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Abstract

Ion-Assisted Laser Deposition of Intermediate
Layers for YBapCu307_.§ Thin Film Growth on

Polycrystalline and Amorphous Substrates
by
Ronald Paul Reade

Doctor of Philosophy in Materials Science

and Mineral Engineering
University of California at Berkeley

Professor Eugene E. Haller, Chair

The growth of  YBasCu307-§ (YBCO) high-

temperature superconductor thin films has largely

| been limited to deposition on single-crystal

Y ' substrates to daté. In order to expand the range
of potential applications, growth‘ on
polycrystalline and amorphousA substrates is
desirable. In particular, the deposition of YBCO
thin films with high critical current densities on

polycrystalline metal alloys would allow the



manufacture of superconducting tapes. However, it
is shown that it is not possible to grow YBCO thin
films directly on this type of substrate due to
chemical and structural incompatibility. This work
investigates the use o0of a vyttria-stabilized
zirconia (¥YSZ) intermediate layer to address this
problem. An ion-assisted pulsed-laser deposition
process is developed to ©provide control of
orientation during the growth of the YSZ layers.
The important prdperties of YBCO and YSZ are
summarized and the status of research on thin film
growth of thése materials is reviewed. Aan overview
of the pulsed-laser deposition (PLD) technigque is
presented. The use of ion-assisted deposition
techniques to cbntrol thin film properties 1is
discussed.
| Using an ion-assisted PLD process, the growth
of (001) YSZ 1layers with controlled alignment of
the in‘—plane crystal axes is achieved on
polyvcrystalline metal and other polycrystalline and
amorphous substrates.. Studies of the important
process parameters are presented. These layers are
demonstrated to be appropriate for the subsequent
deposition of c-axis YBCO thin films with alignment
of the in-plane axes. A critical temperature of
92K and critical current densities (at 77K) of

6x105 and 5x104 A/cm2, without and with a 0.47T



magnetic field, have been achieved. These critical
current | densities aré higher than those
demonstrated for competing technologies.
The'applicability'cxf the developed technology
is discussed. The control of film orientation
using the ion—assisted PLD process is compared to
the existing theory and shown to be in agreement.
This is the first demonstrated use of ion-assisted

orientation control in conjunction with PLD.

A=l s
(w/8[93)
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1. INTRODUCTION/ HIGH TEMPERATURE SUPERCONDUCTORS

Ih 1986, J. G. Bednorz and K. A. Miller [1]
started a new era of superconductivity research
with the announcement of superconductivity at a
temperature of ~30 K in Laj_yxBayxCuOg-§. Within a
yéar, superconductivity at ~ 90 K, well above the
boiling point of liquid nitrogen (77 XK), was
demonstrated for the YBapCu307-§ compound [2].
These discoveries led not only to strong interest
in the physics of this new class of
superconductors, but intense interest in potential
applications for = these materials. With
superconductivity now accessible with relatively
inexpensive nitrogen refrigerators, speculation and
investigation of a wide range of technologies
began.

The many potential applications of high-
temperature superconductors involve use 1in both
bulk and thin film forms. Among the possible uses
for bulk material are such things as wires for
numerous applications including magnets. =~ As this
work focuses on the study of thin films, those
interested in furfher discussion of  the

applications of bulk material are referred to Ref.

[31].



The uses o0f thin films of high-temperature
superconductors may be roughly subdivided into
three categories. The first category involves the
use of the unique physical properties of the new
superconductors to create specialized electronic
devices. This category includes devices based on
the Josephson effect, such as the superconducting
quantum interference device (SQUID) [4]. The
second category of application incorporates the
supercondﬁctor within devices' based on . other
technologies. This includes using superconducting
- interconnects and ground planes in semiconductor-
based chips. |

The third category of potential uses of high-
temperature superconductor thin films takes
advantage of the superconductor's ability to carry
very large current densities. . Such applications
include tape conductors fot electric power
transmission and magnet windings. It is this third
category that provided the initial motivation for
the majority of the work to be discussed here,
though much of the information contained herein may
be useful in the development of uses belonging to
all three kinds of application.

To producé a device such as a tape conductor,
.one must first chsider the choiée of appropriate

substrate material. The single crystal materials



normally chosen for the controlled epitaxy of a
crystalline material such as YBapCu3z07-§ high-
temperature superconductor are inappropriate for
this kind of technology due to their inflexibility,
cost, and liﬁitations in size and shape. An ideal
substrate material could be made into long tapes
and/or wound into coils, requiring flexibility and
the ability to fabricate in such forms. The
material must also be compatible with the corrosive
processing environment required for superconductor
deposition. One such class of lnaterials is the
"stainless" polycrystalline metal alloys, including
stainless steels and Ni-based "supefalloys."
However, as will be discussed later in this work,
superconductor growth directly on these materials
is limited by both chemical incompatibility and the
fact that the substrate does not provide the proper.
crystalline structure needed in the growing
superconductor £ilm.

This work studies the development of an
intermediate layer to solve this problem and enable
the growth of YBajCu307-§ thin films on substrates
with which it is not normally compatible. In
particular, the pulsed-laser deposition technique
is investigated as a means of growing an
intermediate ‘layer - of yttria-stabilized zirconia

that is chemically compatible and provides the



proper crystalline template 'for superconductor
growth. A unique aspect of this work is the
employment of ion bombardment in conjunction with
the pulsed-laser deposition process in order to
control the orientation of a thin film. We are
among the first to study this ion-assisted pulsed-
laser depostion approach.

Though most of the work contained herein
discusses deposition on a polycrystalline Ni-based
superalloy, the intermediate layer technology
developed here may be appropriate for 'many
situations demanding the growth of a high-
temperature superconductor thin film on a non-
single-crystal substrate material. . In fact, we
believe that our results may be relevant to the
deposition  of thin films for many  other
applications, not just high-temperature -

superconductors.

2. YBagCu3O7.-§ THIN FILMS
2.1. YBajCu307-§ Properties

In order to begin the discussion of YBajCu307-§

(YBCO) thin films, it is necessary to first discuss

some of the important properties of the material.



YBCO has a superconducting critical temperature T¢
~ 90-92 K and was the first material that displayed
superconduétivity - above the Dboiling point of
nitrogen [5]. Although other compounds with higher
To's have been synthesized since, particularly the
Bi-Sr-Ca-Cu-O0 (T ~ 110 K) [6], Tl-Ba-Cu-0 (T¢ ~
125 K) [7], and Hg-Ba-Ca-Cu-O (T ~ 133 K) [8]
materials, YBCO has remained the main focus of thin
film research due to the demonstrated ease of
growth of high quality films. Indeed, within
months of  the initial report of YBCO synthesis,
promising thin films were deposited with the
pulsed-laser deposition technique [9].

The high-temperature superconductors are Type
1T, or hard, superconductors. Type II
superconduétors are generally more useful for
applications. than Type I superconductors due to
their ability to carry higher currents and remain
superconducting in larger magnetic fields [10].
This is because Type I superconductors are
superconducting up to a an applied magnetic field,
known as the critical field (Hg1), at which point
the entire superconducting sample becomes normal.
On the other hand, Type II superconductors have two
critical magnetic fields, He7; and Hg2, the lower
and upper critical fields. A Type II material

"excludes an applied magnetic field up to He1., but



allows gradually increasing flux penetration

between Hgs; and HC2‘ while remaining in the

superconducting state. The penetrating flux is
quantized in units of ¢ = mwhc/e, known as fluxoids
[11]. Though the material at the center of flux

lines is . not supercoﬁducting, the rest of the
sample remains superconducting up to He2. This
allows the Type II superconductors to withstand
higher magnetic fields than Type I superconductors,
as well as pass higher_currents, since current flbw
generates magnetic fields.

YBCO 1is a member of the so-called "double-
layered 1-2-3" class of high-temperature
superconductors of the formula RBasCu307-§ (R =Y,
Eu, Dy, etc.) [1l2]. The crystal structure of YBCO,
shown in Fig. 2.1, is an oxygen deficient
perovskite structure. The features of this
structure are symmetric about the center Y layer.
The layer on either side of the Y layer is the Cu-
02 plane'layer, in which each copper is éoordinated
by four oxygen atoms in the a-b plane. This plane
layer is common to all of the high-temperature~
cuprate superconductors, and is thought to be the
location of the superconducting current [137].
Surrounding the Cu-03 plane layers are the Ba-0
layers, which contain one O for each Ba. Finally,

between the Ba-0 layers is the Cu-O chain layer.



Figure 2.1. Orthorhombic structure of YBajCuz07.
(Reproduced from Ref. [12].)



When YBCO is fully oxygenated (6=0), half of the
oxygen sites in this layer are unoccupied and the
oxygen atoms order along the b axis, forming Cu-0O
chains. It is this 1layer that is  affected when
YBCO is not fully oxygenated. As ongen is lost
from this layer, the ordering of the Cu-0 chains
decreases, until ordering is lost at & ~ 0.6 [14].
This represents a change in structure from
orthorhombic when the chains are ordered and a # b,
to tetragonal when ordering is lost and a = b.

The T. of YBCO is highest for 0 < & < 0.1,
corresporiding to its orthorhombic phase with
lattice parameters of a ~ 3.82, b ~ 3.89, and ¢ ~
11.68 A [15]. T drops with increasing & and the
material is no longer superconducting upon
transition to the tetragonal phase when o > 0.6
[14]. Therefore, contfol of stoichiometry and
phase purity is critical for YBCO synthesis.

"As can be seen in Fig. 2.1, YBCO has a very

anisotropic structure. This leads to strong
variations in the  measured superconducting
properties with orientation. Ginzburg-Landau

coherence lengths have been estimated to be § ~ 5-7.

A parallel to the «c-axis and & -~ 20-30 A
perpendicular to the c-axis [16]. Thus, it can be
said that -the directibns of preferred

superconductivity lie parallel to the Cu-0, or a-b



planes. Indeed, superconducting critical currents
(Jc's) have been found to be an order of magnitude
greater in directions perpendicular to the c-axis
than in the c¢-axis direction. For this reason,
YBCO films for current-carrying applications must
be grown in the c-axis-normal orientation; i.e.,
grown with the a-b planes in the direction of
current flow parallel to the substrate surface.
Another aspect of YBCO that must be considered
invthin film development is the effects of grain
boundaries on the superconducting behavior of
polycrystalline films. It has been shown that
grain boundaries exhibit a so-called "weak 1link"
behavior that is highly dependent on the boundary
" angle between . grains. Dimos et al. [17]
investigated this phenomenon by growing a series of
pairs of small crystals, or “"bi-crystals," with
controlled grain boundary angles and found that the
superconducting current flow between the grains
sealed approximately linearly with the inVerse of
the boundary angle. Ivanov et al. [18] performed
similar work, but added a higher-temperature anneal
step than in the Dimos work, and showed a nearly
exponential dependence of Jg with.inverse boundary
angle. Thie weak-1link behavior has been found in
numerous thin film experiments, including the

ground—bfeaking' work of Norton et al. [19], who



compared the Jg's of YBCO films on single crystal

10

and randomly-oriented polycrystalline yvttria-

stabilized =zirconia (YSZ) substrates. Though c-
axis films were grown on both substrates, it was
shown that a film on the polycrystalline substrate
carried nearly two orders of magnitude less current
than a film on the single crystal substrate. This
was due to the fact that there was no alignment of
the a-b in-plane axes on the randomly-oriented
polycrystalline substrate, leading to the presence
of high-angle grain boundaries in the film.

