1s given by,

AR T 0
po MM g
(\I] + ."b'i'g)z -

Simple estimates of energy deposition

In the first version TRIM program, a rough analytical
estimate is performed in order to obtain such results as (i) how
much of the recoil energy is going Into lonization processes

(important in damage in insulators, particularly 1onic crystals and
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organic substances) and (11) how much of enefgy is going into
collisional damage (no. of vacancies produced in the cascade) and

(ii1) how much of the recoij] energy is absorbed in sub-threshold

collisions in the cascade where the energy is transferred in phonons
(heat).

For a first order estimate, after determining the energy

available for nuclear damage E.. the no. of displaced atoms

(produced vacancies) is calculated by the well known “modified

Kinchin-Pease” model.

vr=1 if Ed < F,< 2.5 Ed

v = 0.82% if £, > 256

As a result of these calculations, the ionization caused by
recoiling atoms (in eV) and the number of vacancies produced are

provided as standard output of the TRIM program.

Using these simple estimates or performing more rigorous

studies or recoil tarnsport with the extended TRIM-CASC code,

it was often observed that the cascading recoils (particularly if they

e incident projectile) cause more ionization 1n

are lighter than th

the target than the incident 10ns themselves.
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Free flight path and impact parameter selection

The TRIM program saves Computer time by using a concept
of extending the free flight path between collisions at higher
energies. This is a very special feature of TRIM code and requires
some careful considerations about the deflection angles and
transferred energies. For high energy incident particle the total
cross section for interaction with the target atoms is very small,
while at lower energies the cross sections increase and the mean
free flight path decreases accordingly. The connection between the
cross section and the mean free flight path L is given by the
following expression

Phar L = N~

maxr

where N is the atomic density in the target.

For each collision in the TRIM code the impact parameter

and the azimuth angle is obtained from random numbers

R (0 < R < I) according to

Ry Pimar- & = [Rug1 — 27
I) = n mar:*
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If at very high energies the mean free flight path L becomes
extremely large, ap independent check is performed such that the
electronic energy loss over that free flight path does not exceed
five percent of the energy. If that would be the case , the ion’s

free flight path would be reduced accordingly.

Electronic energy loss

TRIM program treats electronic energy loss as independent
of nuclear energy loss. The reasons are of two folds : The pragmatic
reason is the increased computer efficiency mainly through the
priviously discussed concept of extended free flight paths. The
other more important reason is the lack of satisfactory theoritical
descriptions or experimental data of the impact parameter

dependence of the electronic energy loss in the solids.

The electronic energy loss is simply obtained by,
AE. =1NS|E)

here S (E) is the electronic stopping cross section. For non-
w 8

lementary target Bragg rule is used which states that every target
elem

tom species IS contributing to the stopping power proportional
ato 7

to its abundance.
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Layered target structures, surfaces

TRIM code is set Up to correctly treat various layers of
different materials as well as front and rare surfaces. The way to
handle this js straight foroward : after the ion (recoil) has moved
its mean free flight path along its new direction into the position
X, ¥, 2, tWo random numbers are called to determine the impact
parameter and azimuth angle ¢; from these known data the position
of the next target atom is calculated and checked, whether it is
located inside one of the layers or infront or behind the target.
In the last case the target atom is encountered and the ion (or
recoil) is moving on with no deflection or nuclear energy loss,
becoming a candidate for reflected or transmitted ion ( or a
sputtered particle if it is a recoil atom). Otherwise if the target

layer is determined, a target atom of this layer is selected as the

next collision partner.

Selection of target atoms in multiatomic materials

The selection of target atoms is performed in the TRIM code

by ramdom numbers, assuming the probabilities of encounters

being proportional to their stoichiometric abumdance, i.e., oxygen
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is encountered twij o : .
€€ as frequent as Si in an Si0O, target. This is
by no means trivial and actually it was a matter of some concern

whether the lighter atom shoylqg have smaller cross section than

heavier ones, thus favouring collisions with the heavier components

beyond their stoichiometric fraction. The basic idea is to let the
potentials take care of this situation without imposing any arbitrary
cut offs, such as smaller P,. for lighter atoms as compared to
heavier ones. This means that sufficiently large impact parameters
for all target atoms are allowed, but it is expected, for example,
at a given large impact parameter, that a light target atom with
a lower interaction potential will cause only minimal deflection
and energy tarnsfer as compared to a heavy component. This
concept is also supported by the fact that the atomic radii and also
the range of interactions as calculated from overlapping solid state
HFS atoms, are by no means smaller for light atoms than for heavy
ones. The difference between light and heavy target atoms turns

out to lie in the magnitude of the potential, but not in the range

of interaction.
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t of sample temperature on the irradiation effects
ergetic particles in the YBCO system

