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The World Congress on Superconductivity

The World Congress on Superconductivity (WCS) was formed in Houston in
1987 by a group of volunteer engineers and scientists interested in increasing the
focus on this emerging technology field of superconductivity. The leadership of the
WCS, a non-profit 501(c)3 organization, is comprised of individuals from several major
technical societies such as the Engineers Council of Houston, the American Chemical
Society, |IEEE, etc. This group is augmented by leaders of the international research,
academic, science, government and business communities who serve on the Advisory
Board or ad hoc committees. Since its inception, the Advisory Board has been giobal
in scope with technologists from such countries as Japan, Russia, Switzerland, etc,,
actively involved in steering the direction of our programs.

The goals of the WCS have been to establish and foster the development and
commercial application of superconductivity technology on a global scale by providing
a non-adversarial, non-advocacy forum where scientists, engineers, businessmen and
government personnel can freely exchange information and ideas on recent
developments and directions for the future of superconductive research.

To date, four international conferences have been completed since 1987.
These conferences were attended by over fifteen hundred delegates from thirty-six
nations. The success of these conferences is remarkable in light of the fact that the
WCS has no staff and must rely on monetary donations from the private sector,
foundations and government agencies. In addition, thousands of man-hours have
been donated by the WCS volunteer staff in the organizing of this activities. WCS is
especially thankful for the assistance of Dr. Kumar Krishen as program chairman and
the support from NASA which makes this activity possible.

Because of the unique nature of the WCS and its success, the organization is
sanctioned by the United Nations and is a member of the UN's Advance Technology
Alert System. The WCS was awarded Leadership Houston's International Corporate
award for its Munich conference in 1992.

Plans are currently underway for the 5th international Conference of the World
Congress on Superconductivity, which will be held in July 1996 in Budapest, Hungary.
This meeting will coincide with the 1,100 year anniversary of Hungary. For more
information on this meeting and WCS activities, please contact Calvin Burnham,
President, World Congress on Superconductivity, P.O. Box 27805, Houston, TX
77227-7805; telephone 713-895-2500; fax 713-469-5788;
e-mail: 70425.501 @compuserve.com
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POLICY ISSUES INHERENT IN ADVANCED TECHNOLOGY DEVELOPMENT

Philip D. Baumann
InterFact, Inc.

In the development of advanced technologies, there are several forces which are
involved in the success of the development of those technologies. In the overall
development of new technologies, a sufficient number of these forces must be present and
working in order to have a successful opportunity at developing, introducing and integrating
into the marketplace a new technology.

This paper discusses some of these forces and how they enter into the equation for
success in advanced technology research, development, demonstration, commercialization
and deployment. This paper limits itself to programs which are generally governmental
funded, which in essence represent most of the technology development efforts that provide
defense, energy and environmental technological products. Along with the identification of
these forces are some suggestions as to how changes may be brought about to better ensure
success in a long term to attempt to minimize time and financial losses.

o Need for Consistency in the Administration’s Direction

Priorities within the Administration change regularly. These changes can
occur either from a transition from one Administration to another, or within
one Administration itself which has difficulty in planning well and staying with
a plan which is working. Shifts in policies and thus priorities as they relate
to generalities and then filter down to technology development can severely
limit and destroy essentially effective technology development programs. For
example, changes in policy from defense to health care cause significant shifts
to occur in the overall make-up of the President’s Budget. This shift can
quickly rift through various programs and either weaken them through
sufficient budget cuts or cancel them altogether. The effects on these
programs is seldom, if ever, realized by the powers to be. Worse, some
programs are turned on and off repeatedly over through the years, to where
they are so fragmented in purpose, their effectiveness in delivering technology
to the marketplace is next to zero.

° Need for an Administration Mentor

Many technologies have been under development in various programs within
the Department of Energy, Defense and Commerce. Most, if not all of these
technologies, require programs of a multiple year nature. Typically, programs
range from two to five years, with a five to ten year program not being
unusual in nature. Certain examples of long term programs in the energy
area are fusion, MHD and accelerator technologies. Large programs having
adequate momentum tend to go toward completion, and do so with an
Administration "Mentor.” This mentor typically has a personal interest in the
technology, whether based upon pure personal interest or interest as a
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stepping stone to further opportunities upon successfully completing the
program efforts. This mentor shepherds the technology through the various
levels of development and ensures that the program has continuity from start
to finish. '

Many governmental programs are absent a shepherd. These programs
generally do not experience the same success rate as mentored projects. The
downfalls of these projects include lack of technical continuity, lack of
periodic project review meetings for support gathering, lack of foresight to
out-year funding needs, lack of direction to the contractors involved to ensure
quality outcomes, and lack of attention to schedule. In the end, these projects
very often resemble make-work projects in retrospect. Whether the
supporters of these projects are Congressional, industry or consumer, the
difficulty degree for success is the highest in the absence of an Administration
mentor. '

° Need for Consistency in Congress

This may very well be the most potentially detrimental situation in a
technology’s developmental life cycle. There are several patterns, and lack
of patterns, within the Congress which can have both chronic and acute effects
on a technology’s development. Inconsistency from year to year in funding
on a program can severely affect the quality of continuity in a developing
technology. For whatever reasons, Congress often chooses to delay funding
for a program, or kills a program only to resume it a year or years later. The
effects on the success of the overall program is significantly affected when this
occurs. Other difficulties arise when major shifts on monies are required,
such as with natural disasters, where large blocks of funding are removed
from programs, the effects of which to the specific technology programs and
the general welfare of the country are not measured or even know for years
or perhaps never.

Increase awareness on the part of the Congress in applying major shifts in
funding priorities or the shifting of major programs may reduce this problem,
however, because of the sheer size of the system and the diversified interest
levels involved, much success is not likely to be achieved.

. Need for a Congressional Mentor

Programs for the development of advanced technologies virtually always
require a Congressional mentor in the beginning in order to have the initial
funding power in Congress. The extent to which this mentor is committed can
range from merely providing some effort on behalf of a constituent, or can be
so strong by personal conviction that support remains intact throughout the
term of the program effort in the absence of any parochial interest. In any
event, a Congressional mentor, to some extent, is necessary.




Enroll all of Your Project Participants into a Solidified Team

Ensure that all of the participants on the project team, no matter how small
or insignificant they may appear with regard to the whole picture, are fully
enrolled into the project. Make sure that anyone with the capability to
influence the program, either positively or negatively, is made an important
component in the program, and feels like a contributing player in some
capacity.

Full Development of Economic Merits of the Technology’'s Existence

Oftentimes, a technology will be funded for development, in the absence of
an economic cost/benefit study. Later, a study of this nature is a much
needed commodity in order to justify either Administration or Congressional
support. Instead of assuming the value of a technology as is the situation in
so many cases, a cost/benefit assessment is a small price to pay to be able to
produce such a document at a strategic point in time.

Need for Broad Interest Base and Consensus of Technology’s Value

The broader the consensus of the interest base and value of a particular
technology, the greater the success rate will be for commercial success. When
supporters come from different viewpoints and angles as to the merit of a
technology, the greater the perceived breadth of applicability the technology
will have. Demonstration of such will be significantly helpful in gaining
Administration and Congressional support.

Consuming Industry’s Support in Technology Direction and Development

Many industries are reasonably aggressive in maintaining a status of what
technologies are under development for their respective industry. Some
industries are not particularly aggressive in exploring what technologies are
under development or available to them. The absence of an industry, or a
sector of an industry, to operate in 2 manner that allows them to maintain the
latest information on developing technologies, can often result in that
particular technology not coming to fruition for the industry. Oftentimes, a
technology. of significant importance and economic merit may not reach
commercial availability because a large enough support base to ensure its
continued funding does not exist. It costs an industry precious little to provide
a base of enthusiasm, which in many cases is all that is required to maintain
the ongoing viability of a program. The absence of supporters for a
technology at key times of Congressional inquiry as to the level of support
spells almost certain death for the program.
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° Technology Developer’s Responsibility to Educate Their Future Consumers

Many programs which are developed by technology developers to fill an
identified potential market niche are often not of presence to the potential
consumer. In efforts to develop a technology, a developing vendor may spend
the majority of their efforts directly on the development of the technology
under some reasonably tested assumptions that the market will be present.

When the time arrives to again work with the Administration and the
Congress to maintain funding levels for out-years, often the developing vendor
is unable to demonstrate hard facts to support a bonafide market. This often
results in either significantly politically forced situations to bring about out-
year funding or the loss of support for any funding within the Administration
and Congress, resulting the closure of programs which may have significantly
high merit to the ultimate consumer.

Better education by technology developers to their potential customers may
result in a broader base from which to demonstrate support and maintain the
viability of a technology development program through to commercial
availability. '

° Competition-based Self Defeat of Common Goals

Oftentimes in the development of a technology, governmental program will
employ two or more teams in the early stages to develop competing designs.
This often ensure the government, and consumers with the best design, as
competition can often produce better products and the best components of
each of the designs can be combined into one if applicable.

Because of the oftentimes diversity of approach and philosophy of competitors
to their technology’'s development and deployment, the Administration and
Congress may hear different messages. While it is not the intent of vendors
to create an atmosphere of confusion or misreading, multiple messages can
sometimes produce the appearances of an non-united front for the
development of a technology. While it is never the intent of a vendor to
potentially jeopardize a program, discontinuity produces confusion, and
confusion produces doubt. Even the fiercest of competitive environments,
competitors should work together to ensure that there are at least the
appearances of a common thread in the overall efforts of a program.

These ten typical issues are indicative of issues inherently present in a majority of
programs. The consideration and incorporation of these simple concepts into any
technology development program requiring governmental support and involvement can
significantly increase the probability that the program will be successful.
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ABSTRACT

The evaluation of investments in longer term
research and development in emerging
technologies, because of the nature of such
subjects, must address inherent uncertainties.
Most notably, future cash flow forecasts include
substantial uncertainties. Conventional present
value methodology, when applied to emerging
technologies severely penalizes cash flow
forecasts, and strategic investment opportunities
are at risk of being neglected.

Use of options valuation methodology adapted
from the financial arena has been introduced as
having applicability in such technology
evaluations. Indeed, characteristics of
superconducting magnetic energy storage
technology suggest that it is a candidate for the
use of options methodology when investment
decisions are being contemplated. ‘

INTRODUCTION

Conventional financial analysis utilizing present
value methodology (i.e., discounted payback
period; net present value; internal rate of return,
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profitability index) is often applied to engineering
problems in order to more optimally allocate
resources. The use of such familiar techniques
satisfies the requirement for a structured approach
to perform such analyses as well as provides a
common basis for communicating economic
justification to financial managers. Present value
methodology, however, may not be suitable for
analysis of research and development investments
— those which may not yield significant results
until many years in the future, hence cash flow
forecasts are uncertain — since the benefit stream
from the investment is severely discounted.