As is the case when depositing thin films of
any material, the chemical and thermal
compatibility of YBCO with substrate materials must
be considered. The chemical compatibility of YBCO
is particularly difficult to manage. The diffusion

of trace amounts of many different elements into

YBCO has been demonstrated to adversely affect or

destroy superconductivity [20-22]. Also, at the
high temperatures necessary for YBCO growth (up to
800 °C), YBCO reacts with many substances [23].
Next, the necessity of the high growth temperatures
raises issues of thermal compatibility. Since YBCO
films will be grown at high temperatures and then
cooled to below T, for use, it is apparent that the
thermal expansion properties (YBCO room temperature

coefficient of linear expansion o ~ 13.6 pm/m°C) of
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' a substrate material must be reasonably similar to
those of YBCO to avoid cracking and other problems.
Thus, the chemical and thermal properties strongly
limit the range of materials that can be used with

YRBRCO.
2.2. Epitaxial Films

2:2.1. Growth on Compatible Substrates

The first growth of a superconducting YBCO thin
film was reported by Dijkkamp et al. at Bellcore
[9] wusing the pulsed-laser deposition technique.
In their study, both SrTiO3 and Alp03 single
crystal substrates were used but it was determined
that Al»03 was not suitable for direct deposition
of YBCO due to chemical reaction at the interface.
SrTi0O3, on the other hand, proved suitable, and has
since 'gained wide acceptance as a preferred
substrate for YBCO thin film process development.
Besides 1its chemical compétibility, SrTiO3 has
thermal expansion characteristics similar to YBCO
"and has a perovskite structure with lattice
constant of a = 3.905 A, providing a reasonable
lattice match for c-axis YBCO growth (within ~ 2%).
High quality YBCO films on - SrTiO3 substrates
typically have To's > 90 K and Jg's higher than
5x106 A/cm?2 at 77 K have been reported [24-26].



The growth is highly epitaxial in natﬁre, as
evidenced by x-ray diffraction measurements showing
precise alignment of crystal axes and YBCO (005)
rocking curve widths Ae® < 0.65° [27), and by
transmission electron .microscopy proving atomic
registry [28]. ‘ |
Several other single crystal substrates have
been demonstrated to provide epitaxial YBCO growth
with a high degree of compatibility. These include
yttria-stabilized =zirconia (¥SZ), LaAlO3, MgO,
LiNbOj, and other similar materials [29-33]. In
all of these cases, the growth of epitaxial YBCO
films with littie or no interface reaction (a thin
region of intermediate composition of less than 100
A has been found 'in some instances) has produced
superconducting layers with Te's > 90 K and Jg's >

106 A/cm?.

2.2.2. Growth on Incompatible Substrates Using
Intermediate Layers . |
There are many substrate materials that are
technologically significant but that are
incompatible with YBCO due to chemical interactions
between | the film and substrate, such as
intérdiffusion and the formation of unwanted
phases. Among the most important are the common

semiconductor materials, Si and GaAs, and sapphire.

12



For YBCO deposition on Si, early investigations

[34-36] showed Si diffusion into the film and Cu
diffusion into the substrate, along with a region
of enriched Ba and oxygen content near the
interface. C. T. Cheung and E. Ruckenstein [23]
later established the formation of BapSiOgq in this
region by x-ray diffraction. They also showed that
under some conditions, CuO and 21l-phase (Y2BaCuOsg)
are formed. Similar results were demonstrated for
sapphire, with strong Al diffusion into the YBCO
and the formation of BaAlp04, CuO, and 2ll-phase.

Many attempts have been made to deposit YBCO
films directly on Si and SiO3 substrates (for a
review see Ref. [37]). In all cases, the films have
been shown to have poor crystalline quality due to
the reactions at the film-substrate interface.
This has led to depressed Tq's (< 85 K) and poor
Jc's, the best reported being only about 104 A/cm?
at 4.2 K [38]. |

To solve this problem, several researchers have
grown intermediate layers of materials such as YSZ
[39-42] and MgO [43,44]. Thesé layers grow
epitaxially on the single crystal substrates and in
turn provide for subsequent epitaxial YBCO growth,
reducing or eliminating the problem of chemical
interaction. Jc's as high as 2x107 A/cm? at 4.2 K
and 2.2x106 A/cm?2 at 77 K have been reported for

13
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deposition on Si with a YSZ intermediate layer>

[407 .

2.3. Non-Epitaxial Films/Use of Intermediate

Layers

In order to expand the range of YBCO thin film
applications, the deposition of YBCO films on
substrates on which epitaxial growth is not
possible, or 1in some cases, not wanted, is.
desirable. Proper epitaxial growth is not pbssible
on amorphous substrates or substrates that do not
have an appropriate lattice match with YBCO. In
some cases, such as in the use of randomly—oriented
polycrystalline substrates, some degree of epitaxy
may be possible but is not desirable. This is due
to the properties of YBCO discussed in Section 2.1
that necessitate development of c-axis films with
alignment of the in-plane axes. If a YBCO film was
to grow epitaxially on a randomly-oriented
polycrystalline substrate, the YBCO would then
itself Dbe polycrystalliné and contain detrimental
high-angle grain boundaries.

The use of a randomly—oriented polycrystalline
Ni-based superalloy substrate material for a YBCO
thin film tape conductor application is an example

of a non-epitaxial case. Even if some degree of



epitaxy occurred during growth on this substrate,
it would not be desirable as it would not produce a

c-axis film with in-plane alignment. As will be

15

shown in Section 7.2, YBCO deposition on such a .

substrate results in a thin film of ©poor
crystalline quality. 1In addition, it will be shown
that YBCO is chemically incompatible with this type
of substrate. Cléarly, an approach to eliminate
direct contact of the YBCO and the substrate is
needed. -

The use of an intermediate layer of compatible
material, as in the case of epitaxial YBCO films on
chemically incompatible substrates discussed in
Section 2.2.2, is a possible solution. However, a

major obstacle still remains: it is still necessary

to control the structure and orientation of the

YBCO film without an epitaxial template from the
substrate. Thus, an intermediate layer is needed
that has an appropriate crystalline structure and
can be grown in the proper orientation for
subsequent YBCO growth. In  other words, the
approach taken here is to develop an intermediate
layer that will provide for proper epitaxial growth
of a c-axis YBCO film on itself even though this
layer did not grow epitaxially on the substrate.

This investigation explores processing methods to



16
control the orientation of yttria-stabilized

zirconia intermediate layers.

3. , YTTRIA-STABILIZED ZIRCONIA (YSZ) THIN FILMS
3.1. YSZ Properties

Zirconia, 2Zr0Oy, 1is a widely studied ceramic
material [45,46] that has been used for many
applications.‘ In particular, cubic-phase yttria-
stabilized zirconia (¥YSZ) is interesting due to its
stability over a wide temperature range, oxygen-ion
cohductivity, and chemical inertness [45].  YSZ
thin films have been used in a wide range of
applications, from solid electrolytes in gas
sensors and fuel cells [47], to insulating layers
in microelectronic devices [48]. Deposition of

thin films has been demonstrated by a variety of

techniques, including sputtering [49], electron
beam evaporation [50], and pulsed laser deposition
[36]. The chemical formula of YSZ is

(Y203)x(Z2xr02) 1-x-

Pure zirconia has a monoclinic structure at
temperatures up to 1170 °C, while from 1170 to 2370
°C, its structure is tetragonal [45]. Abové 2370 °

C, up to the melting point of 2680 °C, it is cubic.



The cubic phase has the fluorite-type structure,
with each zirconium atom surrounded by eight
equidistant oxygen atoms, and each oxygen
surrounded by four zirconiums. This structure 1is
shown in Fig. 3.1. When Zr0O3 is alloyed with one
of many di- or trivalent oxides that have cubic
symmetry, such as CaO, MgO, and Y303, the phase
transition temperatures are lowered. In several
cases, 1f an appropriate amount of alloying oxide
is added, the cubic-fluorite structure can be
stabilized down to room temperature. This occurs
with the addition of Y203, as }indicated in the
binary phase diagram shown in Fig. 3.2 [51].
Though the exact minimum amount of Y03 necessary
to stabilize the cubic phase is still the subject
of some controversy, it 1s now generally agreed
that adding about x > 0.05 provides stabilization,
up to the solubility limit near x ~ 0.3 [46]. Over
this range of composition, the vlattice constant

varies from a ~ 5.13 A to a ~ 5.18 A.

Because the oxides that stabilize  cubic

zirconia are di- and trivalent, while the zirconium
cation is 2zr4+, a defect structure must exist to
maintain charge balance within the crystal. In
1943, Wagner [52] determined that CaO-stabilized

zirconia contained a large number of oxygen

17



Figure 3.1. Fluorite-type structure of cubic

2r02. (Reproduced from Ref. [45].)
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vacancies. Following this work, Hund [53] showed

that Ca2* and 2zr4+ are statistically distributed

19

over the cation sites, and that the charge

neutrality is maintained by the creation of oxygen
vacancies equal in number to the Cal+
concentration. This defect structure has since

been established for all of the stabilized

zirconias. For YSZ, the addition of trivalent Y203

leads to the formation of one oxygen vacancy for

every two Y3+ ions.

The oxygen vacancy defect structure of YSZ is
responsible for several of its useful properties.
First, the high concentration of .oxygen vacancies
and resultant ease of oxygen diffusion gives YSZ
its oxygen conductivity and makes it useful for
applications such as oxygen sensors. Second, the
anion vacancy structure and charge neutrality
considerations lead to a véry low cation wvacancy
concentration, even at elevated temperatures.
Since most cations are too large' to diffuse through
the interstitial sites in zirconia and will not
diffuse on the oppositely charged vacancy sites,
one observes very low cation diffusion rates [54].
Indeed, cation diffusion coefficienté in YSZ have
been shown to be a millionfold smaller than oxygen

diffusion coefficients [55]. This makes YSZ an



effective barrier against the diffusion of most
metallic elements. Also, this factor contributes
to the stability of YSZ, as transtions from the

cubic phase require cation diffusion [45].

The mechanism by which the cubic phase of
zirconia is stabilized by alloying is not well
understood. Though Y203 is itself cubic, it 1is
surprising that the addition of only ~ 5% Y203 to
zirconia causes such a dramatic lowering of the
temperature at which the rHormally very-high
temperature cubic phase 1is stable. However,
studies of undoped ZrO; have shown that when the
oxygen content is  reduced below normal
stoichiometry to produce anion vacancies, the cubic
phase stability region of the phase diagram becomes
larger ([56]. Thus, the stability of the cubic

phase seems to be related to oxygen vacancies.

A H. Heuer and M. Ruehle [57] have proposed
that the stability of the cubic phase arises from a
change of the electronic energy contribution to the
ffee energy caused by the defect structure. They
point to the quantum mechanical calculations of M.
Morinaga et al. [58], which compare the electronic
structure of the cubic and tetragonal phases of
pure Zr0Oj. According to these calculations, thé

tetragonal phase has a higher degree of covalency,
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which leads to a larger band gap and a lower
valence band energy. Therefore, they predict that
the tetragonal  phase is stable at lower
temperatures due to the electronic energy
centribution to the overall " free energy. The
stability' of the -cubic phase at T > 237C)v°C is
attributed to the increased -contribution of the
higher entropy of this higher symmetry phase. In
‘stabilized or oxygen deficient zirconia, 1local
structural relaxation occurs around the anion
vacancies, and atoms are slightly displaced from
their ideal cubic-fluorite positions. The
calculations predict that this changes the
electronic structure significantly, moving it
closer to the tetragonal phase. Therefore, they
propose that the entropy contribution to the free
energy predominates in stabilized zirconia, leading
to the preference of the cubic phase at lower

temperatures.

3.2. Use as Intermediate Layer for YBCO Thin Film
Growth

Single crystal substrates of (001) YSZ have
been successfully demonstrated as’ suitable
substrate materials for YBCO thin films [59,60].

The room temperature coefficient of thermal
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expansion of YSZ is a ~ 11.6 um/m°C, reasonably
similar to .that- of YBCO (a ~ 13.6). c-axis YBCO
epitaxy with a lattice mismatch of < 0.2% has been
demonstrated for  the in-plane = epitaxial
relationship YBCO[lOO]//YSZ[lOO] [61], with four
unit cells of YBCO foi: every thrée of YSZ [62].

