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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF
YTTRIUM-BARIUM-COPPER-OXIDE THIN FILMS

Richard Neil Steinberg
Yale University
1992

In order to better understand the behavior of the copper oxide high
temperature superconductors, it is important to grow high quality thin films of
them. Thin film growth is also important for many of the applications that make
use of superconductors. In this thesis, | report on methods of YBaxCugzOy film
growth, on characterization of these films, and on preliminary work on device
fabrication from them. We have grown films by metal cosputtering, by on-axis
high magnetic field sputtering from a composite target, and by off-axis sputtering
from a composite target. The effects of oxygen ion bombardment of the growing
film and of low oxygen partial pressure during growth are described. As a
means of film characterization, resistive and inductive transitions, crystal
structure, and critical current density are reported. Film growth through a

mechanical contact mask as a means of pattering the films is also described.
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1. INTRODUCTION
A. Overview

Since the discovery of superconductivity in 1911 [Onnes (1911)], the field
has been scientifically interesting and technologically applicable. In 1986,
shperconductivity was discovered at record temperatures in a new class of
superconductors [Bednorz and Mueller (1986)]. In 1987, for the first time
superconductivity was possible at temperatures above the boiling point of liquid
nitrogen (77 K). Wu et al. (1987) reported finding superconductivity above 90 K
in what was later identified [by Cava et al. (1987)] as YBa2CuzO7 (YBCO).
Before 1987, no material superconducted above 23 K. Since the
breakthroughs in 1986-87, many in the scientific community have devoted their
efforts to advancing the understanding of these new materials, improving the
ability to process them, and attempting to exploit their properties in practical
and/or interesting ways. Tremendous attention has been paid by the general
public to these high temperature superconductors, particularly in the first few
years foliowing the initial discoveries. Results have been reported by The New
York Times, The Wall Street Journal, Business Week, and CNN. While many of
the early predictions for applications were exaggerated, some applications for
the new class of superconductors seem imminent, and the potential for more
spectacular uses persists. Furthermore, no conclusive theory describing these
scientifically fascinating materials has yet emerged. For these reasons, in 1987,

we set out to further study the properties of YBCO.



When | began my research in the summer of 1987, news of the new
superconductors was electrifying the scientific community while bréakthroughs
were being reported at a staggering rate. Initially, | redesigned a cryostat to
measure the superconducting transitions of small YBCO superconductors being
grown at Yale by Dr. Stanley Mroczkowski as well as by our collaborators at
Olin Metals Research Laboratories (1). This cryostat became the one
eventually used to measure YBCO thin films later grown here. The small-
sample measurement technique is described in Appendix A. The cryostat used
for all our work on high temperature superconductivity is detailed in Appendix B.

Many of the applications and much of the understanding of the high
temperature superconductors stem from growth of high quality thin films and
fabrication of devices from these films. However, thin film growth has been and
continues to be very challenging. Device fabrication by traditional methods of
film growth and patteming has proven to be an even greater challenge. Since
1988, it has been my intention to grow high quality thin films of YBCO, fabricate
superconducting devices from them, and study the electrical characteristics of
these devices.

The rest of this chapter serves to introduce and motivate the work
covered. After describing the format of the thesis, a briet history of high
temperature (also referred to as high T¢) superconductivity is given. Then, real,
emerging, ahd potential applications of superconductors are described.
Finally, the goals of our work in high temperature superconducting film growth
and characterization are given.

A brief overview of superconductivity is given in Chapter Il. Basic

properties of superconductivity are described, especially those related to this



thesis. How the behavior of the new superconductors differs from the behavior
of traditional superconductors is introduced.

In Chapter lll, those properties of the new ceramic high temperature
superconductors, particularly YBCO, which are relevant to the work presented
are given. The unique crystalline, normal state electrical, and superconducting
properties are described. The conditions necessary for growing thin films and
the different growth methods used here as well as elsewhere are considered.

Chapter IV details our work on thin films grown by simultaneously
sputtering from three metal targets (cosputtering). First, the deposition system
used is described in detail. Next, films grown by ambient temperature
deposition followed by an oxygen anneal are described. Finally, films grown in
situ are described. By in situ, | mean they are grown at high temperature in the
presence of oxygen so that the desired phase of YBCO grows as deposited.
The results of in situ metal cosputered YBCO films presented in this thesis has
not been repoited anywhere else at the time of this writing.

Chapter V details our work on thin film growth by sputtering from a single
target of YBCO. Two such methods are described. In the first, a high strength
magnet is used in the sputter gun instead of the conventional strength magnet.
For this method, the sputter gun is pointed at the substrate on which the film is
growing. In the second method, a conventional strength magnet is used, but the
sputter gun is pointed away from the substrate. We had far more success with
the second method.

Superconducting devices are described in Chapte’r VI. Conventional
superconducting weak links are described first. Next, an overview of the

experimental work done in fabricating and measuring YBCO weak links by



other groups in the field is given. Although we have not succeeded in making a
YBCO weak link here, the details of our progress towards this and the work that
remains are given.

Finally, a summary and conclusion of the work described in this thesis is
given in Chapter 7. Also given is a current status of the high T effort.

B. High Temperature Superconductivity

Ever since its discovery, there has been a quest to find superconductors
at higher temperatures. The reason for this is that to take practical advantage of
the fantastic properties of superconductors, it would be more attractive if the
problem of cooling the material were not as great. Many scientists have
searched for materials with ever higher critical transition temperatures with the
hope that the field would move past just the research laboratory and into the
marketplace. Specific applications, both realized and potential, are given in the
next section.

Unfortunately, the field of high temperature superconductivity has been
plagued by unsubstantiated claims. In 1946, superconductivity was reported at
185 K in rapidly cooled dilute solutions of alkali metals in bliquid ammonia [Ogg
(1946)). In 1978, there was a Russian report of superconductivity in CuCl near
140 K [Brandt et al. (1978)]. This time, precedent was set when the validity and
importance of the finding was debated in the New York Times. In 1983, there
was a report from Japan of superconductivity at 200 K in a Nb layer grown on Si
[Ogushi et al. (1983)]. These are just of few of the many reports of

superconductivity that have not been substantiated.



For this reason, Bednorz and Mueller were cautious when they reported
"Possible High Tc Superconductivity in the Ba-La-Cu-O System" above 30 K in
1986. Their results were soon reproduced. In 1987, they were awarded the
Nobel Prize in Physics for their work. Superconductivity was soon discovered
and reproduced above the boiling point of nitrogen (77 K) in another layered
copper-oxide system, Y-Ba-Cu-O [Wu et al. (1987)]. Next, superconductivity
was found in the Bi-Ca-Sr-Cu-O system above 100 K [Maeda et al. (1988)].
Then, superconductivity was found in the TI-Ca-Ba-Cu-O system at about 120 K
[Sheng and Hermann (1988)]. These four systems are similar because of the
presence of Cu-O planes, which will be described in Chapter Il

Currently there are other systems which show evidence of high
temperature superconductivity. These include K doped Cgp (fullerenes)
[Hebard et al. (1991)], Ba1.xKxBiO4 (bismuthates) [Matheiss et al. (1968)], and
organic superconductors [Uemura et al. (1991)]. These interesting systems are
still being researched but are not covered in this thesis. Finally, there is a
recent report by Malik et al. (1992) (Quaid-i-Azam University, Pakistan) of
superconductivity over 300 K in Yo0.3Bap.7.xNaxCuO3.y. Time will tell if this

finding is accurate and can be reproduced.