Near term investments in research and
development are typically modest in comparison to
near-commercial project capital requirements.
Research and development expenditures often
times buy the investor early rights to later Iarger
and preferential pre-commercial positions. In
essence, the early research and development
investments give the investor the right, but not the
obligation, to purchase a more substantive position
in the technology in the future. By definition, the
investor is purchasing a call option contract — a
cali option gives the purchaser the right to
purchase shares of an enterprise at an exercise
price on a certain future date.

Options methodology and option pricing valuation
are techniques well-established in the financial
arena which can be borrowed to more
appropriately value investments in research and




development.‘ The recognition that research and
development expenditures maintain the strategic
option for the corporation can provide a
perspective which may offset present institutional
bias toward both short-term evaluation tools and
short-term results.

OPTIONS METHODOLOGY

The most well known and commonly used
technique for valuing options is the Black-Scholes
option pricing model (OPM).? This model's
introduction roughly coincided with the opening of
the Chicago Board of Trade in 1973 and has been
accepted for valuing call options. The model
consists of two elements to assess the value of a
contemplated option purchase. The first element
in the model accounts for the benefit stream
anticipated from the exercise of the option. The
second element accounts for the estimate of the
striking price or exercise price at maturity of the
option. The exercise of this option will be
necessary to enable the benefits to be realized at
some future date.

Stated in equation form:
Vo = Po[N(d))] ~ Ee7"[N(d2)]

where
Vo = the vaiue of the option

Py = the current price of the
investment

[NM(d:)] = probability that a deviation less

than 4, will occur in a standard
normal distribution. The value of
a cumulative normal density

function.
E = the exercise price
e = exponential constant, 2.71828
r = risk-free interest rate
t = time until option is exercised
d = In(PIE)+[r+0.5(c))t

ot

d2 = d] - 0’,/;
c? = variance of the rate of return on

the investment

Assumptions used in the Black-Scholes OPM are:

1.

The call option can only be exercised on
its maturity date (known as a European

option).

. No dividends, taxes, or transaction costs

are associated with the option over the life
of the option.

. The short-term interest rate is known and

constant during the life of the option.

. No short sales restrictions exist.

. The price moves randomly in continuous

time.

A more detailed description of the model can be
found in @ number of financial textbooks. its use
rather than its derivation are important here.

' Mitchell, G.R. and Hamilton, W.F. "Managing R&D as a Strategic Option.” Research and Technology Management (May-June

198), 15-22.

2 Black, F. and Scholes, M. "The Pricing of Options and Corporate Liabilities.” Journal of Political Economy, 81 (May-June 1973),

637-654.
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The factors in the OPM can be illustrated on a
timeline as shown in Figure 1, below.

PV benefits under S-cutve
atf=0is P,
P, E
T sglNEFIT]S
0 t '
Figure 1

The interpretation of the Black-Scholes OPM
equation is rather simple. The first element,
Py[N(d, )] , represents the current value of the
investment adjusted by a factor which represents
the variability one expects in this value.
Mathematically, the adjustment is the probability
that a deviation less than 4, will occur in the
standard normal distribution. In normal stock
options, the first element represents the present
value of the stock. The second element,
Ee™[N(d,)], represents the value of the exercise
price at time of maturity, ¢, discounted by the
risk-free rate of return. The exercise price also is
adjusted for the probability that it will actually occur
as expected.

APPLICATION TO RESEARCH &
‘ DEVELOPMENT

Observation of investments in research and
development suggest that the call option model
can be applied to research and development or
new technology investments in certain
circumstances. OPM is not applicable to those
projects which are near-term and involve capital
investments to achieve final commerciality —
traditional present value techniques may readily

“

407

and perhaps most appropriately be used to analyze
such near-term investments. On the other hand,
those projects which require an up-front
investment (i.e., the option purchase price) to
reserve future rights and whose benefit stream is
conditioned on some future capitalization (i.e., the
exercise price) indeed represent a typical call
option situation which can be adopted from the
financial arena. For situations such as this,
Black-Scholes OPM can be used.

In dealing with stock options, the exercise price, E,

is the additional capital the investor can chose to
expend at the maturity of the option. In research
and development, this exercise price is the
additional start-up capital required for
commercialization just prior to initial benefits being
realized. This may appear to the investor as the
cost for, for instance, pilot manufacturing facilities
to achieve the first batch of benefits from the new
technology. The exercise price is discounted by
the riskless rate of retum, r, continuously
compounded over the duration of the option, ¢, and
adjusted by [N(d,)] for the probability that the cost
will actually occur as estimated. '

Again dealing with stock options, the current
investment price, P, , is the present value of the
expected dividends to be returned from the
investment. In research and development, P, is
correspondingly the present value of the expected
yield from the project. The adjustment to this
element in the model, [N(d})], accounts for the
variance of the investment price, 7, .

Most of the factors in the OPM model can be
reasonably estimated for option investment
analysis. The riskless rate of return, , is usually
taken as the current U.S. treasury bill or treasury
note rate. Time, ¢, is the time before the
investment of additional capital, £, is necessary.



The anticipated benefit stream can be reduced to a
present value, P, . Estimating the variance,
however, can be problematic.

As a proxy for the variance associated with new
drug development, the pharmaceutical company
Merck uses the annual standard deviation of
returns for typical biotechnology stocks in their
application of OPM.3 Conservatively, Merck uses
between 40% to 60% for project volatility.

Pharmaceutical development is confined within the

same industry and past performance may provide
some prognosis for future results. However,
typically, new technologies and research and
development deal with issues without a historical
pattern from which to draw.

The model appropriately is sensitive to the
variance factor. Common sense would dictate that
predictions of actual results are subjective and
variance will be an important parameter in the
analysis. Experienced judgment must, therefore,
be utilized to generate a reasonable model input.

Two factors in the analysis deserve special
attention: (1) the time to maturity and (2) the
variance of the estimates. In contrast to present
value techniques, OPM suggests greater value is
associated with longer term projects. That is, with
longer times to maturity of the exercisable opﬁon,
the greater the opportunity for the value of the
investment to rise. Consequently, OPM imputes
greater value to long-term projects than perhaps
traditional present value techniques which
exponentially discount and penalize future benefit
streams.

Using options methodology also ascribes greater
value to projects whose outcome may be
uncertain. The variance of longer term projects
increases the probability of larger than expected
yields, increasing the value of the option. The
probability of smaller than expected results is not
as detrimental. Downside loss is limited to be no
greater than the option purchase cost. Longer
term projects which have lengthy periods before
they become commercial and which have
uncertain yields do, in fact, increase the value of
the option in stark contrast with how such projects
would be viewed using present value methodology.

What the Black-Scholes OPM provides is a
credible tool for the analysis of certain new
technology investments which provide the investor
meaningful insight into the value of, especially,
projects with long term results.

POTENTIAL APPLICATION OF OPTIONS
METHODOLOGY TO SMES

Superconducting Magnetic Energy Storage
(SMES) has characteristics which suggest that
OPM may be useful to analyze decisions regarding
investment in research and development of the
technology. The need for SMES technology exists
today. Utility and customer requirements for
energy storage range from small kilowatt-second
storage devices for power quality up through the
large, multi-megawatt-hour, bulk power devices for
utility spinning reserve and/or load leveling. The
smaller one megawatt-for-one-second SMES
systems are commercially available. One would
not find Black-Scholes OPM too useful in
analyzing a commercial hardware purchase
decision.* Conventional present value techniques
would apply.

3 Nichols, Nancy. "Scientific management at Merck: An Interview with CFO Judy Lewent.” Harvard Business Review (Jan-Feb

1994) 88-99.
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However, research and development investments
in intermediate- and large-sized SMES systems
could be analyzed using OPM. Such investments
in research, development, and even demonstration
are analogous to option purchases. The future
commercial start-up investments necessary to take
the technology to market are analogous to the
option’s exercise price.

Market analyses for utility and customer use of
SMES devices includes uncertainties. if one were
to use present value methods to analyze the early
research and development investments,
depending on the discounting applied to the
analysis, such investments may not be justified.
Despite potential extraordinarily huge benefits from
the SMES technology and the relatively small
investment in research and development, the
technology may not get off the ground without
proper analysis of early investments.

Since the early research and development costs
are likened to the option purchase, the use of
Black-Scholes OPM may yield sufficient incentive
to pursue research and development.

IDENTIFIED NEED

To utilize Black-Scholes OPM, one must be able to
estimate the various factors involved in the model.
Further examination of the variability of estimates
of (1) follow-up investment needs, and (2) benefit
streams, from new technology research and
development is necessary to better judge the
appropriate statistical parameter, d,. Unlike stock
options which can be valued based on the stock's
historical variability or iike pharmaceutical
research and development which has a database

of drug development statistics, new technologies
often confound existing paradigms and, therefore,
defy simple analysis.

CONCLUSION

Use of options methodology such as the Black-
Scholes option pricing model has particular
relevance to the analysis of early expenditures for
research and development in emerging
technologies. Financial managers should
recognize that the usefulness of conventional
present value methodology diminishes as the
framework for the project departs from near-term
commercial likelihood. OPM may provide a useful
approach to the analysis of such longer term
technologies as SMES, not only being a more
appropriate analysis tool but one which financial
managers will already have familiarity.

¢ One might, however, find OPM useful if one were evaluating investment in a start-up company marketing such devices.
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SMES: Redefining the Path to Commercial Demonstration

W.G. Bingham and R W. Lighthipe'
Bechtel, San Francisco, California, U.S.A.
I'San Diego Gas & Electric, San Diego, California, U.S.A.

SMES (Superconducting Magnetic Energy Storage) is an emerging technology offering
tremendous potential benefits to the utility industry. San Diego Gas & Electric
(SDG&E) and Bechtel are leading a team of companies and national laboratories
working towards design and construction of the world's first demonstration facility for
large, commercial SMES for enhancing transmission stability in the Southwestern United
States.

Environmental, economic, and regulatory forces are reshaping the way utilities generate, trans-
port, and distribute electricity. Electric power has always been available on instant demand with a
high degree of reliability, flexibility, and control. On the other hand, it has never been easily
stored in large quantities. Environmental limits on generation and the advent of renewables,
deregulation and competition, and the increasing complexity of transmission systems, all point
towards the need for a reliable and cost-effective means to store and retrieve electric power.

In SMES, electric energy is stored by circulating a current in a superconducting coil, or inductor.
Because no conversion of energy to other forms is involved (e.g., mechanical or chemical), round-
trip efficiency is very high, upwards of 90%. SMES can respond very rapidly to dump or absorb
power from the grid, limited only by the switching time of the solid-state components connecting
the coil to the grid. SMES can typically respond to a grid transient and achieve full power in
about 100 ms (or six cycles).