P K Ashwini Kumar and S K Sarkar, National Physical Laboratory, New Delhi 110012, India

lal and L Senapati, Nuclear Science Center, New Delhi 110067, india

s at 75 MeV incident energy have been used to study the irradiation effects on the normal state

nce variation with fluence. The studies conducted

include the measurement of resistance variation

ose due to the ion used. The samples were the bulk sintered pellets of YBa,Cu;0,_, maintained at

Itemperature (T ~ 300 K} and low temperature ( T

~ 100K). In the case of a sample irradiated at normal

rature there is a continuous decrease in resistance with dose, while in the other case there is a minimal
2 in the resistance vs fluence curve. These experimental results reveal that the sample temperature has

ial effect on the damage mechanism.

:tion

covery of superconductivity above about 50 K in some
cuprates' led to a spurt®~ in research into these materials.
fier. atiempts were made to see the effects of energetic
s on the normal and superconducting properties. With
to this aspect, it has been well established® that whenever
traverses through matter it loses its energy via (w0 pro-
namely. the first one by the jon-target electron inter-
called the electronic energy loss (Se). and the other on¢
on-target atom interaction, called the nuclear energy loss
ith regard to the particular case of tonic irradiations on
nductor hke Y Ba.Cu.O-. 1t has been shown that there s
hold value for Se. above which the material undergoes &
change in the properties. i.¢. the normal state resistance
crease very sharply. the ion on its passage through the
il leaves a permanent track and. also. the superconductor
a sudden deterioration in its properues. While most of the
nents reported to date have focused attention on the ion—
Interaction. with the sample at normal temperature or at
mperature, the present paper describes the results of work
sth *O on a YBa,Cu,0- bulk sumple held at ambient
rature and also at low temperature ¢ ~ 100 K) but greater
1 T The results are explained on the busis of the etlect of
: temperature on the role of 1on irradiation with regard 0
K Creation.

imental

samples of YBa,Cu,0- , were made by the stundard solid
ENan tockemicn s They ctartineg m:llcrllllﬁ were on"'

BaCO. and CuO. The materials of proper stoichiometry were
thoroughly mixed. ground and pelictised o circular discs mea-
suring about 23 mm in diameter. The culcination was done at
900 C and the sintering was done at 930 C. The pellets were
checked to be superconducting at about 90 K. For irradiation
experiments the samples were cutinto rectangular bars measuring
10 x 3 x 2 mm’'. The samples were irradiated by 75 MeV oxygen
beam from 4 16 MV Tandem Accelerator (PELLETRON)  at
the Nuclear Science Center. The samples mounted on the glass
fixed on a cold finger cooled by liqud nitrogen. The=
slass epory mount ensured that the temperature ol the materna.
was dhove the trapsition temperature. The vacuum n the cham-
per during irradraion wis mamtained at about 3x 10 “mbar. A
standard tour probe techmgue using constant current source
and nanovolimeter was employed to measure the variation of
resistance with fluence i siu. The data were taken at about N
min after stopping the beam. so that the short hived transien?
etfects were equilibrated. The 1on Hluence was vared between
{« 10" cm and Ix 10" em . The fluence of the beam was
Jetermined by counting the number of particles pombarding the
e a current integrator and a counter. The secondar:
mae out of the sample were suppressed by anelectro-

epoONY Were

sample ustt
ciectrons comid

statie .\UPDTC\\!H'

Results and discussions
Paeures g 2 show the s Saon oi norndalised resistanee e

0 |1h dose tor e sample hepral ambient emperature and At i
respectively in hoih tie cases the resistanee i
Trom 1t fmtid value as result of rradutier