C. Applications of Superconductivity

With their unique electrical behavior, superconductors have properties
which can be exploited in practical applications. These generally fall into two
classes: those based on bulk superconductors such as wires, and those based

on devices and other patterns fabricated from thin films. Some have been
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realized, some appear near ready for market, and others are possible in the
future. While most of the products currently on the market that include
superconductors contain conventional low T materials, some products
containing high T¢ materials are emerging.

By far the most prevalent application of superconductors today is its use
as wire. In particular, because superconductors can carry large currents without
dissipation, superconducting wire is used in creating high-strength magnetic
fields. For example, medical magnetic resonance imaging machines are
becoming invaluable diagnostic tools. They require large (more than 1 Tesla),
uniform (part per million) magnetic fields over a body size that only a
superconducting magnet could provide. Superconducting magnets are also
currently used in scientific research and for a prototype magnetically levitated
train in Japan.

Today's magnets use conventional superconductor (pre-1986) wire
technology. Wires of high T, superconductors are potentially even more
attractive because of their much higher operating temperature and potential
large current carrying capacity, even in strong magnetic fields. J¢ (the amount of
current per unit area that a superconductor can carry) near 105 A/em2 at 77 K
with slow fall off in magnetic field up to 4 T in bulk material has been reported
[Zhou et al. (1991)]. Unfortunately, fabrication into wire is very difficult. As will
be discussed in the next section, these materials are ceramic, anisotropic, and
need high temperature processing. Despite these difficulties, progress has
been made and shiort wires have been produced.

Many realized and potential applications of superconductivity stem from

microelectronics. Here, the superconductor is deposited as a thin film which



can then be patterned into useful devices or interconnects. Devices whose
unique properties are only found in superconductors include tunnel junctions
described in Chapters Il and VI, and SQUID's discussed briefly below.
Furthermore, characterization of these films and of devices fabricated from them
is important in understanding the properties of these superconductors. This
understanding is in turn important in the advancement of bulk applications.

Superconducting QUantum Interference Devices (SQUID's) are the most
sensitive detectors of magnetic fields. A SQUID is a ring of superconductor with
one or more weak links. It works because of the phase coherence of the |
superconducting electrons and the effect of the weak links on this phase.
Applications include biomedical and geophysical uses. A prototype high T¢
SQUID magnetometer with all components working at 77 K has been
demonstrated [Oh et al. (1991)].

The unique current-voltage relationship of superconducting tunnel
junctions (or other weakly linked superconductors) allow for many potential
applications. These include high frequency radiation detection, high speed -
low power dissipation digital logic and memory device technology, and voltage
standards. Hypres, Inc. of Eimsford, N.Y. has developed a high speed
oscilloscope based on Nb (low T¢) tunnel junctions. However, progress in
fabricating YBCO tunnel junctions has been slow and is discussed in Chapter
VI

Superconductors have zero resistance only for dc current. For ac
current, the inertia of the electrons causes an electrical inductance. Therefore,
for an ac signal, the normal electrons are also accelerated, causing dissipation.

Nevertheless, the low loss as well as the low dispersion properties of



superconductors in the microwave frequency range can be exploited in delay
lines, filters, oscillators, and strip lines. Progress has bsen made with high T,
thin films for these applications [Simon (1991), Gergis et al. (1992)).

Several high T¢ superconducting products have recently entered the
market in small niche applications. Lake Shore Crytronics in Westerville, Ohio
sells a cryogenic liquid level sensor based on high T¢ superconductivity.
Superconductor Technologies Inc. of Santa Barbara, California offers a
microwave resonator based on high T thin films. High T¢ magnetic shielding is
close to being ready for the market. And of course there is the ubiquitous high
temperature superconductivity educational kit complete with neodymium
magnet.

There are other potential applications of superconducting technology that
have received renewed attention with the discovery of superconductors at
higher temperatures. Using superconducting wire, these include power
transmission lines, magnetic energy storage coils, generators, and motors.
Because superconductors repel magnetic fields, high performance bearings are
possible. With integrated circuit technology, computers with superconducting
interconnects, devices, or as yet uninvented superconductor-semiconductor
hybrids are being considered. Many materials and economic issues need to be

addressed before any of these reach the market.

D. Research Goals

An immense amount of research has been done studying YBCO, both

before we set out to join the effort and since. We chose initially to fabricate thin



films of YBCO because there was much interesting work to be done here, our
group had experience with deposition and characterization of superconducting
thin films, and we had an opportunity to purchase a custom designed deposition
system. We decided on film growth because it is an interesting, complex, and
important problem. Characterization of the films and of devices which can only
be fabricaied from them are an important way to study the properties of YBCO.
Furthermore, the first large scale applications of high temperature

superconductivity are likely to stem from thin film technology.



ll. SUPERCONDUCTIVITY

The purpose of this chapter is to give a brief overview of
superconductivity. Many of the physical properties of superconductors and the
theoretical models that describe their behavior are fascinating and can be
applied in a useful way. This chapter is cbviously not intended to be a complete
review of this well studied and broad field. It is instead intended to discuss
some of the basic properties and terminology of superconductivity, particularly
as it relates to the work presented. Three of the comprehensive books on this
topic from which much of this chapter (and the rest of this thesis) has been
drawn are those by Tinkham (1975), Parks (1969), and Van Duzer and Turner
(1981).

Upon cooling metals such as mercury, lead, and tin below some low
critical temperature characteristic of each metal (T¢), H. Kamerlingh Onnes, who
was the first to experiment with such low temperatures, observed that the
electrical resistance dropped dramatically, apparently to zero {Onnes (1911)].
Subsequent experiments have been unable to detect any resistance. This
behavior is the most notable hallmark of superconductivity and the reason for its
name. Between 1911 and 1986, many elements, alloys, and compounds were
found to be superconducting below some material dependent temperature T,
but never above the roughly 23 K critical temperature of Nb3Ge [Gavaler
(1973)).

Meissner and Ochsenfeld (1933) later discovered a second independent

hallmark of superconductors. They found that bulk superconductors behaved

10
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as perfect diamagnets. By Lenz's law, an object of zero resistance is expected
to exclude magnetic flux from its interior when it is put into a magnetic field. Not
only does a superconductor exhibit this behavior, but when an object first
becomes superconducting in a magnetic field, contrary to Lenz's law, the
magnetic flux is spontaneously expelled from its interior. This is called the
Meissner effect. For what are called type | superconductors (in contrast to type Il
superconductors described below), below some critical field H¢, the magnetic
field is excluded except near the surface. At the surface, it penetrates over a
characteristic length scale A, called the penetration depth of that
superconductor. For pure elements well below T, A is typically several
hundred A. Above Hc, the material no longer superconducts. Similarly, a
superconductor can transport a current only up to a certain value I for that
material and shape superconductor before it will no longer superconduct. This
is called the critical current.