SMES was initially conceived as a load-leveling device to store energy in bulk to reduce a utility's
daily peak demand. In that sense, SMES would fill the same market niche as pumped-hydro, bat-
teries and compressed air energy storage (CAES). Because of its fast response, SMES can pro-
vide benefit to a utility not just as a load-leveling device, but also by enhancing transmission line
stability and power quality. SMES can be viewed as a Flexible AC Transmission System
(FACTS), with the added dimension that it can insert real power into the grid. Such capability
can significantly improve transmission line dynamics, allowing for higher load transfer without
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compromising grid stability. Line stabilization will be the utility application leading to the first

commercial demonstration of SMES.

Since the technology of low-temperature superconducting (LTS) wire is fully mature, early SMES
units will be based on LTS. This will ensure timely demonstration of the integrated technology,
and the development of a SMES market. High-temperature superconductors (HTS) can then be
introduced as that technology matures in order to further reduce costs and increase the operating
efficiency.

For the past six years, Bechtel has led a team of companies and national laboratories in the devel-
opment and testing of a new and economical design leading to the world's first commercial dem-
onstration SMES unit. This report describes the recent design breakthroughs, and the current
efforts by San Diego Gas & Electric and the Bechtel Team to proceed with a utility demonstration
of the technology: SMES-1.

PRINCIPLES OF OPERATION

As an energy storage device, SMES is a relatively simple concept. It stores electric energy in the
magnetic field generated by DC current flowing through a coiled wire (see Figure 1). If the coil
were wound using a conventional wire such as copper, the magnetic energy would be dissipafed
as heat due to the wire's resistance to the flow of current. However, if the wire is superconduct-
ing (no resistance), then energy can be stored in a "persistent" mode, virtually indefinitely, until
required.

The coil is cooled to liquid helium temperature to achieve superconductivity. The superconductor
of choice for this application is a niobium-titanium alloy. When the coil is energized, it is subject
to outwardly radial electromagnetic forces (Lorentz loads) that need to be restrained.

The coil is a DC device, yet charge and discharge are usually accomplished through an AC utility
grid, so that a power conditioning system (PCS) is required as the interface. The PCS can use a
standard solid-state DC/AC converter to transfer power back between the superconducting coil
and the grid/load.
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HISTORY OF SMES DEVELOPMENT

Although superconductivity was not discovered until 1911, the idea of storing energy in the mag-
netic field of a coil is over a hundred years old, going back to the time of Nicola Tesla. Super-
conducting magnets as energy storage devices were proposed in the early 1960s. The use of
SMES for a utility application (load-leveling) was first proposed in the late 1960s in France. In
the U.S., research on SMES started in the early 1970s at the University of Wisconsin, and soon
after at Los Alamos National Laboratory (LANL). A joint effort between LANL and Bonneville
Power Administration (BPA) led to the design, construction, and testing of a 30 MJ

(8.3 kWh)/10 MW SMES unit used on the Pacific Intertie transmission line operated by BPA to
rid the line of unwanted sub-synchronous oscillations. The SMES unit built, by General Atomics,
operated successfully for a year between 1983 and 1984. The BPA unit demonstrated the feasi-
bility of the SMES concept for utility application. Industrial participation in the development of
SMES started in the early 1980s, when Bechtel became involved with the technology through
work with the Electric Power Research Institute (EPRI) and LANL.

In 1987, the Department of Defense (DOD) selected SMES as the only feasible power supply
option for the ground-based free electron laser, which was under development as part of the Stra-
tegic Defense Initiative. The DOD launched the SMES Engineering Test Model (ETM) program
to demonstrate the feasibility of the technology for the dual purpose of a power supply for mili-
tary applications and energy storage for the utility industry. The SMES-ETM was designed to
store 20 MWh (72 GJ), and deliver up to 400 MW.

Between 1987 and 1990 DOD, through the Defense Nuclear Agency (DNA), funded a design
competition to develop a conceptual design for the SMES-ETM. Two design teams, one of
which was led by Bechtel, were awarded contracts of approximately $15 million each over a

2.5 year period. When the SDI’s free electron laser project was terminated the SMES-ETM
program was halted. However, after a 2-year hiatus, DOD resumed the SMES development
competition and awarded a total of $30 million as part of a program to reduce risks of the
conceptual designs and to better define costs (the latter with EPRI support). Under DNA’s
sponsorship, the Bechtel Team recently completed this successful risk reduction program through
component development and testing. As a result of this work, the Bechtel Team design has bro-
ken with prevailing thinking, and moved from using the earth to contain the electromagnetic

_ forces to a self-supporting coil concept. The tremendous advantages of self-supported SMES are
apparent in Figure 2. The result of this paradigm shift is a more reliable, affordable, marketable
product, and a new path to technology demonstration.
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DNA also conducted a Utility Application seminar to determine the ranges of energy and power
for different applications. The results of this workshop are summarized in Figure 3. To assure
low risk technology, DNA formed a Technical Review Committee (TRC) consisting of EPRI and
recognized experts on superconductivity applications and chartered them with reviewing the
design. In addition to reviewing the underground earth supported design, the TRC also con-
ducted an in-depth review of Bechtel’s above-ground self supporting coil design described in the
next section.

SELF-SUPPORTING SMES DESIGN

The major elements comprising a self-supported SMES plant are shown in Figure 4. The propor-
tions shown are for a 1 MWh/500 MW unit. The centerpiece is the superconducting coil, en-
closed in a vacuum vessel to minimize heat loads to the helium cryogen. The power conditioning
building houses the power conditioning system equipment required to interface between the elec-
tric power grid (and switchyard) and the coil. The switchyard is also part of this system. The
cryogenics building houses the major components of the cryogenic and vacuum pumping systems
that cool the coil, and the administration building houses offices and the control room.

All the magnetic forces to which the coil is subjected are reacted to by the coil structure itself, SO
that the system can be built above ground. Initially it was believed that large-scale SMES would
only be economical with earth (warm) support. The present design, however, uses a strong cable-
in-conduit conductor which allows for an efficient support structure. In this concept, a self-sup-
porting coil is substantially cheaper than its earth-supported counterpart for stored energies up to
3,000 MWh. This is a major departure from prevailing thinking.

The added cost for coil material (alloy aluminum) in the self-supporting design are more than off-
set by cost savings through simplification and enhanced constructibility. Major systemé and com-
ponents are eliminated: trench, cold-to-warm supports, shield penetrations, coil attachments,
associated instrumentation and parts, etc. The simplified self-supporting system is shown in
Figure 5.

The self-supported design is also easier to construct, leading to cost reductions through shortened
schedule and reduced risk. There are fewer parts to install and keep track of, construction is
above grade, and the thermal shield system (a labor intensive item) is much easier to install due to
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less demanding tolerances and absence of complicated penetrations. The end result is a 30% cost
reduction and a 25% reduction in construction schedule.

In addition to lower capital costs, the elimination of conduction losses through the cold-to-warm
supports also reduces operating costs. As the coil is above ground, siting flexibility is excellent
because soil conditions and water table considerations are completely removed.

The self-supporting SMES system is not only lower in risk, it is also very scalable. By changing
the size of the conductor, the aluminum dump shunt/support, and pultrusion support/insulation
member, the same basic design can be adapted for coils storing from 1 MWh to 1,000 MWh and
more (see Figure 6). This scalability, and the reduced cost and risk of the self-supporting design
define a new path for the demonstration and commercialization of SMES.

THE NEXT STEP: SMES—I

While the key components have been successfully manufactured and tested, demonstration of
SMES technology as an integrated system is a prerequisite to broad acceptance and application by
the utility industry. In addition to demonstrating SMES technical performance, it would provide
the cost and schedule information needed to back future investment decisions by the utilities.

SDG&E and Bechtel are presently actively pursuing the formation of a consortium to design, con-
struct, and operate a demonstration unit. The mission is to stimulate the development of a
domestic SMES industry through a government, utility, and industry cost-sharing demonstration
(SMES-1 prototype) program while simultaneousiy enhancing utility asset efficiency in the
Southwest United States. Although still in its definition phase, SMES-1 is envisioned as a 1 to

3 MWh device, with a power capability of 500 MW, and connected to the grid in a transmission
stabilization mode (the dimensions shown in Figure 4 roughly correspond to a 1 MWh coil and a
500 MW PCS). SMES-1 will be located at SDG&E’s Blythe, California site and would increase
simultaneous load-transfer operating limits by 8% for import of power to Southern California.
The experience gained with this plant would advance SMES technology for other utility applica-
tions, providing such benefits as increased transmission capacity, voltage control, SSR damping,
tie line control, spinning reserve, frequency control, energy storage (renewables), underfrequency
load shedding reduction, and black start. The SMES-1 plan is fully responsive to DOE’s national
energy strategy which calls for the utility industry to meet the challenges of accommodating in-

creased transmission system access, resulting in greatly increased complexity of control and pro-
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tection without compromising reliability of service; accommodating the need to increase asset
utilization while minimizing new capital investment through modernization and plant life extension
and reliability-centered maintenance; automation of the energy delivery system for expanded
customer services and full adoption of integrated resource/delivery planning and operation; inte-
grating distributed generating resources that may not be utility-owned or -controlled; increasing
the power transmission capability of existing right-of-way corridors to offset difficulties in siting
new corridors; and incorporating energy storage technologies as a viable option.
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Modular Transportable Superconducting Magnetic Energy Systems

Dennis Lieurance, Foster Kimball, and Craig Rix
Martin Marietta / Space Magnetics, San Diego, California

Abstract-Design  and cost studies were
performed for the magnet components of
mid-size (1-5 MWh), cold supported SMES
systems ‘using alternative configurations.
The configurations studied included
solenoid magnets, which required onsite
assembly of the magnet system, and toroid
and racetrack configurations which
consisted of factory assembled modules.
For each configuration, design
and cost information were developed for the
major features of the magnet system
including the conductor, electrical
insulation, and structure. These studies
showed that for mid-size systems, the costs
of solenoid and toroid magnet
configurations are comparable and that the
specific configuration to be used for a
given application should be based wupon

customer requirements such as limiting
stray fields or minimizing risks in
development or construction.
INTRODUCTION

Designs for superconducting magnetic energy
storage  systems have been  under

development for several decades as a means
for providing efficient electric energy storage.
Potential applications for these systems have
ranged from small systems, similar in size to
current laboratory magnets, providing power
quality control to massive systems designed
for diurnal load leveling capable of storing
several thousand megawatt-hours.  Until
recently, the major focus for large scale
design studies has been on low aspect ratio
solenoids that have depended upon earth (or
warm) support systems to react the radial
Lorentz loads. This was because it has long
been advocated that large-scale SMES can
only be economical with earth (or warm)
support [1]. This belief has driven the design
of large scale systems and demonstrating
earth supported systems was considered
essential for engineering test models intended
to demonstrate  SMES technologies.
However, recent cost studies have shown
that the economical cross-over point for cold
and warm supported designs i1s much higher
than previously believed and that cold
supported designs will be less expensive than
warm supported designs for any application
likely to be built in the foreseeable future.
These cost studies have been based upon

concepts -

systems incorporating design and technology
advancements made by Martin Maretta
during the SMES-ETM program and have
been confirmed using both parametric studies
and point designs of systems designed for
energy storage capabilities from 1 to 1,000
MWh [2].