As mentioned in Section 2.2.2, several
researchers have studied the use of YSZ as an
intermediate layer for YBCO epitaxial growth on Si
and other substrates that aré not compatible with
direct YBCO deposition. D. K. Fork et al. [63]
 have demonstrated epitaxial growth of (001) YSZ on

(001) Si, with the in-plane epitaxial relationship

¥SZ[110]//Si[110]. Resultant YSZ films had (002)
rocking curve widths of A® ~ 0.7-0.8°, indicating
the presence of little tilt in the film.  This

. value 1is good for a film grown on a dissimilar

substrate material. .'(See Section 6.3.1.2 for a

discussion of rocking curves.) Subsequent growth

of a YBCO film produced a high quality film with

YBCO (005) Ao ~ 0.6-1.0° [40], close to that
obtained for YBCO on SrTiO3 single crystals [27].
Resultant Tg > 90 K and Je ~ 2.2x106 A/cm2 at 77 K,
demonstrate the feasibility of the use of YSZ

intermediate layers for YBCO thin film growth.



4. PULSED LASER DEPOSITION OVERVIEW

Though the idea of depositing thin films of
material using an intense laser beam firét arose in
1965 [64], the use of pulsed-laser deposition (PLD)
has only recently become popular. This is partly
due to the fact that the necessary high energy

laser technology has only become prevalent in the
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past few vyears. However, perhaps the main reason

that the use of PLD has boomed recently is that the
technigque was the first wused to successfully
deposit a superconducting YBCO thin film in 1987
[9]. It took a few years before proponents of more
common deposition techniques such as sputtering
were able to grow YBCO films that were similar in
quality to those being grown by PLD. Because of
this, and the subseduent realization by = many
researchers that PLD is a fairly easy-to-use
technique, the use of PLD has exploded to the point
that the deposition of films of at 1least 128
different materials have been documented in recent

years [65].
4.1. Pulsed-Laser Deposition Concept

The concept and ekperimental use of PLD is

quite simple. The radiation from a high energy



pulsed laser, most commonly an excimer laser, is
- focused onto a target of the material to be
deposited within a wvacuum chamber. The substrate
upon which the thin film is to be grown is set
directly across from the target. Under the
appropriate conditions, material will be removed
from the 'target, by each lasef pulse and form a
plume of vapor expanding outward along the normal
to the targét surface. Some ‘of the ejected
material collects on the substrate to form the
film. Though seemingly simple, the actual physical
process of material removal is very complex and is
currently the subject of intense research [66-68].
In the simplest approach one can consider the
laser material removal mechahimn to be a two-step
process: first, the laser energy is absorbed, and
then, material 1is expelled or vaporized. The
"first step" begins with the aBsorption of the
laser radiation energy, generating energetic
electrons and phonons in the material. At the high
energy densities (> 1 J/cm2) and short pulse-widths
used for PLD (or power densities > 107 W/cm2),
rapid heating occurs in the surface and near-
surface region. For most materials of'interest,
especially metals and small-bandgap materials, the
optical absorption depth is shorter than the

thermal diffusion distance [69]. Thus, the rate of
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heating near the surface is rapid compared to the
rate of thermal dissipation, and ‘melting and
vaporization occur.

Continuing with this simple description, the
"second step" of the laser-material interaction is
the ejection of material due to the recoil pressure
created by the vaporization process. This process
has been modeled as an expulsion caused by a
mechanical shock wave originating below the target
surface due to rapid expansion from local
superheating {[70]. This type of approach explains
observations that the plume of ejected material is
very forward-directed, with empirical measurements
showing distributions near (cosG)lO,vwhere 0 is the
angle of deviation from the target normal [67].
This is far different from the cos6 dependence
normally observed for pure thermal evaporation.
Also, whereas thermal evaporation produces a vapor
composition dependent on the vapor pressures of
each element in the material, this laser-induced
material expulSion produces a plume with
stoichiometry similar to the target.

Of course, this two-step description of the
laser ablation mechanism is an extreme
simplification of a very complex process. One of
the most important components not considered in

this description is the creation of a plasma above
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the target surface and the subsequent interaction
of the laser radiation with the plasma. The plasma
is initiated by thermal emission of electrons and
ions from the target. This plasma expands rapidly
as the electrons, ions, and ejected ‘atoms and
molecules interact and continue to. absorb laser
radiation. Models indicate that once the plasma is
formed (in the first few nanoseconds), the plasma
itself may absorb some of the remainder of the
laser pulse by inverse bremss;rahlung scattering

[67]. This absorption is highly dependent upon
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many other factors, including the laser wavelength,

pulse intensity, plasma density, and plasma
temperature. At the relatively high pressures
(10-3-10-1 Torr) and pulse intensities typically
used for PLD of materials like YBCO, the plasma is
likely to absorb part of the laser radiation [71].
The net result of the laser-target interaction
is the production of a highly energetic plume of
material travelling away from the target surface.
Mass and emission spectroscopies have shown that a
plume can contain many species, including
electrons, neutral atoms and molecules, and charged
ions [69]. In the case of YBCO ablation in oxygen,
the presence of neutral and charged Y, Ba, and Cu
has been shown,.along with mono- and di-oxides such

as CuO, YO, and BaOj. It is interesting to note



that when YBCO was ablated in vacuum, Cu0 was not
}obserQed, indicating that a gas-phase reaction
occurs in the presence of oxygen [72]. Ion probe
measurements of YBCO ablation in wvacuum indicate
that the fraction of ionized material in the plume
is < 10% [73].  Time-of-flight experiments have

found expansion velocities for neutrals of 103 to
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106 cm/s and as high as 107 cm/s for charged

species in wvacuum. This corfesponds to kinetic
energies of roughly 1 to 10's of ev for most
material and as much as 100 eV for iomns. It 1is
important to note, however, that in the pressure
regime usually employed to deposit films such as
YBCO, the mean free path is about 1 to 10 mm, so
collisions are 1likely to reduce these energies
significantly before arrival at the substrate

surface.
4.2. Advantages for Thin Film Growth

The charactéristics of the 1laser ablation
process produce several‘ advantages for thin film
growth. First, the fact that the material ejected
from the target has a composition similar to the
target provides for congruent material transfer to
the substrate for film growth. This is

particularly advantageous in the depostion of films



with complex stoichiometry, such as YBCO. Only in
a few cases has it been demoﬁstrated that it is not
possible to grow a film with the same composition
as the target by PLD, and in these cases, such as
the loss of Pb content in the deposition of Pb-
doped Bi-Sr-Ca-Cu-O0 films [74], the problem is
likely caused by the high vapor pressure of one
component leading to its evaporation from the
growing film. = This difficulty exists no matter
which deposition technique is chosen.

Another advantage of PLD lies in the energetics
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of the process. It has generally been found in -

thin film growth research using energetic
deposition techniques that atoms arriving with
energies of 1 to 10 eV promote film densification
Iand have a high sticking probability [75]. This is
precisely the range of energy expected at the

substrate 1in PLD, and can be controlled to a

certain degree by simply changing the target-

substrate spacing. Moving the substrate closer to

the target puts it into the more energetic part of
the plume, whereas moving it away lowérs the energy
of the plume material through collisional
processes. This energy can also be changed easily
by variations in pressure (higher pressure reduces

mean free path) or laser energy density.



Yet another advantage of PLD is the ability to

conduct the process in high partial pressures of
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reactive gas, such as oxygen. This is crucial for

the deposition of YBCO in order to maintain the
proper oxygen content in the film. Also, the
. presence of a reactive gas can help bind volatile
species ﬁo a substrate, maintaining stoichiometry.
Finally, there. are several instrumental
"advantages to the use of PLD in comparison with
other common deposition techniques. For example,
the wvacuum requirements for PLD are nOt as
demanding as for soﬁe other technigues, such as
molecular beam epitaxy (MBE). PLD requires a base
pressure of only about 105 to 106 Torr, whereas
lowef than 10-8 Torr is usually reguired for MBE
[76]. A distinct advantage overAsputtering is that

PLD does not require maintenance of a constant glow

discharge, which can 1limit process parameter

control and lead to preferential resputtering of a

growing film by charged ions. Also, in contrast to

sputtering,‘ PLD does not require specialized
targets - one simply places a piece of the material
to be deposited on a holder. Lastly, some of the
above advantages Combine to make it quite easy to
deposit multiple film layers of different materials

in situ.



5. ION-ASSISTED THIN FILM GROWTH

The bombardment of a thin film with ions during
deposition has been found in many cases to produce
changes in film properties. The term ion-assisted
deposition (IAD) 1is generally used to refer to
processes in which film properties are purposely
modified by controlled ion bombardment during
growth.

Ton bombardment is an inherent component of the
process 1in many sputtering and plasma deposition
processes; ions of the appropriate charge generated
in a plasma are attracted to the electrode on which
the substrate sits. Often, the substrate will be
purposely biased to attract or repel ions, or to
change their energy. When the process utilizes
this ion bombardment to affect film properties, it
is appropriately called IAD. One of the
difficulties involved in ~ these types of IAD
processes, however, is that the electrode biases,
input power, and pressure are not independent
variables, leading to a limited degree of control
over ion energies and flux.

An increasingly more common method to achieve
’controlled ion bombardment during film growth is to

use a separate ion source, such as a Kaufman source
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[77,78]. A Kaufman source allows independent
control of ion bombardment direction, energy, and
flux. (In plasma processes, plasma parameters
sometimes limit the degree to which this
independence can be achieved.) Thus, precise
control of IAD-modifiable thin film properties can
oftén be achieved.

It is important to note that in this work, ion-
assisted pulsed-laser deposition (IAPLD) is the
focus of my studies. As PLD is a relatively new
process technique, very 1little information exists
in the literature oh the use of an ibn beam in
conjunction with PLD. One important consideration
is the fact that PLD is a pulsed rather than a
continuous process, resulting in a non-continuous
arrival of material to the film growth surface. As
a Kaufman source ©provides a continuous ion
bombardment, there was some question as to whether
IAPLD would vyield film modifications similar to
those obtained with other IAD technigques. Nearly
all existing information on the use of IAD involves
the use of processes that provide continuous
arrival of material to the film surface, such as

sputtering and evaporation techniques.
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5.1. Modification of Film Properties

A comprehensive list of film properties that
can be modified by IAD would be very long. Since
ions of sufficient energy ' striking a film

physically displace atoms, film microstructure is

-directly affected. Thus, any property that 1is
“directly or indirectly related to the
microstructure may be changed by IAD. Also, ions

striking the surface impart energy to the atoms at
and near the surface, thereby influencing kinetic
processes during growth. Many researchers have
used this aspect of IAD to reduce £film growth
temperatures, as properties normally expected at
higher temperatures <can be obtained at lower
temperatures since the ion bombardment provides the
necessary energy to the growth region [79].
Reducing growth temperatures has advantages'ih many
thin film deposition processes, particularly in
reducing chemical interactions and diffusion
between substrates and films.

One of the most common uses of IAD is to
provide the densification of films during growth.
This 1is particularly important in the area of
optical <coatings, where porosity <can 1lead ¢to
difficulty with stability and reproducibility of

the refractive index. This porosity arises from
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the fact that many films grow in the Volmer-Weber
or island growth  mode, especially at .1ow
temperatures [80]. When adatom mobility is low,
arriving atoms tend to stick where they 1land,
leading to irregularly-shaped islands. Also, the
island tops see a greater flux of incoming material

than the lower areas, causing so-called shadowing

effects. As the islands coalesce, - voids are
created. Bombardment with an ion beam can enhance
adatom mobility, leading to increased 'packing

density. IAD can be said to help change a Volmer-
WeberAgrthh process toward a more layer—by—layer,
or Frank-van der Merwe mode. This effect has been
demonstrated in the deposition of many different
materials, including Ag [81], SiOy [82], Ge [83],
CaFy [84], and Zr0Op [85].