Jo ditference betwesn the two curves are

temperature.
heen decreised
However. the ~trikit



t al: Irradiation an the YBCO system

Unirradiated volue of the resistance = (19 m. ohm

0" 10 10" o' o

FLUENCE (/cm.cm)

I. Vanauon of normalised resistance with fluence of 75 MeV
for target at ambient temperature.

940 - Unirradiated  value of the resistonce 165 -4 m ohm

920 L I 1

12
0 10'3 0" ' ols

FLUENCE (/cm.cm)

L Vanation of normalised resistance with fAuence of 75 MeV
atlow temperature.

r‘?f low temperature irradiation the resistance shows a
light trend of increase at higher doses, while for room
*mperature irradiation the nature of the resistance wrt
luence shows an initial flat region at lower doses. followed
Y 4 gradual decrease at higher doses :

he normalised change in resistance (AR!Runec) is much
‘hore in the case of low temperature irradiation than lhcf
5 At room temperature irradiation (at | x 10'7 em™
¥nce. for low temperature irradiation AR R =
;0077 and at room temperature irradiation AR
e X =0.002).

rde . . . it
S‘r 10 ¢xplyin the decrease 1n resistance from its mitial
A 1esult of irradiation. one must remember the fact that

;lllllcht:;lllilllh:f;:g;:\clic. l[; (z:ion.s. interacts \'\'i(hAull the atoms in
hroh;lh;lil;’ n;' O 1ons '.'llfl." d%.‘ dll']d'o'.‘ dyrmg b &
hehtent i '||“‘\|;u“:: l::].: 1.\p‘ J‘CL.d 15 highest because O s (It.c

B . { iR ¢ others and. also. they are looseiy
bound in the Latiee compared to the other atoms. Since 1t s
bchcf'cd that an ordered arrangement of OXYEen viacianey is cru-
cial for even normal state metalhe conductivity®, then t'.rom the
previous argument the decrease in resistance strongly suggests an
nnprovgmcnl of the ordered arrangement of oxvgen \'a:.‘:ll'lCV as
the major effect of the oxygen irradiation in our YB:l-Cu.d- .
b'ulk sample. Also. the possible incorporation of o.\_\'s—cu in the
? Ba:Cu.0- lattice at the end of the projectile’s range Gw:h( be a
tactor i reducing the resistance of the samples from s it
value At this point. it s worthwhile to compare the nature of
the two varmations i R, s fluence at wo temperatures. The
larger value ol AR R,,... Tor low temperiature irradiation shows
that there s a tavorable situaton for mproving the vacancy
ordenng of the oavgen sites due to 1on arradiation and at the
same e freezing this situation, thus retaiming the ordered vac-
ancy state: this is not the case at room temperature irradiation.
since a part of the ordered vacuncy arrangement due to
irradiation again gets disordered due to a larger amplitude of
lattice vibration. Secondly. the change in resistance due to
irradiation at low temperature shows a very marginal increase of
R, at higher fluences. leading to the creation of other types of
defects (point defects and cascades etc.). which have a deter-
1oratory effect on conductivity. From the nature of the two
curves, it seems that up to a fluence of about 10" ¢cm~* the
vacancy ordering phenomenon prevails over the other types of
cffects. The result of the present experiment may be compared
with that of the work on a thin Alm irradiated by 25 MeV 'O
ons at 100 K (ref 61 In the case of the thin film, the resistance
of the irradiated sample 1s always more than the unirradiated
value, while in the present case of the bulk sample it is always
less. This anomaly seems to be due to the fact that bulk samples
used in the present study may have more intrinsic imperfections
compared to the thin film.
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|
An analysis of electron beam evaporation of SyTiO: on Si
substrates 3 l
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é?%gc)l.onTgln'tlz[;‘T h‘”‘:‘ b‘-‘-“ prepared by electron beam evaporation of strongaum titanate
3 are ( )ﬂp~l.)p<_ silicon substrate held at room temperature. The as de sited films
were ;mncalc‘d at 700 °C in flowing oxygen to compensate for any |0ng of O fmmpz]e sample.
The as deposucld and the annealed samples were analysed by Auger cluéuon spectroscopy (AES).
The AES a_nalygs shows that there is no trace of Si present in the bulk of the hlm and the SUAIm
mterf:fce is fairly sharp. The results are discussed in the light of the usefulness of the e-beam
deposition of SrTiOs for preparation of a buffer layer on an Si substrate for the geposition of
high-T, superconducting materials in thick- and thin-film form.

