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STRUCTURAL CHARACTERIZATION OF
THE Ag/YBa;Cu3zO7.x INTERFACE

Mohammed Elkhamis Tidjani

Abstract

Most applications of superconductors (i.e. power transmission cables and

" tapes, electronic circuits, supermagnets) require some interface with a power

source or an celectronic device that enables electrons to be injected into, and

removed from the superconductor. The quality of metal-ceramic contacts is

“strongly dependent upon the structural properties of the metal-ceramic

interface  which depends on the processing conditions and the interaction
between the two materials in contact. The present research is intended to
characterize the interface microstructure and long term stability of the
deposited silver metal in contact to the superconducting oxide YBa2Cu3zO7.-y

(YBCO).

High resolution transmission electron microscopy (HRTEM) observations
of the interfacial regions reveal that Ag contacts to YBCO occurred without any
intermediate phase formation at the interface. The Ag metal exhibits a
preferred oricntation relationship with YBCO, in which the densely packed
planes and directions of the metal are parallel to those of the Supcrconductor.
The formation of (111) interfaces and facets during deposition indicates that

these planes arc associated with the lowest interfacial energy. The as-deposited



Ag film exhibits a granular morphology, and the Ag grains are often twinned
alorig the (111) plane while the surface of YBCO is mostly rough and

structurally unstable.

Annealing of the Ag/YBCO interface resulted in outdiffusion of yttrium
and oxygen at regions where the surface of YBCO was rough. This diffusion,
however, did. not' result in the formation of continuous layers at the Ag/YBCO
'interface but only to growth of AgaY and AgyO inclusions. Thus it is believed
that the stability of the Ag/YBCO depends on the quality of the surface of YBCO,
especially i_ts structure. On the other hand, heat-treatment of the interface
resulted in grain growth and a decrease in the density of structural defects

within the deposited Ag:

Treatment of the surface of - YBCO by ion-bombardment yielded flat

surfaces but damaged a. layer of about 30A. Such a. cleaning. process improved

the quality of the deposited Ag since the Ag grains were larger and contained

low defects concentration. The same orientation relationships between Ag and
YBCO were observed after cleaning the surface of YBCO which implied that the
destruction of the structure at the surface is only partial. Further treatment of
the surface of YBCO by sputter-etching did not result in any enhancement of

the quality of the surface.

Deposition of Ag in the same chamber where YBCO was ihitially grown, to
minimize the contamination of the surface of YBCO, also was not effective in
enhancing thé structure of the Ag/YBCO interface. The roughness of the
surface of YBCO did not decrease while ihe quality of the deposited Ag by laser

ablation was worse than that deposited by sputtering.



Any -improvement of the morphology and structure of the Ag/YBCO
interface and hence the contact resistivity of Ag to YBCO, requires a flat and
perfect structure of the surface of YBCO prior to metal deposition. Thus finding
a method to treat the surface of YBCO is the clue to establishing a good ohmic

contact to the YBCO superconductor.

v
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I. INTRODUCTION

The characterization of the interface between the high critical
temperature superconductor (HCTS) YBa2Cu3O7.x (YBCO) and metals is essential
for technological applications. The discovery of high temperature
superconductivity in LaBaCuOf{1], LaSrCuO [2], and YBaCuO ([3] systems triggered
a burst of research activity in this field. Superconductive properties including
transition temperature, Meissner effect, critical field, critical current, and
tunneling .characteristics etc. have been extensively studied along with the
structural and elec;ronic properties of this new class of materials. At the same
time, there is concern about the stability of these supefconducting materials
as well as their technological applications.

Applications of the HCTS such as for electronic interconnects, power
transmission lines, Josephson junctions and other devices, in addition to
fundamental physics and chemistry studies, require (i) fabricating the
material in forms and paiterns that are suitable for applications, (ii)
improving the supcrconducting properties such as critical current density J¢,
and (iii) understanding and controlling the interface between the HCTS and
other materials, e.g. metals for Ohmic contacts. In most technolbgical
applications of the HCTS some interface with a power source or an electronic
device is required so that electrons can be injected into, and removed from the
superconductor. And because YBayCu3O7.x is a ceramic oxide it has to be
incorporated with a material that combines both thermal and electrical
conductivity, ductility, and resistance to environmental degradation. However,
this subject remains a major challenge due to the high contact resistance that

usually occurs when external leads are attached to the superconductor.



Obtaining reliable and low resistance contacts to YBCO is of great concern
for many investigators. The interaction between a ceramic oxide and a metal
~determines the structure of the interface and consequently determines the
contact resistivity. Hence achieving a low contact res_istanéé at the YBCO-metal
intcrfacc requires that the structural details of this' interface be studied down
to the atomic le\'/'él-." Also, in order to preservé the stoichiometry of the HCTS -and
the conducting’ properties of the normal metal at the interface, the ch'g:mical
reactions and interdiffusion of elements between the ceramic HCTS and the
.metal in contact must be well controlled.

Metal contacts to ceramic oxides have many characteristics chemical,
structural, mechanical, electrical, however, this experiment is designed to
study the structure and stability of the interface. The first step is to achieve a
metal contact to the superconducting YBapCu3O7-x with the highest adhesion

and structural regularity while preserving the superconducting properties. of

the ceramic substrate. Metals can be bonded to ceramic oxides by diffusion

treatment but the interface may contain new phases that differ markedly from
the starting materials but nevertheless are thermédynamically or kinetically
stable. It is therefore essential to study the superconducting phase .near the

interface at the atomic level if possible. The structural and chemical nature of

the superconductor-metal interface: has to be well established for- its best:

electrical performance. It is the purpose of this research effort to achieve a
basic' understanding of the metal interface- by studying. ihc structural and
chemical character of the high T¢ superconductor YBa2Cu3O7.x/Ag interface.

There are three principal interfacial features of interest in this research.
The first is the morphology of the interface. This may be characterized by
direct examination of the interface using conventional transmission electron

microscopy (TEM). The second feature of interest is: the- identification of

2
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possible reaction product(s) at the interface. Even in the absence of bulk
reaction products between the metal and the YBa2Cu307.x superconductor, the
vicinity of the interface has to be carefully examined for possible
interdiffusion. High resolution electron microscopy (HREM) will be used for
detailed study of the mofphology at the atomic scale including spatially
defined orientation relationships at the metal/YBazCu307-x interface.

Once the characteristics of the as-deposited metal contact have been
determined the stability of the interface will be investigated through the

course of heat treatments in an oxygen atmosphere.

I.1. METAL CONTACTS TO CERAMIC OXIDES

Although the applicability olf the new high T¢ superconducting ceramic
oxide YBCO relies heavily on its contact with other materials, especially metals,
this subject has received little attention. However the general subject of the
mgtal-ccramic interface has been extensively studied by many investigators.
Mctal-ceramic interfaces play an imporiant role in electronic packaging
systems for information processing [4], thin film technology [5], composites,
and the joining yvith metals [6]. Also, metal- ceramic interfaces play a major
role in the understanding of internal and external oxidation processes of
metallic alloys. Finally, metal- ceramic interfaces are and will be extremely
important in technological applications of the superconducting ceramic
oxides.

There are well established physical theories governing the principles of
adhesion and bonding of metals to ceramics. However, the quality of metal-
ceramic contacts is strongly dependent on the structural properties of the
metal-ceramic interface which depends on the processing conditions and the

interaction between the two materials in contact. The structure of metal-



ceramic interfaces can best be studied using TEM. Recently HREM has been
used to obtain structural details down to the atomic level.

The basic requirements for stable assemblies are chemical bonding across
the interfaces and microsiructures in the interfacial zones with favorable
stress. patterns- {7]. Generally any two phases can form an acceptable assembly
with a chemical bond if they are at stable chemical -the.rmodynamic.
equilibrium at their intérface and they are- also compatible physically [8].
Several techniques have been developed for establishing direct contacts
between ceramics and metals. The simplest is the direct solid joining of flat
specimens [9] at sufficiently high temperatui‘es and pressures, first to realize
an intimate contact and second to provide sufficient thermal energy to cause a
chemical reaction and obtain equilibrium. at. the: interface.. In the case of
metallization of ceramic oxides, commonly used in electronic circuitry, metals
are directly deposited on ceramic surfaces by metal evaporation, electron
beam deposition or sputtering techniques. Metal deposition takes place in
vacuum and at muéh lower temperatures than that used in diffusion bonding
or brazing techniques. It is expected that the driving force for chemical
reactions is limited and reactions will be diffusion controlled.

Chemical reactions at ceramic-metal interfaces are characterized mostly
by mass transport across the interface and sometimes by charge transport [10].

The driving force for the reaction is the reduction in chemical potential of the

species involved. Two particular types of reaction could take place at the

interface: (a) redox and dissolution reactions and (b) reactions in a reducing
gas.

The simplest reaction is the dissolution of one phase by the other to form
an immediate equilibrium saturation at the interface. A continuation of the

rcaction is associated with diffusion into the bulk or- diffusion bonding.. Most
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ceramic metal interfaces, however, are not compatible because redox reactions
occur at the interface involVing oxidation of the metal and reduction of the
cations in the ceramic. Saturation of the interface with the oxide and
subsequent formation of a layer oxide results in equilibrium and chemical
bonding at the interfaces provided the oxide layer is compatible with both its
base metal and the ceramic. When there is an undissolved oxide layer,
chemical bonding may occur across the interface. With this structure,
however, various physical effects complicate the thermodynamically
predicted adhesion and bonding processes. The most important complicating
factors are thermomechanical, structural, and diélectric compatibilities of the
two bonded materials. Thermodynamically incompatible interlayers may be
produced by high temperature growth of stable reaction layers between the
metal and oxide ceramic. Furthermore, mismatch between coefficients of
thermal expansion results in stress when the interface is heated or cooled
from its initial temperature of formation.

A number of metal-ceramic assemblies have been studied in detail [11,12].
The AlI203/Nb bond achieved at 1700°C exhibited good strength at the interface
suggesting the formation of stable equilibrium compositions at tfxe interface.
Since both phases retain their crystallinity, the role that a possible good
epitaxial fit at the interface plays is also a contributing factor. Direct bonding
of copper to alumina has also been achieved in an inert gas atmosphere with a
fractional percentage of oxygen [13]. The temperature is between the melting
point of Cu and the Cu2O eutectic, causing the formation of a thin film of
essentially ecutectic liquid on the interface of the copper. This liquid spreads
on and reacts with the alumina to form CuAlO2 at the interface.

In bonding ceramic oxides to metals two types of reaction have been

observed [14]. Type 1 is a surface reaction between oxide ceramics and nobl¢
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metals ( e.g. Fe, Co, Ni) which maintains a sharp discontinuity at the interface.
Type 2 is a bulk reaction between oxide ceramics and other transition metals
which produces a diffuse interface of  compositional variations and shows
penetration of the metal into the ceramic oxide.

For some 'non-reactive ceramic-metal systems it has been shown that

- geometric modelling.. of interface structures based on. the coincidence crystal.

lattices is” not "generally applicable for- predicting. the structure with the lowest
energy of a ceramic-metal interface [15]. The optimum interface properties
are achieved if certain crystallographic planes of the ceramic and of the
metal, including those of the reaction products, make a fit tixat involves little
or no elastic strain [16-18]. This condition is thought to determine the growth
of thin films on substrates and. applies also- to ceramic-supported metal
catalysts and bulk ceramic-metal interfaces [19]. Small metal spheres were
sintered. onto substrates of alkali halides, alumina or magnesia such as to be
free 'to rotate. to form minimum’ energy - interfaces [20-22]. In this experiment,
parallelism of the “close packed pl‘anes and directions across the .imcrface was
found to be the common characteristic of favored orientations. This occurred
preceding high spatial coincidence density, even when such orientations

(11

were available. Hence it is vthought that “locking in” of close packed rows at
the interface is the principle by which nature. constructs favoured interfaces
between dissimilar solids, rather than high coincidence density. A study of
interface dislocations in gold. islands on MgO (001) confirmed the prevalence
of lock-in orientations [23], and showed that the lattice misfit is taken up by
interface dislocations.

On the other hand, there is a group of observations of small, but defined,

angular offscts occur between close packed directions and/or planes in metal-

ccramic interfaces. Diffusion-bonded Cu and Pt foils on oriented sapphire.
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crystals have been found to develop a preferential orientation where (111)
planes of the metal were parallel to (0001) planes of the sapphire but with the
metal crystals rotated in their own (111) plane by different angles for the two
metals [24]. In the Nb/Al2O3 system the close-packed (0001) planes of AlpO3 and
(001) planes of Nb were also found to be tilted with respect to each other by 3°
[25,26]. This tilt occurs both in specimens grown by epitaxy and by diffusion
bonding of samples in which their close-packed planes were initially oriented

to be parallel.