The understanding of superconductors made great strides during the
1950's. Ginzburg and Landau (1950) introduced a pseudo-wave function y(r)
as an order parameter such that [yj2 equals the concentration of
superconducting electrons. It turns out that the theory of Ginzburg and Landau
(GL) in limiting circumstances can be derived from the landmark BCS theory

described below [Gorkov (1959)]. GL developed an expansion of the free
energy in terms of y:

f=1fno + aly2 + (B2)|y]4 + (1/2m")[[(R A)V - (e"/c)Aly|? + h2/8x (2.1)
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where o and B are parameters to be determined. Minimization of the free
energy leads to differential equations for y. Solving these, for instance,

introduces a characteristic length &, where:

h? |
82M= 2m'|o] (22)

E(T) is usually called the coherence length and is a characteristic length for
variation of the concentration of superconducting electrons. For pure elements
well below T, & is usually of the order of thousands of A. The GL theory is an
important tool in the description of superconductivity.

The theory that revolutionized the understanding of superconductivity
was proposed by Bardeen, Cooper, and Schrieffer (BCS) (1957). They
describe a weak electron-electron attraction mediated by an electron-phonon
interaction. Evidence of the role of the phonons in conventional
superconductivity is the existence of the isotope effect. Here, when an element
of a superconductor is replaced with one of its isotopes, T¢ changes in a
predictable way. (BCS theory predicts that T is proportional to m-1/2 where m
is isotopic mass.) The electron-electron attraction results in electron pairs of
equal but opposite momentum and spin. These are the superconducting
electrons. A minimum energy denoted Eg = 2A is needed to break up the
electron pair into single, non-superconducting electrons. This energy is
referred to as the energy gap of the superconductor. The BCS theory predicts

that Eg is related to T by the expression:

Eq=3.5kgTe (2.3)
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Experimentally, Eq usually falls in the range 3.0 to 4.5 kgTg.

For type | superconductors, € > . Consider a superconductor in a
magnetic field. Since the the superconducting electrons are in a lower energy
state than the normal electrons, they have a negative contribution to the free
energy density. Where magnetic field is expelled from the superconductor,
there is a positive contribution. The density of superconducting electrons can
vary over a distance no less than £. The magnetic field can vary over a distance
no less than A. Therefore, at the boundary between a normal and a
superconducting region, there is a positive surface energy for a type |
superconductor.

It turns out that when A > (0.7)E, the surface energy is negative and the
material is called a type Il superconductor. This can be qualitatively understood
using the same logic just used to describe positive surface energy. A negative
surface energy allows for the coexistence of normal and superconducting
domains within a material. For type Il superconductors, a class to which YBCO
belongs, the behavior is the same as type | superconductors up to a critical
magnetic field called Hc1. Between H¢t and a higher critical field denoted Hea,
the magnetic field penetrates the superconductor in the form of a regular array
of vortices. In this state, the superconductor can still carry a resistanceless
current, but only if the vortices are pinned to specific locations. (The vortices
experience a Lorentz force when there is a current in the material.) If the
magnetic vortices move, the resulting changing magnetic field induces an EMF
which accelerates the normal electrons causing dissipation. In certain materials
the pinning can be strong enough to allow large current densities with no

dissipation, even in the presence of large magnetic fields.
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When two superconductors are separated by a thin insulating barrier,
there is a finite possibility that electrons can tunnel through the barrier. The
current-voltage relationship of single electron tunneling can give detailed
information about the properties of the superconductor, such as its energy gap
and density of states of single electrons when the material is in the
superconducting state. This work was originally done by Giaever (1960). Soon
after, Josephson (1962) correctly predicted that superconducting pairs of
electrons could tunnel between superconductors at zero voltage. He also
correctly predicted that when there is a voltage maintained across the barrier,
there will be an alternating current. These are manifestations of the fact that the
wave function y, where Jy}2 is the concentration of superconducting electrons,
has a given phase. Tunnel junctions, as well as other systems where two
superconductors are weakly coupled, have a profound impact on the
understanding of superconductors and on their application. Junctions and
other weakly coupled superconductors will be discussed more in Chapter VI.

In 1986, Bednorz and Mueller observed a drop in the resistivity of Ba-La-
Cu oxide. This marked the discovery of the present class of high temperature
superconductors. The hallmarks of superconductivity, zero resistance and the
Meissner effect below some critical temperature, have been observed. These
materials are extreme type Il superconductors with very anisotropic behavior
(Chapter 111).

Cu-O superconductors differ from those studied in the past. Their
properties and how they compare to the properties of conventional
superconductors described in this chapter will be discussed further in the next

chapter. Briefly, the superconducting transition temperature is much larger than
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that found in any other system and larger than many ever expected. The
observed isotope effect is too small to be explained by the BCS theory.
Measurements of the energy gap, although still uncertain, are usually larger
than predicted by BCS theory. The mechanism for superconductivity, while not
yet understood, is not likely to stem from a phonon mediated electron-electron
attraction [Freeman et al. (1989)]. Many, but not all, considered descriptions of
the mechanism of high T¢ superconductivity that are based on the interaction of
the magnetic moments of the Cu atoms [Micnas et al. (1990), Hirsch (1989)].
The properties of YBCO are described in the next chapter.



. YBasCu307.5

In this chapter, properties of YBazCu307-5 will be considered. In
particular, its crystal structure, synthesis, normal state properties,
superconducting properties, thin film growth, and the interrelation of these
properties are covered. Implications for characterization and eventual
applications of YBCO films and devices fabricated from them are also
considered. While the properties of the different high temperature
superconductors vary, YBCO is typical of those with two-dimensional Cu-O

planes.

A. Properties of YBaaCu307.5

1. Crystal Structure

In 1987, superconductivity was discovered in the Y-Ba-Cu-O system [Wu
et al. (1987)]. The superconducting phase was identified as YBaxCuzO7.5
(YBCO) where 3 = 0.1. The crystal structure was determined to be orthorhombic
with lattice parameters a=3.8 A, b= 3.9 A, and ¢ = 11.7 A [Cava et al. (1987)].
The crystal structure is shown in Figures 3.1 and 3.2. This can be related to the
basic perovskite structure ABO3 shown in Figure 3.3. The YBCO unit cell is an
oxygen deficient perovskite structure with a tripling of one of the dimensions of
the unit cell caused by the Ba-Y-Ba ordering at the A site. Cu represents the B
cation. There is an orthorhombic distortion due to the ordering of the oxygens

between adjacent Ba-O planes which creates Cu-O chains, as indicated in
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Cu-O planes

Unit Cell of YBCO showing the Cu-O planes and the Cu-O chains.
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Figure 3.3: Unit cell of the perovskite crystal structure ABO;.
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Figures 3.1 and 3.2. Also noteworthy about the crystal structure are the planes
of Cu-O identified in these figures. This is the origin of the very anisotropic
properties which will be described in the following sections. Further details of
the structure such as buckling of the Cu-O planes (not shown in Figures 3.1 and
3.2) and bond lengths and angles are well documented [for example, see

Beyers and Shaw (1989) and the references therein].