Ever since the discovery of the occurrence of a high transition temperature 1" some
cuprates by Bednorz and Muller [1] there has been a spurt of research activity % EEiamic
q in bulk

superconductors. The system YBa,Cu, 07 (YBCO) has been studied extensively poth
and film form (thin and thick). The films have been formed on a variety of substrates

such as crystalline SrTiO3 (2], MgO (3], LaAlO; (4], LaGaO3 [5], Yz [6] and bare zlmd
buffered Si [7,8]. Deposition of an SrTiOs thin film has been attempted recently’ us‘:;lg
use the

magnetron sputtering [9] and pulsed laser deposition [10]. The aim has been 9 i §
agnett . : : S ok is is
dielectric layer in the IC technology. The interest in the last type of substrate 15 Lba;ed on
. . - - .l i
available in large dimensions and that once 4 yBCO superconductor can be synt e

i 1 : h be brought about in the technological TteRS
materials, a revolutionary change can be Droug gic2! © 4 Si and

of high-T, ceramic. Attempts have been made to grow the yBCO films on b“ﬁc:-,c SrTiO;
some success has been achieved. In this context an attempt has been made to uiilm cald
film as a buffer layer on Si for preparing thick film of YBCO. While the ‘123" ©

| ‘ = problcm
be, made by the spin on technique, the adhesion of these films has posed a Senoufcnmi“ary
with a resultant low conductivity O

f the sample. To understand this situation 2 7 5 Some
study to analyse the SrTiOs thin film prepared by e-bearm

deposi[ion was undert?
of the salient features of the results are presente

d in this letter. ’rr,cse were
In the present study 0.8-1.0 £ cm (111) p-type Si substrates were used. * _ge wafers
cleaned thoroughly by the standard RCA technique with a

final dip 1n buffered HF. 7. SrTiOs
were loaded into the deposition system immediately a

fier the cleaning step. If?]ctized to
' e (I
pellets required for the deposition Were made from the Pow,dcr' which was p<" for about
circular discs of about 25 mm diameter. The pellets were st

ntered at 1600 “¢ ,poration.
24 h. The deposition was done in the Varian VT 1 18A UHY Sysuf[ln bl{”cf.}?c?m f/ [ati“ﬂ o
Before commencing the deposition (he substrates Were heated tO d.)f)-tlr; }’ (i? i )'__ Tb;r
and then allowed to cool down to reom temperature. I'he bahf(){’“‘—?:: _IT'lh - /; /,/’&Dh orthe
after the heatine mrarece The dcposition pressure was 5 x 10771 yar. The thic



nple. Y a surface profilometer and the rate of deposition was
| As™'. Some of the samples were anr?ealed in flowing O, at 700°C in a miSroprocessor
With a temperature stability of +0.1 °C (Tempress
re taken of the as deposited and the annealed samples
Quipped with a single-pass CMA and Ar sputter gun for

Omega Junior-I). The AES spectra we

depth profiling.

3 T
[.1) ‘E
o 3
2s W
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£~ 97(S¢) 427(m)
< !
N :
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qQ ~N .
= Z 520 (0)
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a
1]
X
o
Q
a 1

20 E— (eV) 600

Figure 1. The Auger electron spcclfum of the as deposited SrTiO; thin film.