I.2. YBaaCu3z0O7 SUPERCONDUCTOR

X-ray, neutron, and electron diffraction has shown that the
superconducting phase YBa2Cu307.x is orthorhombic [27-29] and has been
assigned to the space group Pmmm [30-41]. The orthorhombic phase forms on
cooling from the high temperature tetragonal phase with a transition
temperature around 700-800°C [42-52]. The YBaCu3Og9 tetragonal structure can
be deri;/ed from three pcrovskite unit cells stacked one above the other along
the z axis where a yttrium atom replaces the barium centered in the middle
cube. For the superconducting phase YBapCu3O7.x the oxygens on the edges of
this cube are removed as shown in figure la as well as those along one
direction (a direction by convention) on the basal plane. Consequently, the
center cube is compressed along the z axis to take up the space of the missing
oxygens and the smaller size of yttrium. Another way to describe the structure
of YBazCuz3zO7.x could_ be by its most important characteristic, namely, its
layered aspect. As shown in figure 1b, the layering sequence is CuO/ BaO/
CuO2/ Y/ CuO2/ BaO/ CuO/.... with the two median planc's adjacent to the yttrium
much closer together (3.18A) than they are to the basal plane (4.25A). The

basal plancs CuO are coupled to the median layer” CuO2 through oxygens



whereas the’ median planes CuO2 are not interconnected. Also the basal planes
CuO are perfectly flat whereas the median planes CuO? appear to be puckered.

Several ‘theories, put forward to accéunt for the high T¢ of YBa2Cu3O7-x
rely on the chéngc of Culll/Cull ratio andfor the oxygen deficiency caused by
the ' sintering' atmosphere [53]. Thé oxygens are disordered on the basal (z=0)
plane sites in the orthorhombic phase and ordered. to form chains in the
tctra‘gonél phase. High- resolution electron microscopy reveals  that oxygen
vacancies arranged in ordered sets in Cu planes between Ba layers forming O-
Cu-O chains with lohg-range'order [54] resulting in a distortion of the
tetragonal cell to an orthorhombic cell. For - the superconducting phase
YBa2Cu3Ox, x is close to seven (6.9<x<7.1). Beyond that range YBapCu3Oy is
either a: low T¢ superconductor or a serﬁi’cOndhctor' [55-57]. So the oxygen
content has to be controlled to maintain the oxygen vacancies and hence the
superconducting phase:

The. high: Tc supercdndixcling phase 'Y.'Ba2Cu3'O;7.'.x-e-xhibits.~ different . types.
of defects ranging from individual missing atoms to faults extending over tens
of nanometers. Planar defects consist mainly of staking [58] faults and the
insertion of extra plane(s) similar to the basal plane (CuO plane) separated by
Ba or Y resulting in (CuO)2 double la.yers between BaO planes, especially at the
surface; which. leads to a completely different stoichiometry [59,60].
Furthermore, - electron microscopy reveéls: [61-65] that YBa2Cu3OQ7.x contains a
high density of twins: along_.; {110} planes. The a and b dimensions of the
orthorhombic unit cell are almost equal and often interchange - directions
during the tetragonal to orthorhombic phase transition which results in these
twins. |

One of the major problems contributing in the instability of YBapCu3O7.x

is its tendency to rcversibly exchange oxygen with the surrounding
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atmosphere in the temperature range of 600-1100°K. The surface of
YBa2Cu307.x decomposes in oxygen-containing atmospheres above 150°C and
is also succeptible to degradation through atmospheric H20 and>C02 [66]. The
concentration of these defects increases with increasing temperature up to

the loss of periodicity.



II. APPLICATIONS OF SUPERCONDUCTORS

II.1. Definitio‘pvs

| Sup_erconducti@'i't'y, discovered by Onnes in 1911. [67], is the complete loss of
electrical resistance at some- finite temperature: defined as the critical
temperature T¢. At T¢, the resistance drops sharply to zero and remains zero at
all temperatures below T¢. Almost immediately after the discovery of
superconductivity, Onnes found that superconductivity was destroyed by‘ the
passage of a transport current greater than a certain critical value Ic or by
the application of. an, external magnetic field greater than a critical value H¢.
A consequence of zero resistivity is that everywhere within a superconductor
the electric field is- zero. In 1933 Meissner and Ochsenfield. [68] were able to
show that magnetic fields are completely excluded from ther body of a
superconductor in its superconducting state. This is known as the Meissner
effect. The magnetic induction does not fall abruptly to zero at the surface of
the superconductor, but decreases exponentially over a characteristic
distance, the penetration depth. The flux is excluded by supercurrents that
flow in the penetration layer so. as. to produce a magnetic field within the -

superconductor that exactly cancels any externally applied- field.

II.2. Applications of superconductors

Superconductors are employed in different electrical devices mainly
because they can theoretically (and practically) carry extremely high overall
current densities. These high current densities allow the construction of_

smaller -and more compact machines.” Compactness is aided by the fact that the
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lack of power dissipation consequent upon the absence of electrical resistivity
reduces the necessity for internal cooling. The reduced power requirements
are an added attraction, though they must be balanced against the power
consumed by refrigeration. The applications of superconductivity are
basically of three types briefly listed below.

- 11.2.1. Generation of large magnetic fields

The most important application of superconductivity, in terms of quantity
of material employed, has been the prﬁoduction of magnetic fields. Materials
suitable for magnet construction are the irreversible type II superconductors,
with high upper critical fields and high bulk current densities. The principal
difference between the conventional copper-iron or, resistive magnets and
superconducting ones are twofold: (a) the field and current are not
independent variables in superconducting magnets; and, of more practical
significance, (b) the current density in superconducting magnets is higher
than that of conventional magnets.

First, magnetic fields are used in physics laboratories for research
purposes. Highly stable magnetic fields for NMR and for high-resolution,
high-voltage electron microscopy are provided by superconducting magnets.
Superconductors may also be used for the production of large magnetic fields.
Large refers not only to the field intensity but also to the volume over which it
is generated. Large magnetic fields are required in high-energy nuclear
physics.' Power gencration by magnetohydrodynamic methods or
thermonuclear fusion will require large fields that can only be provided by
superconducting magnets. Superconducting motors and generators are devices
in which the supecrconductor is ﬁscd to generate high magnetic fields.
Superconducting magnets have also been proposed for the levitation of high-

spced tracked vchicles.

11



The first successful superconducting magnet was constructed by Yntema
in 1955 by winding cold-worked niobium wire around an iron core. This
magnet achieved a field of 0.7 T [69]. At the same time, laboratory magnets

capable of producing 10 T were made from Nb3Sn [70].

[1.2.2. Superconductors for Power Transmission

.Supe’rcoﬁ?d:uc”tors have been proposed for power transmission cablesvand'
tapes. The design of a superconducting transmission line consists of three
interdependent parts: the cable itself; the refrigeration system; and the
Itransmission line as a whole. For most cable designs the coaxial geometry is
generally preferred because of compactness and lower eddy current losses.
The cryostat may be either flexible or rigid.

Rigid conductors are the simplest, both conceptually and electrically, and
were the first to be developed. They consist of rigid pipes held concentric by
solid spacers. Each pipe is made of a composite incorporating: a. superconductor
and a good metal. The coolant flows in the annular space between the
conductors. Figure 2 shows an example of such composite cable which consists
of concentric layers of copper and niobium. The n‘iobium faces the annular
space between inner and outer conductors and therefore under normal
operation carries all the current. During. faults, the current transfers to the
copper layer. The copper also provides sufficient strength to ~ withstand both
the pressure of the coolant and the magnetic pressure during faults.

The basic dcéign of a flexible cable is shown in figure 3. Conductors, either
tapes or wires, and dielectric tapes are helically wound in cylindric forms.
Flexibility results from butt gaps between individual conductor strands and
diclectric tapes. Because ofvadvantages such as longer fabrication lengths,

higher diclectric strength, and' accommodation- of thermal contraction, most
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designs of superconducting cables favor flexible coaxial conductors with

lappfed plastic tape as dielectric.

I1.2.3. Superconductors for electronic circuitry

Superconductors can be employed in electronic circuitry. Devices were
originally based on the idea of using the superconductor-normal transition as
a switch. Devices based on the Josephson effect are also of great interest. The
critical current that flows between two superconductors weakly coupled
together through a weak link, which may be a very thin (2nm) oxide barrier,
or a layer of nonsuperconducting metal, varies in an oscillatory fashion
depending on the local value of the magnetic field of the weak link. This effect
can be used as the basis of highly sensitive ammeters, gauss meters, and
voltmeters, as well as logic and mémory elements [71]. Superconducting thin-

films are the basis for such applications.

I1.3. Importance of metal contacts to superconductor

Among the other requirements for good performance of supermagnets is
superconductor stability. The simplest approach to the prevention of flux
jumping is the use of "fully stabilized" or "cryostatically stable” conductors
[72-74]. These consist of superconductors in close thermal and mechanical
contact with sufficient normal metal of high electrical conductivity to smooth
out local hot spots and to ensure an alternative current path during periods of
instability.

[t is obvious that the most important requircment of any conductor is that
it be able lo‘carry the highest possible current. However, during operation,
power cables will occasionally be subjected to sudden rapid rises in current

and/or voltage duc "to lightning strikes or to short circuits somewhere along
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the network. The occurrence of these surges must be taken into account in the
cable design. For conventional ac cables, surges of up to 10-20 times the
normal rated current could occur and last for a few cycles before breakers
open [75]. To cope with this problem, conductors are made of composites that
incorporate a good normal conductor, such as pure copper or aluminum, and a.
hard supfe‘;?fc;dnduc.tor with high critical current density. The conductor into
which th'e-.superc'onductor is- incorporated must be’ mechanically strong and
able to withstand forces imposed by current and field. It must be stable against

flux jumps and sudden changes in current, field, or temperature.

I1.4. YBaCu3O7.x/metal contacts

The fundamental discovery of superconductivity in YBapCu3O.7.x has had a
great impact on ihe application of superconductors in many technical fields. A
number of fabri*cafion techniques have been already proposed to produce
superconducting wires [76-80]. Due to the inherent brittleness of ceramic
materials and the difficulties in forming the HCTS into desired shapes thick-
film fabrication techniques have been investigated such as coating by
electrophoretic means [81]. The prospect of coating superconducting materials
on a Qariety of substrates may offer some advantages for large scale as Wcll as
electronic device applications. Using electrophoretic deposition to make YBCO
coatings on' Cu, Ag; polycrystalline Al203, and single crystal MgO™ and YSZ
substrates has becen reported. For coatings on Ag, MgO(Ag), and YSZ(Ag)
substrates, sharp superconducting transitions at about 90°K have been
obtained. However, intermediate layers were formed on Cu, AlI203 (Al), and
YSZ(Ag) [82]. They are thought to occur as a result of interfacial reactions

during firing. However, a prior condition for technical applications of a

superconductor involving. high currents are low resistance contacts. High
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resistance contacts dissipate heat and may lead to low critical currents in the
system. Even for fundamental studies of supverconductivity,’ low contact
metallic resistance is required for four-probe measurement techniques.
Consequently, a great deal of research has been focussed on producing low
resistivity ohmic contacts using diverse methods and different metals.

Several ‘differem contacts on the YBa2Cu3O7-x rsuperconductor have been
used to minimize the contact resistivity defined as the contact resistance times
the contact area. P}cvious work in the literature includes silver epoxy [83],
melted [84] or embeded [85] gold, pressed indium ([86], and ultrasonic soldering
[87]. Those methods applied to bulk superconductors have been found to
exhibit hig.h contact resistance, typically in the range of 102  ohm.cm?2,
considered high for most practical applications and critical current
measurements. Low contact resistivities have been obtained essentially by
sputter deposition of gold or si}ver onto YBCO superconductor and annealing at
500-600°C in an ox.ygen atmosphere [88] which has given contact resistance of
10-10 ohm.cm2. The same value has been also obtained using as-evaporated
gold films on YBCO thin films [89]. However, evaporated metal contacts on bulk
YBCO have been reported to give higher contact resistances [90,91].
Evaporation dcposition of silver films on YBCO has achieved about 10- 8
ohm.cm?2 [92] after annealing at 500°C in oxygen atmosphere. Plasma-sprayed
silver metallization on YBCO has been also employed with which a contact
resistance of about 108 ohm.cm2 has been obtained without additional heat
treatment [93].

There are two processes with different physical origins that may
contribute to the contact resistance on oxide superconductors. One relates to
the modification in the detailed charge balance and carrier concentration at

the interface induced by the proximity contact metal. The other is due to the
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nature of carrier injection which depends on the nature of the free surface of
the superconductor [94]. The contact resistance of different metals such as Al,
Bi, Ag, and Au has been found to decrease as the temperature of the
superconductor is decreased. On the other hand, the curent-voltage
characteristics at the Ag/YBapCu3O7 contact show nonlinearity, which has
been attributed to the superconducting state of the interface [95].