The realization that demonstrating earth
supported systems is not necessary, greatly
increases the design flexibility and
opportunities for cost savings on mid-size (1-
5 MWh) SMES systems. For systems in this
size range, magnet costs are driven more by
fabrication and assembly operations than by
material costs. Therefore, designs which can
minimize labor costs and construction
schedules through the use of standardized,
factory assembled modules have the potential
to become competitive with systems that are
assembled in-situ. Design and cost studies
were performed for the magnet components
of mid-size (1-5 MWh), cold supported
SMES systems using three alternative
configurations. The configurations studied
included solenoid magnets, which required
on-site assembly of the magnet system, and
toroid and racetrack configurations which
consisted of factory assembled modules.

DESIGN REQUIREMENTS

The requirements for the SMES magnet
system were based upon the data generated
and lessons learmned from the SMES-ETM
program and from input from potential
customers in the government and electric
utility industry. These requirements were
divided into two categories, system
requirements and coil pack requirements.
The system requirements included general
system level objectives necessary to ensure
that the design met technology and cost
objectives.  These requirements included
demonstrating critical technologies for
SMES, minimizing costs and risks, and
developing a system that provides siting
flexibility.

The coil pack requirements were more
specific and included design criteria and
constraints developed during the SMES-ETM
program that directly affected the design of
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the magnet components. These requirements
included the use of a high current (100 kA)
cable-in-conduit conductor operating at 1.8 K
and the use of a coil pack design which is self
supporting and which is capable of absorbing
~ the stored energy during an energy dump.

CONFIGURATION OPTIONS

The configurations studied included solenoid
magnets, which required on-site assembly of
the magnet system, and toroid and racetrack
configurations which consisted of factory
assembled modules. For each configuration,
preliminary designs were prepared for
various size coils ranging from 1 to 10 MWh
of energy storage capability. A comparison
between these configurations for a 1 MWh
system is shown in Figure 1.

Solenoid Coil Description The solenoid coil
pack consists of a two radial layer, helically
wound coil as shown in Figure 2. The major
components of the coil pack assembly include
the conductor, dump shunt, and electrical
insulation system. The dump shunt consists
of an aluminum extrusion which provides the
thermal mass necessary to absorb the stored
energy during an energy dump and also
provides the structural support for the axial
and radial Lorentz loads. For a mid-size
SMES, the cross-sectional area of the dump

shunt is governed by the width required to -

install bolts at the field assembly joints. This
results in the structure being oversized
between joints so that structural stresses are
relatively low. The area required for thermal

mass purposes is lower than that required for -

structural purposes so there is a large thermal
margin in the system as well.

The electrical insulation system serves to
electrically insulate the conductor turns from
each other and the ground. The primary
insulation consists of a layer of Kapton tape
wrapped around the assembled conductor and
dump shunt. A layer of pre-impregnated
fiberglass tape is wrapped over the Kapton to
protect the Kapton from tears or abrasion.
An outer case, consisting of precured and
formed fiberglass components, serves to hold
the layers of the coil pack together and also
provides additional redundancy for electrical
insulation purposes.

Each of the major components (conductor,
dump shunt, and electrical insulation
segments) is fabricated offsite and assembled
into the coil onsite using field assembly joints
and splices. This minimizes material usage
but results in extensive onsite labor and
inspection procedures.

Toroid Coil Description The toroid coil pack
consists of 36 oval shaped modules
approximately 14 feet wide by 47 feet long
arranged in a circular configuration as shown
in Figure 3. Each module consists of 16
conductor turns arranged in two layers. The
primary electrical insulation consists of a
layer of Kapton tape wrapped around the
conductor tums. A layer of fiberglass tape is
wrapped over the Kapton to protect the
Kapton from tears or abrasion.  This
assembly is then vacuum pressure
impregnated to form the conductor assembly.

1 MWh SOLENOID 1 MWh TOROID 1 MWh RACETRACK

162 Turns

4

Figure 1. Configuration Options.

36 Coils 24 Modules

46.67"

40.0"

< 43.67" > —>| I‘ 14.0°

417




This conductor assembly is then placed into a
structural case. The case consists of inner
and outer leg segments. The inner leg case
wall is designed to be wedged together with
adjacent modules to form a bucking cylinder
to react the inward Lorentz loads from the
toroid. Tension straps running from the
inner leg to the outer leg are used to react the
outward Lorentz loads on the outer leg.

Each module is designed to be fabricated in a
factory and then shipped to the site.
Fabricating modules in the factory provides
for a cleaner and more controlled
environment for conductor and insulation
.fabrication, allows for the use of rate tooling
and trained and experienced technicians, and
improves quality assurance, including the
capability for testing of the completed
modules prior to shipping, when compared to
the field assembly operations required for the
solenoid.

Race Track Coil Description The race track
coil pack consists of 24 racetrack modules
approximately 14 feet wide by 47 feet long
stacked on top of each other as shown in
Figure 4. These modules are similar to the
modules used for the toroid with
modifications to the case walls to react the
different Lorentz Loads.

COIL COMPARISON SUMMARY

The design studies demonstrated that all of
the configuration operations were technically
viable and were capable of satisfying the
design requirements of demonstrating critical
technologies for SMES, minimizing costs
and risks, and developing a system that
provides siting flexibility.

Figure 3. Toroid Coil Configuration.

The critical superconducting  magnet
technologies for cost effective large SMES
systems include high current cable-in-conduit
conductors, 1.8 K helium operation, high
voltage electrical insulation, and quench
protection systems capable of handling the
large amounts of stored energy. All of the
configurations studied demonstrate these
technologies. The major differences are in
the design of the structure required to react
the loading conditions which are unique to
each configuration. However, the structural
behavior of the materials and design
configurations are well understood and are
predictable using currently  available
technologies. Figure 4. Race Track Coil Configuration.
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Although the risks for any configuration are
considered to be reasonable, the toroid and
race track configurations offer advantages in
several key areas. The first advantage is in
technology demonstration. For a solenoid
system, technology demonstration is limited
to the component level and system
verification requires a full scale unit. For a
modular system, technology demonstration
can be performed on full scale modules
allowing critical design and manufacturing
technologies to be fully verified before
committing to a full-up system. The toroid
magnets also utilize technologies which are
common to other ongoing large
superconducting magnet programs such as
ITER and TPX. Developments in coil
winding and electrical insulation technologies
could be shared with those programs. The
final difference in risk minimization is in the
repairability of a production unit. The repair
of a faulty section of a solenoid would
require the removal and replacement of a
large section which is essentially integral with
adjacent components.  The toroid and
racetrack designs are based upon
interchangeable modules which are only
connected at a few carefully selected field
assembly points

All of the configurations offer considerable
siting flexibility in that they are free standing
systems that do not require special soil
conditions to react the magnetic loads. The
major differences are in the stray field effects
due to the magnet configurations. The
solenoid and race track generate a field that
requires a circle approximately 230 feet in
radius before the 10 gauss limit is reached.
the toroid generates almost no stray field and
the 10 gauss limit is contained within the
vacuum vessel.

The results of an analysis of the direct
manufacturing costs of the different coil
configurations are shown in Table 1. The
costs ranged from $6.4M for the solenoid to
$14.1M for the toroid. Additional analysis,
which includes the effects of the reduced
onsite construction time for the race track and
solenoid and incorporates leamning curve
effects for multiple SMES units, is in the
process of being performed. This analysis is
expected to show that the total system cost
difference is less than that shown when only
magnet manufacturing costs are included.
When compared to the total system cost,
which is in the range of $60M-$70M, the

ES

differences in the costs between the solenoid
and toroid magnets should not be the major
factor in choosing the magnet configuration,

Table 1. 1 MWh Coil Cost Comparison.
Solenoid Solenoid Toroid
RaceTrack
Field Labor
Cost $1.4M $0.2M $0.3 M
Time 12mo 3 mo 3 mo
Factory Labor - $2.0M $3.2M
Material $3.1 M $6.1 M $70M
Conductor
Cost $1.9M $2.3 M $36M
Length 33,400 40,600 60,900
TOTAL $6.4 M $10.6 M $141 M
CONCLUSIONS

The study concluded that transportable,
modular coils can be cost effective when
considered as part of an ongoing business for
SMES devices around 1 MWh. They are
also effective in incrementally demonstrating
the technologies required in larger scale
devices. They offer the possibility of a lower
risk demonstration device due to the ability to

_ test single modules individually at cryogenic

temperatures, prior to the entire array.

On the other hand, truck transportable
modules are not particularly cost effective for
constructing devices larger than 5 MWh,
unless the transportation limits can be
significantly increased by either exceeding
normal truck/rail sizes or by limiting
applications to barge accessible locations.

This study was funded by Martin Marietta.
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ABSTRACT

Two series of Y1BasCu30; thin films deposited on (001) LaAlO3 single crystals by
excimer laser ablation under two different protocols have been investigated. The research
has yielded well defined deposition conditions in terms of oxygen partial pressure p(02)
and substrate temperature of the deposition process Th, for the growth of high quality
epitaxial films of YBCO. The films grown under conditions close to optimal for both j¢
and T exhibited T¢ 291 K and jc 24 x 106 A/cm2, at 77 K. Close correlations between
the structural quality of the film, the growth parameters (p(02), Th) and jc and T¢ have
been found.

1. Introduction.

There are several technological difficulties which occur in the growth of high-T,
films regardless of the deposition technique. These involve optimization of the oxygen
partial pressure, the substrate temperature, the substrate surface preparation, the laser beam
energy density, cooling procedure, etc. Moreover the deposition of superconducting oxides
is further complicated because of the multielemental structure of the compounds and their
sensitivity to film cation-composition [1] and oxygenation [2] which substantially influence
both the superconducting properties and morphology of the film [1, 2]. These observations
clearly manifest the importance of a precise and reliable control of the growth parameters of
copper oxide superconducting films.

To investigate the many growth parameters the precise control of the oxygen
pressure, p(02), and substrate temperature, Ty, must be identified first. The aim of the
present research was thus twofold: 1) Optimization of the deposition conditions for the
growth of epitaxial films with the highest jc and T, exhibiting simultaneously the best
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morphology. 2) Structural characterization of the film and a search for correlations between
the structural and superconducting properties of the film.