Of particular relevance to this study is the
wdrk of P. J. Martin et al. on the modification of
properties of Zr0Oj optiéal films wusing an ion-
assisted electron-beam evaporation process [86].
By adding a 600 V Ar*-beam to their evaporation
proéess, the film packing density was increased
from 0.83 to nearly 1.0. A corresponding increase
of the refractive index from 1.84 to 2.23 was
found. More surprising, however, was the
observation of a change in the predominant ZrOp

phase in the film. Without ion-assistance, the
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films were shown to contain mostly the monoclinic
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phase, as 1is expected for pure ZrOp from the

equilibrium phase diagram (see Fig. 3.1). On the

other hand, IAD-grown films were found to consist -

predominantly of cubic phase material. Thus, the

introduction of ion-assistance changed an

equilibrium-like growth process to a non-
equilibrium process producing a metastable phase.
Other film properties that are frequently
modified using IAD include £film stress, adhesion,
grain size, step coverage, and crystalline
orientation [79]. As the control of orientation of
non-epitaxial ¥YSZ intermediate layers for YBCO thin
film growth on randomly-oriented polycrystalline
substrates is the goal of this work, a review of
previous studies of IAD effects on film orientation

- follows.

5.2.' Control of Thin Film Orientation

5.2.1. Previous Studies

Although the effects of ion bombardment on film
orien;ation during thin film growth were first
noted as long ago as 1977 (871, very few
comprehensive studies of this potentially powerful
IAD technique have appeared in the 1literature.

What exists are several diverse studies and



observations of IAD effects on a wide range of film
materials. | ,

In 1977; Marinov [87] reported that using an
Ar*t-beam of several *'kV during Ag film growth
changed the preferred orientation from (111) to
(110). At that time, Marinov made littie mention
of the potential applications of such a method nor
did he attempt to provide a detailed theoretical
explanation for the observed effect. It was not
until 1982 that Dobrev [88], noting the same
effects for IAD of both Ag and Au, pointed out that
the change in orientation seemed to be related to

the direction of the incoming ions. Dobrev
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observed that the preferred orientation under ion

bombardment was one in which the ion direction
corresponded to a crystal channeling direction. He
offered a further theoretical explanation for this
that will be discussed in the next section.
Following the work _of Marinov and Dobrev,
séveralv‘ other researchers reported similar
relationships between IAD film orientation and beam
direction along a channeling axis in other metals,
such as Cu [89], Al [90], and Ni [91], and other
materials including Si [92j and AlIN [93]. However,
most of these studies looked only at ion beams
directed at normal incidence to the substrate, and

none checked for orientational effects in the



azimuthal, or in—plane, directions. For the
present case of depositing a YSZ intermediate layer
for YBCO superconductor growth, we know from the
discussion of YBCO properties in Section 2.1 that
it is necessary to align the in-plane axes as well
as the c-axis-normal orientation to eliminate the
weak-link effects of high-angle grain boundaries.
Therefore, it 1s desirable to know if IAD can be
used to control in-plane orientation.

Inv 1985, L. S. Yu et al. '[5] published an

investigation of the effects of using glancing-

angle ion bombardment during IAD sputtering of Nb
films, looking for the first time for possible
effects on in-plane axial alignment. Without ion-
assistance during deposition, the Nb films were
found to display a high degree of (110) -normal
texture, but random alignment of the grains in-
plane. The addition of a 200 V Ar+-bean'at 20°
from glancing angle produced two significant
effects. First, the film was found to have neér—
(110) -normal alignment but the grains were tilted 5
° toward the beam direction. This corresponded to
an orientation in which the ions see a planar
channeling direction between (110) planes. Second,
an x-ray pole figure revealed a preferred aiignment
of the in—plane axes. Yu speculatéd that this was

caused by a preferred sputtering.mechanism and this
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theory was  further developed by the same
collaborators in a subsequent article by R. M.
Bradley et al. [94] that will be described in the
next section. |

Since the publications of Yu and Bradley
several more reports have appeared on the
orientational effects of IAD for various materials
and a few brief summaries of such findings have
been published in reviews of iAD techniques
[79,95].' However, little further work studying the

 effects of such aspects as ion-beam parameters on

the degree of azimuthal orientational control has
appeared, nor has any detailed investigation of the

potential applications of this technology.

5.2.2. Theory

As mentioned above, Dobrev [88] was the first
to pfopose that the IAD orientational control was
related to the channeling directions of ions in the
crystal. = He further hypothesized that this was due
to the fact that the density of energy deposition
would be inversely related to the depth of
channeling. According to the "thermal spike"
calculations of F. Seitz [96], a one kilovolt
bombarding particle may cause a local increase in
temperature of 1O4IK for a time interval of about

10-11 s over a region containing 103-104 atoms.
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Thus, in a polycrystalline film, the grains that
"~ had their channeling directions aligned to the beam
would be effectively "cooler" than other grains,
and would thereby act as nucleation centers for
recrYstallization of surrounding material heated by
the "thermal spike." By this mechanism, Dobrev
proposed that the film would become dominated by
this recrystallization process under continuous
bombardment during growth thereby producing a film
with the predominant orientation,aligned to the ion
beam.

On the other hand, Bradley et al. [94] proposed
that the dominant mechanism that caused IAD
orientational alignment was a preferential
sputtering process. They pointed to the studies of
others that showed strong dependency of sputter
rates on angle of ion incidence for single crystal
diamond [97] and copper [98]. The lowest
sputtering rates were shown to be for orientations
that had a crystal channeling direction pérallel to
the angle of ion incidenée. Thus, grains of
material that were not aligned would have their
growth impeded relative to the aligned grains due
to this higher sputterihg rate by thé ion beam.
Eventually - the aligned orientations would
predominate. Bradley theﬁ constructaﬂ a detailed

model with parameters for differences in sputter



yvields, degree of natural self-epitaxy, and the
ratio of ion flux to.dEposition vapor flux. The
results of calculations with this model showed good
qualitative agreément with the results of Yu et al.
[5] for Nb deposition. |

These two theories actually are quite similar
in that both assume that the orientational effects
aré due to the difference in the energy transfer
process caused by the alignment or misalignment of
channeling axes to the energetic ion beam. The
main difference is a question of viewpoint - Dobrev
prefers to consider it a process of growth of the
aligned crystallites by a recrystallization process
that takes material away from the other grains,
while Bradley looks at it as a proceés of shrinkage
of the misaligned relative to the aligned
crystallites due to preferential sputter removal of

material.

6. EXPERIMENTAL

6.1. Pulsed-Laser Deposition
6.1.1.  System Overview

A pulsed-laser deposition (PLD) system was

designed and built specifically for this research
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project. A Questek model #2860 excimer laser using
KrF gas to emit 24% nm wavelength radiation was
chosen. According to the manufacturer's
specificatibns, thié laser produces 20-30 ns pulSes
of up to 750 mJ ehergy at a repetition rates of 1-5
'Hz. In practice, it was found.that energies of up
to only 500-600 mJ/pulse could be obtained feliably
and reproducibly. Using a quartz lens to focus the
rectangularly-shaped beam to a spot size of about
2x4 mm at the target translates to a maximum
possible energy density of approximately 7.5 J/cm2.
However, as the laser beam in this setup is first
reflected toward the vacuum deposition chamber by a
mirror, then passes through the quartz lens, and
finally passes into the chamber through a quartz
window, a measurement of the actual energy near the

target site was made. This measurement indicated

that for a 600 mJ pulse at the laser, the actuali

energy density is about 4 J/cm? at the target.

A diagram of the deposition wvacuum chamber is
shown in Fig. 6.1. The chamber is pumped by a
Balzers model #TCP310 turbomolecular pumping system
rated to pump up to 500 liters/s. All permanently
mounted devices, such as thermocouple and power
feedthroughs, were sealed using Conflat-type copper
gasket ultra-high wvacuum seals, while the -quick—

access door and rotary push/pulls use rubber o-

40



<l
Rotary/Push/Pull
Laser c —
S8
, v Heated
. ,_ Substrate Holder
Oxygen € = ; 1] Viewport
L
Multi-target
Holder
{
O"@ iy
1“0 &
<, &
v \s
'Q% -
» - : g
| >
~ Rotary/Push/Puil {§

Figure 6.1. Top view of the pulsed-laser
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feedthrough.
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rings. This enables a system base pressure of -~
10-7 Torr following continuous overnight pumping.
- For deposition runs, a base pressure less than 10-5
Torr is routinely obtained in less than one hour
before commencing a process run.

A substrate heater was devised using a coiled
Kanthol ‘wire resistive element in a ceramic block.
A cover plate of Haynes Alloy #230 was made. To
reduce radiative heat loss, a thin foil . of
stainless steel  was wrapped around most of the
heater block, except the area of the cover plate
where substrates .are mounted. This enables
temperatures of up to 800 °C to be obtained in
oxygen atmospheres up to several hundred mTorr.
The temperature was measured using K-type
thermocouple wires attached to the cover plate just
below the substrate with a small screw.

Temperature is controlled using an Omega model

#CN2042 temperature controller. It is important to

note that all temperatures reported here are
measurements at the face of the cover plate, which
should represent the temperature on the backside of
the substrate.

To provide gas %tmospheres for deposition and
ion—sourcevgases for ion-assisted processes, a gas
flow control system was.devised.' First, a Varian

variabie leak valve was installed to deliver oxygen
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over a wide range of flow rates for both deposition
atmospheres and chamber venting. No direct

measurement of flow rate is obtained with ‘this

device. For precise delivery of low flows (1-1000
sccm), a Vacuum General model #UV2-21 mass flow
controller was installed. A system of wvalves

allows the introduction of either oxygen or any
other available gas, most frequently argon, through
this controller. This system is directly connected
to the ion gun to provide ion-source gas when the
gun is in use or normal gas flow when the gun is
off. A Vacuum General model #CMO capacitance
manometer measures process pressure, which 1is
controlled using a combination of a gate valve
between the chamber and the turbopump, and an
adjustable iris flow constrictor.

The Kaufman-source 1on gun, a Commonwealth
Scientific 3 cm tungsten-filament ion source, is
mounted below the target holder and the push/pull
feedthrough and is thus not shown in Fig. 6.1. The
gun was mounted on a stand that could be moved back
and forth to allow some variation of source-
substrate spacing, but unfortunately had to be
physically bent to allow changes 1in ion-beam
angular direction! (A new stand to allow precise
angular adjustment is under development.) The gun

was configured with a single Ni-mesh grid, allowing
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a beam voltage range of approximately 50 to 200
‘volts. Beam currents from about 5 to 60 milliamps
could be obtained. As previously mentioned, a mass
flow control system provides precise control of
source gas flows of oxygen, argon, or any other gas

that is installed.

6.1.2. Typical Deposition Conditioné and
Procedures |

Prior to every deposition run, the substrate is
rinsed in deionized waﬁer followed by methanol, and
then attached to the substrate heater with silver
paint. Following evacuation of the chamber to <
10-5 Torr, a preheat cycle is performed for any
deposition that will be run below 500 °C. The
heater is ramped to 500 °C (taking approximately 10
minutes), held at this temperature for 10 minutes,
and then allowed to cool to the desired deposifion
temperature. This cycle drives any remaining
solvent from the silver paint and volatilizes
contaminants on the substrate surface. Tests of
longer preheat cycles did not produce any further
pressure drop, indicating that this cycle
effectively removes any contaminants that can be
driven off. | |

For depositions below 500 °C in a gas

atmosphere, gas flow is started and the pressure
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set when the temperature reaches the deposition
temperature. For runs at higher temperatures, gas
is introduced during the temperature ramp-up when
‘the temperature reaches 500 °C. A .typical
deposition temperature for YBCO growth is near 750
°C, while temperatures from room temperature to 700
°C have been used for YSZ depositions. To provide
full stoichiometric oxygen composition in most
oxide films, including YBCO and YSZ, deposition 1is
carried out in an oxygen atmosphere. A typical
oxygen pressure for YBCO growth is 200-300 mTorr,
while for ¥YSZ it is less than 100 mTorr. Once the
deposition temperature and pressure are stabilized,
the target surface is precleaned using a few laser
pulses while a shutter blocks the substrate.