Reactions - between YBCO and- other materials at elevated temperatures have
also been investigated [96-99]. These studies have been focused on
incorporating foreign atoms into the superconductor and examining their
effect on the material. The interaction between Au and YBCO from 800 to 878°C
in oxygen atmosphere has been studied [100]. It has been found that Cu and
small amounts. of Ba. were removed from YBCO resulting in a different
structure and leaving what has been thought of as BaCuO2 and CuO on the
surface" of Au:

However, none of the updated publications has provided  any structural
details of YBCO-metal interfaces to be correlated with its electrical properties.
Success of technological applications is likely to be based on a complete
understanding of the morphology, microstructure, and orientation
relationship of the metal/superconductor imerface.- Once this understanding .
has been achieved, the stability of the interface or enhancement of= its quality
by heat-trcatment should be investigated and correlated with its electrical

propertics.
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II1 EXPERIMENTAL PROCEDURES

I1I.1 Preparation of YBasCu3zO7.x

Superconducting thin films of YBazCu30%.x were furnished by the
research group under the supervision of Prof. J. Clarke in the Department of
Physics at the University of California at Berkeley. The films, about 300nm
thick, were deposited from- 2.54mm diameter, pressed and sintered,
stochiometric targets. A 0.15m focal length lens was used to focus 248nm pulses
from a Questek series 2800 excimer laser onto the surface of the target at a 45°
angle of incidence. Cleaved and polished [100]-oriented MgO, 12.5x12.5x1mm3,
was used as a substrate. The substrate was mounted onto an Inconel heater
block using silver paste. The heater block was mounted in a high vacuum
chamber 60 mm from the target so as to intercept the normally directed
ablation plume. The heater block and substrate were first outgassed, by raising
the temperatu'rc of the substrate holder to 730°C as the chamber was pumped
down to 5 pTorr. Once the silver paste was outgassed, oxygen was supplied to
the system with an O pressure maintained at 190mTorr. The surface of fhe
target was then cleaned by 300 laser pulses at 1.2Jcm™2 and the YBCO layer was
deposited using 1.2Jcm=2 pulses at SHz. Once the deposition was completed the
chamber was filled with O3 to 700Torr and the heater block was allowed to cool

to 450°C in 15 min, after which the sample was cooled to 100°C.

I11.2  Metallization of the superconductor

The microstructure, uniformity, and purity of the deposited metal are
critical to achieve a good ohmic contact as well as for electron microscope
sample preparation. Hence vacuum coating techniques have been used to

deposit Ag on YBaCu3zO7.x (YBCO). The most commonly used of these
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techniques are evaporation and sputtering; For evaporation, the coating metal
is heatedl to produce a freé-ﬂowing vapor which travels to the substrate and
forms a deposit. This results in heating of the substrate and may cause the
superconducting phase to lose its propérties. In the case of sputtering,
however, the coating _matcrial remains in its solid form and gaseous ions are
accelerated towards the- target. at high energies to sputter away the target
material. Aftér sputtering; the microstructure of the co>ating tends to be denser

than that produced by evaporation and the subtrate does not heat up, an

important feature that is critical for the stabilization of the YBa2Cu3O7._x

superconducting bhasé.

Sputtering: The basic sputtering process takes place in a partial vacuum.
Two electrodes. are mounted in a vacuum chamber. The. cathode, or the target,
which is the material to be deposited, is held at a potential of -2 to -5kV with
respect to the grounded anode, to which. thef part to be coated is ﬁxed; During
the: sputtering process, the vacuum  pumps are throttled, and a gas such as
argon is metered in to maintain a vacuum of about 10Pa. The positively
charged gas ions are accelerated towards the cathode striking it at high
velocity, dislodging target atoms - which then travel to the anode.

Heat treatment of YBCO/Ag contact: The basic advantage of using
sputtering is the adhesion of the deposited film. Heat treatment of the YBCO/Ag
contact, which may improve its quality, is also performed subsequent to Ag
deposition. The metal/superconductor contact is -hence annealed in an oxygen
atmosphere at 500°C for two hours.

Laser ablation of Ag: Silver was also deposited by laser ablation in a
separate‘experiment. This procedure was used to reduce the degradation of the
surface of YBCO when exposed to the ambient atmosphere. In this case, Ag was

deposited within the same charﬁber where the YBCO film was grown.
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II1.3 Sample preparation for Transmission Electron Microscopy
Information obtained from plan-sectioned specimens is indirect and the
accumulated data may be significant only after sufficient deconvolution. To -
obtain the maximum information about the the YBCO/Ag interface,
preparation of cross-section specimens is required .to achieve lateral
resolution and to be able to view specimens parallel to the interface.
Traditional techniques [101-103] of mechanical polishing and ion milling are
used to prepare all the samples for the present experiment. The procedures for

specimen preparation consist of three major steps as described below.

I1.3.1 Cutting the materials to appropriate sizes

The first step is to cleave the trilayer (MgO, YBCO, and Ag), which is
generally 10x10x1mm3, into two equal rectangular slabs. The slabs are then
cemented together such that the Ag layers are facing each other as shown in
figu.re 4. The glue used is "M-BONb 610 ADHESIVE" fumished by (Measurements
Group, Raleigh, NC 27611). The advantages of using this type of glue are: its
strength, its small thickness when properly applied, and its thinning rate
which is very close to that of MgO. However, it must be thermoset under
pressure for about one hour at 150°C. For this purpose a small vise is used that
can be heated in an oven. The vise is designed such as to be able to apply
pressure evenly to the brittle MgO substrate. This rectangular slab is then
sectioned along its length such as to have two sandwiched samples each
measuring about 10x2.5x2mm3. The last step is to cut off from each slab a
number of slices approximately 300pum thick. The cutting procedure is
accomplished with a diamond wafering saw. Before slicing, it was found that it

is convenient to attach the sample with wax rather than using the clamps of

19



the saw. At this stage a 2.5x2mm? sandwiched sample of 300um thickness is
ready - for thé proécss of mechanical thinnring.
III32 Mechanical thinning

‘Once the slices are obtained the process of thinning down to electron
transparency - begins. Each slice is mounted with a strong wax (i.e “Crystal-
Bond”) on a piece. of glass. The- wax  helps : protect the- edges of the" specimen.
from preferential polishing or cracking. On the other hand, using the glass
enables the specimen to be. viewed during sanding and polishing, to ensure
that it does not come loose as well as to estimate its thickness by optical
microscope. It is extremely important to mount the slice such thét its surface is
parallel to that of the supporting glass throughout the whole process. Starting
with 600-grit san‘dpaper, the'sample is- ground to a thickness of about 200um
and then polished with 1.0um diamond paste on a vpolishing cloth. No water is
used, since water may react with the superconducting - film; only alcohol or
kerosine: is used in this thinning step.

After thinning and polishing, a 3-mm copper grid with a single oval hole
is glued onto the polished surfac_e of the specimen. The brittle cross-section
becomes much easier to transport and handle while mounted to the grid. The
giass substrate is then heated and the specimen is removed. The other surface
is then ground to 'va thickness of about 100um and- polished to about 60-70pm.

The final stage. of mechanical thinning is accomplished by dimpling. In
this process a concave impression is polished into the face of the specimen.
The dimpling wheel must be centered as accurately as possible on the
interface. This leaves the outer perimeter of the specimen thick, and thins
only the center region containing the interface to the desired thickness. The
final thickness of the specimen achieved with the dimpler is limited by the

brittleness of the MgO substrate. Under the best conditions, when the specimen

20



is crack-free, a thickness of 20um can be achieved. The sample is then cleaned
by soaking in acetone and is ready for the final stage of thinning.
I11.3.3 Ion-beam thinning

The last stage of thinning is accomplished by using an ion-beam milling
apparatus. Initially the specimen is bombarded from both sides with argdn
ions accelerated with 5.5kV potential and at a specimen tilt of 16° for about two
hours. Because the specimen consists of compounds with different sputtering
rates, it is more effective to stop the specimen rotation, and set it in a position
where the interface is perpendicular to the ion beam, as shown in figure 5.
This step, however, is not intended to perforate the specimen but only to create
a thin region at the interface. By using both guns the time required to
perforate the specimen is Areduced.

In the second step only one gun is used, and targeted on the undimpled
side with accelerating voltage and specimen tilt reduced to 4kV and 12°
respectively.

In the third and final step the specimen is ion-milled using both guns at
low accelerating voltage (3-4kV) and a shallow angle (8-10°). The purpose of
this step is to remove the damaged layer which may build up as a result of ion-
bombardment. To obtain an adequate sample for lattice imaging some
additional precautions need to be taken. (a) The specimen is mounted such that
the interface is parallel to the short edge of the hole of the copper grid. In this
configuration the edges of the grid intercept the ion flux when it is parallel to
the interface. (b) The ion beam must be positioned accurately with respect to
the specimen such that the thin region/ is centered on the interface. (¢) Since
the MgO substrate is transparent to light, the laser‘tcrminator can not be used
and the process of thinning must be followed carefully to avoid excessive

thinning or complete loss of the specimen. (d) To minimize the ion-beam
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damage the specimen must be ion-milled at low temperature, i.e liquid N3

temperature.
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IV RESULTS

IV.1 Structure of the grown YBCO film

The high T¢ superconductor YBCO, grown on (001)-oriented MgO substrate,
was tested electrically and structurally before metal deposition. The resistivity
versus temperature’ curve is shown in figure 6. The critical temperature T¢
(zero resistivity) is 87 °K with a very narrow transition width.

The superconducting layer was found to be polycrystalline, however,
large grains exhibiting specific orientation relationships with respect to the
substrate were often observed. Most frequently the c-axis of the YBCO film was
oriented normal to the interface. Figure 7 shows (a) a high resolution lattice
image of a typical YBCO/MgO interface along with (b) its corrCSpionding
selected area electron diffraction (SAD) pattern. From the indexed SAD pattern,
in figure 7c the following orientation relationship is readily obtained:

(001)yBCO // (001)MgO (1)
(100)yBCO // (1000MgO (2)
[010]yBCO // [010]MgO (3)

In figure 7a the two sets of {100} planes are visible in both the YBCO grown
film (above) and its MgO substrate. The interface lying parallel to the (001)
planes is atomically flat in the entire micrograph. However, dark regions of
about 20 A are seen peribdically along the interface representing the strain-
fields due to lattice mismatch between (010)YBCO (3.89A) and (OIO)Mgo (4.21A).
The micrograph also shows that the first few atomic layers (about ten) of the
grown YBCO contain different classes of defects ranging from insertion of
extra planes as in region (i) to regions of completely different structure as in
region (iii) as well as bending of atomic planes such as in region (ii). Away

from the interfacc the regular periodicity of clearly resolved white dots in the
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image, as seen in the upper right hand side of the micrograph, indicates that
the lattice of YBCO is free of distortion. Whereas close to the interface rapid
oscillation in contrast can be seen. |

Deviations from the above orientation relationship are sometimes
encountered, two examples of which are shown in figure 8. In the first
micrograph, figure 8a, two. grains. (I)- and' (I1) are oriented such that their ¢
planes are respectively parallel’ and: normal to the interface - and
perpcndiclular to each other. It can also be noticed that the 001)ygcol! planes
are heavily bent along the grain boundary. The corresponding SAD pattern
shown in figure 8c and i_l_lustratcd in figure 8d reveals that the c-axis is

normal to the incident beam for both grains with the following orientation

relationships:
001) Mgo L (001)YBCO! (001) Mgo // (001)yBCO1!
(010) Mgo L (010)yBCO! (010) Mg0 // (010)yBCO!!
[100] MgO /#/ (100}yBCO! [100] Mg // [100lyBCO!!

Figure 8b is a micrograph showing a second example showing tWo adjacent
grains of YBCO in the [100] orientation. While their c-axes are, again, normal
to the incident beam, they form a 44° angle. Grain II has the same qrientation
relationship as grain I in in figure 8a; however, grain I is inclined 44° to the
interface. In both figurc 8a and 8b the grains retain their specific orientation
down to the. MgO substrate. which' indicates- that- the- nucleation of each grain
took: place- separately. In both examples, however, there exist regions of
overlap between the YBCO grains indicating that the grain boundaries are not

sharp and/or not normal to the incident beam.

IV.2 YBCO/Ag interface

A thin film of silver of about 300" nm was sputtered onto. YBCO and
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examined by HREM to determine the morphology, structure, and orientation

relationships at the YBCO/Ag interface.

IV.2.1 Morphology of the interface

A low magnification electron micrograph of a typical contact between
silver and the high critical temperature superconductor YBa2Cu3O7.x is shown
in figure 9a. It can be seen that YBCO is much thicker than Ag, due to the
difference between their thinning rates in the ion mill. Large grains of Ag
exhibiting particular orientation relationships with respect to YBCO are
evident. Although the Ag film appears to be heavily twinned along the. whole
interface, no visible intermediate layer could be seen. The SAD pattern in
figure 9b taken near the interface shows spots from both Ag and YBCO. The
indexed pattern in figure 9c indicates that Ag is in the [011] zone axis twinned
along the (111) plane, while YBCO is in a [100] zone axis.