Results of the AES studies of the as deposited and the annealed thin films are reported
here. Figure 1 shows the Auger spectrum of the as deposited sample at the surface. which
is indicative of the presence of all the components. i.e., Sr, Ti and O. It is observed that
the surface of the film is free from any impurity, which clearly indicates that there is no
incorporation of any foreign element from the vacuum chamber even though the deposition
pressure was 5 X 10~® mbar. The spectrum shown in figure 2(a) is that of the surface of the
annealed film. In this case we see that besides the presence of the three constituents of the
source material there are two additional elements (sulphur, 149 eV, and carbon, 270 eV)
present in the sample. While this can be expected to be due to the environment during heat
treatment yet it is surprising that C is present throughout the thickness of the film as seen
in figure 2(a)«(d). Figure 2(b)—(d) represents the AES spectra of the anncaleq .ﬁlm with
successive removal of the sample by Ar ions. Now the origin of the two impurities ca.n'be
envisaged to be due to the high-temperature processing rather than to the film deposmgn
itself. This is based on the reasoning that if the vacuum environment or the source mate‘nal
were responsible for the observed impurities. then even the surfa_cc of the as deposited
film should have indicated the presence of C and S‘. Hou{e'ver‘ this was not the case as
seen in figure 1. Thus, the only possibility for these impurities 10 be mCOfrporE;teti rre:r:;l”;z
in the annealing process. The presence of S is seen only in the top surface ayt e
thus not of serious concern. On the other hand the presence of Cis dctnmfenh? c
film preparation of ‘123’ compound on the buffered substrate. The source of this & can

i i i feeder line to the sputter gun of
b . urity present in the Ar gas : ' .
O e emeoted 2. ntration of the impurity seems to be fairly

the AES system. This is expected as the conce he Auser analysis does confirm

constant with each sputter layer of the sampl:.SH?weve;lr],c Su[;str;[e o the film. thus at
) ) ee e i from )

one thing, namely, there I1s no diffraction © a eood buffer layer except for the

¥ as
least confirming the usefulness of the deposited film trollable. The depth profile of the
presence of the impurities, which, are. however. not uncontr '

o © 1o constant up to a certan
annealed sample (figure 3) indicates that thc' concentration ;)f ;r;,::r;zn:;znwnpccmrali0” of
thickness below the surface and then diminishes shdrplhvl nThis c:.m be auributed 10 the
St is almost uniform throughout the thickness of the "n'd 1ha‘l it was not swept across
simple fact that the e-beam was focused to & fine spot 4n .
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the sample during depositio
n. Bo
th these aspects tend to melt th
the material i
only in one

spot, thus resulting in a non-stoichi

. -st i
composition of the sintered pclc]);fhlqmetrlc vapour stream

. w .
flm deposited on the substrate Fulltlhbe reflected in the cof‘:‘lso. the local variation in the
' rther, the .. position variation i
’ conditions variation in the fi
of t e final

artial fracmentation of th
“ € material wi h
. Y e e-
favourably through the deposition ti ith the high-vapour-press e-beam used can result in
45 the initial Sr layer perhaps helps ime. However, such a SPITCSSQUre component evaporating
. S 1n 1inhibiti iuaton s . €
is also seen to be present throughout the Sbmng the outdiffusion of ;éefms to be favourable.
amplc 1irom the SubS[
rate. O

The results of the depth . a . )
rofi nd 1s
profiling an be Approxi partially compensated b .
ximated to a simple st y annealing.
g of

an initial layer of SrO
) ¥ and the .

of some SrTiO3. This leads us 'Ioone 9f Ti-deficient SrTiOy wi

fragmentation of the pellet with S conjecture that the e-bea3 with the possible presence

that the film partly comprises stot ' .andjor SrO, being predo ™ evaporation results in the

e veals a 211 peak Con:mhxometric SrTiO; is conﬁr:éga;tly evaporated. The fact

result obtained by other \avorl\'erssplolnl(;lng to the dielectric. This :om the x-ray diffraction.

) , who hav o S I1n agreeme '

O am and subsequently annealed the Samplcai\nc geposlled StTiOs on Si usinoma“;(l)t: lhcel
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Figure 3. The percentage atomic concentration as a function of sputtering time (depth) of the
annealed SrTiOj3 thin film on Si.

that the deposited films when subjected 10 high-temperature treatment do not contain Si
thus confirming the integrity of the layer for use as a buffer for high-T¢ thin-film synthesis.
Detailed investigations are under way to study the system by high-energy nuclear techniques.

The authors are thankful to the Director of the National Physical Laboratory for his
continuous encouragement to undertake this work. One of us (SKD) 1s thankful for the
award of a senior research fellowship. Special thanks are also due to Dr J K'N Sharma and
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