It has been shown that congruent material

removal from YBCO and similar oxide materials
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usually occurs for 1laser energy density above a

threshold .of approximately 1 J/cm2 [69]. Thus,
depositions .are typically performed at a laser
energy of 400-500 mJ/pulse, giving an energy
density at the target of 2-3 J/cm2. This provides
assurance that the congruende threshold is safely
exceeded, while running at an 'energy that the
Questek excimer laser can zroutinely achieve. A
pulse repetition rate of 5 Hz is most often used.

It has been found that varying the pulse rate from



1 to 10 Hz does not change the film properties, so
once again this parameter was chosen by safely
using an energy 1level that the 1laser  could
routinely produce. - Using these parameters, a
typical YBCO deposition rate is ‘about 1
angstrom/pulse, or 300 éngstfoms/min.

Following all depositions at elevated
temperatures, the deposition chamber was filled to
near atmospheric pressure with oxygen through the
Varian vélve prior to turning off the heater. The
heater was then shut off,'and the sample allowed to
cool to room temperature. This pfocedure
essentially provides a short oxygen anneal during
the cooldown cycle. It has been shown to be
important for proper oxygenation of YBCO films,
which transform from the tetragonal to the
superconducting orthorhombic phase near 400 °C in
an oxygen atmosphere greater than ~ 1 Torr [99].

Additional deposition parameters and procedures
for ion-assisted depositions will be discussed in

Section 7.3.3.
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6.2. Materials Specification and Preparation

6.2.1. Substrates
6.2.1.1. Haynes Alloy #230

Hayneé Alloy #230 (HA230) is a Ni-based
"superalloY" that is appropriate for tape conductor
applications, as discussed in Section 1. It was
chosen for this study due to 1its resistance to
oxidation in high—temperatﬁfe environments and
chemical and structural stability to well over 1000
°C. Also, HA230 has a thermal expansion
coefficient, aga230 ~ 14-15 pm/m°C [100], that is
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similar to that of YBCO, aypco ~ 13-14 pum/m°C. The

elemental composition of HA230 is shown in Table
6.1. HA230 is polycrystalline with no preferred
grain orientation. The ASTM grain size is 4-5,

indicating predominant grain sizes of 50-200 um.

The crystal structure is the same as that of pure

Ni, FCC, with some slight wvariation in 1lattice
parameter due to the substitution of other elements
in the FCC lattice. The carbon content of HA230
produces both intra- and inter-grain carbide
particles which enhance chemical and structural
stability by providing resistance to grain growth
at elevated temperatures, as well as providing high

mechanical strength.



Ele- cr W Mo Fe o Mn |si Al [ La [B INi

ment

$ [20.0-f13.0-f1.0- 3 5 0.3- [0.25-|0.20-]0.05-0.005}0.015pal-
24.0 15.0 3.0 max. jmax. [1.0 0.75 |0.50 [0.15 |-0.05max. jance

Table 6.1. Haynes Alloy #230 elemental

composition. .

Circular substrates of HA230 are first cut from
0.6 mm sheet. As HA230 arrives from the
manufacturer with what is known as a ‘"pickled"
surface which is very rough, the substrates must bé
polished. The circular substrates are mounted in a
resin block mold for surface polishing. The
pickled surface is first removed using a rough
lapping paper, and then polished wusing aluminum
oxide powders on a mechanical lapping wheel. The
grit size of the finishing polish is 0.05 pum. It
is usual among metallurgists to assume a finished
surface roughness no greater than half the grit
size of the final polish. A scan using a Dektak
Profilometer revealed surface features no greater
than 10 nm. The substrates are removed from the
resin by dissolving the resin in acetone. They are
then rinsed further in aceﬁone and deionized water,

and stored awaiting deposition.
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6.2.1.2. Other substrates

All other substrates used in this work were
used as obtained from the manufacturer. Polished
0.5mm-thick (100) SrTiO3 single-crystal substrates
for YBCO process definition (see Section 5.7.1)
were obtained from Atomergic | Chemical, Inc.
Polished 1.0mm-thick fused-silica substrates were
also purchased from this vendor. The
polycrystalline alumina and Teflon materials used
for the quick tests described in Section 7.3.3 were
secured from random stock of unknown origin in the
Lawrence Berkeley Laboratory machine shops. Both
were approximately 0.5 mm thick. These substrates
were not polished or treated in any way, other than

the usual cleaning in deionized water and methanol.

6.2.2. Targets

YBCO targets for thin film deposition were made
by James Wu at Lawrence Berkeley Laboratory.
Starting materials of 99.99% or better purity were
used and careful measuring procedures insured
Y:Ba:Cu ratios of 1.00:2.00:3.00. Target disks of
1/2 to 3/4 inch diameter and 2 to 3 mm thickness
were provided. A resistivity versus temperature
measurement showed these targets to be

superconducting at > 90 K.

49



, Excess material from the production of YSZ:
sputtering targets was purchased from Puretech,
Inc. for YSZ deposition. Specifications for these
targets indicate a guaranteed purity of 99.99% and
a Yp03 content of 10 molar-% for cubic—phaée
stabilization. Sections of about 1 inch square énd

1/4 inch thickness were obtained.
6.3. Characterization Techniques .

6.3.1. X-ray Diffraction
6.3.1.1. 20 diffraction

20 X-ray Diffraction '(XRD) is performed on a
Siemens Model 5000 Diffractometer. The thin film
is placed in the diffractometer with the plane of
the substrate normal to the diffractometer axis, as
shown in Fig. 6.2(a). In this configuration,
diffréctian only from crystal planes parallel to
the substrate surface is measured. 'In‘this way,‘
the normal-axis orientation of a film can be
determined. For example, for the YBCO film in the
desired c-axis-normal orientation, only the (00L)
series of peaks should be observed. The presence
of any other peak indictates material of different
orientation.

XRD can be used to determine or infer many

other properties of a material, including the
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26 DIFFRACTION

(a)

Figure 6.2. Configurations for x-ray diffraction
measurements: (a) standard 20 diffraction, and (b)

¢-scans.
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lattice parameter, phases present, and grain size

[1017]. The lattice parameter is calculated from

the position of diffraction peaks using the

relationship that governs X-ray diffraction,
Bragg's Law, A = 2dsinf, where A is fixed by the x-
ray source. The presence of specific phases can be
verified by the existence of peaks corresponding to
the 1lattice structure of that phase. Finally,
small grain sizes can be. inferred from the
broadening of diffraction peaks that occurs for
grain sizes below apprbximately 10 pm [101]. This
broadening is described by the well-known Scherrer
formula, t = (0.91)/(Bcosf), where t is the grain
diameter, A is the x-ray wavelength, B is the peak

broadening (in radians), and ©6 1is the Bragg

diffraction angle.

6.3.1.2. ¢-scans and rocking curves

X-ray ¢-scans and rocking curve measurements
were performed at Conductus, Inc. through
collaboration with S. Garrison. A Siemens Four-
Circle Diffractometer was employed for this
purpose.

X-ray ¢-scans can be used to determine the
orientation of crystal axes in the plane of a film.
The configuration for this measurement is displayed

in Fig. 6.2(b). As shown in the figure, the thin
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film sample is tilted in order to cause diffraction
from planes not parallel to the substrate surface.
It is then rotated about the film-normal to measure
the presence of diffraction from these planes as a
function of rotation. The tilt angle is set to an
angle corresporiding to the angle of a particular
set of planes in the film. For example, the angle
is set-to 54.7 degrees for a (001) YSZ film to
measure diffraction from the (111) planes, because
the (111) planes form this angle with the £film

normal. Continuing with this example, if the in-
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plane axes in this film are well-aligned, four

peaks of (111) intensity should be seen in a 360
degree rotation, as determined by crystal symmetry.
However, if the film grains are randomly-aligned in

the plane of the f£film, the ¢-scan will be

featureless.

Rocking curve widths were determined using the

same confuguration as shown in Fig. 6.2(a). The
sample is placed at a 0 value corresponding to a
Bragg diffraction peak, and then rocked about 6
while the x-ray source and detector are held fixed.
This width of the resultant curve is a direct
measure of the range of orientation present in the
film, because each slightly tilted region in the

film will successively come into the diffracting

position as the crystal is rotated [101]. Typical



rocking curve widths are 0.01 to 0.1 degrees for
high quality single crystals, but higher wvalues
expected for polycrystalline materials and for thin

films grown on dissimilar substrates.

6.3.2. Electrical Measurements
6.3.2.1. Resistance versus temperature

The resistance of YBCO thin films as a function
of the temperatUre can be measured using a
computer—controlléd helium—coolgd. cryostat system
developed by P. Berdahl and coworkers at the
Lawrence Berkeley Laboratory [102]. The resistance
is determined employing a standard four-probe
technique [76]. Four thin (50-100 pm diameter)

gold lead wires are attached to the film in a

straight 1line wusing a Dupont silver conducting

paint. AC current is passed throﬁgh the outer two
wires and the voltage drop is measured by the inner
two wires. An EG&G Princeton Applied Research
Lock-In Amplifier Model #5301 is used to provide
both the current sourée and the voltage
measurement. A Keithley Model #195A Digital
Multimeter measures the current in the circuit. An
IBM PC 1is programmed to record the temperature,
'current, and &oltage, and calculate the resistance
at intervals of 4 K or when resistance changes by

more than 20% as the sample is cooled from room

54



temperature. Further. description. of this system
can be found in Ref. [102].

A plot of the resistance versus temperature for
a YBCO film contains a great deal of information.
One not only receives direct measurement . of
electrical Dbehavior, but one can also make
inferences about the étructural characteristics
from this data. Properties that are measured
directly include the superconducting critical
temperature, T, the - superconducting transition
width, ATs;, and the slope of the normal-state
resistance. T 1s the temperature at which the
film no longer has a measurable resistance, and can
be compared to the known values for bulk YBCO (T¢ ~
92 K).

AT- is the difference between the temperature
at which the onset of superconductivity is observed
and the temperature at which resistance reaches
zero (T¢). This is commonly defined by the
temperatures at which the resistance is 90% of the
pre-transition value to the 10% value. For pure

superconducting-phase YBCO material AT, is < 1 K

[24]. A wider transition can be an indication of
non-uniformity in the material. If the transition
is wide, this indicates that = a complete

-superconducting path is not available to provide

zero resistance until a lower temperature than that
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at which superconductivity is first observed.
‘Thus, some regions in such a_film may have lower T,
than others; i.e., non-uniformity may exist. A
wide transition can also be caused by poor
conduction between’ grains. - The onset may be
observed when the intra—grain resistance reaches
zZero, while there is still an inter-grain
resistivity that limits the current path until a
_lower temperature.