At higher magnification, figure 9d, two sets of {111}A g as well as
(001)YBCO planes are resolved. There are, howeve‘r, regions of different
contrast frequently observed at certain parts of the interface representing,
most probably, strain-fields due to mismatch between the two lattices. There is
also a layer of variable thickness, 15 to 30 A, extending along the interface.
The SAD pattern, however, does not reveal any major spots that allow the
identification of this intermediate layer. On the side of YBCO the (010) planes
appear to extend through this layer without a distinct boundary. This implies
that the surface of YBCO contains disordered regions prior to any Ag
deposition.

Figure 10a shows another interface and illustrates the roughness of the
surface of YBCO. In this micrograph YBCO is seen to have uniform structure up

to the the interface, despite the roughness of its surface, and the Ag film
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appears to have granular morphology. The SAD pattern in figure 10b taken
from the interface shows that there is again a 9° offset angle between the
clos’j:e"}ﬁ'packed planes (111)Ag and (001)yBCO. The indexed pattern in figure 10c

shows 'that Ag is in a [123] zone and YBCO is in a [100] zone.

1V.2.2. Structure- of the: interface

'Figure' 11a sh‘ows,a. lattice fringe image. of a,Ag(YBCO interface’ where a
sharp boundary can be seen extending over large areas without any
intermediate layer. The SAD pattern in figure 11b 'is indexed in figure 1lc and
shows parallelism of the close-packed planes lel)Ag and (001)YBCO with an
offset angle of about 1.5°. In this micrograph both close-packed planes
'(>111)Ag- and (001)yBCO are resolved as well as interfacial steps along the
interface. Closer inspection of the silver ‘planes. indicates that (ll_l)Ag planes
change orientation along th.eb steps of the _YBCO‘, su‘rf;ice. Regions of dark
contrast result Hfrom the strain fields caused by. mismatch between the two
laitices. Lincar defects crossing the ¢ planes of YBCO are also seen extending
sometimes up to the interface.

Figure 12a shows another orientation of the Ag/YBCO imérface. Here
again the close packed (lll)Ag planes are stacked parallel to the (001)YBCO
.planes- with no. offset angle like that observed in the previous cases.
Inspection of the SAD in figure 12b, indexed in figure 12c, shows that Ag is
oricnted along a [011) zone axis parallel to the [100]y BCO zone axis. Due to the
thickness of this region of the sample, only the (001)yBCOQ is visible as well as
the twin boundary on the silver side. While the contrast along the flat region
of tﬁe interface is constant, it changes frequently along the the curved
interface. It can be noticed also that the twin boundary starts near a step on

the YBCO surface. However, no intcrmediate layer can. be’ resolved as in the
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previous orientation.

IV.2.3 Orientation relationship

Two unique orientations are found in all Ag/YBCO interfaces studied. In
both the close packed (111)Ag planes are stacked parallel to those of YBCO, the
‘(OOI)YBCQ planes. The only variables are the orientations in which the
interface is imaged and the offset angle between (111)Ag and (001)YB CO
planes. However, this angle seems to decrease as the roughness of the surface
of YBCO decreases and completely vanishes whenever there is a direct contact

between Ag and YBCO. Those orientation relationships are summarized below:

Figure 9c [011] Ag // [100]YBCO

(111)Ag // (001)YBCO rotated 9°

Figure 10c [123] Ag/l [100lYyBCO

(111)Ag // (001)YBCO  rotated 6°
Figure 1lc [123] Ag // [100]YBCO

(111)Ag // (001)YBCO rotated 0°
Figure 12c (123] Ag // [100]YBCO

(111)Ag // (001)YBCO rotated 1.5°

IV.3 Heat-treatment of the interface

In order to study the stability of the Ag/YBCO interface the dcposited Ag
film was heat-treated for two hours in an oxygen atmosphere. The effect of
this experiment on the morphology and structure of the interface is presented

in the following sections.
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I1V.3.1 Effect oﬁ the morphology and structure of the interface

A lattice image of a typical region of the annecaled Ag/YBCO is shown in
figure 13a. Direct contact of Ag to YBCO can be seen in the entire rhicrograph
in which ‘_l.':he. interface is well defined without. any extended transition region
between ' the iwo components. The Ag film shows much. larger grains when
compared to what. was found prior to the heat treatment. The interface is still
not atomically smooth. Apart from a flat region on the left side of the
micrograph the Ag/YBCO interface is irregularly rippled due to local growth
perturbations in the YBCO thin fi_lm. The corresponding SAD pattern is shown
in figure 13e and indexed in figure 13f. The YBCO grain is in a [100] orientation
while the Ag region consists of a [011] oriented grain and its twin along the
(111) plane. Close-packed planes (001)YyBCO and (111)Ag are stacked parallel to
each other and. to the interface. The twin boundary can be seen in the
- micrograph parallel to the (111)Ag planes consistent with the diffraction
pattern. Only one set of {111} Ag planes is visible around the interface due to
the misorientation (or bending) of Ag away from the exact zone axis condition.
However, both sets of {111} Ag planes can be seen in the upper right hand side
of the micrograph.

The inset box I is shown in figure 13b at higher magnification. In this
figure both (010) and (001) YBCO planes are resolved; however, the c-planes
are' not smoéth everywhere* since  bending of those planes and disturbances in
the stacking parallel to the c-axis are evident in this image. The curvature of
the interface «clearly observable at lower magnification does not seem
detrimental to the epitaxy of the deposited Ag film or to the structure of YBCO.
The stacking sequence of both (010) and (001) YBCO planes is preserved up to a

thin layer ~of about. 20 A at the interface: wherein the structure: of both. YBCO
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'and Ag are distorted especially in YBCO. This becomes even clearer in figure
13c showing the specimen after tilting around [010]yBC O, which brings the
interface closer to an edge-on orientation. In this orientation, this layer shows
interpenetration of the (001)yBco and (111)ag planes and bending of the
(001)yBCO planes.

Figure 13d shows the inset box II in figure 13a at higher magnification.
This micrograph shows an area where the Ag/YBCO is nearly free of
curvature. The lattices of both Ag and YBCO can be clearly distinguished at the
interface and the disturbed regions close to the interface are very narrow, i.e.
only three to four lattice planes in YBCO. Closer inspection of the stacking
sequence of the (111) Ag planes shows that there is a dark/bright contrast
oscillation running along the interface at the right hand side of the
micrograph. This oscillation seems to be regular in that there is one dark
fringe every two bright fringes and might correspond to specific planar
matching conditions at the interface.

A lattice image of another region of the annealed Ag/YBCO interface is
shown in figure 14a. The SAD pattern in fig'ure 14b taken near the interface
shows spots from both Ag and YBCO. The indexed pattern in figure 14c¢ again
indicates that Ag is in the [011] zone axis twinned along the (111) plane while
YBCO is along the [100] zone axis. In figure 14a crystallinity is maintained on
both sides of the interface up to the boundary plane. The (111)Ag and
(001)YBCO planes are resolved up to the interface and appear to be interlocked.
The Ag/YBCO contact exhibits a sharp interface along the whole micrograph
with occasional unit steps due to local growth perturbations of the YBCO film.
The flat faces of the interface are atomically smooth in most regions and facets
can clearly be identified in this micrograph, i.e at the arrow. The facet risers

exhibit darker strain contrast.
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IV.3.2 Orientation relationship at the annealed interface

In most of the interfaces observed -after annealing, Ag is found to lie along

a [011] zone éxis. The predominant orientation relationship is consequently:
[011] Ag// [[100]YBCO
((111)Ag // Q0DYBCO  (5)

However, an offset angle is sometimes. encountered: when the surface- of
YBCO shows irregularity and/or roughness. Figure 15 is an example where the
orientation relationship. (5) hHolds but the (111)Ag is rotated 4° with respect to
the (001)YBCO as can be seen from the diffraction pattern in figure 15c. The
indexed SAD in figure 15d shows three grains of Ag in the [011] orientation
and YBCO in the [100] orientation with no extra spots. This i§ confirmed in the
bright field image in figure 15a where three large grains of Ag can' be seen
and. where the two sets of {111} Ag planes are resolved. The interface,
however, does not look smooth everywhere and both YBCO and Ag overlap near
the interface, i.e. at the arrow and in the inset box. At higher magnification,
figure 15b, three major structural regions can be distinguished. At the left
hand side of the micrograph the two set of {111} Ag planes are clearly in
region I as well as (001)yBCO in region III, while the boundary in between
looks sharb and atomically smooth. At the right hand side of the image,
however, there is a region (II) where YBCO and Ag: overlap. This. shows that

the surface -of YBCO is not flat and explains the existence of the- offset angle.

I1V.3.3 Formation of new phases at the annealed interface

Formation of AgroY: As was described above, the YBCO/Ag contact

fréqucmly shows. no intermediate phase and Ag. is directly bonded to YBCO.

However, interdiffusion= of certain species through the: interface. was:
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sometimes encountered, where the formation of new phases occurred at
regions of rough and disturbed YBCO surface. In this section some examples of
this phenomenon are reported.

Figure 16a is a HREM micrograph showing a [123] oriented grain of Ag in
contact to YBCO in the [100] orientation. While certain parts of the YBCO/Ag
contact exhibit smooth and flat interfaces, regions where the surface of YBCO
appears to be rough show some inclusions between YBCO and Ag. The SAD
pattern in figure 16b was taken at region (II) and indexed in figure 16c. Spots
from bothl YBCO and Ag in the {100] and [123] orientations respectively are
identified and used as an internal callibration to the remaining reflections.
The extra spots coming from the inclusion could be indexed as silver yttrium
Ag2Y, a tetragonal phase, in the [331] zone axis. Figure 16f and 16g are the
inset boxes (I) and (II) at higher magnification. In figure 16f a sharp
interface between Ag and YBCO can be seen, both (111)Ag and (001)YBCO are
resolved up to the imerface. Lattice distortions at the contact are limited to a
very narrow region, preferentially, in YBCO. Facets parallel to the incoming
electron beam can clearly be identified due to the offset angle between
(111)Ag and (001)yBCO planes. This offset angle is probably due to local growth
perturbations” of the grown YBCO as can be observed. Apart frdm this flat
interface Ag and YBCO are separated by AgsY. In figure 16g the cross lattice
fringes of Ag2Y and (111)Ag are clearly resolved and the contact between the
two phases exhibit a sharp and atomically smooth interface at the arrow. This
is not the case everywhere, a layer that appears to be amorphous separates Ag
and AgY. Figures 16d and 16e illustrate the orientation relationships between
YBCO and Ag2Y and YBCO and Ag respectively which are:

(100] yYBCO // [331]Ag2Y [100lyBCO //[123] Ag (6)

(001)yBCO // (111)Aga2Y 001)YBCO // (111)Ag  3° rotated
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Figure 17a is an other ;axample where Ag2Y forms along the whole
interface seen in this micrograph with variable thickness. Close inspection of
the bright ﬁcld images figures 16a and 17a as well as their SAD .pattems shows
perfect structure in YBCO along the interface. This may imply that the silver
diffused thr’ough the disordered surface of YBCO during the heat treétment
procedure- ratiler than . yitrium diffusing out of YBCO. Figure- 17b is the SAD
pattern taken at the interface illustrated in figures 17c¢ , 17d and 17¢ yielding

the same orientation relationships as (6).

FQrmatign- of Ag20Q: Another phase found to form at the invterface. is the
cubic- Ag20. Figure 18a shows that av second. phase particle has nucleated at. the
~Ag/YBCO interface, at the arrow sign. The (111) planes belonging to the [123]
oriented Ag. as well as- (001)YyBCQ are clearly visible up to the interface which
can be. seen as flat. and. sharp. Facets along the YBtO/Ag contact _are also
visible, as well as dark contrast images. Inspection of the SAD pattern shown
in figure 18b and illustrated in figure 18c indicates three separate grains
YBCO, Ag, and Agp0 in the [100], [123], and [011] orientation respectively. From
figures 18d and 18c the orientation relationships between YBCO and Ag20O and
YBCOV and Ag are:

(100] yBCO // [011]Ag20 (100lyBCO // [123] Ag )
(001)yBCO // (100)Ag20 (00D)YBCO // (11DAg  3° rotated
The structure of YBCO near the Ag2O particle is clearly disturbed suggesting
that oxygen diffused out of YBCO upon annealing the interface. It can also be

noted in this micrograph that Ag in the [011] orientation has started to

nucleate in specific location Ag.
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IV.4 Laser ablated Ag on YBCO

In the previous sections it was reported that the surface of YBCO reacts
easily with the ambient atmosphere. This leads to structural degradation which
is detrimental for the superconducting properties of YBCO. The contact
resistivity would also deteriorates if the metal is not deposited on a clean
surface of YBCO and/or if the heat treatment leads to the formation of some
reaction products at the interface. To cope with this problem an attempt has
been made to deposit Ag before the surface of YBCO is exposed to the ambient
atmosphere. Hence the Ag film was laser-ablated immediately after the YBCO
film was grown. The deposition of both YBCO and Ag took place in the same
chamber. The results of this experiment are presented below.