2. Bulk Synthesis

The high temperature superconducting phase of YBCO is fabricated as
follows. The metallic constituents in the proper stoichiometric ratio
(1.0Y:2.0Ba:3.0Cu) are combined. This is usually done by mixing either the
metals, oxides, or the carbonates of these elements. The mixture is then
sintered at a high temperature (= 800 °C) to form the right crystalline phase.
This is then cooled slowly in oxygen in order to fully oxygenate the structure.
Some groups have found increased success by annealing the material for a
period of time at an intermediate temperature (= 500 °C) to facilitate
oxygenation. Above roughly 500 °C, YBCO is not fully oxygenated, there are no
Cu-O chains, and the crystal is tetragonal. Below this temperature, YBCO is
fully oxygenated and the crystal is the orthorhombic structure shown in Figures
3.1 and 3.2. Other groups have had improved resuits by regrinding the material
after it is cool and then repeating the process. The keys to optimal results are
having the correct stoichiometric ratio of cations, crystalizing at high
temperature, and fully oxygenating while cooling. A recent review of bulk

synthesis is given by Sleight (1991).
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lfthe wrong stoichiometric ratio of cations is used, other phases of the
Y-Ba-Cu-O system will form, usually degrading the superconducting properties
of the material. Wu et al. (1987), who first discovered superconductivity in this
system, actually had fabricated primarily Y2BaCuOs, which is a green
semiconducting phase [Cava et al. (1987)]. YBa2CugO7.5, which is the
superconducting phase, is black.

The role of oxygen is extremely important in fabricating YBCO and
understanding its superconducting properties. Above about 550 °C the aand b
axes are equal and YBazCu3sOy is tetragonal [Specht et al. (1988)]. Much
below this temperature, oxygen does not easily move in and out of the crystal;
well above this temperature it does. The variation in oxygen content, both at
high temperature and room temperature, occurs mostly in the Cu-O chains,
which are between the barium layers (as shown in Figures 3.1 and 3.2)
[Jorgenson et al. (1987)]. This accounts for the orthorhombic - tetragonal phase
transition. The room temperature oxygen content can be varied by changing
the annealing procedure during cooling from high temperatures. For 3 = 0.1,
YBazCu3z07.5 (YBCO) is superconducting near 90 K. T decreases for
increasing 3, becoming 0 when & = 0.6 [Beyers and Shaw (1989)].

Superconducting YBCO has been formed into pellets [Cava et al.
(1987)], tapes [Kozlowski et al. (1991)], wires [Neal and Pathare (1991)], single
crystals [Liu et al. (1987)], bearings [Weinberger et al. (1991)], thick films [Neiser
et al. (1988)], and thin films (which will be described in depth in later sections).
Ease in fabrication, which is important for many applications, is difficult because

of the complicated processing described above and because YBCO is a
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ceramic, and hence difficult to shape once formed. The greatest success in

synthesis has been with thin films and single crystals.

3. Electronic and Magnetic Structure

In each unit cell of YBCO, there is one Y atom in the Y+3 state, two Ba
atoms in the Ba+2 state, three Cu atoms in the Cu+2 state, and roughly seven O
atoms in the O-2 state. Formal balancing of charges implies that there are
positive charge carriers since the oxygen atoms are able to accept more
electrons than the cations are able to donate [Bednorz and Mueller (1988)].
This is why the three Cu atoms of a unit cell of YBCO (2 in the Cu-O planes and
one in the Cu-O chain) are in the Cu+2 state instead of the Cu+1 state. The
carriers, and hence the conduction, reside in the Cu-O planes of Figures 3.1
and 3.2 [Anderson and Zou (1988), Hass (1989)]. For oxygen deficient YBCO,
there will be fewer charge carriers and lower T¢. If deficient enough the material
will no longer superconduct (see Figure 3.4).

To understand the planar electronic structure, consider YBasCu3O7.s,
where & = 0.5. Here the charge formally balances, leaving no charge carriers.
(8 is actually slightly larger than 0.5 since some of the Cu ions of the Cu-O
chains go into the Cu'+ state as § increases [Hass (1989)].) The outer shell of
the Cu2+ has 9 electrons in the 3d level. The outer shell of O2- has 6 electrons
in the 2p level. The Cu 3d and the O 2p levels are close in energy and are
strongly hybridized with each other [Fujimori (1989)]. The unoccupied orbital of
the Cu2+ ion has x2 - y2 symmetry, that is it points towards the O atoms within
the Cu-O plane. Therefore, the oxygen ions in the plane see an orbital that is

half empty; the ions that are out of the plane see full Cu2+ orbitals. This,
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combined with the fact that the Cu 3d and the O 2p levels are strongly
hybridized, is the key to the planar electronic structure [Anderson (1988), Pickett
(1989)].

Figure 3.4 shows the phase diagram of YBCO as oxygen content and
temperature are varied [Hass (1989)]. This diagram is based on a compilation
of experimental results. For low oxygen content, there are few charge carriers
and the material is an antiferromagnetic insulator [Tranquada et al. (1988)]. Cu
atoms within the Cu-O planes couple antiferromagnetically, with the spin
directions pointing within the plane. As the oxygen content increases, there is a
transition to a metai that exhibits superconductivity. The crystal structure
undergoes a phase transition from tetragonal to orthorhombic as the ordering of
the oxygen within the Cu-O chains occurs. As the oxygen concentration
increases, the number of charge carriers increases and the superconducting

transition temperature increases to as high as 93 K when the crystal is fully
oxygenated (6 = 0.1).

4. Normal State Resistivity

The anisotropy in magnitude and temperature dependence of the
resistivity of a single crystal of YBCO was first measured by Tozer et al. (1987)
and the results are shown in Figure 3.5. The pap temperature dependence is in
agreement with what has since been observed in epitaxial thin films.
Consistent with the planar electronic structure just described, the magnitude of
the resistivity in the Cu-O planes (pap) is much lower than the resistivity
perpendicular to the Cu-O planes (pc). No anisotropy was observed within the

Cu-O planes. Just above Tg, pap = 0.18 mQ-cm and pe = 17 mQ-cm. Anderson
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and Zou (1988) noted that assuming a sample misalignment of as little as 1/4°
in these experimental results, the resistivity within the planes could be

expressed:
pab=1.4x10€T Q-cm (3.1)
and the resistivity between the planes could be expressed:

pPab = 1.35/T Q-cm (3.2)

where T is the temperature in K. They therefore describe YBCO as being a
metal in the Cu-O planes and a "semiconductor” for conduction between
planes. They attribute this to the charge carriers residing in the planes and the

need for thermal excitation for charge transfer between planes.

5. Superconducting Properties

The superconducting properties of the cuprate superconductors,
including YBCO, are different than those of traditional superconductors. Most
notably, the transition temperature is much higher than what was expected from
conventional theory of the electron-electron attraction via phonons. The
electron-phonon interaction is too weak to expect transition temperatures much
over 30 K [Freeman et al. (1989)].