2. Experimental.

‘ Thin films of YBCO were prepared by laser deposition using a YBCO target and
pulsed excimer laser. The substrates used were LaAlO3 (001) single crystals which
possess a lattice spacing a = 3.79 A, which is closely matched to the a-b plane spacing of
YBCO. A Lambda Physik LPX 2051 excimer laser with A =248 nm (KFr) operated at a
repetition rate of 5-10 Hz, and at a fluence of 1.5 J/cm? was used. The illuminated area was
4 x 2 mm?2, and the laser was equipped with special electrodes to improve the beam profile
uniformity. Two similar systems were used to obtain films fabricated under the two
different protocols. In protocol 1 (film series 1), a constant temperature of the substrate
heater was maintained (Th = 820 ©C) while the oxygen partial pressure in the deposition
chamber was variable (50 < p(O2) <300 mTorr). In protocol 2 (film series 2), a constant
pressure of oxygen was maintained (p(O2) = 200 mTorr), while the temperature of the
heater was variable (740 <Tp < 8200 C).

For protocol 1 the target holder was a Kurt J. Lesker Co, Polygun system which
holds up to six 2.5 cm diameter targets in a hexagonal carousel rotated under computer
control synchronized with the laser firing. In protocol 2, a single YBCO target was rotated
around the axis normal to the target face. In. both systems the separation between the target
and the substrate was the same; s =5 cm.

After deposition using either protocol the films were cooled slowly (5° C/min)
down to room temperature in 600 mTorr of oxygen. The resulting film thickness was 3000
A. The films were very smooth exhibiting a mirror-like appearance. Microscopic
observations, however revealed the existence of numerous pinholes (of sub-micron size)
which apparently did not affect jc and T¢ in the films.

Application of the two different deposition protocols enabled us to explore regions
in the p(O2) vs. 1/T phase diagram of YBCO situated close to the YBCO stability line,
Fig. 1, which according to previous reports [3-5] represent the most promising regime for
~ the growth of high quality YBCO films.

To obtain the best conditions for the film growth in terms of the oxygen pressure
and the substrate temperature during the film deposition, the phase diagrams p(O2) versus
1/T for YBCO by Bormann, Hammond and Noelting (B-H—N) [3,4] and by Beyers and
Ahn [5] were used for a starting point in the studies presented in this paper. However, one
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has to remember that the specific conditions for film growth may vary between different
systems and methods of film deposition.

In Fig. 1 the continuous dark line denotes the most recent [5] thermodynamical
stability line for tetragonal YBCO, while the discontinuous one represents a previous
stability line [3,4] and is shown only for comparison. We will discuss our results with
regard to the new stability line. The critical current density, j¢, and the critical temperature,
T¢, were determined by an inductive method [6]. The width of the superconducting phase
transition was AT ~ 0.5K.
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Fig. 1. Graph of oxygen partial pressure p(O2) versus temperature T showing the critical stability line
for tetragonal Y1Ba2Cu30, (z = 6.0), according to recent data (Ref. 5); continuous line.

The old stability line published by Bormann, Hammond and Noelting (Ref. 3 and 4) is also
shown for comparison as a broken line. The black and white areas denote the p-T phase space
where series 1 and 2 were grown, respectively.

3. Results and discussion.

3.1. Optimization of the growth conditions.

The measurements of T and j as a function of the oxygen partial pressure p(O»)
and the substrate temperature T}, are presented in Figs. 2 and 3. It is interesting to note that
while the critical temperature appéars to be a monotonic function of p(O3) and T, the
critical current density jc in the films in both series exhibits a distinct maximum as a
function of p(O7) or Th. The highest T, was 90 K in series 1 (variable oxygen pressure),
and 92 K, in series 2 (p(O2) = 200 mTorr), while maxima of j. were 3.4 and 4.5 x 106
Afcm?, respectively. On average both parameters, T and j;, were somewhat higher in
series 2, though the differences in j. remained practically within the limits of experimental




errors of jo ( 10%). As can be seen in Figs. 2a and 3a, the critical temperature T¢ was
observed to rise with an increasing oxygen partial pressure p(O2), approaching a saturation
value of 90 K for p(O2) > 200 mTorr. However when the substrate temperature Ty, was
increased from 740 to 820 ©C, at p(O2) =200 mTorr, a systematic decrease in T from 92
to ~88 K was observed. In both film series p(O2) and T moved in the phase diagram in
the directions above and to the right of the stability line.

Figures 2 and 3 showed that the highest values of T¢ and j¢ do not occur under the
same deposition conditions. Note that the highest values of j¢ (Figures 2b and 3b) occur in
the vicinity of the stability line of tetragonal YBCO where less perfect crystalline structure
can be expected.
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Fig.2. Critical temperature T¢ (a) and critical current density jc (b) as functions of the oxygen pressure
during film deposition (protocol 1).
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Fig. 3. Critical temperature T¢ (a) and critical current density jc (b) as functions of the film deposition
temperatutre Ty, (protocol 2).
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3.2 Structural Characterization of Films.

Structural characterization of film series 1 and 2 have been carried out employing X-
ray diffraction (XRD), scanning elecron microscopy (SEM), energy dispersive analysis of
X-rays (EDAX) and Raman spectroscopy.

A typical X-ray pattern of a YBCO film belonging to series 2 is presented in Fig. 4.
It is evident that only (00£) Bragg reflections are present indicating a highly c-axis oriented
texture. The (00¢) lines behaved in a similar manner and therefore only the changes in the
(005) line were used to characterize the films. The intensity ratio of the (005) X-ray peaks
with respect to the background, for the films deposited under conditions close to optimal,
was in excess of 2000. When the ratio of the count rate I(005)/background increased above
~1000, it was possible to observe the splitting of the Kot and Koty Copper X-ray doublet.
The peak half-width for an individual Ko-line reflection was observed to be A(20) =
0.07°, which indicates excellent crystallinity in the film. A corroboration of the structural
perfection was provided also by measurements of the mosaic spread and electron
channeling patterns. The in-plane epitaxy, was also investigated by using Raman
spectroscopy [7]. The Raman measurements showed that the degree of the epitaxial growth
occured over 82 to 95% of the sampled area.

{005)
(006}
{002) LaAIO,

(003)
{001) LaAIO,

(001)
(002)
(007)

Logarithmic intensity scale

i ., \h‘:\ ;lvr

‘ T T
4 14 24 34 44 54 64

Angie 28

Fig. 4. A typical x-ray pattern for a film from series 1. Tc = 89.6 K, jc = 2 x 100 A/cm?2.

The elemental composition of the films determined from EDAX measurements was
approximately constant and the average metal content was intheratio Y : Ba: Cu=1.14:
1.57 : 3.00, indicating that Ba-deficient films were grown.
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Rocking curve measurements of the (005) peaks performed for both series of films
showed that their half-widths did not exceed A®w = 0.6°. The best films exhibited a small
mosaic spread, A® ~ 0.200 [8]. In Fig. 5 the dependence of A®w as a function of p(Oy) is
shown. Clearly a rapid narrowing in the line-width occurs when the oxygen pressure rises
above ~150 mTorr. This behaviour indicates a sensitivity of the film structure to the oxygen
partial pressure and very likely corresponds to the isotherm Th = 820 °C crossing the
stability line in the YBCO phase diagram [5], see also Fig. 1. For p > 200 mTorr, the
mosaic spread in the films was roughly constant.

The growth carried out above the stability line results in a marked improvement of
the superconducting parameters. While the changes in T¢ are small (~2 K), the critical .
current density rises almost by a factor of 3 with an increase of the oxygen pressure from

150 to 200 mTorr. A further increase of the oxygen pressure to 300 mTorr leads to added
improvement of the film structure (A® = 0.22°), but simultaneously the decrease of critical

current, apparently due to a reduction of the number of flux pinning sites.
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Fig. 5. Rocking curve width of the (005) x-ray reflections plotted against oxygen pressure
in the deposition system during film growth, Tp, = 820°C.

In series 2 the mosaic spread was constant at A® = 0.25° £ 0.03°. This value is
very close to that observed in film series 1 which were grown above the stability line
(p(02) > 150 mTorr). The maximum in jc for film series 2 appeared at T, = 760-770 °C,
see Fig. 3. Since the mosaic spread was nearly constant in series 2, one can argue that the
variations in jc were caused by changes in the film cation-composition. The critical current
density j, has been found to be a very sensitive function of the film-cation composition [1].
Very small variations (£ 0.01-0.02) in the Cu content (metallic fraction Cu/(Y + Ba + Cu))
resulted in a 5 fold decrease of jo [1]. Our EDAX measurements for the films of series 2
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showed, in fact, small systematic variations in the Cu/(Y + Ba + Cu) and Ba/Y ratios. They
were found to change from 0.51 to 0.54 and from 1.32 to 1.41, respectively. It is therefore
possible that variations in the measured cation concentrations may account for a constant
width of the rocking curves and for the simultaneous occurence of a maximum in j at 760-
770°C, Fig. 2. Contrary to the behaviour of j¢ the critical temperature is a much weaker
function of the Cu content [1]. A more extensive discussion of the effect of changes in
metal composition on the structural and superconducting properties of YBCO films will be
presented elsewhere [9].

In film series 1 the c-axis length was observed to correlate directly with the oxygen
partial pressure, indicating a linear shortening of the c-axis with increasing oxygen partial
pressure. It changes from ¢=11.75 A (at 50 mTorr) to 11.66 + 0.01 A, (at 200 mTorr),
Fig. 6. For pressures p > 200 mTorr the c-axis length remains approximately constant.

In film series 2, changes in Th had a rather limited effect on the c-axis length up to
800°C. As can be seen in Fig. 7 a small shortening of the c-axis length (~0.02 A) occured
in the temperature range from 740 to 800°C. The Raman measurements on films of series 2
showed that the O(4) vibration frequency changed very little from 500 cm1 (at 740 °C) 1o
503-504 cm-1 (at 780-800°C). These results also indicate that varying Ty, from 740 to
800K changes the oxygenation of the films insignificantly [10]. The frequency range of
the O(4) vibrations (= 500 cm-1) indicates that the films grown below 800°C were
practically fully oxygenated , that is the oxygen content was = 6.9 [10]. Above 800 OC, an
elongation of the c-axis length seems to occur, likely because of a smaller oxygen uptake at
this temperature and this pressure (in the vicinity of the stability line). Indeed Raman
measurements showed a small decrease of the O(4) vibration frequency from ~504 cm1 in
films grown at 780°C to 500 cm'! in those grown at 820°C, which may indicate some
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Fig. 6. C-axis parameter, c(), as a function of the oxygen pressure during film deposition.
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‘Fig. 7. C-axis parameter, cQ, as a function of the temperature of the film deposition, Th.

oxygen loss. Fig. 8 shows that at a constant oxygen pressure of 200 mTorr, the c-axis

length reaches its minimum for T}, close to 780°C (z 20°C) yielding ¢ = 11.66 £0.01 A.
Close correlations have also been observed between the c-axis length and the T

and jc parameters in the films grown in series 1 and 2. Maxima in both T¢ and j¢ appear
when the lattice parameter co = 11.66-11.68 A, see Fig. 8 and 9. In film series 1 (variable
oxygen pressure) T apparently passes through a maximum as a function of cg whose value
changes due to the change in oxygen content. A decrease of T¢ by ~1K seems to occur for
the highest pressure (300 mTorr). This observation seems to be in agreement with other
reports [11], showing that the maximum of T in Y1BayCu30; takes place for the oxygen
content z = 6.93 (+0.02), not z = 7.00. The dependence of T versus c-axis length
presented in Fig. 9 can be approximated by a quadratic function, which is very similar to

9% T
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Fig. 8. Critical temperature T¢ of the YBCO films grown at a constant oxy;gen pressure (open squares)
and constant temperature (black circles) as a function of the lattice parameter c(.
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that illustrating the dependence of T¢ on hole concentration (h+) per CuO2 plane, induced
either by chemical substitutions [12] or the oxygen content [13, 14].