Figures 19a, 16b, and 19¢ are a series of HREM images taken at different
regions of the YBCO/Ag contact following the procedure described above. Both
close packed planes (111)Ag and (001)y BCO are visible in the three
micrographs. .Thcre is, however, an intermediate layer of different
thicknesses along the interface which could not be identified, but which could
be an amorphous layer at the surface of YBCO that developed upon
deoxygenation of the chamber prior to Ag deposition. This ’is also supported by
the fact that the (111)Ag planes are randomly oriented with respect to the
interface. Figure 19b shows cross lattice fringes belonging to YBCO in the [110]
oriecntation as seen in figure 20b. Both (110) and (001) are clearly resolved
without any obscrvablie distortion or bending of those planes.

A rather interesting result is presented in figure 20a where Ag2Y is found
to nucleate along the surface of YBCO. In this figure steps of one to four atomic
layers are observed along the whole surface of YBCO illustrating once again its

irrcgularity. The location, number and size of these steps are quite random.
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The SAD pattern, in figdre 20b, taken from this region and indexed in figure
20c indicates that YBCO is in the [110] orientation while the extra spots are
found to belong to Ag2Y in the [110] orientation yielding the following:
~[110] yBCO / [110]Ag2Y (8)
" (00D)YBCO // (00DAgY
Tﬁcv Agvé.Y phase does not seem to be continuous along the surface of YBCO but
rather dist‘ri-b'uted as clusters:. Dark’ contrast: is- observed at the  steps of the
surface of YBCO in which lattice fringes run normal to the (001)YBCO planes.

Those lattice fringes belong to AgyY in full agreement with the SAD pattern in

figure 20b.

IV.S Treatment of the surface YBCO prio.r' to Ag deposition

Despite the attempts made to do ‘so’, obtaining. a direct contact between Ag
and. YBCO was very difficult td achieve. The surface of YBCO was found to be
rough and exhibited different. structure. and/or composition over large areas
compared to that observed in bulk f@lms. In order to enhance the properties of
the Ag/YBCO interface we tried to treat the surface of YBCO to make it flat and
structurally stable. In the first stage the ;urfacc was “cleaned* by ion milling
and in the second stage the surface was sputter-etched. Silver was
subsequently sputtered onto the surface following each stage and structurally

characterized.

IV.5.1 Deposited Ag on the ion milled surface of YBCO

Figure 21a and 21b show a typical YBCO/Ag interface, taken at low
magnification, and the corresponding SAD pattern respectively. The
micrograph illustrates the effect _of ion-milling on the surface of YBCO before

"~ the metal contact. is established.. Three* layers- of distinguishable contrast arc
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observed rep'resenting the glue, Ag, and YBCO respectively from the top to the
bottom of the micrograph. The sputtered Ag film extends along the whole
interface (about 40004) having a nearly constant thickness (about 12004).
Twins and other defects are clearly observed in Ag as well as a low angle grain
boundary between two Ag grains. The SAD pattern indexed in figure 21c shows
that both Ag grains are in the [011] zone axis while YBCO is in the [010] zone
axis. For clarity only one Ag grain is indexed in figure 21c. Both Ag grains
have their close-packed (111} planes stacked parallel to (001)yBCO planes,
although one of them is slightly rotated (about 2°2 around the [011] zone axis.
The orientation relationship between YBCO and Ag is:
- (111)Ag // (001)YBCO
(011]Aag // [010]YBCO

It can be noticed from the micrograph in figure 21a that an intermediate
layer of constant thickness, about 30A, extends along the whole interface
exhibiting a uniform contrast. Lattice fringes are seen in some regions of this
layer. Inspection of the SAD pattern shows a weak ring whose spacing, about
2.72A, does not belong to Ag. The measured spacing corresponds to either (013)
or- (103)yBsco spacing. This, however, cannot be verified in the micrograph at
this magnification.

Figure 22a is a lattice image of a region of the.-YBCO/Ag interface with its
corresponding SAD pattern in figure 22b. In figure 22c¢ the SAD pattern is
indexed and shows strong spots relative to a twinned Ag grain and the YBCO in
the [011] and [010] zone axcs, respectively, along with few extra spots. The
strong reflections are wused as an internal calibration to determine the
spacings of the weak spots. Those are found to match the (013) and (103)yBCO
spacings rclative to YBCO in the [331] zone axis. Lattice fringes, i.e. see arrow,

are visible in some regions of the intermediate layer and seem to originate in
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the YBCO and extend up to the Ag. Away from the interface both sets of {111}A
planes as well as (001) and (100)yBco planes are clearly resolved. Their
spacings in the bright field image are used as a calibration to measure the
spacing.‘,og the lattice fringes in the intermediate layer and agree- with the

£
result obtained from the SAD. pattern. The micrograph also shows that the

silver*,vg‘fain is. heavily twinned along- the interface. Stacking faults “and
bending>of (001) are also obseérved in the YBCO: film.

~ Examination of the interface at other regions shows that this intermediate
layer is always present at the YBCO/Ag contact and Ag is in different
o‘rientationé. Figures 23a and 23c¢ show two examples of such orientations and
their corresponding SAD patterns in figures 23b and 23d which are illustrated
in" figures. 23e and 23f. Silver is. in the [112] and [123] orientations, in figures
23a and 23b respectively, while YBCO is along the [010] zone axis. In both cases
the close packed planes of Ag are stacked. parallvel to the (001)yBco planes with
an- offset: angle of about 8° and. 15° in the first and second example
respcétively. In the two micrographs the lattice fringes of Ag and YBCO are
clearly resolved whereas the intermediate layer seems to be completely
disordered. The SAD patterns in figures 23b and 23d show only diffuse rings
around the incident beam in agreement with the bright field images. Some
defects are: also detected in the YBCO such as in figure 23b wherein the
(001)YBCO planes scem to be shifted against each other at two. locations, i.e the
arrows.

Although the process of ion milling seems to polish the surface of YBCO
some regions of the ifnerface are curved. The micrograph in figure 24a shows
that the YBCO surface contains steps over a large area. Once again, an
intermediate layer is observed which is crystalline in certain:- regions. Thg

lattice fringes” of both' randomly oriented silver- grains and YBCO are also
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.visible. The YBCO film seems to be free of defects except for an inclusion, i.e at
the arrow, and a linear defect in region (I). Three. different regions (I, II, and
III) along the interface are examined at higher magnification in figures 24b,
24c, and 24d respectively. In figure 24b the lattice fringes ‘in the upper part of
micrograph are the (002) planes belonging to a Ag grain and those in the
lower part are the (001)YBCO planes. Lattice fringes running across the
intermediate layer are also visible. The spacing of those fringes is about 2.75A
corresponding to the spacing of (103)YBCO or (013)YBCO, 2.72 A and 2.75A
-rcspectively. This implies that this intermediate layer is probably YBCO
oriented in the [331] zone axis. In figure 24c¢ the linear defect in YBCO
represents a shift. of the (001)YyBCO planes in the [001] direction. Along the
-interface, in all three micrographs, there is a noticeable change in the
contrast of Ag, the intermediate layer, and YBCO. While the resolution of
(001)YBCO degrades, that of the intermediate layer is enhanced from left to

right, figures 24b to 24d.

IV.5.2 Ag Deposited on ion-milled and sputter-etched YBCO

After ion-milling, the surface of YBCO was. sputter-etched to improve its
quality. Figures 25a and 25b show a typical YBCO/Ag interface at low
magnification and a SAD pattern taken near the interface. The four distinct
layers in figure 25a correspond to the glue, Ag, YBCO, and MgO respectively.
The indexed SAD pattern in figure 25c indicates that Ag and YBCO are in the
[012] and [010] oricntations respectively and the (OOZ)Ag and (001)ypcoQ arc
nearly parallel with an offset angle of about 5°. As in the case of ion-milled
YBCO, Ag is granular with a constant thickness (about 1500A). Twins, stacking
faults, and dislocation nctworks are also observed in the Ag layer. However,

the thickness of the intermediate layer is no longer constant everywhere. At
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higher magnification, figure 25d, the intermediate layer is thicker in the
center (about 60A) than it is at the left side of the micrograph (about 304).
This becomes even clearer in figure 26a where Ag is directly bonded to
YBCO, rlght hand side of the micrograph, whereas in the center Ag is bonded
to a damaged YBCO surface. The  SAD pattern in figures 26b and indexed in
figure 26¢c shows that Ag is in a [233] orientation and. exhibits no specific

orientation relationship with YBCO.

IV.6 Morphology of YBCO/Ag related to the surface of YBCO

The structure of the YBCO/Ag contact seems to be strongly related to the
morphology of the surface of YBCO. Figures 27a and 27b show YBCO/Ag
contacts established before and after the YBCO surface was treated. The-
corresponding SAD patterns are shown in figures 27c¢ and 27d along with their
illustrations in figures: 27¢ and 27f. In figure 27a the surface of Y-B‘CO is- clearly
rough and rippled along the whole: interface. At certain regions of the
interface the pverfcct structure of YBCO is maimaihed while at other regions,
i.e arrows, the order of the structure is disturbed or completely lost. In this
case, the Ag film which exhibits a granular morphology is is in the [123]
orientation and the close packed (111)Ag planes are not perfectly parallel to
(001)yBCO as indicated in figure 27e. However, beneath the ion-milled surface
of YBCO, figure 27b, the structure of YBCO"is maintained up to the interface. On
the other hand, the Ag layer contains a large twinned grain extending along-
the entire interface. The close packed (111)Ag planes in this casé are perfectly
parallel to (001)yBCO. However, a uniform layer is created at the surface of
YBCO wilercin lattice fringes are visible in certain parts of it. By measuring
the spacing of those fringes in the bright field image and indexing the extra

Spots -in the SAD pattern this layer is found. to. be  YBCO in the [331] oricntation.
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Another example illustrating the role of the surface of YBCO on the
structural properties of the YBCO/Ag interface is shown in figure 28a. The
mic.rograph shows two grains of YBCO having their (001) planes
perpendicular to each other where the surface of YBCO is irregular. The
deposited Ag in the [013] zone axis exhibits no orientation relationship with
YBCO, as .seen in figures 285 and 28c. The same Ag grain grows along the

interface on both YBCO grains.

IV.7 Results of sample preparation

The method used to prepare cross section specimens for TEM, described in §
III, has proven to be successful for the investigation of the YBCO/Ag interface.
In figure 29a a region of about 2.8 um is transparent to the electron beam. The
layers in the micrograph are MgO, YBCO, Ag, glue, Ag, YBCO, and MgO
respectively. The thickness of such a specimen is also adequate for HREM.
Figure 29b shows a region of the YBCO/Ag interface where the (001)yBCoO

planes are clearly resolved.
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V DISCUSSION

-Experimental work on the superconductor-metai interface is still in its
infancy, in. particular studies of its detailed microstructure. Many experiments
have been_{v-‘;l;{érforrncd on forming metal contacts to the new class of high T,
-su.pcrconc.iﬁ!-i":’.tto‘r-,s because such  a. process is: extremely important from a
scientific' as” well. as] from. a- technical- point of view: The  results described in
this research represent. lthe- first systematic studies, concerning the. structure.
and the mechanism of metallic contact formation to the superconducting

ceramic oxides.

V.1 Morphology of the YBCO/Ag interface

Rcsulls of this Ag/YBCO contacts rcveall that Ag frequently bonds to YBCO
without - the formation of any intermediate l'ay'ér. or precipitates at the
“interface. vDirect contact of Ag to YBCO is observed at least in certain- regions of
the- interface, i:e. in- figure 1la; where- Ag extends over large- areas. of’ the
interface without any observable reaction products. This result is not
surprising since previous work on metal-superconductor contacts [90]
indicates that silver yields a better ohmic contact with YBCO than other meta'ls..
The electrical rcsulis suggest that Ag bonds to the YBCO through direct
chemical bonds and reaction products at the- interface are few if they exist at
all. It is worth mentioning- that the Ag/YBCO interface is. fairiy adhesfve and
completely free of- any voids or cracks even when subjected to differemv
temperatures. These temperatures are liquid nitrogen temperature used
during ion-milling and the annealing temperature of 500°C. This suggests that
Ag and YBCO have similar thermal expansion coefficients. ‘Thc Ag/YBCO

contact is compared- to. the Au/YBCO contact in figure 30. The Au contains many
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cracks at the interface and there are regions where Au is not bonded to YBCO.
Direct contact, however is not observed everywhere at the Ag/YBCO interface.
Regions exhibiting different symmetry than that bbserved in the YBCO film
are sometimes encountered. However, those are believed to be related to the
roughness of the surface of YBCO rather than to reactions at the interface. The
surface of YBCO is well known to react readily with the ambient atmosphere.
Such reactions usually lead to decomposition and/or amorphotization of the
surface of YBCO.