The superconducting properties of YBCO are also very anisotropic,

consistent with the crystal and electronic structure just described. It is essential
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to account for this anisotropy in any description or potential application of
YBCO. Much of this anisotropy can be described with the GL theory introduced
in Chapter 1l with the mass scalar of equation (2.1) replaced with an effective
mass tensor. Because of the electronic structure of YBCO, the elements of the
tensor corresponding to the a and b crystallographic directions are roughly
equal and considerably smaller than the element corresponding to the ¢
direction. From this, an extreme anisotropy can be expected in the penetration
depth 2, the coherence length &, the critical current Jg, and the critical magnetic
fields He1 and Hgo. These anisotropies have been observed experimentally
and are shown in Table 3.1. For example, the anisotropy determined for § is
consistent with equation (2.2) and the effective mass tensor components
described above.

For comparison purposes, the superconducting parameters of Al and
Nb3Sn are also given in Table 3.1. In addition to the anisotropy and high
transition temperature of YBCO, several other features are worth noting. YBCO
is an extreme type |l superconductor with an extremely short coherence length.
In the c direction, & ~ 5 A. This is comparable to the distance between the Cu-O
planes, indicating that YBCO should exhibit 2-dimensional behavior. Also,
although results vary widely, the normalized energy gap A/kTgis much larger for

YBCO than for conventional superconductors.

6. Substitutions and Defects
Soon after the discovery of these high temperature superconductors,
substitution of the different elements led to discovery of new superconductors

and an improved understanding of their properties. YBCO was first found [Wu
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Table 3.1: Approximate values of the superconducting parameters for a
type | superconductor (Al), an old high T¢ type Il superconductor
(Nb3Sn), and for YBCO. All values are for T<<T.

Al
Te (K) 1.2
A (A) 160
E(A) 16000
Je (Alem?2) -
He (T) 0.011
He1 (T)
Hez (T) ---
2A (meV) 0.34
2A/kgT 3.3

(a) Batlogg (1991)
(b) Dinger et al. (1987)

Nb3Sn

18

1700

70

.003

26

4.2

YBCO
(ab plane)
(c direction)

93

(1400)(@
(7000)

(15)
(5)

(107)
(5 x 105)

(0.08)(b)
(0.8)

(500)
(100)

18-79

23-10
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et al. (1987)] by attempting to substitute Y for La in Lap.xBaxCuO4 [Bednorz and
Mueller (1986)]. The resulting multi-phase material included the super-
conducting phase of YBCO, which is structurally different from Laz.xBa,CuOa.

Substitution for Y in YBCO by many of the rare earth ions, which like Y
also have a +3 valence state, results in little change in the superconducting
properties [Tarascon et al. (1987)]. One notable exception is Pr. Partial
substitution of Y with Pr results in a monotonic decrease in T¢ until Tc = 0 when
about half the Y has been replaced [Dalichaouch et al. (1988)]. This can be
explained by the fact that Pr also has a +4 valence state. Formal balancing of
charge of YxPrixBa2Cu307.5 gives a decreasing number of charges with
increasing x.

Further addition of rare earth ions results in partial substitution of the Ba
site [Zhang et al. (1987)]. RE1,xBas.xCu307.5 (where RE = La, Nd, Sm, Eu, Gd,
or Dy) has decreasing T¢ with increasing x.

Substitution for Cu also results in a decrease in Te. For example, the
effects of substituting Cu with Fe is shown in Figure 3.6 [Fueki et al. (1987)]. For
Fe, a few elemental percent substitution results in a considerable degradation
of the superconducting transition. However, when doped with only 1% Fe, they
observed little degradation in the transition. Ni, Cr, Co, and Zn also substitute
for Cu in YBCO and degrade its properties [Oseroff et al. (1987)].

Oxygen substitutions with other elements such as fluorine and nitrogen
have not reproducibly enhanced the superconducting properties of YBCO.
Many studies of 180 substitution for 160 have been conducted to determine if
the isotope effect is the same as in conventional phonon mediated

superconductors [Batlogg et al. (1987), Bourne et al. (1987)]. The small or
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negligible shift in T¢, in addition to the very high transition temperature,
suggests that the superconducting mechanism is unconventional. Recent more
thorough experiments agree with these early results [Ozhogin (1992)].

The most prevalent crystal defects in the crystal structure of YBCO
(especially in epitaxial thin films) are twin boundaries in the ab plane. One
model of such twinning consistent with high-resolution TEM is shown in Figure
3.7 [Hewat et al. (1987)]. Here the twin boundary is represented by the dotted
line and the direction of the crystal axes on either side of the boundary is
shown. The solid lines represent the Cu-O chains.

For polycrystalline YBCO, the superconducting properties are degraded.
The critical current between grains is considerably less than the critical current
within a grain [Dimos et al. (1988)]. Furthermore, because of the strong
anisotropy of YBCO's properties, when there is a polycrystalline material, the
favorable transport properties in the Cu-O planes can not be exploited and

interpretation of results becomes more difficult.

B. Synthesis of YBCO Thin Films

1. Implications of YBCO Properties

Historically, the use of superconductors in microelectronics, both for
applications and research, was preceded by the necessary development of a
reliable, high quality thin film deposition process [Simon (1989)]. Lead alloy
superconducting films require simple evaporation in moderate vacuum systems.
Niobium films needed more advanced deposition techniques such as sputtering

and better vacuum. For niobium nitride, reactive sputtering and heated
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Figure 3.7: Schematic of twinning in ab plane. The dotted line represents
the twin boundary. The solid lines represent the Cu-O chains.



32

substrates have been employed. As now described, deposition of YBCO films
is proving to be an even greater challenge.

The properties of YBCO outlined above have implications for the growth,
characterization, and practical exploitation of thin films. A recent review of high
temperature superconductor thin films is given by Phillips (1992). As with
synthesis of bulk YBCO, the three metallic constituents must be intimately
combined in the correct stoichiometric ratio, crystalized at a high temperature,
and oxygenated during cooling. Uniform, stoichiometric mixing of several
elements can be very difficult in many conventional thin film deposition
techniques. The necessity of a high temperature step means there is a
potential for interdiffusion between the film and the substrate as well as
between layers during multi-layer processing. All these issues need to be
addressed in order to grow quality YBCO films.

If the film is polycrystaliine, its properties are degraded. As described
eariier, the transport between grains can dominate that within a grain. Also, as
described earlier, the anisotropy of the properties of YBCO makes it desirable to
have the crystal oriented to take advantage of the favorable conduction in the
Cu-O planes. Finally, the surface is no longer as smooth when the film is
polycrystalline. These considerations all point to the need for epitaxial growth.
Epitaxial growth requires a lattice matched substrate. This, in addition to the
potential for detrimental substrate-film interdiffusion at the high processing
temperatures, limits the choice of substrates.