The films from series 2 (variable Tp) exhibited relatively small changes in ¢g which
is consistent with small variations in Tc (~2K), see Fig.8. These changes in T due to
variations in cq are very likely caused by small systematic changes in the film cation
composition as discussed above. However, the critical current density is very sensitive
even those small changes in cg, see Fig.9. This observation is in agreement with other
reports [1] and will be discussed in detail elsewhere [9].

The EDAX measurements showed that the shortest cg occurred for Ba-deficient, but
Y-rich films. The highest values of T¢ and jc were observed in off-stoichiometric (Ba-
deficient, Y rich) films (Y1+xBa2-yCu30z; x = 0.11-0.18, y = 0.32-0.43). This
observation is in good agreement with a Stanford group report [15], where the Ba/Y ratio
for the highest T¢ was observed to be about 1.4. This value is almost identical with that
found in our EDAX measurements (Ba/Y = 1.61/1.15 = 1.4). The Stanford group [15]
6106--|'f.'|"'1"'|"_
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Fig.9. Critical current density j¢ in the YBCO films grown at a constant oxygen pressure {(open squares)
and constant temperature (black circles) as a function of the lattice parameter c(.

also found that a large number of Y for Ba substitutions resulted in a significant presence
of point defects which act as effective flux pinning centres [16]: Also Y for Ba
substitutions may lead to some shortening of the c-axis length. In our fully oxygenated
films, the c-axis length is 11.66 A, as compared to the ideal value of 11.6802 A [13].

4. Conclusions

Application of two different deposition protocols enabled us to explore regions in
the phase diagram (oxygen pressure p(O2) vs. growth temperature (Th) of YBCO films

431




situated close to its stability line. The films with the best structure were grown above and to
the right of the stability line, i.e. toward the interior of the stability region for YBCO, and
those films also exhibited the highest critical temperature Tc. In contrast the highest jc (up
t0 4.5 x 106 A/cm2) occured in films grown in the vicinity of the stability line, where Tc
was 1-2 K lower than the maximum value observed in this work. These results indicate that
our best epitaxial films approach the structural quality of single crystals where the critical
current density is low because of reduced density of flux pinning sites.

It is thus clear that the best conditions for optimum T¢ do not result in samples with
the highest jc. The fabrication of films with both high T and j. therefore requires some sort
of compromise between structural perfection (high T¢) and the presence of crystallographic
defects (high jc).
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GROWTH AND ANALYSIS OF HIGHLY ORIENTED (11n) BCSCO FILMS FOR
DEVICE RESEARCH

K. K Raina and R. K. Pandey, Center for Electronic Materials, Electrical Engineering
Department, Texas A&M University, College Station, TX 77843-3128, U.S.A

ABSTRACT

Films of BCSCO superconductor of the type Bi»CaSr,Cu;Ox have been grown by liquid
phase epitaxy method (LPE), using a partially closed growth chamber. The films were
grown on (001) and (110) NdGaO; substrates by slow cooling process in an optimized
temperature range below the pertectic melting point (880 0C) of Bi;CaSr>Cuy0s.
Optimization of parameters, such as seed rotation, soak of initial growth temperature and
growth period results in the formation of 2122 phase BCSCO films. The films grown at
rotation rates of less than 30 and more than 70 rpm are observed to be associated with the
second phase of Sr-Ca-Cu-O system. Higher growth temperatures (>860 °C) also
encourage to the formation of this phase. XRD measurements show that the films grown
on (110) NdGaOs have a preferred (11n)-orientation. It is pertinent to mention here that in
our earlier results [1] published elsewhere we obtained c-axis oriented Bi,CaSr,Cu,;0Os
phase films on (001) NdGaO; substrate. Critical current density is found to be higher for
the films grown on (110) than (001) NdGaO; substrate orientation. The best values of
zero resistance (T.,) and critical current density obtained are 87 K and 10° A/cm’,
respectively.
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INTRODUCTION

Various growth techniques have been reported for Bi-Ca-Sr-Cu-O
superconducting films. Most of these investigations deal with the growth of high quality c-
axis oriented epitaxially grown films [1-5]. The intrinsic anisotropic properties of Bi-Ca-
Sr-Cu-O superconducting system (i.e. the coherence length of about 2 °A along the c-axis
and 24 °A in the a-b plane) leads to the growth kinetics resulting in the formation of (00n)-
orientated films. However, a film with (0On)-orientation is unsuitable for the fabrication of
Josephson tunneling junctions. It is because of the fact that coherence length along c-axis
is too short to obtain a Josephson effect. For this reason it is important to grow (11In)-
oriented high-T. superconducting films. Furthermore, the epitaxial nature of these LPE
grown films make them attractive for many other devices including IR photodetectors,
microwave resonators and integrated structured devices.

Recently, (11n)-oriented superconducting BCSCO films have been grown by the
MBE [6] and MOVCD [7-8] techniques. MgO [7] and SrTiOs [6,8] have been used to
grow such films. However, there has been no attempt made to grow (11n)-oriented
BCSCO films by the LPE method. Also there has been no report so far on the (11n)-
oriented film of BCSCO using NdGaOj; substrate although it has been used to grow (11n)-
oriented YBCO (123) epitaxial films [9].

In this paper we report the growth of (11n)-oriented Bi;CaSr,Cu»Os films on (110)
NdGaO; substrate. Optimization of various growth conditions which lead to the formation
of 2122 phase are described and discussed. Formation of the second phase observed
during the process of optimization is also described.

EXPERIMENTAL

The experimental arrangement of the LPE apparatus consists of a resistively heated
furnace having facility for translation and rotation of seed. A partially closed growth
chamber in the form of a platinum crucible embedded in an alumina blanket and further
placed in an alumina crucible 1s used for the growth of BCSCO films. The alumina crucible
is covered at the top by an alumina plate with a central hole of about 1 cm. for passing
through the seed rod. The details about charge preparation of BCSCO and the method of
film preparation are same as reported by us [1].

Transport resistivity and critical current density measurements were made by
standard four-probe method using gold electrodes. Electrodes were made by sputtering
gold and silver epoxy. was used to embed the silver wires on the samples. A 10 uV/mm
electric field criterion was used to measure the critical current density.

RESULTS AND DISCUSSION

Table 1 illustrates the optimization of the growth conditions for single 2122 phase
of BCSCO films. It is well known that on melting (885 °C) Bi,CaSr,Cu,Os splits into sub-
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Table 1. Growth parameters leading to sihgle and mixed phase formation of 2122 BCSCO films.

Growth 1st soak 2nd soak Seed Growth Charge Remarks

parameters rotation | temp | preparation
pm °C of BCSCO
Time | Temp | Time | Temp
hrs °C hrs °C

Optimized )

growth DF(5)
parameters 12 925. 4-5 855- 50-70 | 855-835 | 900 °C for **

for 2122 860 1 hr CF(15)

phase v

formation

*DF(5) = Discontinuous film for the growth time of 5 hours
**CF(15) = Continuous film for the growth time of 15 hours

phases. Therefore, in order to form a single phase 2122-BCSCO and to avoid intergrowth
of sub-phases various growth parameters as described in table 1 have to be optimized. It is
observed that seed rotation of more than 70 and less than 30 rpm encourage the formation
of secondary phases in the film. Similarly, the second soak of about 4-5 hours is necessary
to allow maximum reformation of 2122 phase in the molten solution. It is important that
the second soak be carried out below the peritectic melting point of Bi;CaSr,Cu,Os phase.
Charge preparation of BCSCO also plays a crucial role in the formation of 2122 phase
films. Fig.1 shows resistivity versus temperature relationship of films grown from different
charge preparations. Judging by the T, at 85 K, it is observed that the charge preparation
at 900 °C for one hour is conducive for the growth of 2122 films. The best supersaturation
conditions leading to the formation of 2122 phase and elimination of second phase are
found in the temperature range of 855-835 °C. This fact is demonstrated in graph of
resistivity versus temperature shown in Fig.2. The T, for the film grown under
supersaturated conditions is 87 K; whereas for the one grown in undersaturated conditions
it is about 70 K. The same inference is derived from the Fig.3 (J. versus temperature)
where J. is observed to be almost 3 times higher for the film grown under supersaturated
conditions than the film grown in undersaturated conditions.
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Fig.l. Resistivity versus temperature of BCSCO Fig.2. Resistivity versus temperature of BCSCO
films under different charge preparation conditions. * films grown between a) 855-835 °C and b) 845-825

°C for 15 hours growth period.
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Fig.3. J. versus temperature relationship of 2122 film Fig.4. XRD pattern of the needle crystals belonging to
grown between a) 855-835 °C and b) 845-825 °C for the family of (CaiyS1y)1xCuO;.; system.
15 hours growth period. :

As mentioned above the second phase of BCSCO is formed under certain growth
conditions. Fig.4 shows an XRD graph of such a phase. This phase is observed to be
associated with (Cay.,Sry);«CuQ,., [10] family of infinite layer superconductors which
exhibit superconductivity only under high pressure and for a specific composition. The
EDAX analysis of this phase confirms the presence of Ca, Sr, Cu and O elements. This
phase grows on the NdGaQs substrate as well as along the walls of the platinum crucible
with different morphologies. Fig.5 shows a scanning electron micrograph of this phase
grown in the form of needle crystals. The resistivity of one of these needles shows a
semiconducting behavior which is in agreement with the reported literature[11]. The
resistivity of these needles below 50 K almost becomes insulating in nature. These needles
have a thickness between 10-50 micron and get cleaved easily. Fig.6 illustrates the same
phase grown on (110) NdGaO; substrate. Here the morphology is in the form of clusters.
The difference in the morphology can be understood by the fact that the nucleation takes
place at two different surfaces i.e. platinum wall for needle shape crystals and a smooth
surface of substrate for cluster type formation.

Fig.5. SEM showing the needle morphology of the Fig.6. SEM showing cluster type morphology of the
crystals of (Cay.ySty)1.xCuO;. System. Bi-Ca-Sr-Cu-O sub-phase grown on (110) NdGaOs.
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Fig.7. X-ray powder diffraction graph of 2122 phase BCSCO film grown on (110) NdGaC; substrate.
The symbol # stands for unidentified.