Usually it is assumed that when surfaces of a metal and a ceramic are in
close contact, the bonding occurs spontaneously [104]. In establishing
contacts, the formation of an intimate or true interface 1is the first
requirement, especially when the preservation of the bonded compounds are
of great importance. This could be achieved whether by van der Waals
attractive forces or by an electronic structure across the interface. i.e.
chemical bond [8]. The‘driving force for the formation of an interface is the
reduction in the free energy which the.system releases as soon as the contact
is established. Ceramic/metals interfaces are generally not compatible because
redox reactions may occur at the interface involving an oxidation of the metal
and a reduction of a cation in the ceramic [105-109]. In the case of an oxide
phase, the oxygen released by the reduction of the cation forms an oxide with
the metal. Saturation of the interface with the oxide and subsequent formation
of a molecular layer oxide results in equilibrium and chemical bonding at the
interfaces since the oxide layer is compatible with both its metal and the
ceramic.

In the case of Ag/YBCO contacts it is believed that . Ag bonds directly to
YBCO without any formation of an intermediate oxide layer. If a reaction layer

was to cxist, one should be able to resolve it by electron diffraction studies.
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However, the SAD patterns taken at the Ag]YBCO interface do not reveal any
majof spots beside those of Ag and YBCO. It may well be that oxygen or other
species diffuse from the superconductor and form other compounds with Ag.
But' this (as we will see later) is believed to occur only in certain region and
un.der special"‘:éi"r'éumstances are available. On the other hand, the occurrence
of preferred. orientation” relationships- between Ag and YBCO (as will be
discussed : later). implies that Ag is.direc‘tly'bc‘)nded, to the. YBCO.

The silver coating exhibits a granular morphology when deposited on thé
as grown YBCO, i.e. the surface of YBCO is not treated prior to Ag deposition.
The morphology of Ag is beliéved to be directly related to the roughness of the
YBCO surface and large grains' of Ag‘ are often observed whén the YBCO surface
gets smoother. Compvarison of the morphology of the deposited Ag in figures 9a
and 10a supports this conclusion. Where the surface of YBCO appears flat over
large' areas, figure 9a, the. deposited silver contains large grains. However, Ag
exhibits relatively smaller grains where  the: YBCO surface is rough, figure 10a:
Ag is also heavily twinned along the Ag/YBCO interface. This twinning usually
occurs ncar a surface ledge, as. in figure 9a, and/or when the interface is
curved. Twinning is exhibited by t.he Ag grains when the close-packed planes
(lll)Ag and (001)yBCOQ are no longer exactly parallel near a ledge or as the

curvature of “the surface of YBCO. is not atomically smooth.

V.2. Epitaxy at the interface

Epitaxial compatibility would be expected to play a major role in the
process of energy minimization at the intérface and should be discussed in as
much detail as possible. The orientation relationships between Ag and YBCO
must be interpreted based on crystallographic considerations. It has been

shown by clectron diffraction that the' deposited Ag. tends to adopt a specific
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orientation relationship with YBCO over large areas in which the close-packed
{111} planes of Ag are_always parallel to (001) planes of YBCO. This is not
surprising, since locking in of close-packed planes at the interface is
suggested [110] to be the principle by which nature constructs favored
interfaces between dissimilar solids, rather than a high coincidence density.
This is mainly encountered in the case of large lattice misfit which applies to
the Ag/YBCO interface.

Angular offsets of a few degrees (1° to 9°) between (111)og and (001)yBCO
planes are frequently‘ observed. The largest offsets are usually observed in
roﬁgh surfaces of the YBCO. The (111)pg planes are mostly oriented such that
the <110> directions of Ag are parallel to the [100] or [010] directions of YBCO.
However, those close-packed directions are not exactly parallel and ‘angular
misorientations on the order of 3° are often observed. Previous studies show
that small but definite angular offsets can occur between. closgd-packed
directions or planes in metal/ ceramic interfaces. In Nb/AlpO3 interface [111],
for instance, it has been found that the close-packed (0001) planes of Al;03
and (011) of Nb are tilted with respect to each other by 3° and this tilt occurs
both in specimens grown by epitaxy ahd in diffusion bonded ones which were
initially adjusted with their close-packed planes in parallel. In diffusion-
bonded sandwiches of polycrystalline Cu and Pt foils between identically
oriented sapphire crystals, the metal grains developed a preferential
orientation with the (111) planes of the metal parallel to the (0001) planes of
the sapphire, but with the metal crystals rotated in their own (111) plane by
diffecrent angles for the two metals [112]. It is not understood why this should
occur but it scems that this orientation is of especially low interface energy.

The ecxact misorientation cannot be directly determined from the SAD

patterns since no Kikuchi lines arc present. To get a rough estimate of this
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deviation, simulated diffraction patterns of Ag and YBCO in the [011] and [010]
orientations wefe compared - to the experimental SAD patterns obtained at the
Ag/YB-CO:“_fip;erface. The best match, as shown in figure 31, was obtained when
Ag is tllted “about 3° around the [111] zone axis. If the offset angle is larger
than 5°, as in figure 3le, th_c high order reflections, such as (422), are
- invisible.. However,. this is not the case in the- SAD at the interface, : and hence
the offset angle is definitely less than 5°. Such a deviation is also observed in
other crystallographic orientations wherein the <123> or <112> directions are
parallel to the [100]or [010] zone axis of YBCO. The (111) streographic
projection in figure 32 shows that [112], [123], and [110] poles belong to the
same zone axis, i.e. [111]. The angles between the [110] and [112], and [110] and
[123]. directions are- 30° and 19.11° respectively. Hence transformation of ény
orientation to another could be accomplished just through a rotation around
the [111] zone axis. However, it is believed that the most favorable orientation
relationships; such as [100]ch'o (or [010]yBCO), are parallel to either [110]ag or
[123]Ag-

In all Ag/YBCO interfaces studied the c-axis of YBCO is normal to the
interface, however, the preferred limiting plane is not clearly defined. For
(001)yBCO., four types of planes (denoted I, II, III and IV) can be distinguished
in terms. of their atomic arrangements, which are: shown  in figure- 33. In the
case of an Ag grain growing on an (001)-oriented YBCO substrate, growth
could begin on any type of ‘the (001)ygcQ. An attempt has been made to find the
best orientation, in terms of lattice coincidence sites, which Ag would be
cxpected to adopt. The (111) plane of the silver and the most densely packed
layer of the (001) plane of YBCO, type (III), are superposed and rotated with
respect to cach other.

In figures 34a-34d the [100]ygco direction is parallel to the [110]a g
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direction while in figure 34e the [100}ypcoQ is parallel to the [123]aog. In order to
make the recognition of any possible coincidence lattice easier, a Ag atom is
placed on top of an O atom at the center in one case, figure 34 a, while in
figure 34b a Ag atom is placed on a Cu atom. Consequently, in the direction of
[110]Jag or [100]yBCO, as the lattice parameters of (110)pg .and (200)yBco are
2.8894A and 1.9116A, respectively, the second Ag atom in the [110]aog direction
coincides almost exactlly with the third atom in [100]lyBc(Q direction to within
less than 0.8%. The second atom in the [110]pog is at a distance of 5.7787}; from
the origin and the third atom in [100]yBc(Q is placed 5.7346A from the origin.
This atom could be a Cu or O atom depending on whether the center is placed at
an O or Cu site in the (001)yBco plane, respectively. In the [112]4¢ or [010]yBCO
direction, normal to the [110]Ag, the second Ag atom almost coincides with the
fifth atom in the [010]lyBco direction. The second Ag atom in the [112]ag is ai a
distance of 10.0091A from the origin and the fifth YBCO atom in the [010]yBCO
direction is at a distance of 9.7155A within an error of about 3%. When a
(001)yBco plane of type (I) is superposed on a (111)pg plane, figure 34c, the
fourth Ag atom in the [110]ag direction, distant 11.5575A from the origin,
coincides with the third YBCO atom in the [100)]yBc o direction placed at
11.4693A to within an error of less than 0.8%. In the [010]yBco direction,
however, the same matching positions are maintained as in the case of type
(II) layer. Finally when the (001)ygco of type (II) or (IV), figure 34d, is
superposed on a (111)ag plane, the matching positions in the [112]pog or
[010]yBCco is decreased by a factor of two. Notice that the type (II) and (IV)
layers (Y and BaO) exhibit the samec symmetry except that in a type (II) layer
there is an extra oxygen sublattice shifted 2.7257A along the [110]yB CO
dircction. Hence, the matching positions in any type of the (001)yBCco plane

are the same but their density decreases as the atomic density (001)y BCO
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decreases. Consequently, Ag is believed to grow epitaxially from the YBCO
surface and the orientation relationship discussed above is not believed to be
a_c:cide"_r;‘li:ut;al. 7

In the case where (111)ag and (001)yBco are superposed and the [123]a g
and ['IOO]YB-‘C() directions are parallel, figure 34e, the first Ag atom in the
'[123]Ag direction, 7.6446A distant from the center, coincides exactly with thé
second. Cu (or O) atom, distant 7.6462A from. the center. In this case, however,
coincidence sites in the other directions are not well defined and at least three
possible coincidence site lattices (CSL) could be identified. Their cells are
shown in figure 34e. The density of the matching positions again decreases as
the atomic density decreases in the different (001)ygco layers.

The (011) Ag:Ag:- distance. (2.8894A) and the (011) O-O (2.7257A) distance, in
the (001)yBco. plane differ so little: that parallelism of the [100] or [010lyBCO
and. '[IIO]A.:g would be anticipated. whenever the surface :)f YBCO terminates
with_ a. type (III) layer. Such. a. coincidence lattice: configuration has a lattice

mismatch ratio of 9:10 indicating an almost perfect match. However, such an

orientation relationship was never encounter.

V.3. Structure of the Ag/YBCO interface

The . results obtained by HREM indicate that the interface planes possess
high- atomic density and are- usually. the close-packed planes of the Ag and
YBCO lattices, (111) and (001) respectively. It is very difficult to draw a
criterion for low energy boundaries in Ag/YBCO, but it appears that
parallelism of close-packed directions across the interface is importém. It has
been demonstrated [113] that low energy configurations between noble metals
and ionic crystals zire established when there is parallelism of low index

planes- and close-packed directions across the interface: There are two
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components relevant to the discussion of the structure and bonding of the
Ag/YBCO' interface. First, there is the issue of surface structure of the YBCO in
the sense of topography, whether intimate contact is established or not, and in
the sense of the precise surface crystallography and atomic relaxations at the
surface. Secondly, there is the issue of chemistry, whether chemical bonds
- form between Ag and YBCO, and what species in YBCO bond to Ag.

Direct contact of Ag to YBCO is evident at least in certain p-arts of the
Ag/YBCO interface, i.e. figures 1la and 12a. In such parts there is a distinct
boundary between Ag and YBCO in which the interface is perfectly flat over
large areas and the (111)Ag planes are locked-in to (001)ypco planes. This
crystallographic configuration is maintained despite the presence of planar
steps and ledges along the surface of YBCO. The presence of those
irregularities at the surface of YBCO leads to deviation of the boundary of ‘the
interface from the exact (111)ag or (001)yBco planes and sometimes to
twinni'ng of the Ag grains. Along the faces of the ledges the image contrast of
the Ag structure changes quite drastically even for the same thickness and the
same dcfocus. Such change in contrast is most probably produced by the strain
observed along the interface. This may point to the importance of the lock-in
structure at the Ag/YBCO interface instead of gaining stability from the
relatively weak epitaxial compatibility. It is quite possible that offset angles
observed in certain parts of the Ag/YBCO interface develop to accommodate the
misorientation of the planes of the two lattices when the surface of YBCO is not
perfectly flat. Nevertheless, the joining (111) planes of silver are not bent
over these steps. The misorientation of the metal against the superconducting
oxide may be accommodated by dislocations in the metal, allowing its close-
packed planes to be ecxactly parallel to that of the YBCO. Study of the interface

of gold islands on (001) oriented MgO shows that the lattice misfit is taken up
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by iﬁterface dislocations whose spacing is in agreement with calculations
base%ron minimization of elastic strain in the whole island. Although such a
stmc;ufal configuration could not be confirmed in the present study, it could
be "*z'la"[;ﬁl'i’cablc for the Ag/YBCO interface.