The slope of the normal state resistance as a
function of temperature can serve as an indicator
of the phase purity in a YBCO thin film.
Superconducting orthorhombic phase YBCO that is
fully oxygenated exhibits metal-like conduction.in
the normal state, with a linear resistance slope
pointed toward =zero at zero temperature. It has
been shown that this slope decreases with

decreasing oxygen content in orthorhombic YBCO,

with a change in the sign of the slope indicating a

switch from metal-like to semiconductor-like
behavior obcﬁring‘ at severe oxygen defidiencies
approa;hing the .transition‘ from orthorhombic to
tetragonal phase [14]. This effect has also been

shown for YBCO that is doped by contaminants.
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6.3.2.1. Critical Current Denéity

In order to make measurements of critical
current densities (Jq), a patterning technigque was
devised using the excimer laser. A 50 um wide
bridge approximately 1 mm in length is created by
taping a gold wire onto the film in the
Configuration shown in Fig. 6.3. The tape and the
wire serve as a mask, while the unmasked material
is removed by ablating with ~ 1 J/cm?2 laser pulses.
About 20 to 30 pulses completely removes the
unmasked YBCO. The tape 1s carefully removed and
the four-probe contacts are made as above. The
criterion used to define the critical current is
the current at which the voltage across the bridge
is 1 pv. The use of this criterion is accepted
. practice in the superconductivity literature. The
Jc measurements are made in the same cryostat setup
as the resistance measurements, though control and
recording of the parameters must be performed
manually. Also, a 0.4 T magnet is available to

enable determination of Jg's in magnetic field.

6.3.3. Other Techniques .

Auger depth proflllﬁg was used to investigate
the elemental composition as a functlon of depth in
deposited films. In partlcular, the technlque was

employed to determine the abruptness of the

57



58

50um Au wire

Figure 6.3. Mask used to pattern 50pum x 1mm YBCO

bridge for critical current density measurements.



interfaces betWeen layers and whether or not
diffusion of elements occurred across these
interfaces. To obtain a depth profile, the sample
is alternately sputtered and then irradiated by
electrons to produce characteristic Auger-electron
emission by elements. This cycling is continued
for many times until the desired depth is reached,
and then an elemental depth profile is assembled
from the Auger emission intensities measured for
each cycle. The depth resolution of an Auger
profile can be estimated as approximately 5% of the
sputter depth, due to surface roughening caused by
the sputtering process.

Film thicknesses reported in this work were
measured using a Dektak Profilometer. A step
corresponding to the film thickness was created on
test samples by masking an area on the substrate
during deposition. The mask was then removed and
the thickness determined by measuring the step with

the profilometer.
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7. RESULTS

7.1. YBapCu307_§ Deposition on SrTiO3 for Process

Definition

- As has been discussed, the main subject of this
research is the study of the growth of an
appropriate intermediate layer for YBCO thin film
growth on substrates on which epitaxial growth is
‘not possible. However, as the ultimate test of
such an intermediate 1layer 1is to measure the
superconducting properties of a YBCO layer grown
upon it, it was first necessary to develop a YBCO
deposition process capable of producing "state-of-
the-art" films. For this purpose, a PLD process to
grow YBCO films on SrTiO3 single-crystal substrates
was developed. (The use of SrTiO3 as a substrate
material for YBCO thin £films was discussed in

Section 2§2.l.)

7.1.1. Process Parameters

A series of 0.5-1.0 pm YBCO thin £films was
deposited using the procedures detailed in Section
6.1.2. The general range of parameters to
investigate was clear from the collaborative
studies of R. E. Russo and B. L. Olsen at Lawrence

Livermore Laboratory that led up to this work and
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- from the results of the pioneering investigations
of the Bellcore group led by T. Venkatesan that
were Jjust being_ revealed at the time this work
began [9,36]. | The process parameters listed in
Table 7.1 have been found to produce films with
superconducting pioperties similar to the best
reported in the 1literature. Films grown using
these conditions are smooth and shiny-black in
appearance and exhibit a superconducting critical
temperature To > 90 K. By far the most critical
process parameter was determined to be the
temperature. As the deposition temperature is
vlowered from the optimum of 760 °C, the fesulting
T~ drops rapidly until no superconductivity is
observed in films deposited below apprbximately 600
°C. Above 760 °C, films become rough and gray and
exhibit lower T.. | |

Changing the deposition rate by wvarying the
laser pulse rate between 1 and 10 Hz does not
affect the superconducting properties. Oxygen
pressures from 200-300 mTorr produce films with T¢
> 90 K. Below about 100 mTorr, T, drops rapidly
and films change from shiny-black toward a dull
brown, indicating an oxygen deficiency. Increasing
the pressure above 300 mTorf causes the deposition
rate to drop quickly; thérefore, higher pressures

were not considered. The target-substrate spacing
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of 5-7 cm puts the substrate at the rose-colored
tip of the laser-induced plume. '~ Placing the
substrate c¢loser in the Dbrighter and hotter
blue/white part of the plasma results in rough
gray-ish films. Larger spacing gives film quality
‘simiiar to that at 5-7 cm, but the deposition rate

drops with increased distance.

Process Parametei Optimum Value

pulse energy density |2-3 J/cm?

pulse rate 1-10 Hz

oxygen pressure 200-300 mTorrx

heater temperature 760 °C

target-substrate 5-7 cm

spacing

oxygen flow rate 200 scém

Table 7.1. YBajsCu307-§ Pulsed-Laser Deposition

Process Parameters

7.1.2. Film Characterization

A plot of the resistance versus temperature for
a YBCO film deposited on SrTiO3 with the process in
Table 7.1 is shown in Fig. 7.1. The normal-phase
portion of the curve is 1linear and the slope
extrapolates closely to zero, indicating that the

film is fully-oxygenated superconducting-phase
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Figure 7.1. Resistance vs.

thin film grown on SrTiO3.

temperature of a YBCO
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(orthorhombic) material. The T, of this film is

91.6 K. The superconducting transition width is A
Te < 1.0 K, demonstrating further that the film is

homogenous superconductingfphase material.
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A rough measurement of the critical current.

density shows Jgo(77K) > 106 A/cm2. An. exact
measurement could not be made easily on this film
due .to problems with overheating of the lead wire
contacts, which prevented any further increase in
the current to the sample. Howeyer, as the highest
reported values in the literature are near Jo -~
5x106 A/cm2, this film clearly demonstrates
superconducting properties similar to the "state-
of-the-art." |

A 20 x-ray diffraction (XRD) scan for a film
grown with this process is shown in Fig. 7.2. The

presence of strong (00L)-series peaks proves the

film to be highly c-axis oriented. - There is no

evidence of peaks for any other orientation. Also,

a calculation of the c-axis lattice constant from

the (00L) peak positions gives ¢ ~ 11.68 A4,
corresponding to the optimum orthorhombic-phase

value.
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7.2. YBagCu307-§ Deposition Directly on Haynes

Alloy #230

Following the development of the  YBCO PLD
process using SrTiO3 substrates, the growth of YBCO
films directly on HA230 substrates was performed
with this process. The highest T, measured for
such a film is less than 60 K. A resistance \}s.
temperature curve, shown in Fig. 7.3, démonstrates
semiconductor-like behavior (negative slope) in the
normal-state region, iikely indicating contaminated
or oxygen-deficient material. The wide AT- > 30 K
shows that the film is not homogenous, with some
regions superconducting at the onset T ~ 90 K but
others providing resistance down to below 60 K.
Deposition of films on other stainless steels and
Ni-alloys yvielded similar or'worse results. Also,

varying tne process parameters, particularly the

temperature, did not improve the £ilm

superconducting properties and in fact often
worsened them. \

An XRD scan on a YBCO film deposited directly
on  HA230 has YBCO peaks that are barely
distinguishable from the background. Some c-axis
texture is apparent but peaks of othef orientations
also appeared, indicating a 1a£gely randomly-

oriented film. This is not unexpected, due to the
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Figure 7.3. Resistance vs. temperature for a YBCO
thin film grown directly on HA230. Data for a YBCO
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fact that the substrate 1is a random.ly—orie»nted
polycrystalline material which does not provide the
pi‘oper template for controlled YBCO c-axis growth.
The suspicion that the poor resistance wvs.
temperature characteristics shown in Fig. 7.3 are
at least partially due to contamination of the YRBRCO
film by diffusion of elements from the HA230 is
confirmed by the Auger depth profile shown in.Fig.
7.4. The depth resolution of this profile near the
interface between the YBCO film and HA230 substrate
is approximately 25 mh, vet the regibn in which
both film and substrate elements are mix’ed extends
over 0.2 pum. If the interface is defined to be at
~0.55 pm depth (where Ba, O, and Ni are all near
half their average wvalues), then Ni has diffused
more than 0.1 pum into the YBCO, and Cr more than
0.05 pm. Also, there is clear distortion of the
elemental ratios of the YBCO film from about
0.35 um depth to the interface. The peak of Cu
concentration at ~0.45 pum depth coincides with the
lowest Ba concentration in the film and what
appears to be a local maximum in the Ni content.
At ~0.5 ‘um depth, the highest oxygen concentration
is seen, along with a local peak in Ba and a Cu
content of about 50% of the buik film value. These
-features are probably due to reactions producing

other compounds or phases, though none could be
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identified from x-ray diffraction. This is direct
evidence of the chemical incompatibility of YBCO
and HA230,'and,,aldhg with the lack of the proper
crystalline template for c-axis grthh and the poor
superconducting properties, clearly demonstrates
the need for an intermediate layer. This layer
must provide both a barrier to diffusion and the
necessary .crystal structure to seed c-axis YBCO

growth.

7.3 Yttria-stabilized 2irconia Deposition on

Haynes Alloy #230

7.3.1. Non-ion-assisted Deposition

Prior to the commencement of YSZ PLD on HA230
experiments 1t was noted that the then. recent
results of other groups, particularly D. K. Fork et
al. [40], showed that PLD of (001) YSZ had been
achieved for epitaxial growth on Si and other
substrates. It was demonstrated that, as in the
case of YBCO deposition, congruent material
transfer occurred at laser pulse energy densities
above approximatély 1 J/cm?2, and that deposition in
oxygen atmospheres gave pure cubic—phase material,

as desired. Fork et al. [63] also investigated

the effects of pressure and temperature on the YSZ

orientation on . (100) Si and reported that 1low
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pressures and low temperatures resulted in
primarily randomly-oriented or (111)-oriented YSZ,
while higher pressures and temperatures provided
the (001) orientation. The preference for (001)
growth at higher temperatures is predictable, as
this orientation has the closest lattice match to
(100) si, and élevated temperatures often enhance
the epitaxial growth | of the best-matched
orientation due to the, higher surface mobility
during deposition. It is imertant to note,
however, that in this case, the growth of YSZ is
epitaxial on the single-crystal substrate. For YSZ
on randomly-oriented polycrystalline HA230, the
growth is not expected to be epitaxial, and is
therefore 1likely to be affected differently by
process pressure and temperature. Thus, a series
of depositions was performed to investigate the

effects of these parameters.

7.3.1.1. Temperature effects

PLD of YSZ’was carried out at temperatures from
70 °C to 700 °C at differentv pressures. In all
cases, the pulse energy density was approximately 2
J/cm? and the repetition rate was' 5 Hz.  The
target-substrate spacing was kept between 4-5’ cm.
XRD patterns for films deposited at different

temperatures in 1.0 mTorr of oxygen are displayed
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in Fig. 7.5. The only diffraction peaks observed
in these tests correspond to cubic-phase YSZ - no
other crystalline phases are ;présent. The £film
deposited at 70 °C shows a (002) diffraction peak,
indicating (001) texture in the film. . As the
deposition temperature is increased, the (002) peak
disappears and the (111) peak appears and increases
in intensity. At 700 °C, strong (111) texture is
evident. These trends are in direct contrast to
the behavior discussed above for YSZ deposition on
Si, indicating that in that case, the orientation
at higher temperatures was dictated Dby the
epitaxial relationship with the substrate. No such
relationship exists in this case.

Although the desired (001) orientation is
achieved at 70 °C, the (002) diffraction peak is
broad and_shallowu This indicates that although

the film may show a prefereﬁce for (001) texture,
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it is likely that the texturing is incomplete and

the grain size is small [101]. Attempts were made

to further the (001) texturing using post--

deposition anneals, but only slight improvement was

possible.