Fig.7 shows an XRD pattern of a BCSCO film grown on (110) NdGaOs substrate.
The figure shows the strong presence of (116) and (119) plane orientations. Assuming the
well established values of lattice constants i.e. a=5.40, b=5.42 and ¢=30.81, the theoretical
value of (119) orientation comes out to be 2.551 ('d' value) which is very close to the
experimental value of 2.558. Similarly, the theoretical and experimental values for (116)
orientation are 3.067 and 3.065, respectively. There is the possibility that (116) plane may
be mistaken due to its proximity to (0010) orientation. But analyzing on the basis of
authentic lattice constants reported in the literature, the closest possible match in terms of
'd" spacing is in favor of (116) orientation only. Moreover, by comparing with our earlier
results {1] of c-axis oriented LPE films of BCSCO, it is clear that the major peaks in the
Fig.7 can be attributed to (116) and (119) orientations. So far, (110) [7], (117), (118) and
(119) [6,8,12] orientations have been reported in the literature for 2122 phase of BCSCO
superconducting films using MgO and SrTiOs, respectively. As indicated in Fig.7 there are
two major peaks due to NdGaO; substrate. Two smaller peaks of (002) and (004) are also
present. While the (11ln)-orientations are influenced by epitaxy of (110) NdGaOs;
substrate, the (00n) planes result due to the anisotropic growth kinetics of the Bi-oxide
superconducting system. Fig.8 is a backscattered SEM of (11n)-oriented grown 2122
phase film of BCSCO. The texture of the film is observed to be smooth. The particles in
the figure are those of KCl flux. Fig.9 shows the relationship between critical current
density (J.) and temperature for the films grown on (001) and (110) orientations of the
NdGaO; substrates. The value of J. at 20 K for the film grown on (110) substrate
orientation is about 1.5 times of the film grown on (001) substrate. The higher value of J.
for the film having (11n) preferred orientation may be because of the depairing mechanism
(of J) where shorter coherence length of the c-axis contributes to higher critical current
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Fig.8. Backscattered SEM picture of a smooth 2122 Fig.9. J. versus temperature relationship of 2122
phase film grown on (110) NdGaOs substrate, films grown on a) (110) and 'b) (001) NdGaO,
substrate in the temperature range of 855-835 °C.

density. The critical current density reported here should be around 10° A/cm® at 4.2 K,
although we were unable to measure it due to temperature limitation in our cryogenic
system. This value is less than the values that have been reported for laser ablated,
MOCVD and MBE grown epitaxial films of BCSCO. This may be because of the
limitations of the LPE grown films where at higher temperatures, a slight misorientation of
the seed and lattice and thermal expansion coefficient mismatch (between substrate and
the grown material) can result in the introduction of dislocations. These dislocations (low
angle grain boundaries) can become the source of weak-links which are known to reduce
the current density of the superconducting materials. The other limitation associated in our
films is the presence of microcracks which might be formed due to fast cooling of the
NdGaO; substrate. The fast cooling of the substrate 1s, however, necessary to prevent the
dlffusmn of Ga from NdGaOs substrate into the film.

CONCLUSIONS

In conclusion, a preferential orientation of (11n) of the Bi;CaSr,Cu,Os-phase
deposited on (110) NdGaO; , has been obtained by the LPE method. Besides (11n)
orientation, smaller peaks in XRD pattern (Fig.7) attributed to (00n) planes are also
observed. Presence of these (00n) orientations is due to the high anisotropic properties of
BCSCO superconducting system. Under certain growth conditions a phase belonging to
the family of (Ca;.,Sry)1<CuQ,., infinite layered superconductor is observed. Critical
current is observed to be higher for the films grown on (110) than on (001) orientation of
NdGaO; substrate. The highest critical current density and the zero resistance temperature
(T.,) obtained are 10° A/cm® and 87 K, respectively. The films can be grown on both
vertical as well as horizontally mounted substrates.
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STRUCTURAL, TRANSPORT AND MICROWAVE PROPERTIES
OF 1 FIIMS: THICKNESS EFFECT
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Institute of Thermophysics, Novosibirsk, 630090, Russia
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. ABSTRACT. The effect of thickness and growth conditions on the
structure and microwave properties has been investigated for the
123/sapphire films. It has been shown that in the conditions of
epitaxial growth the Al atoms do not diffuse from substrate into the
film and the films with thickness up to 100nm exhibit the excellent DC
properties. The increase of thickness of GdBaCuO films causes the
formation of extended 1line-mesh defects and the increase of the
surface resistance (Rs)' The low wvalue of surface resistance
R, (75GHz,77K)=20 mOhm has been obtained for the two layer
YBaCuO/CdBaCuO/sapphire films.

1. Introduction :

High temperature superconducting (HISC) thin films are currently of
interest for microwave applications [1]. The HISC films for microwave
devices would have to be uniform over several inches, smooth, with
high density of critical current and low value of microwave losses.
Moreover, the film substrates should have a small dielectric constant
and low-loss tangent.

In our previous works (see, f.e., [2,3]) we have reported on the
epitaxial films of 123 system on sapphire substrates without buffer
layer with 59(78K)m107A/sm3, and also the films on A1203 substrates
with 100 mm diameter, which have been fabricated by the laser
deposition technique. However, such high transport properties have
been obtained for the films of thickness less 100 nm, i.e. 1less the
penetration depth A [4]. Smallest values of the surface resistance of
HTSC films have been obtained for such thicknesses D which are
comparable with A, D & 300 nm.

In this report the effect of the thickness and growth conditions
of the films on the crystalline structure, transport and microwave
properties has been investigated. Two step deposition allowed us to
obtain the relatively low surface resistance of the films,
R, (78K,75GHz) ~ 20 mOhm.
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2. Experimental

As it has been described in details in our previous reports [3,5],
for the films deposition it have been used the irradiation of a pulse
laser (l.OSQm) with energy density 8 J/sm2 and the stoichiometric
targets of YBaCuO and GdBaCuO systems. The pressure of ambient oxygen
at the deposition was about 0.5 Torr. As the substrates it has been
used the sapphire (1012}. :

In order to better verify the quality of the films the following
experimental techniques and equipment were used. The oriental
properties [6], crystalline structure and morphology of films were
tested by X-ray, Raman spectroscopy and SEM. '

The chemical and phase composition of films were tested by
differential dissolution (DD) method. This is a mnew method for
characterization of multiphase inorganic materials (chemical method of
phase analysis) [7.8]. This method can be shortly described as

following.
The film sample under study 1is placed in reactor, with the
time-variated concentration solvent flowing over the film. The

solution obtained goes to the detector-analyzer (ICP)}. Time-variated
masses of dissolved elements (except the oxygen) are determined. The
regime of dissolution is fixed up such a way that the phases
consisting the sample, are dissolved differentially {one after another)}
due to irregularity of their chemical potentials of dissolution. The
information obtained is used for stoichiograms construction (set of
time-~ variated molar relations of elements) to interpret the
composition and the relative amount of each phase. In this work DD
method was used, in particular, to study the interaction character
between materials of film and substrate [8].

The transport and superconducting properties of films were
investigated by the standard four probe technique and the measurement
of DC current-voltage characteristic¢s. For these measurements the film
microbridges and meander structures have been patterned by lithography
or scribing with acute diamond tool. The Ag or Au contacts to the film
samples have been fabricated by the laser deposition technique. The DC
critical current of samples was determined by criteria 1py.

The surface resistance R; of HISC films has been measured by the
technique [9] of replacing one end wall of a copper cylindrical cavity
06.7mm.2.75mm which resonates at frequency of 75.2 GHz in Hyy
circular mode.




3. Results and discussion
In our previous report [2,3] it has been shown that the growth

conditions and, correspondently, the quality of laser deposed films
depend on a number of technological parameters such as the substrate
temperature, characteristics of the 1laser beam, target-substrate
distance, oxygen pressure and the crystalline structure and surface
orientation of the substrate materials, too.

Optimal values of the parameters are comnected in a such a way
that the exchange of one of them can be compensated by correction of
other ones. So the exchange of film properties can be obtained by the
variation of any of these parameters.

In this work we used the variation of substrate temperature (Ts)
to change the film quality and to highlight the correlation of
structure, chemical composition and superconducting properties of
films. .

The kinetic dependences of the dissolution by DD method for two
YBaCuO films fabricated at the different T, are shown on Fig.l. As an
example, consider the process of dissolution for the sample deposited
at To=800°C (Fig.1b). It is seen the impurity phases localized near to
the surface layers of the film are dissolved at first. It is also seen
that the large content of aluminum atoms is registered that is the
consequence of aluminum diffusion from substrate. The following peak
on the plot characterizes the dissolution of 123 phase and the
impurity phases dispersed in one. And, it is the last, the dissclution
of impurity phases localized in the film-substrate region is observed.

The picture of the dissolution of film sample deposited at
TS=780°C (Fig.la) is distinguished by the absence of aluminum in the
surface layer and the smaller concentration of localized and
dispersed impurity phases. .

The kinetic dependences of dissolution of film samples deposited
at other Ty values are like that on Fig.lb.

The orientation characteristics, phase composition and
superconducting properties of the films of 80 nm thickness deposited
at different T, are shown in the Table 1. It is seen that the sample
deposited at Ts=780°C has the best oriental properties, highest wvalue
of critical current density and contains the smallest amount of the
impurity phases. In addition, as it has been shown above the not
aluminum atoms are registered in the surface film layer.

The next conclusion may be drawn from these results. In the case
of optimal growth conditions the epitaxial layers with perfect
structure are formed at the initial stage of the film growth. These
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increased above 100 nm, the structural defects are accumulated in the
film in such a way that the influence of substrate orientation is lost
and the external layers of thick films have the polycrystalline
" structure. .

One of the reasons of such behavior can be the variation of growth
conditions for top film layers at the increasing film thickness.
Actually, if the first film layers are deposited on sapphire surface
that is the hetercepitaxy occur but the following layers grow as
homoepitaxial. So, the optimal deposition conditions must be differed
for initial and following film layers.

The investigation of the thickness dependence on surface
resistance in this work has been made for the GdBaCuQ films. Using the
GdBaCuQ system allowed us to obtain the thick epitaxial f ilms. The
orientation characteristics of top and near substrate-film interface
layers of GdBaCuQ and YBaCuQO thick films to be compared are shown in
the Table 2. This result was obtained by Raman spectroscopy technigue
described f.e. in Ref.[2].

Tahle 2. The orientation properties of the surface ( top ) layers end
the film layers near the substrate-film interface ( bottom layer ) of
YBaCuC and GdBaCuO films with thickness of 300 nm. Results of Raman
spectroscopy investigations.

Material of film Top layer Bottom layer
YBaCuO pollycrystalline epitaxial
GdBaCuO . epitaxial epitaxial

The GdBaCuO films with thickness up to 100 nm exhibited the
exellent DC properties. In particular, the values of critical” current
density ( j,(77K)~10%5-107 A/cm?) and the transition temperature
(Tc =90-91K) were reproduced for the microbridges with the the width
1-10 p,m and the length up to 10 cm indicating the high quality of
films. But the measurement values of surface resistance were
approximately 70 mOhm.