The structure of YBCO is: mostly preserved up to. the Ag contact with few
exceptions’ in which a line defect is seen.- This defect is thought to be related to
the YBCO. growth rather than' to be- a result of the Ag:deposition. Such  defects as
well as others which propagate ‘through the surface of YBCO are often
observed mainly at regions close to the MgO substrate. It is also noticed that the
defect density is independent of whether or not a direct contact between Ag
and YBCO is observed. The extra spots in the electron diffraction patterns in
some  areas of the Ag/YBCO. interface indicate that. there are changes in. the
local crystallographic orientation of the surface of YBCO near the interface.
The. spacing_relative: to those spots match exactly those. of the: (013) and (103) of
YBCO. Whether this: change in: the crystallographic: orientation occurs during
or prior to the the Ag deposition is not known. The fact that the same
orientation is preserved up to Ag contact at certain regions of the interface
svugge.sts that contamination of the surface prior to the Ag debosition is the
cause of the change of the YBCO crystallographic orientation near the
Ag/YBCO interface.

Ion-milling occurs with different erosion for the metal and the
superconducting oxide: and thercfore- thin sections. suitable for atomic
resolution at the interface have been very difficult to obtain. The difference
in the thinning ratc also makes computer simulation studies at the interface
almost impossible since Ag and YBCO exhibit different thicknesses near the
interface. Hence it is very hard to draw any conclusion about the nature of the

chemical bonding  between Ag-and YBCO.
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V4 Stability of the interface

Once the Ag/YBCO is structurally characterized it is essential to investigate
its stability. For practical applications, such as establishing ohmic contacts,
the driving force for the formation and stability of an interface must be
increased. This could be achieved by an incfease in temperature or change of
the atmosphere during or after bonding. In the case where the driving force
is a thermodynamical potential of the components (;)r elements) the formation
of the interface is characterized by charge transport across the interface and
may also involve mass transport and diffusion. Because the Ag is sputtered on
YBCO, defects are expected to exist both in the YBCO and the Ag near the
interface. Annealing, hence, can lead to defect motions near the interface. The
defect motion does not need to mean atomic or ionic motion through the
interface but simply rearrangement of atoms or transfer of electrons from
one defect to another. In this section the structure, morphology and reaction
products at the interface are discussed based on HREM results obtained from

the annealed Ag/YBCO interface.

V.4.1 Morphology and structure of the annealed Ag/YBCO interface

There are three components relevant to the discussion of the stability of
the Ag/YBCO interface: structure of YBCO, structure of Ag, and possible
reaction at the interface. The YBCO structure is found to be intact when heat-
treated in an oxygen atmosphere at 500°C for two hours. There are no defects
added to the structure of YBCO besides those already observed before
annealing. The perfect structure of YBCO can be easily recognized in YBCO and
is oftén maintained "up to the interface. The temperature, however, does not

scem to enhance the quality of the surface of YBCO which appears to maintain
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its roughness, i.e. figure .13Va. Regibns near the interface where the structure
of YBCO is disturbed after annealing, i.e. figure 15a, are sometimes observed. It
is not cle_a;: whether the change in the YBCO structure near the interface is
activate_d by the temperature or occurs before the heat-treatment.

Theré is evidence of grain growth of the deposited Ag upon heat-
trcatment. The micrbgraph in figure 13a, for example, shows a single twinned
grain extendings along the- whole interface. Such a large grain size: was. not
observed prior to the heat-treatment of the interface. The bright épeckles,
about 20A across, observed in the micrograph are most probably defects
generated during the preparation of the specimen, by ion beam bombardment,
or generated during‘ imaging.

The~ Moire fringes observed at certain region of- the intcrfac‘e- indicate, a
good epitaxy between Ag and YBCO. This is also confirmed in_‘ the SAD pattern
taken- at the interface where the (_lvl..l)Ag and (001)ygco planes are exactly
parallel. However, similar to what is found. before. annealing, the (111)4 g-
plane seems to be slightly rotated around the normal to the interface, i.e.
(010lymcCO of [(011]aog. In figure 18a Ag develops facets parallel to the (001)yBco
ﬁlancs rélaining a 3° tilt of the two lattices. Since this offset angle occurs after
annealing the interface this crystallographic configuration might be one of
especially low interface, energy and indicates good adhesion between Ag and
YBCQCO.

It becomes morc evident upon inspection . of more- highly enlarged
portions such as in figures 13d and 14a, that there is an enhancement of the
quality of the Ag/YBCO interface wherever the the perfect structure of YBCO is
maiméincd at its surface. At regions where Ag is bonded to YBCO there is a
clear boundary at the interface. Changes in the contrast along the interface

often obscrved before anncaling are no longer visible. It is obvious that not
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every atom in YBCO is coincident with one in Ag a circumstance which must
result in elastic strain at the interface. Possiblelrelaxation events may involve
shuffling of non-coincident (111)pog planes along the interface. It seems that
relaxation to relieve lattice mismatch between the two lattices does occur along -
the interface since dislocations with a defined pefiodicity are clearly seen
along the flat facets. The temperature seems to increase the mobility of the
atomic species. and also the mobility of the dislocations in the deposited Ag.
Based upon these findings it is believed that the improvement of contact
resistivity achieved by heat-treatment [90] of the Ag/YBCO interface is related
to the enhancement of the structure of the interface, namely grain growth of
the deposited Ag and atomic fearrangemcnt near the interface. Increasing the
grain size of Ag decreases the grain boundary area resulting in better
conductivity in Ag as well as higher electron injection through the interface

when the defect conéemration 1s lowered.

V.4.2 Chemical stability of the Ag/YBCO interface

It ié extremely important to notice that bonding between Ag and YBCO
occurs without an intermediate reaction layer. In all the HREM results
obtained at th;: Ag/YBCO interface, Ag is directly bonded to YBCO. This is
mainly observed where the structure of the surface of YBCO is perfectly
ordered. Where the surface of YBCO is disordered and/or rough, however, it is
found that AgpY and Agr0 compoﬁnds grow at or near the Ag/YBCO interface.
These phases are strictly present at certain regions of the interface and do not
form continuous layers along the Ag/YBCO interface. Hence the growth of
these compounds at the interface is thought to be strongly related to the poor
quality of the surface of YBCO. It is not clear how the formation of these

compounds occurs but since they form after the interface has been annealed it
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is believed that these compounds form by diffusion of Y and O into Ag.

The roqghness of the surface of YBCO does not seem to be the only reason
for the growtfl of those phases since no such phases are observed near the
curved inte;;fa;:e in figure 13a. However, the steps and ledges as well as
regions of disordered structure at the interface may act as nucleation sites for
the reaction products. When an epitaxial relationship is involved low energy
interfaces™ exist if" the- boundary between the two lattices is ordered. Hence
when a disordered region is present near the Ag/YBCO interface the
temperature may provide the activation needed for a transition of the
energetically anisotro;;ic boundary structure to an isotropic one. Both AgyY
and Agz0O are found to exhibit specific orientation relationships with Ag and
YBCO in which the close-packed planes are parallel.. Such a. transformation
could occur via the rearrangement of atoms/molecules or interdiffusion of
certain species through the. interface.

Closer examination of the structure of YBCO around the - interface reveals
ihat the (001)ygco are often bent where AgyY or AgrO are present, i.e. figure
18a. On the other hand, the strict periodicity of the (001)ysco planes is
completely lost where these phases form as in figures 16f, 16g, and 17a. These
observations strongly suggest that yttrium and oxygen diffuse out from YBCO
during the heat-treatment of the Ag/YBCO interface. Upon cooling the Ag is
supcrsaturated with® Y or O and precipitation of AgpY and AgpO occurs. The:
phasc diagram of Ag-Y in figure 35 shows that AgzY is an intermetallic
compound which forms between 960°C and room temperatures. The Ag-O phase
diagram, on the other hand shows that AgpO forms at low temperatures, 190°C
and room temperature. The mechanism of formation of Ang and Agr0,
although thermodynamically acceptable is not yet well understood.

Particularly, it is uncertain whether the oxygen. present during annealing: is
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responsible for AgpO formation or whether it occurs by diffusion of O from
YBCO.

It is not understood why diffusion is limited to Y and O and does not involve
other species such as Ba. Barium may also diffuse from YBCO but if this
happens it is believed to be in much less quantity than Y or O. The linear
defects often observed in YBCO near the interface may act as channels for Y
and O diffusion. It is also found that AgyY, i.e. in figure 20a, forms along the
steps of the surface of YBCO. This suggests that the diffusion path of Y is likely
parallel to (001)yRco planes. A conclusive explanation of such an observation
is hard to reach at this early stage of study. However, it is thought that the
relatively smaller atomic sizes of Y and O, compared to that of Ba, might be one
of the reasons why diffusion is restricted to Y and O only. For more
quantitative understanding of stability and hence better control of the
Ag/YBCO interface the activity of all species of YBCO must be itheoretically

determined as well as their interdiffusion profiles.

V.5. Treatment of the YBCO surface before Ag deposition

One would assume that the quality of the surface of YBCO should have a
strong influence on the contact resistivity of Ag/YBCO interface. In the mean
time the structurc of YBCO must not be altered especially at its surface. First,
we have the possibility of reducing the contamination of the surface of YBCO
by depositing Ag in the same chamber where YBCO has been grown. For
unknown reasons, the result of such an experiment was deéciving since
improvement of the YBCO surface was not accomplished, i.e. figure 19. It is
believed that the time required to bring the temperature of the grown YBCO
down to room temperature and to evacuate the chamber for Ag deposition is

enough to cause the surface of YBCO to be contaminated. Furthermore, failure
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to reach room temperature might result in interaction of the outdiffusing
yttrium with the deposited Ag. This is likely to occur where the surface of YBCO
exhibits steps or ledges such as in figure 20a.

Secondly, one might try ion radiation to “clean” the surface of YBCO and
hence improve the. quality of the Ag/YBCO interface. The process of ion-
bombardement proves. to- te appropriate. for obtaining flat surfaces such as in
figure- 21a. Such a smooth surface- of YBCO leads to the growth. of ‘large Ag
grains. However, the .improvement of the morphology of the surface results in
damaging a layer of the YBCO surface. This damage is not well defined and
varies Afroml partial disorder to complete loss of crystallinity of the YBCO
structure. ~Nevertheless, at - certain’ region of the Ag/YBCO interface,
orientation relationships: between YBCO and Ag  are observed, similar to the
one found prior io the ion-milling process. These orientation relationships
suggest that. crystallinity of® YBCO is preserved at: cerftain regions of. the surface
of YBCO. Preferential etching near the interface. may- occur leading to a.
shadow effect which rcsulté "in a contrast seam along the interface. However,v
for the Ag/YBCO interface since this kind of layer is not observed when the
surface of YBCO is rot treated. Away from the interface the structure of YBCO is
maintained and there no evidence of new defects generated by the process of
ion-bombardment. So in order to obtain. a- more thorough cleaning of the
surface. of YBCO the  ion-bombardment parameters such as the ion accelerating
voltage and the impinging angle must be carefully studied.

Ih_u'_(uy_ the surface of YBCO is sputter-ctched after it is ion-milled. The
purpose of such a process is to remove the undesirable surface defects
resulting from ion-bombardment. However, this process is not found to
enhance the structure of YBCO near the Ag/YBCO interface. The results

obtained so  far suggest that sputter-etching is likely to result in further
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damage of the YBCO surface and may cause other defects such as near-surface

charged defects to occur.
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VI CONCLUSIONS

The structural properties of the Ag/YBCO interface were investigated by
HREM to determine its morphology and structure as well as the orientation
relationships’ ":l;‘etween Ag and the high T; superconductor YBCO. The major

conclusions ‘drawn - from- this- investigation . are summarized as follow:

1. The as-deposited Ag film exhibited a granular morphology in which the

Ag grains are often twinned along the (111) plane.

2. The morphology of Ag was strongly related to that of the surface of the
YBCO substrate which was rough and different in structure from the

underlying. YBCO film.

3. The Ag: contact- to YBCO occurred without formation of any intermediate-
phase layer or partic_ies at the interface. Furthermore it was found by electron
diffraction that the close-packed (111)pg were always parallel to the (001)ypco
planes and the [011]pg or [123]pg directions were parallel to the [100]ypco or

(010}yBCo directions.

4. Annealing of the Ag/YBCO interface resulted in an outdiffusion of yttrium
and. oxygen: mainly at regions where: the surface of- YBCO was rough. This
diffusion, however did not result in the formation of continuous layers at the
Ag/YBCO interface but only to growth of AgpY and AgpO particles. This implies
that the stability of the Ag/YBCO depends on the quality of the surface of YBCO,

especially its structure. On the other hand, the heat-tretment of the interface
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resulted in grain growth and a decrease in the density of the structural defects

of the deposited Ag.

5. Treatment of the surface of YBCO by ion-bombardment yielded flat
surfaces but damaged a layer of about 30A. However, the sam.e orientation
relationships between Ag and YBCO were observed after such a cleaning
process and probably implies that the destruction of the structure at the
surface is only partial. Such a cleaning process, however, improved the
quality of the deposited Ag since the Ag grains were larger and contained

lower defect concentration.

6. Further treatment of the surface of YBCO by sputter-etching did not result

in any enhancement of the quality of the surface.