The most common choices of substrates for epitaxial growth of YBCO are
currently LaAlO3 and SrTiOg3 although others substrates, as well as buffer

layers, are being explored. For example, despite a large lattice mismatch
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(Table 3.2), quality YBCO films have been grown on MgO by us, as well as by
others [Li et al. (1989)]. Table 3.2 lists a summary of the crystal properties of
YBCO, LaAlO3, MgO, and SrTiO3. For a further review of the properties of the
substrates used for YBCO growth see Phillips (1992).

Table 3.2: Crystal properties of YBCO compared to the substrates used here.

Crystal Structure Lattice Lattice Expansion at
Constants (A) | Mismatch (%) | 700°C (9
YBCO Ortho a=3.82 a,b-077
b=23.89 c-1.75
¢/3 =3.89
LaAlO3 cubic a=23.79 a-0.8 ?
(perovskite) b-2.6
MgO cubic a=4.21 . 9.4 0.94
(NaCl)
SrTiO3 cubic a=3.91 a-23 0.75
(perovskite) b-0.2

The growth mechanism of epitaxial YBCO with the c-axis normal to the
substrate has been reported by Hawley et al. (1991). Using Scanning
Tunnelling Microscopy, they have observed that YBCO nucleates as islands
which grow by adding material to the edge of a spirally rising step. Details of
the properties of epitaxial YBCO films are given by Xi et al. (1991).

The magnitude and anisotropy of the coherence length are important in
the design of superconducting devices fabricated from thin films. Since the

coherence length is a measure of any spatial changes in the superconducting
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wave function, the crystal should be uniform to within a coherence length of the
interface of the superconductor in layered devices. Since E is of the order of the
lattice spacing for YBCO, this is a significant materials science challenge. Such
near perfect interfaces have been achieved with PrBazCuz07.5 [Inam et al.
(1990)] and with MgO (despite not being a good lattice match) [Tanaka et al.
(1990)]. Finally, & is much smaller perpendicular to fhe Cu-O planes (E=5 A)
than it is within the planes (£ = 15 A). Therefore, the orientation of YBCO growth
should take advantage of the longer coherence length within the Cu-O planes.
Which orientation is desired would depend on the specific device design.

Superconducting device designs are described in Chapter VI.

2. Synthesis Techniques

YBCO films are either deposited and then post-annealed in oxygen or
are grown in situ. For post-annealed films, Y, Ba, and Cu are mixed at a
temperature below crystallization (usually ambient temperature) and the
combination is then crystallized and oxygenated at high temperature after
growth. For films grown in situ, deposition takes place at high temperature in
the presence of oxygen (so it is crystalline as grown) and is then slow cooled in
oxygen (so that it is fully oxygenated and hence superconducting). Films grown
in situ tend to be better crystallographically matched to the substrate and do not
need as high a processing temperature [Beasley (1989)). However, in situ
growth is more difficult. The presence of high temperatures and oxygen
complicates the already difficult process of stoichiometrically combining three

elements on select substrates. These issues will be addressed in more detail in

a later chapter.
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The deposition of YBCO films can be from one source or from several.
Each approach has its advantages. One advantage of codeposition from
multiple sources is a much higher deposition rate if metal sources are used.
Our deposition rate for metal cosputtering is about 100 A/min, which is more
than an order of magnitude higher than we obtain with sputtering from a single
composite target. A second advantage of codeposition is its flexibility.
Codeposition readily allows for controlling film stoichiometry by adjusting the
relative rates of each element. Also, any of the elements can be easily
substituted. These changes can be made without interrupting film growth; one
can either change individual rates or use several shuttered sources. The main
advantage of deposition from a single source is that it is less complex. For
example, it is difficult to achieve the high pressure of oxygen at the growing film
needed for in situ growth in several codeposition techniques. For one of our
techniques, metal cosputtering, a higher oxygen pressure leads to undesirable
target oxidation. For e-beam coevaporation, the electron beam guns usually do
not operate well at a high pressure of oxygen. Another disadvantage of
codeposition, and in particular of metal cosputtering, is the strong
interdependence of many variables, as will be discussed later. This makes
reproducibility difficult.

Coevaporation from several sources followed by a post-deposition
anneal was one of the first techniques that resulted in superconducting YBCO
films [Chaudhari et al. (1987), Oh et al. (1987)]. Here, Y, Ba, and Cu are
evaporated at the same time either with an electron beam or by heating a
vessel. The composition is controlled by varying the individual rates. The film is

deposited at ambient temperature or some low temperature (<400 °C). ltis
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amorphous as deposited and does not superconduct. A high temperature post-
deposition anneal (near 900 °C) is needed to form the superconducting phase.
After the anneal, films may superconduct at a high temperature (90 K), but they

are often not epitaxial and not as high a quality as films grown in situ.

Cosputtering from several sources followed by post-annealling was soon
used. In one study [Char et al. (1987)], Y, Ba, and Cu metal targets were
simultaneously sputtered. A post-deposition anneal up to 850 °C was needed
to make the films superconducting. These films had zero resistance as high as
88 K but were not epitaxial. In another study [Scheuermann et al. (1987)], YCu
and BaCu alloy targets were simultaneously sputtered. Here a post-deposition
anneal of 900 °C was necessary. Zero resistance was as high as 86 K, but
again the films were not epitaxial.

In situ superconducting films have been grown by coevaporation in low
pressures of oxygen [Lathrop et al. (1987), Silver et al. (1988), Terashima et al.
(1988), Missert et al. (1989)]. Here, during growth, the epitaxial substrate is
heated typically to 650 - 700 °C, in less than 10 mT of oxygen. Epitaxial growth
of high quality films is possible, but results are usually not as good or as
reproducible as composite target techniques, discussed below. Higher
pressures of oxygen are technologically difficult.

One more recent and very successful technique of growing YBCO films in
situ is by laser deposition from a single composite source [Chang et al. (1988),
Witanachchi ef al. (1988)]. With laser deposition, a YBCO target is vaporized by
a laser beam and deposited on a substrate. During growth, the substrate is
heated, typically to 600 - 700 °C, in the presence of oxygen, typically 100 mT.

This technique works very well. Transition temperatures are over 90 K and are
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narrow. The films are smooth and epitaxial. Reproducibility, critical currents,
and normal state resistivities are also good.

A second very attractive approach to growing superconducting YBCO
films in situ is sputtering from a stoichiometric target of YBCO in an off-axis
geometry [Li et al. (1988), Eom et al. (1989)]. Here, ihe face of the target points
away from the substrate. The reason for this is to avoid bombardment of the
growing film with negative oxygen ions [Rossnagel and Cuomo (1988)]. This is
an inherent difficulty of sputtering in oxygen and will be discussed thoroughly in
Chapter IV. As before, during growth, the films are heatéd to 600 - 700 °C. In
addition to the sputtering gas (usually Ar), there is typically 50 mT partial
pressure of oxygen in the chamber. Film quality is comparable to that of films
grown by laser deposition. Our results of off-axis composite target sputtering
are described in Chapter V.