7.3.1.2. Pressure effects ,
XRD patterns for YSZ layers deposited on HA230

at pressures from vacuum to 100 mTorr of oxygen are
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Figﬁre 7.5. X-ray diffraction patterns for YSZ
films deposited on HA230 at different substrate

temperatures.
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shown in Fig. 7.6. These films were grown at 50-70
°C, and the other process conditions were the same
as above. Films deposited in oxygen pressures from
0.5 to 1.0 mTorr Show a preference for (001)
orientation, while those grown at higher pressures
dispiay some (011l) or (111) texture. At 100 mTorxr
and above, as well as in wvacuum, no crystailine
texture is observed. Once again, these effects of
pressure are different for those observed by others
for epitaxial growth of ¥YSZ on Si. The results of
our pressure experiments, as well as the
temperature experiments above, were repeated to
confirm. these trends. The (001) and (111)
texturing at the conditions' described reproduced
consistently. For reasons that are not understood,
the appearance of the (022) peak at intermediate

conditions was inconsistent.

7.3.1.3.  Suitability of 1layers for YBajsCuz07-§

| deposition

| From the investigations of PLD process
parameter effects on YSZ film orientation, it 1is
clear that the (00l1) orientation desired for YBCO
growth can be obtained at 1.0 mTorr oxygen pressure
and 70 °C. However, as discussed above, the broad
and shallow (002) XRD peak shows that these layers

are not completely/textured. Also, an x-ray ¢-scan
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showed no preferred in-plane texture. Thus, the
suitability of this type of layer for YBCO growth
needed to be tested. |

A YBCO thin film was deposited on the (001) YSZ
intermediate layér on HA230 discussed above using
the process defined in Téble 7.1. An Auger
elemental profile for\this film is shown in Fig.
7.7. This profile is remarkably different than the
one of Fig. 7.4 for a YBCO film deposited directly

on HA230. In this case, there is no evidence of
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any diffusion between the YBCO and the YSZ or

between the YSZ and the HA230, and the elemental
ratios are consistent thioughopt each film. Also,
- the interfaces are abrupt to within the limits of
the measurement. Clearly, the YSZ serves as a good
diffusion barrier between YﬁCO and HA230.

An XRD pattérn for this film is displayed in
Fig. 7.8. A strong series of (00L) peaks indicates

that the film is predominantly c-axis oriented.

However, the appearance of the (110) and (220)-

peaks shows that the c-axis textﬁring is not

complete. An x-ray ¢-scan taken for this film is

featureless, indicating that there is no in-plane ”

texture in the YBCO film. This is as expected, as
the YBCO grows epitaxially on the YSZ intermediate

layer, which was not in-plane textured. Therefore,

it is not surprising that the critical current of -
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this film is only Jc ~ 3x103 A/cm2, well below the
values reported for YBCO deposited on YSZ layers
that grow epitaxially on Si. - To ’improve the
gquality of YBCO thin films grown on a YSz
intermediate layer, the control of the YSZ

orientation must be improved.

7.3.2. Ion—ASsisted‘Deposition

Ion-assisted depositions were carried out to
investigate the possibility of ion-enhanced
texturing, as reviewed in Section 5.2. Oxygen or
argon gas was supplied to the ion gun at a.rate of
10 sccm. The chamber background pressure was held
at 1.0 mTorr, as$ in previous (001) YSZ depositions.
For depositions using argon as the ion-beam gas, a
total pressure of 1.0 mTorr was achieved by first
flowing argon through the gun and adjusting the
pumping rate to give a pressure of 0.5 mTorr, and
then admitting oxygen through the wvariable leak
valve to 1.0 mTorr. The gun was placed 5-8 cm from
the substrate; All other deposition parameters
remained the same, though the temperature typically
increased from 70 to about 130 °C during a 15 min.

deposition due to ion-beam heating.
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7.3.2.1. Orientation control

For (001) cubic-YSZ, the [111] channeling
direction is 54.7° from the [001] normal direction.
According to the results of the previous studies of
ion-assisted control of thin film orientation
reviewed in Section 5.2, the greatest degree of
control is achieved by ion bombardment at an angle
corresponding to a channeling direction for the
desired orientation. Therefore, the ion gun was
positioned at an angle of approximately 55° to the
substrate normal. ’

An XRD pattern from a YSZ film. grown with
oxygen-ion assistance is shown in Fig. 7.9, with
the pattern from a £film déposited using the same
conditions but without ion-assistance. The ion-
beam voltage for this deposition was 100 V and the
ion current was 10 mA. Considering that the films
are of similar thickness, strongly enhanced (001)
texturing is evident. Also, there is no evidence
of any unwanted (111) or (011) texture. Variation
of the ion-beam angle showed that the greatest
enhancement of (001) orientation occurred at the
expected angle of 55°  although some texture
improvement was seen at all angles from 30 to 60°.
These results indicate that ion-assisted control of
orientation similar to that for other materials and

processes occurs for PLD of YSZ.
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7.3.2.2. Ar* versus 0% effects

_ﬁ—scans of films grown with O02%* beams showed
that although the desired (001)-normal texture was
achieved, there was no evidence of any alignment of
the in-plane crystal axes. Therefore, subsequently
deposited YBCO films did not exhibit in-plane grain
alignment, again allowing the existence of a large
percentage of high-angle boundaries. This problem
limited the YBCO J. to 104 A/cm2, despite enhanced
c-axis normal-texture. ' '

All other bﬁblications of ion-enhanced thin
film orientation report using argon as the ion-
source gas. We initially used oxygen in order to
keep all process parameters the same as our nbn—
ion-assisted depoéitions, while adding ion
bombardment. Unlike 02%, Ar* is non-reactive, and
these ions are much different in size and mass.
Also, 0O27% may dissociate immediately upon striking
a surface. Therefore, the use of Art rather than
0% would be expected to change the energetics of
the ion-assisted growth.

A YSZ.film was deposited using the same process
as above but replacing the O2*t-beam with an Ar+*-
beamnm. An XRD pattern for this film is nearly
identical to the one shown in Fig. 7.9(b) for the
oxydgen-ion-assisted film. However, in contrast to
the results for the oxygen-ion-assisted:. £ilm, the
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argon—ion—assistéd layer exhibits in-plane texture.
This is demnnstrated by the (111) ¢-scan shown in
Fig. 7.10, for a ¥YSZ film growﬁ usiﬁg a 175 v, 10
mA Art-beam. Clear fourfold symmetry confirms a
large degree of alignment of the in-plane axes.
Also, it should Dbe noted that a peak of (111)
intensity in the ¢-scan occurs at the angle
corresponding to the incoming ion direction. This
further supports the supposition that contiol of
¥YSZ film orientation is achieved by ion bombardment
along the [111l] channeling direction, similar to

the results and theories discussed in Section 5.2.

7.3.2.3. Beam voltage effects

In order to determine the effects of beam
voltage on the texturing of ¥YSZ, a series of films
was deposited by Ar*t-assisted PLD at voltages from
50 to 200 V. Fig. 7.11 shows representative x-ray
pole figures from depositions at 50, 100, and 200
V. (In a péle figure the sample is rotated as in a
¢-scan. In addition, the sample is rocked to
measure grain tilt. This is represented by the
radial axis in the pole figﬁre.) At . 50 V, only
slight texturing is evident from the barely-
discernible fourfold symmetry.. The pole figures
for 100 and 200 V beams indicate that the in-plane

texture increases with each increase of the beam
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Figure 7.11. YSZ pole figures
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deposition beam voltages of:

(c) 200V.
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voltage. With the process conditions used in these
depositions and the configuration .of the ion gun,
200 Vv was the highest .beam voltage obtainable.
Further work is wunderway to investigate the
possibility of even greater in-plane orientation

enhancement at higher voltages.

7.3.2.4. Beam current effects

Ton-assisted depositions wusing ion currents
from 5 to 60 mA were conducted. The current was
found to have no discernible effect on the degree
of ¥Ysz film texture. It was determined that the
greatest effect of beam current was to change the
deposition rate. At 60 mA, the YSZ growth rate was
reduced to near zero, as the rate of beam
sputtering of the growing film approached the non-
ion-assisted film growth rate. Reduction of the
growth rate also occurred as the beam voltage was
increased, as would be expected, but the effect of
the current was far greater.

From the results described in the previous
Sections, a summary of the best ion-assisted PLD
process conditions for growth of in—plane—texturéd
(001) YSZ is contained in Table 7.2. The film
growth rate using these conditions is approximately
0.5 A/pulse - a 2000-2500 A film is deposited in 15

min.
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Process Parameter Value
pulse energy density |2 J/cm2
pulse rate 5 Hz
pressure ’ 1.0 mTorr
temperature 70 °C
target—substrate 4-5 cm
spacing

ion-beam gas Ar+
ion-beam angle 55°
ion-beam voltage 200 v
ion-beam cufrent 10-20 mA

Table 7.2. YSZ Ion-Assisted PLD Process Parameters

7.3.3. Deposition on Other Substrates

In order to test the applicability of ion-
assisted PLD of YSZ on other substrates, single
depositions on amorphous silica—glass, alumina, and
Teflon substrates were carried out using the same
process. The XRD pattern for the ¥SZ on silica,
shown in Fig. 7.12, demonstrateé the applicability
of this process to grow controlled (001)-oriented
YSZ films on other substrates. Although the silica
was . cut from polished substrate material, the
alumina and the Teflon were taken from rough,
unpolished materials, and wére not prepared in any

way other than the usual cleaning. The alumina was
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a randomly-oriented polycrystalline substrate.
(001) YSzZ growth occurred on these substrates as
well. X-ray ¢-scans for the films on silica and
alumina are displayed in Fig. 7.13. In-plane

texturing is very apparent for both of these films.
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Though deposition on these substrates was not in

any way optimized, these results ciearly
demonstrate the applicability of this process to a

wide variety of substrate materials.

7.4. YBapCu307-§ Deposition on YSZ-coated Haynmes
Alloy #230

A 0.4 yum YBCO thin film was deposited on an in-
plane-textured (001) YSZ intermediate layer on
HA230. The processes used were those detailed iﬁ
Tables 7.1 and 7.2. The deposition of both 1ayers
was carried out in situ; i.e., the YSZ and YBCO
films were deposited sequentially without opening
the deposition chamber.

The 20 XRD pattern for the YBCO film deposited
on the IAPLD-grown YSZ layer is displayed in Fig.
7.14. This scan shows the film to be highly c-axis
oriented, with no evidence of other orientations.
In fact, the YBCO (00L) peak intensities for this
film are more than an order of'nagnitude greater

than for films on YSZ layers deposited without ion-
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assistance, indicating a large improvement in c-

axis alignment. A (005) rocking curve measuremént

found Ao -~ 1.3° full-width-half-maximum, only

slightly higher than for best reported for YBCO
thin filmé on epitaxial YSZ on single-crystal
silicon (0.6-1.0°) [40]. |

A YBCO (103) ¢-scan for this film is shown in
Fig. 7.15. .A high degree of in;plane texture is
evident, with strohg fourfold symmetry of the (103)
peak and a low background level. This proves that
the gfowth of the YBCO on the YSZ intermediate
layer 1s indeed epitaxial, with the controlled
orientation of the YSZ dictating the.properties of
the YBCO orientation.

The superconducting properties of the YBCO thin
film deposited on the in-plane-aligned YSZ were
found to be significantly improved. The T, 1is
approximately 92 K. Critical current densities as
a function of temperature, with and without a 0.4 T
| magnetic field. applied, are shown in Fig. 7.16.

The Jo(77K) without field is 6x10° A/cm2, while

with field parallel and at 45° (the field direction

for which Jq is lowest), the Jc's fall to 8x104 and
3x104 A/cm2 respectively. These values are higher
than any others reported for YBCO films deposited

on randomly-oriented polycrystalline substrates or
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other substrates on which YBCO does not grow
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epitaxially. In fact, the current-carrying
capacity of this film is not far from that of the
best epitaxial films on silicon with an epitaxial

YSZ intermediate layer, Jo(77K) ~ 2x106 A/cm2 [40].