However, at the ' increasing film thickness the superconducting
properties are changed though the orientation properties were high.
For the films with thickness about 200 nm the effective-value of the
critical current density dropped about two times but the surface
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resistance value was smaller then for the 80 nm thickness films (see
Table 3). At the further increasing film ' thickness to 300 nm the
abrupt drop of the critical current density and the increasing of the
surface resistance had been observed.

The reason of such degradation of superconducting and microwave
properties was the formation of the extended defects in the films.
This were the low visible in optical microscope thin lines forming the
regularly shaped mesh. The preferred directions of 1lines correlated
with the orientation of a,b-axes of film. The average size of the
regions between the mesh lines was up to 10-40 gm. It should be noted
that the 1line defects observed in optical microscope are not
registered by SEM.

To visualize the film structure with line defects the films were
heated by pulse laser irradiation with the energy density 0.5 J/cm2.
The photography of the surface of thick epitaxial film after
“irradiation treatment is shown on Fig. 3a. It is seen that the film
cracking along the directions of line defects occurs. Unexpectedly,
such films after irradiation treatment conserve the superconducting
properties but the value of critical current density drops from 104 to
102A/cm. It should be noted that at the analogously treatment the
cracking thick YBaCuO films take place, too. But the directions of the
cracks have the casual character (see the Fig.3b).

The formation of line defects have been registered after the
standard post deposition cooling in the oxygen with the pressure of 1
atm at a cool rate of 10 °C/min. This procedure is used in order to
optimize the oxygen content in the film. At the decreasing of cool
rate up to 0.57C/min the formation of defects take place, too. This
effect disappeared only in the case when the film samples were cooled
at the low oxygen pressure of about 1 Torr. The defects appeared, too
at the repeat heating and cooling of the samples at the oxygen
pressure of 1 atm.

From this result it may be concluded the effect of 1line defect
formation is bound up with film deformations at the ortho-tetra phase
transition which occurs for the oxide superconductors of 123 systems.
In our work [2,3] it has been found that the structural mismatching of
sapphire and oxide superconductors cause the deformation of film and,
correspondingly, changing their structural and superconducting
properties. It may be assumed that the increasing film thickness
increases the magnitude of deformations at the phase transition and,
as result the formation of defects takes place. In the case of YBaCuO
films with the polycrystall top layer the visible defects are no
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formed, because the small size of grains and the large quantity of
intergrain boundaries reduce the effect of deformations.

To depress this effect in the thick epitaxzial films we used the
two layers deposition. The first layer of 60 nm thickness was
deposited from GdBaCuO target, and then the following thick layer was
deposited from YBaCuO target. Both layers were deposited at substrate
temperature of 780°C.

The concept of such two layer deposition consisted of using the
difference of the growth rate of yttrium and gadolinium based oxide
superconductors. The anisotropy of the growth rates along c-axis and
in a,b-plane is smaller for yttrium system then for gadolinium one.
So, the size of the monocrystalline regions in the yttrium based films
is assumed be smaller then for the gadolinium based films.

Actually, using the two layer deposition allows us to fabricate
the films without visible defects and with relatively low surface
resistance. It seems likely that at two layer deposition the amount
of boundaries between monocrystalline regions are increased in the
yttrium based film layer and these defects accumulate the film
deformations. But these changes of the film structure should be
lowered the effective value of critical current density, that is
observed in experiments.

Table 3. The properties of GdBaCuO films versus the film thickness

Film thickness, Critical current Surface resistance
density (77K), (75.2 GHz, 77K),
.nm A/ ('.:lll2 mOhm
80 ' 83106 70
200 , 33106 60
300-400 104_105 2300
(with defects)
300 L 63105 ' 20
{two layer
deposition)

In Table 3 the transport and microwave characteristics  of HISC
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films with different thickness, including two layer samples are shown.
It is seen the best result has been obtained for the two layer
deposited film. '

However, it is not correctly to conclude from here that the two
layer deposition is the only way to obtain the good microwave
properties for the films on sapphire substrates. We guess that by
optimization of growth conditions the films with low surface
resistance can be fabricated using the only one target. The our
further investigations will be continued in this direction.

4. Conclusions

We have shown that in the 123/sapphire films of thickness more
than 100 nm it can occur the formations of extended line defects with
regular structure at ortho-tetra phase transition. The films without
such defects and with the low value of the surface resistance have
been obtained by using the technique of two layer deposition.

This work was supported in part by Committee of HISC problems
(grant 91091) and in part by International Science Foundation. -
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Scanning micro-Hall probe mapping of magnetic flux distributions
and current densities in YBaxCu3O7 thin films
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Mapping of the magnetic flux density B, (perpendicular to the film plane) for a
YBapCuz0O7 thin-film sample was carried out using a scanning micro-Hall probe. The sheet
magnetization and sheet current densities were calculated from the B, distributions. From
the known sheet magnetization, the tangential (Bx,y) and normal components of the flux
density B were calculated in the vicinity of the film. It was found that the sheet current den-
sity was mostly determined by 2Bx,y/d, where d is the film thickness. The evolution of flux
penetration as a function of applied field will be shown.

PACS numbers: 74.60.Jg, 74.75.+t
L Introduction

Stationary and scanning Hall probes
have been used for evaluation of high tem-
perature superconducting (HTS) thin

films.14 The magnetic flux density B, nor-
mal to the film surface is usually measured.

Algorithms were developed?-7 to calculate
the sheet current density J from the mea-
sured field above the sample (inverse prob-

lem). In our previous paper,4 the inverse
problem was converted to a magnetostatic
calculation using

J=VxM=(Jz,Jy)

_(oM _oM W
=\ &}
where the sheet magnetization M is normal
to the film plane (parallel to z-axis).

The flux density B, at the point (m,n,z)
is given by8

> “0 Eomé.n j ———dxdy
i,j=1
Si.j 2)

= ZM(t HNG(m,n,i, _],Z)
i,j=1

B, =

where 1 is the distance between the local
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sheet magnetization M(i,j) and the field
point (m,n,z). N1 and N2 are the total num-
ber of scanning steps in the x and y direc-
tions, respectively. The integral in (2) is
over the area of the grid cell (i,j). Equation
(2) can be written in matrix notation4

BZ=G'M. (3)

where G is a matrix of order of N12 X N22
and M and B, are column vectors of dimen-

sions N1 x N2. Equation (3) states that the
sheet magnetization is uniquely determined
by the measured B;(x,y). The sheet magne-
tization M(i,j) allows one to calculate the
flux density B anywhere around the film in-
cluding the tangential components Bx,y of B,
which are not obtainable directly from our
scanning Hall Probe measurements. That
way one can obtain a full picture of the flux
penetration. This is a forward problem which
does not require the time consuming solu-
tions of inverse matrixes.

The contributions to J from the gradient
of B and from the curvature of B were com-
pared. The purpose of this paper is to illus-
trate graphically the evolution of flux pene-
tration into a zero-field-cooled YBayCuzOy
(YBCO) thin-film sample.
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Fig. 1. (a) and (b) B_, () and (d) M, and (e) and (f) B, distributions in the remanent state for an ideal film
with uniform current distributions and for a YBCO thin film (sample Y259), respectively.
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II. Experimental

The micro-Hall probe was patterned
from a GaAs quantum-well heterostructure
thin film (University of Bath). Its active

area is 25 X 25 um. The scanning micro-
Hall probe system is a customized commer-
cial device developed by Quantum

Technology Corp.? in collaboration with the
participants from Simon Fraser University.
Epitaxial quality YBCO thin-film samples
were prepared on LaAlO3 substrates by
pulsed excimer laser ablation from a stoi-
chiometric target of YBCO. We present the
data for one of the YBCO films (Y259) in
this paper. Sample Y259 had a critical tem-
perature of 90 K, and lateral dimensions =

1.08 x 1.08 cm, and thickness d = 300 nm.

The Hall probe was maintained at a constant -

height of z = 250 um above the film surface
while taking the lateral scans. The lateral

scanning step was 0.3 mm. The experimen-
tal details can be found in Ref. 4.

IIL Results and discussion

Fig. 1 compares the theoretical calcula-
tions for an ideal film (uniformly distributed
currents flowing in concentric square paths)
with the measurement results for the YBCO
(Y259) thin film. Figs. 1(a) and 1(b) show
the B, distributions for the ideal film and for
the YBCO film, respectively. An external

field Hj (uoHZ = 30 mT) perpendicular to the
film plane was applied to the YBCO film
(zero-field-cooled), and then Hj; was
switched off. The mapping of B, was car-
ried out with the film in a remanent state.
The applied flux B, penetrated fully into the
film. The ideal film was chosen to have the
same size as that of sample Y259. The sheet

current for the ideal sample, j (= J/d) = 2.5 x

106 A/cm?2, was chosen to bring the overall
dependence of B, close to that of the YBCO
sample. The distribution of M(x,y) was ob-
tained by solving the matrix equations (2).4
The results are shown in Figs. 1(c) and 1(d).
Fig. 1(d) demonstrates that the YBCO sam-
ple was in the saturated state. The contour
lines of M(x,y) represent the current stream
lines, and the separation between stream

449

150

B, (10-4 T)

B, (10-4 T)

X (mm)

Fig. 2. (a) Bx(x) and (b) Bx(x) fory =0 in
the saturation remanent state; the open cir-
cles are Bxz values for the YBCO film and
the solid lines for the ideal film.

lines is inversely proportional to the value of
the sheet current density [Eq. (1)].
By and By at point (m,n,z) are given by

2 M(l )]

l_]"'

J~ x(or y)z dy . )

Figs. 1(e) and 1(f) show that Bx(x,y) is dis-
tributed over two opposing triangles. The
sample symmetry requires that the compo-
nent By is distributed in two other triangles.
In each triangular region, there are either
Bx,z or Byz components of B. By and By
vanish along the film diagonals.

The distributions of By, B,, and M for
the YBCO film are very similar to those of
the ideal film. However there are noticeable
deviations of the flux distribution from the
four-fold symmetry pattern which are caused
by defects in the YBCO sample, see Figs. 1
and2.
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Fig. 3. Calculated Bx,z values versus z for
the ideal film for different grid size of the
sheet magnetization M(x,y).

The calculations in Fig. 3 were used to
demonstrate the dependence of Bx and B on
the grid size, w, of the sheet magnetization
M(x,y). Bz was calculated at the film center.
Bx was calculated at midway between the
center and the edge of the film. The calcu-
lated values of By are correct if the distance
above the sample surface z =2 w. By de-

creases for z < w and reaches zero when z —
0. This is an artifact of the finite grid size.
In an ideal sample By should reach a con-
stant value by approaching the film surface
(Ampere’s law). The decrease in By for z <
w is due to the change of the sig