An approach to growing films in situ from several sources is
simultaneously sputtering from three oxide targets onto a heated substrate in
the presence of oxygen. in one study [Akutsu et al. (1990)], Y203, BaO», and
CuO targets were used. The deposition temperature was about 700 °C and the
oxygen partial pressure was of order 10 mT. Depositions with the targets facing
the substrate and facing away were tried. As-grown films had zero resistance
temperature as high as 84 K. In another study [Kuroda et al. (1989)],
Y1.5BazCuzOy, Y1BazCusOy, and Y1BasCuy 50y targets were used. The
deposition temperature was 620 °C and the sputtering gas was 300 mT of pure
oxygen. The highest zero resistance temperature achieved was 81 K. Sagoi et
al. (1989) have cosputtered Y, Ba>CuO3, and Cu onto a heated substrate in the

presence of oxygen with as grown films having T¢ as high as 70 K.
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We have grown films in situ by simultaneously sputtering from three
metal targets in a differentially pumped chamber [Steinberg et al. (1991)]. This
is discussed in detail in the next chapter. Others have had much improved
success with this technique since our work with it [Anderson (1991)].

Other novel approaches to high temperature superconductor thin film
growth include MOCVD [Kirlin (1991)], molecular beam epitaxy [Kwo et al.
(1988)], screen printing [Fardnanesh et al. (1991)], spin-on pyrolysis [Rice et al.
(1987)], and spraying [Numata et al. (1991)].



IV. FILMS GROWN BY COSPUTTERING

Late in 1987, an approach to deposition of YBCO films and a vendor
were sought. Metal cosputtering was decided upon for several reasons.
Codeposition allows the flexibility that seemed especially important at that time.
As described earlier, film stoichiometry could be varied by adjusting the relative
rates of each element. Also, any of the elements could be easily substituted.
Metal targets were chosen because metal sputtering is easier than sputtering
from an oxide. It is easier to ignite and maintain a stable plasma and the rate is
higher and more stable. It was decided that the oxygen needed for in situ
growth would be introduced at the substrate and the chamber would be
differentially pumped in order to prevent target oxidation during sputtering. This
will be described in detail ih this chapter. Another advantage of this approach
was that sputtering was a technique with which the group had had much
experience. Finally, the success of composite target sputtering had not yet
been fully established.

By the end of 1988, after much consideration about the system design
and possible vendors, Kurt J. Lesker Co. (2) was selected. They had had
experience with similar system designs and were also willing to meet our
specifications. Furthermore, we felt that their customer service department was
impressive. This proved to be true. After considerable delay in assembly,
testing, and shipment, by September, 1989, the system was installed in the Yale

microelectronics clean room facility.
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This chapter describes the details of the deposition system and the

results of the work growing films in situ by metal cosputtering.

A. Deposition System Design

Figures 4.1 and 4.2 show the side and top views of the configuration of
the deposition system soon after its arrival. The main chamber is 28-inches in
diameter and the inside of the load lock is about 15-inches across. After
substrates were mounted on a two-inch pallet, they were put in the loadlock
which was then evacuated. Substrates were then transfered to the main
chamber and drawn up into the base of the radiant heater. The support stage of
the pallet was free to rotate to improve the uniformity of deposition and
temperature across the pallet. If need be, the pallet could then be transferred
down to a second transfer arm which could rotate over any of three other
different stations in situ. Originally, as labelled in Figure 4.2, there was one
blank station (available for future use), two sputter stations, and one station with
an ion gun. Attached to the second transfer arm were two crystal monitors
which were also free to rotate over any of the stations and were important in the
initial calibrations of the Y, Ba, and Cu rates. Oxygen was introduced directly at
the substrate and Ar, the sputter gas, was introduced directly into the sputter
guns. A stainless tube rested on the oxygen inlet ring in order to increase the
local pressure of oxygen at the growing film. To have better control of the partial
pressures and net flows of the two gases used during growth, a flow restrictor
was installed between the deposition region and the main chamber vacuum

valve. For the same reason, soon after original installation, flow restrictors were
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added between the deposition region and the loadlock high vacuum valve as
well as between the sputter gun and the substrate regions. Deposition was
through this second restrictor, or grid, but the reduction of the deposition rate
was not significant.

The cluster of four sputter guns located under the heater was originally
arranged as follows. The Torus 2C sputter guns (2) were mounted on a 13-inch
stainless steel conflat flange. The power supplies available to drive the guns
were two 1000 Watt dc and two 600 Watt rf power supplies from Advanced
Energy Industries (3). Into each gun was plumbed an Ar gas line. In front of
each was a stainless shutter which operated individually. There was also a fifth
shutter which could block deposition from all the guns. Three of the guns were
pointed at the center of the substrate pallet. One contained an Y metal target,
another a Cu metal target, and the third a BaCu alloy target. The BaCu alloy
was used instead of pure Ba because it oxidizes less easily than pure Ba
[Scheuermann et al. (1987)]. This was important for in situ film growth because
oxygen was present during depoéition, during cool down in oxygen, and when
the system was open. The fourth gun faced straight up (not at the pallet). This
was not used during the film growth but instead allowed extra flexibility for other
potential processing. Computer calculations of deposition rate and of
stoichiometry uniformity based on gun specifications and gun-pallet geometry
were performed before final system design. This was important in determining
the geometry of the guns and the pallet location. The final design had the
sputter gun targets located 5-inches below the substrate pallet and 2.5-inches
off the center axis, with the guns aimed at the pallet center. This yielded a

prediction of better than 2 percent uniformity in deposition from each gun across
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the two inches of the pallet. Measured variations in stoichiometry were usually
less than 5 percent.

The substrate heater was designed, built, and installed at Kurt J. Lesker
Co. It was a radiant heater with two 1500 Watt quartz lamps encased in layers
of stainless steel and Haynes Alloy #214 (4). Haynes Alloy does not oxidize
easily at high temperatures. Two of the walls were water cooled. The pallet
rested in a hole in the bottom. The pallet was supported by a rotating shaft
which came through a hole in the top of the heater. Temperature was
measured with several thermocouples. Two were free standing in "the heater
box. Two others were thermally anchored to the bottom of the rotating shatft not
far from the pallet. These two were fed through the top plate of the chamber
through a set of thermocouple slip rings. All thermocouples were occasionally
calibrated against several thermocouples which were screwed directly to the
pallet and fed out the chamber through the loadlock door. This arrangement
allowed testing without opening the main chamber. According to these
measurements, uniformity was about 15 °C within one-inch of the center.
Temperature reproducibility was more important than knowledge of absolute
temperature. Reproducibility was probably also good to about 15 °C. Absolute
accuracy of our temperature readings was probably reasonable, given that our
optimal deposition temperature setting was not very different from that reported
by other groups.

Each chamber was evacuated with a CTI Cryo-Torr 8 cryopump (5). Both
chambers were rough pumped with the same Leybold-Heraeus D-90

mechanical pump (6) with Fomblin fluid. Base pressure of the main chamber
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with both high-vacuum valves open was typically 5 x 10-7 Torr. This remained

fairly consistent with time with standard chamber cleaning.