8. DISCUSSION

8.1. YBajzCu307-§ Thin Film Results and Potential

The critical current densities achieved in this
work for YBCO thin films are the highest reported
for the growth of YBCO on a substrate on which
direct epitaxial growth is not possible. It is in
fact quite remarkable that it is now possible to
control the textured growth of a structure as
complex as YBCO on a randomly-oriented metal alloy
substrate. However, ' there may yet be room for a
great deal of improvement through a further
uhderstanding‘ and optimization of the processing
techniques developed here; To Jjustify this
statement, I refer to Fig. 7.15, the YBCO ¢-scan
for the best film. It is clear from this scan that
there is still a significant degree of in—plane
grain misalignment in this film. This is evidenced
by both the baseline 1level in the scan, which

represents randomly aligned material, and the width



of the peaks, which show that the material that we
have referred to as aligned is in reality as much
as ~ 30 degrees misaligned. This is a conseqguence
-of the misalignment contained in the IAPLD-

deposited YSZ intermediate layer that serves as the
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template for YBCO growth. Improvement of the

texture of this layer is quite likely with further

- characterization of the deposition process, as only

a very narrow range of process conditions has been
investigated thus far. In particular, in Section
7.3.2.3 it was noted that our system was limited to
an ion beam voltage of éOO V. Up to this voltage,

our results show a strong improvement in the in-

plane alignment with increasing voltage. Thus, I

anticipate that further improvement is likely to be
possible with further increases in beam voltage.
The potential of the results achieved here for

the manufacture of YBCO superconducting tapes, the

original purpose of this work, is demonstrated by.

comparing these results to the results for
competing technologies. The most widely studied
approach to developing current-carrying high-
temperature superconductor wires is the so-called
"Bi-powder-in-tube" technique. A silver tube is
filled with Bi-Sr-Ca-Cu-O, and then subjected to

processing to crystallize and texture the

superconducting material. K. Sato et al. at



Sumitomo [103], whose work is considered the

benchmark for this technology, have reported
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critical current densities (77K) of 4.7x104 A/cm2

without applied magnetic field, -and 1x104 A/cm?
with a 1.0 T field applied. These results are
életted in Fig. 8.1, with the results af our work,
and recent results for thick film deposition of the
T1l-Ca-Ba-Cu-0 superconductor using a spray‘coating
technique [104].. For reference, the critical
current density versus magnetic field for a YBCO
film on single-crystal YSZ is shown. It is clear
that we have achieved much higher critical current
deneities than has been demonstrated for competing

technologies.
8.2. Applicability of Demonstrated Technology

The control of thin film orientation using ion-
assisted pulsed-laser deposition that has been
investigated herein may be applicable to a wide

range of thin film technologies, both within the

field of high-temperature superconductors and in -

other areas. Another application for high-
temperature superconductors‘that we are aware of is
the use of YBCO thin films in a multi-chip module,
‘currently being developed by the Advanced Research

Projects Administration. In this module, at least
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three separate layers of YBCO are needed: the first
as a ground plane and the others for interconnects
between the modules. These layers must haveAhigh
~current capacity and must be separated by
insulating layers.  Currently, the only way to
achieve this is to maintain an epitaxial
relationship from a single crystal substrate, up
through each successive layer, including the
insulating layers. Needless to say, this is very

difficult and puts severe constraints on the
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insulating layer, which must be lattice-matched .

with the substrate and YBCO. In most applications,
such as the common use of SiOjp layers as insulators
in the semiconductor industry, amorphous insulating
layers are employéd. With the technology
demonstrated here, amorphous insulating layers

could be used between the YBCO layers, as long as a

IAPLD-grown YSZ layer is deposited before each YBCO-

layer to provide c-axis crystalline growth. Also,
this would remove the requirement that the
substrate be a single crystal, as a single crystal
template would no longer be needed.

The applicability of this technology may extend
well Dbeyond superconductor thin films. For
example, in the manufacture of silicon

microelectronic components such as processors and
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memory chips, a variety of thin films are deposited
to provide interconnects ©between devices and
insulating layers. With present technology, these
layers must be either amorphous or randomly-
oriented polycrystalline material. This is
dictated by the fact that an amorphous SiOjy layer
is typically grown to isolate the silicon devices
from the layers above. However, with the IAPLD
technique developed here, oriented crystalline
films could be deposited at any point in the
manufacturing process. Perhaps even an additional
semiconductor device layer could be grown, though
the quality of this 1layer could obviously not be
the same as the single crystal substrate. This
could open up new possibilities in microelectronic

design.

8.3. Mechanism of YSZ Orientation Control by Ion-

Assisted Pulsed-Laser Deposition

One of the most important questions that this
research was to answer is "Is it possible tov
control the orientation of a YSZ thin film grown on
a randomly-oriented metal alloy substrate using an
ion-assisted pulsed-laser deposition process?" The
first answer that was needed was whether or not the

results and models of others for thé ion-assisted
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orientation effects applied to the pulsed-laser
déposition technique whatsoever. As was discussed
in Section 5, PLD is a pulsed process; resulting in
a non-continuous arrival. of material at the growth
surface. All previous studies of ion-assisted
orientation control wused <continuous deposition
methods, such as sputtering. Since ion sources
provide continuous ion beams, we were not sure that
IAPLD would yiéld similar.control of orientation.
However, from the results in Section 7 showing
clear alignment of the YSZ in-plane axes with the
addition of ion bombardment, it_is quite certain
that this method works with PLD.

The next part of the question that we sought to
answer 1s "Do our results support the models
describing the mechanism  of ion-bombardment
orientation control put forth by Bradley [94] and
others?" First, 1let us consider whether the
effects we have observed are caused by a nucleation
or a growth phenomenon. Bradley models the
mechanism as a continuous selection process during
film growth due to the differencev in sputtering
rates for film grains with a channeling direction .
parallel to the ion bombardment direction and thosé
without such alignment. ' In fact, one of the
assumptions of Bradley's model is that the

nucleation of the film on the substrate is a random
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~ brocess that is'unaffected by the ion bombardment.
Our results agree with this model. We have found
that we can grow YSZ films with similai control of
orientation on several different substrates: HA230,
silica, polycrystalline alumina, and even Teflon.
In most thin film experimehts, a change of
substrate strongly influences the film nucleation
characteristics. The fact that our films grown on
such widely different ' substrates have similar
characteristics suppbrts the idea that the
nucleation step' is unimportant to the control of
orientation in IAD.

Further evidence that the control of
orientation is caused by a growth-related mechanism
rather than a nucleation effect was obtained by
depositing the following three films on HA230
(using the process in Table 7.2): (1) ion
bombardment started before the laser deposition;
(2) ion bombardment and laser deposition started.
simultaneously; (3) ion bombardment started after 1
min. of laser deposition (~ 30 nm non-ion-assisted
film). X-ray diffraction measurements of these
three films indicated nearly identical control of
orientation by the three processes. If the ion-
assiéted- texture control was affected by the
nucleation on the substrate, film #3 would not have

had the same characteristics as the other two. We
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conclude that, as modeled by Bradley, this is a
growth-related mechanism.

Another feature predicted by Bradley's model is
that the selection of the preferred orientation by
IAD is a gradual process during growth. As each
new layer of film grows, the grains in the
preferred alignment make up a larger percentage of
that layer. This means that the surface of a
thicker film should be aligned in the preferred
orientation to a greater degree than a thinner
film. Unfortunately, this is a difficult
phenomenon to measure. Standard x-ray diffraction
techniques sample the entire film thickness during
‘measuring, so it is difficult to prove a difference
between top and bottom layers. The best way to
perform this measurement would be by cross-
sectional transmission electron microscopy, which
would enable direct imaging of the top and bottom
regions of the film. However, this was beyond the
scope .of this project (see Section 8.4,
"Suggestions for Future Work"). We do have one
indirect piece of evidence that the top surface of
an IAPLD YSZ film is better-aligned than the bulk
of the film. A comparison of the x-ray rocking-
curve widths as well as the peak widths from the ¢-
scans of the IAPLD YSZ and subsequently deposited
YBCO indicate that the YBCO is aligned to a greater



104

degree than the bulk of the YSZ. As noted 1in
Section'7.4, the rocking-curve width, a measure of
the planar tilt in the film, of the YBCO film is Aw
~ 1.3°. What was not mentioned was that the YSZ
measurement found A® ~ 4°, showing that the YBCO
filmiis better than the bulk of the underlying YSZ.
Also, a comparison of the widths of the ¢-scan
-peaks in Figs. 7.10 and 7.15 finds that the peak
for ¥YSZ is ~ 5° wider than that for YBCO. This
shows that the range of grain alignment is narrower
in the YBCO than in thé YSz. 1If we assume that the
YBCO alignment is dictated by epitaxy on the
surface of the Y¥SZ, then the YSZ surface must be
‘better-aligned than the bulk of the film. Though
this evidence is not conclusive, it does support
the agreément between these results and Bradley's
model derived from other systems.

Finally, we ask whether or not the results of
our investigations of the effects of Dbeam
.parameters support the IAD mechanism models.
First, our results determined that the greatest
degree of alignment occurred with the angle of ion
incidence ~ 55° from the film normal. '~ This
corresponds to the [111l] channeling direction in
YSZ,vand therefore strongly supports the models of
Bradley and Dobrev. Second, we showed in Section

7.3.2.3 that the control of orientation for our YSZ
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films increased with increasing ion-beam voltage.
As the models are based on differences in the
energy transfer process caused by the alignment or
misalignment of_chaﬁneling axes to the ion beam,
one ndght.predict that using higher ion energies
would accentuate the ‘differénces. Our results
support this idea. Lastly, we determined that
changing the ion-beam current affected only the
growth raté, not the alignment control. ,.This is
logical, since the ion energy is not changed in
this experiment, only the rate of arrival. This
would not be expected to change thé ratio of the
sputtering rates of the aligned and misaligned
material; only the overall rate should be affected.
Thus, we once again conclude that our results
conform well to the ion-assisted orientation

control model of Bradley.
8.4. Suggestions for Future Research

As is probably the case for any study such as
this that explores an entirely new area of
technology, this work has perhaps identified more
questions than it has provided answers. There are
too many avenues for future research than can be
listed here, but a few important ideas should be

presented, many of which  Thave already - been
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mentioned in this work. First, a very narrow range
of process parameters has been investigated so far
for the YSZ IAPLD process; It was already noted
that our beam voltage was limited by our system
configuration. This problem is in the process of
being overcome by the purchase and installation of
a new ion gun, along with modifications to the
system. Besides the beam voltage, other parameters
that are in particular need of more study are the
process pressure, flow rates, and gas environment.

Another investigation that would likely provide
valuable information is cross-sectional
transmission electron microscbpy (TEM) . TEM
imaging of a YSZ film throughout its thickness
shoﬁld provide direct evidence of the predicted
increased preferred orientation alignment with film
thickness. Understanding the degree to which the
alignment improves with increasing thickness would
help determine the optimal thickness for the YSZ
layer. Perhaps much greater alignment is possible
for much thicker films than have been considered
thus far.v

Once the optimal process parameters are
determined and the issue of optimal thickness
addressed, it then would be extremely interesting
to determine the ultimate YBCO critical current

density that can be produced by this technology.
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It is entirely conceivable that Values approaching
those achieved on single-crystal silicon with YSZ
buffer layers could be obtained or even exceeded.
Finally, our results are the first to point out
that a single process provides films with
controlled orientation on - several different
substrates. This investigation should be expanded
to include different film materials as well as
substrates. Can we align any thin film we want on
any substrate on which epitaxy does not dictate the
orientation? This would certainly be exciting, and
could have a significant impact on the future of
thin film growth. Of particular interest for high-
temperature superconductors would be the controlled
orientation of films of SrTiO3, CeOpz, and MgO,
among others. Other films‘might be of ihterest for

other technologies.
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