7. Deposition of Ag in the same chamber where YBCO was grown minimizcd
the contamination of the surface of YBCO but did not improve the structure of
the Ag/YBCO interface. The roughness of the surface of YBCO did not decrease
and the quality of the Ag deposited by laser ablation was worse than that

deposited by sputtering.

8. The improvement of the morphology and structure of the Ag/YBCO
interface and hence the contact resistivity of Ag to YBCO, requires a flat and
perfect surface with perfect YBCO prior to metal deposition. Thus finding a
method to treat the surface of YBCO is the clue to establishing good ohmic

contacts to the YBCO superconductor.
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9. The results obtained by HREM are incomplete without more  quantitative
information which requires more detailed studies of the relations between
internal structure and surface energy of the materials involved. Furthermore,
other characterization methods, such as chemical investigation of the
-metal/superconductor are required for fully understanding the properties and
stability of such interfaces. Finally structural studies must be correlated to the

[

electrical properties for technological applications.
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FIGURE CAPTIONS

Figure 1: (a) Yttrium copper oxide (YBCO) orthorhombic unit cell. (b)
Layering scheme of the YBCO superconductor structure. The layers are
perpendicular to the c¢ axis. The extent of puckering of the median CuzO layers
is indicated {114]. XBL 905-1615

Figure 2: Coaxial pair of niobium-clad copper tubes developed at the Central
of Electricity Research Laboratories, England. Outer diameters are 63.5 and 100
mm. Inset: etched cross section showing one of the 50 um niobium surface on
top of the copper [115]. ZBB 905-3701

Figure 3: Niobium flexible ac coaxial cable developed at Siemens, Erlangen,
West Germany [116]. ZBB 905-3701

Figure 4: A schematic illustration showing the different steps followed
during the cutting stage of TEM cross sectional samples. XBL 904-1316

Figure §5: Shows that -when the specimen is inserted in the ion-mill chamber
it is oriented such that the ion-beam (arrows) is perpendicular to the
interface. XBL 904-1316

Figure 6: Curve of resistivity versus temperature for the YBCO
superconducting thin film. XBL 904-1317 _
Figure 7: (a) High resolution TEM micrograph of the interface between (001)
oriented MgO and YBCO film in the [010] zone axis. Stacking faults can be seen
at mark (i) and bending of the (001)yBco planes are visible at mark (ii). At
mark (iii) a region of different symmetry is also visible. (b) SAD pattern of the
YBCO/MgO interface. (c¢) Indexed SAD pattern. XBB 903-2437

Figure 8: (a) Lattice image of two YBCO grains (I) and (II) oriented such that
(001)yBco planes are respectively parallel and normal to the interface and

perpendicular to each other. The (001)ygpco!! planes are heavily bent along the
grain boundary. (b) The micrograph shows two adjacent grains of YBCO in the
[100] oricntation and illustrate again the polycrystallinity of the grown YBCO
film. While the c-axes in both grains are, normal to the incident beam, they
form a 44° angle. (¢) SAD pattern for (a) and illustrated in (d). XBB 903-2418

Figure 9: (a) A low magnification electron micrograph of a typical contact
between silver and the high critical temperature superconductor YBaCu3O7.
Although the Ag film appears to be heavily twinned along the whole
interface, no visible intermediate layer could be seen. (b) SAD pattern taken
near the Ag/YBCO interface. (c) The indexed SAD pattern showing Ag and YBCO
in the [011] and [100] zone axes respectively. (d) HREM micrograph of the
Ag/YBCO interface. Both two sets of {111}Ag as well as (001)yBCcoO planes are
resolved. XBB 903-2436 .

Figure 10: (a) Shows another interface and illustrates the roughness of the
surface of YBCO. In this micrograph YBCO has uniform structure up to the the
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interface, despite the roughness of its surface, and the Ag film appears to have
granular morphology. (b) SAD pattern of the corresponding interface. (c) the
indexed SAD pattern indicate- a 9° offset angle between the close packed planes
(lll)Ag and (001)ysco and shows that Ag and YBCO are in the [123] and [100]
zone axes respectively. XBB 903-2435

Figure 11: (a) shows a lattice fringe image of an Ag/YBCO interface with a
sharp boundary extending over large areas without any intermediate layer.

The micrograph illustrates parallelism of the close-packed planes (111)Ag and
- (001)yBCco with an offset angle of about 1.5°. (b) The corresponding SAD
pattern:. (c) the indexed SAD pattern. XBB 903-2434

Figur 12: (a) Another orientation of the Ag/YBCO interface. Here again the
close - packed (111)Ag planes are stacked parallel to the (001)ypco planes with
no offset angle. (b) Corresponding SAD pattern indexed in (¢). XBB 903-2433

Figure 13: (a) A lattice image of a typical region of an annealed Ag/YBCO
interface for two hours at 500°C in an oxygen atmosphere. The interface is
well defined without any extended transition region between the two Ag and
YBCO. The YBCO grain is in a [100] orientation while the Ag region consists of a
[011] oriented grain and its twin along the (111) plane. (b) The inset box I
shown at higher magnification. (¢c) shows the specimen after tilting around
[010]yBCcO, which  brings the interface closer to an edge-on orientation. (d)
shows the other inset box (II) at higher magnification. (¢) and (f) SAD pattern
and its illustration. XBB 903-2441 and XBB 903-2431

Figure 14: (a) A lattice image of another region of the annealed Ag/YBCO
interface. (b) SAD pattern taken necar the interface. The Ag/YBCO contact
‘"exhibits a sharp interface along the whole micrograph with occasional unit
steps due to local growth perturbations of the YBCO film. (c) Indexed SAD
pattern. XBB 903-2432 ' .

Figure 15: A HREM image of the annealed Ag/YBCO interface in which the
(111)Ag is rotated 4° with respect to the (001)ysco. Notice that YBCO and Ag
overlap near the interface i.e. at the arrow and in the inset box. (b) The inset
box at higher magnification showing a sharp and atomically smooth
boundary. (c) Corresponding SAD pattern showing three grains of Ag in the
[011] orientation and YBCO in the [100] orientation. (d) One Ag grain and YBCO
are indexcd. XBB 903-2430

Figure- 16: (a) A HREM micrograph showing a [123] oriented grain of Ag in
contact to YBCO in the [100] orientation and two regions (I) and (II) where
Ag2Y form. (b) SAD pattern taken at region (II). (c¢) Indexed SAD pattern. (d)
illustrates the- orientation relationship between YBCO and AgyY. (e) Illustrates
the orientation relationship between YBCO and Ag. (f) and (g) are the inset
boxes (I) and (II) at higher magnification. Lattice distortions at the contact are
limited to a very narrow region, preferentially, in YBCO. Notice the sharp and
atomically smooth interface between the AgaY and Ag at the arrow mark. XBB
903-2429 and XBB 903-2428

Figure 17: (a) Another example showing that AgsY forms along the curve
interface. (b) The SAD. pattern taken at the. interface and indexed in (c). (d)
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and (e) illustrate the orientation relationships between Ag2Y and YBCO and Ag
‘and YBCO respectively. XBB 903-2427

Figure 18: (a) Shows the nucleation of an AgpO particle at the Ag/YBCO
interface. Facets along the YBCO/Ag contact are also visible. (b) The
corresponding SAD pattern and (c¢) its illustration. (d) and (e) illustrate the
orientation relationships between AgpO and YBCO and Ag and YBCO
respectively. XBB 903-2426

Figure 19: (a), (b), and (c) are a series of HREM images taken at different
regions of the Ag/YBCO in which was laser ablated in the same chamber where
YBCO was grown. Notice that in both micrographs the (111)Ag planes are
randomly oriented with respect to the interface and a layer of disordered YBCO,
of different thicknesses, extends along the interface. XBB 903-2440

Figure 20: (a) A lattice image showing steps of one to four atomic layers
along the whole surface of YBCO illustrating its irregularity and where AgyY
is found to nucleate along the surface of YBCO. Notice that the AgzY phase does
not seem to be continuous along the surface of YBCO but rather distributed as
clusters. (b) The corresponding SAD pattern and (c) its illustration. XBB 903-
2424

Figure 21: (a) Show a low magnification TEM image of the Ag/YBCO where the
the surface of YBCO was ion-milled before the deposition of Ag. Notice. the
nearly flat boundary and the bright seam along the interface. (b) The
corresponding SAD pattern. (c) the indexed SAD pattern. XBB 903-2423

Figure 22: (a) A lattice image of an Ag/YBCO interface after treatment of the
YBCO surface. Lattice fringes, i.e. the arrow mark, are visible in some regions
of the intermediate layer and seem to originate in the YBCO and extend up to
the Ag. The micrograph also shows that the silver grain is heavily twinned
along the interface. Stacking faults and bending of (001) are also observed in
the YBCO film.(b) The corresponding SAD pattern and (c) its illustration. XBB
903-2422

Figure 23: (a) and (c) show two other regions of the Ag/YBCO interface in
which the intermediate layer is always present and where at the Ag is in the
[112] and [123] orientations. In both cases the close packed planes of Ag are
stacked parallel to the (001)ygco planes with an offset angle of about 8° and
15° in the first and second example respectively. (b) and (d) are the SAD
patterns for (a) and (c) which are illustrated in (e¢) and (f). XBB 903-2421

Figure 24: (a) Shows a region in which the YBCO surface is still rough and
contains steps after it was ion-milled. (b), (¢), and (d) Three different regions
(I, M, and III) along the interface examined at higher magnification. Lattice
fringes running across the intermediate layer are visible. Along the
interface, in both three micrographs, there is a noticeable change in the
contrast in both Ag, the intermediate layer, and YBCO while Ag grains exhibit
different orientation with respect to interface. XBB 903-2443 and XBB 903-2439

Figure 25: (a) A typical Ag/YBCO interface at low magnification in which the

surface of YBCO was ion-milled then sputter-etched before the coating with
Ag. The Ag and YBCO arc in the [012] and [010] orientations respectively and
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the (002)Ag- and (001)yBCcO are nearly parallel with an offset angle of about 5°.
Notice that the intermediate layer is thicker in the center (about 60A) than it
is at the left side of the micrograph (about 304). (b) A SAD pattern taken near
the interface. (c) Illustration of the SAD pattern. XBB 903-2417

Figure 26: (a) A HREM micrograph illustrating the irregularity of the YBCO
surface. Ag is directly bonded to YBCO, in right hand side of the micrograph,
whereas in the center of the image Ag is bonded to a damaged YBCO surface.
(b) The corresponding SAD pattern and indexed (c¢) shows that Ag, in the [233],
exhibits no orientation relationship with YBCO. XBB 903-2420

Figures 27: (a) and (b) show the Ag/YBCO interface before and after the YBCO
surface” was treated. Notice that.in (a) the surface of YBCO™ is clearly: rough' and -
rippled along. the whole interface whereas in (b) the interface is flat while a
uniform layer is created at the surface of YBCO. (c¢) and (d) The corresponding
SAD patterns for (a) (b) respectively. XBB 903-2442

Figure 28: (a) A lattice image showing Ag in contact to two grains of YBCO
having their (001) planes perpendicular to each other. The surface of YBCO. is
irregular and the deposited Ag in the [013] zone axis exhibits no orientation
relationship with YBCO. (b) The corresponding SAD pattern and its illustration
in (c). XBB 903-2419

Figure 29: (a) A TEM micrograph sowing a whole region of about. 2.8 pm
transparent to the electron beam. (b) Shows that the thickness of such
specimen are also adequate for HREM. XBB 903-2438

Figure 30: (a) A TEM mlcrograph shows an Au/YBCO mterface and (b) its
corresponding SAD pattern. XBB 905-3561

Figure 31: A series of computed SAD of an [111] oricnted Ag grain tilted
around’ the [111] zone axis by an angle of 0°(a), 1°(b), 2°(c), 3°(d), 4°(e), and
5°(f) respectively. XBL 904-1315

Figure 32: [111] Stereographic projection for a cubic crystal showing the 011,
112, and 123 poles. XBL 905-1616

Figure 33: Atomic structure of (001) layers (a) of type I or CuQO, (b) type II or
BaO, (c) type III or Cuz0, and (d) type IV or Y. XBL 904-1617

Figure 34: Coincidence lattice of a (111) Ag layer on top of an (001) YBCO
layer. (a) The. [011]JAg and {100]yBcoQ directions- ares parallel while one' Ag atom
is placed on top of a copper atom in the (001) of type III (CupO) layer. (b) Same
_as, in"(a) but Ag is placed on' an oxygen' atom. (c) .Same as (a) but (001)yBco is of
type (II) while in (d) it is-of type (IV). (¢) Same as (a) but (123]ag and [100}yBCO
directions are parallel. XBL 904-1318 to 1322

Figure 35: (a) Ag-Y and (b) Ag-O phase diagrams [117]. XBL 905-1623
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