B. Post-annealed films

Initially films were grown at ambient temperature, in argon only, onto
MgO substrates. A summary of these runs is given in Appendix C. Sputter gun
powers were set according to deposition rates determined with the crystal
monitors. The films were then post-annealed in flowing oxygen up to 850 °C.

It was not long before superconducting films were grown. The resistance
vs. temperature curve of a post-annealed film is shown in Figure 4.3. The
cryostat used for all the measurements, which was redesigned from the cryostat
used for the high T¢ work covered in Appendix A, is described in Appendix B.
However, since the ultimate goal was to grow high quality fiims, we next
concentrated on in situ film growth.

For improved control of film stoichiometry, it was eventually our objective
to adjust gun powers based on measured stoichiometry of the previous run.
Therefore, it was necessary to find a technique to measure composition which
was reliable and accurate, and which could be done with a small turn-around
time. Eventually, we determined that the inductively coupled plasma atomic
emission spectroscopy (ICP) technique at Olin Metals Research Laboratories
(1) was the best composition measurement technique available to us.

Other important issues were also necessarily addressed when we grew
both post-annealed films and in situ films (see Section C below and Appendix

D). Substrates were eventually cleaned with sequential two-minute rinses in
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trichlorethane, acetone, and methanol. Films grown on SrTiO3 had slightly
higher transition temperatures than films grown on MgO. We were unable to
grow superconducting films on sapphire or Si. We inadvertently discovered that
when the power to the sputter gun containing BaCu was too high, the target
melted. We therefore sputtered at lower gun powers. Described in the next
section is how we eventually thermally and mechanically anchored our
substrates to a deposition pallet. Also described in the next section is how we
made electrical contact to our films in order to measure their resistive

transitions.
C. In situ films

1. Sputtering and Resputtering

When sputtering in oxygen, it is important to account for the effects of
oxygén ion bombardment of the growing film. For'YBCO sputtering, these
effects have been reported by others [Rossnagel and Cuomo (1988)] and have
been observed by us.

The description of conventional sputter deposition is the following. The
geometry for on-axis sputtering is shown in Figure 4.4. On-axis refers to the fact
that the face of the target points to the growing film. The voltage between the
target and ground creates an electric field which accelerates positive particles
(such as Art) toward the target. Upon hitting the target, energy of the particle
goes into heat, the emission of secondary electrons, and the sputtering of the
target (removal of atoms from the lattice). The secondary electrons collide with

the neutral Ar atoms, ionizing them. The reason for the magnetic field is to
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increase the path length of the electrons and hence the ionization and
sputtering efficiency. The sputtered atoms eventually condense on all surfaces
including the substrate. For reactive sputtering, a reactive gas is included in the
deposition chamber.

Either a dc or a rf voltage can be used. Although rf sputtering is more
difficult, it is necessary at times, such as when the surface of the target is an
insulator (as is the oxide of the BaCu target). A rf voltage makes it possible to
capacitively couple to the target when the surface of the target is insulating.
Furthermore, electrons oscillating in the plasma acquire enough energy to
cause ionizing collisions, reducing the dependence of the discharge on
secondary electrons [Vossen and Cuomo (1978)].

The reason there is oxygen ion bombardment of the growing film
(resputtering) is that oxygen can form negative ions. Both positive and negative
ions exist in the plasma [Enami et al. (1990)], but it is the negative ions that
accelerate towards the growing film (in the on-axis geometry) [Rossnagel and
Cuomo (1988)]. This negative oxygen ion bombardment sputter etches the film
to some extent. Since the Ba etches in this way at the highest rate of the three
elements, the film grown is Ba deficient degrading its superconducting

properties. As will be shown later, other damage is also possible.

2. Deposition Conditions

A summary of the in situ cosputtered depositions is given in Appendix D.
Bare substrates were mounted on a two-inch Haynes alloy pallet. Substrates
were usually 1/4-inch squares. Thermal anchoring was done either with a

screw and a washer or with Ag paste (and no screw or washer). When using a
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screw and a washer, part of the film was masked and S from the screw lubricant
(MoS2) contaminated the films. We found greatest success by mounting the
substrates as follows. A small amount of Ag paste was applied to the back of
the substrate such that it was just enough to cover most of the substrate when
pressed against the pallet. A small pressure was then applied to the perimeter
of the substrate during a ten-minute bake at 100 °C on a hot plate. The pallet
was then left at room temperature for at least several hours to finish drying. The
mounted pallet was then transferred to the sputter station.

Prior to each run, all sputter guns were turned on, the targets were
presputtered, and the heater was turned on. The chamber was brought to a
total pressure between 6 and 8 mT of argon and oxygen. Argon was fed into
the sputter gun region at a rate of 40 - 90 sccm and oxygen was introduced at
the substrate at a rate of 1 - 3 percent of the Ar flow. Targets were presputtered
for about 20 minutes to stabilize conditions and to sputter through the oxide.
We judged whether we had sputtered through the oxides by waiting for the gun
voltages to stabilize for a fixed power and for the plasmas to turn the
appropriate colors. In particular, the BaCu gun had a purple plasma when the
target surface was oxidized and a bright green plasma when the oxide was
properly cleaned off. BaCu oxidizes the most easily of the three targets. To

- stabilize substrate temperature, the heater was turned on at the beginning of
each presputter. The substrate temperature was set to the desired deposition
temperature of roughly 700 °C. To improve thermal and compositional
uniformity, the substrate pallet was rotated at about 10 rpm for the presputter

and the run. A typical run was 30 minutes for a 3000 A film.
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We found that if a metal target oxidized while sputtering, its rate, and
hence the film stoichiometry, became more difficult to control. For this reason,
the chamber was differentially pumped; the substrate region was pumped
separately from the sputter gun region. Deposition was through a grid with
roughly 2 square inches of total open area. With the above conditions, the color
of the BaCu gun plasma remained green during the deposition, indicating that
this target was essentially not oxidized.

The partial pressure of Oz in the substrate region was considerably
higher than in the sputter gun region. During a run, the total pressure was
measured to be roughly 3 mT in the substrate region when the sputter gun
region pressure was set to 7 mT. Based on these pressures and typical flow
rates of 70 sccm argon and 1.5 sccm oxygen, the partial pressures of oxygen in
each region were estimated.

Figure 4.5 (a) shows a schematic of the gas flow in the deposition
system. The flow resistances were due to the constrictions described earlier.
This arrangement is modelled in a convenient way in Figure 4.5 (b). V1 and V2
represent the total pressures in the substrate and sputter gun regions
respectively. IO and IAr represent the flow of oxygen and of argon respectively.
R1, R2 and R3 represent flow resistances. The gas flow/electrical flow analogy
is summarized in Table 4.1. Experimentally, we determined that R1 = (1.5) R2.
Using IAr >> IO (that is, the flow of Ar >> the flow of Og), the resistances were
estimated from the experimental values measured: R1= 0.19, R2 = 0.13, and
R3 = 0.26 mT/sccm. Using these values of resistances, the partial pressure of
oxygen in each chamber region was estimated. Using the experimental values

given above and the correspondences defined in Table 4.1, the simple circuit






