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FOURTEENTH SYMPOSIUM ON ENERGY ENGINEERING SCIENCES
Mechanical Sciences; Solids and Fluids

FOREWORD

This Proceedings Volume includes the technical papers that were presented during the
Fourteenth Symposium on Energy Engineering Sciences on May 15-16, 1996, at
Argonne National Laboratory, Argonne, lllinois. The Symposium was organized into
seven technical sessions, which included 26 individual presentations followed by
discussion and interaction with the audience. A list of participants is appended to this
volume.

This was the fourteenth annual Symposium sponsored by the Engineering Research
Program of the Office of Basic Energy Sciences of the U.S. Department of Energy. The
technical areas encompassed in this year's Symposium were mostly from solid and fluid
dynamics. Each paper dealt with the research effort being sponsored by the
Engineering Research Program.

The DOE Office of Basic Energy Sciences, of which Engineering Research is a
component program, is responsible for the long-term mission-oriented research in the
Department. It has the prime responsibility for establishing the basic scientific
foundation upon which the Nation's future energy options will have to be identified,
developed, and built. It is committed to the generation of new knowledge necessary for
the solution of present and future problems of energy exploration, production,
conversion, and utilization, consistent with respect for the environment.

Consistent with the DOE/BES mission, the Engineering Research Program is charged
with the identification, initiation, and management of fundamental research on broad,
generic topics addressing energy-related engineering problems. lts stated goals are:
1) to improve and extend the body of knowledge underlying current engineering practice
so as to create new options for enhancing energy savings and production, for prolonging
useful life of energy-related structures and equipment, and for developing advanced
manufacturing technologies and materials processing with emphasis on reducing costs

with improved industrial production and performance quality; and 2) to expand the store

of fundamental concepts for solving anticipated and unforeseen engineering problems in
the energy technologies.

In achieving these goals, the Engineering Research Program supports approximately
130 research projects covering a broad spectrum of topics cutting across traditional
engineering disciplines with a focus on three areas: 1) mechanical sciences, 2) control
systems and instrumentation, and 3) engineering data and analysis. The Fourteenth
Symposium involved approximately one-fifth of the research projects currently
sponsored by the DOE/BES Engineering Research Program.

The Fourteenth Symposium was held under the joint sponsorship of the DOE Office of
Basic Energy Sciences and Argonne National Laboratory. Local arrangements were
handled by Ms. Jacquie Habenicht of ANL Conference Services. Ms. Nina Daly of the
ANL Office of Technical Communication Services was responsible for assembling these
proceedings and attending to their publication.
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| am grateful to all who contributed to the success of the program, particularly to the
participants for their excellent presentations and their active involvement in discussions.
The resulting interactions made this Symposium a most stimulating and enjoyable

experience.

Robert Goulard, ER-15
Division of Engineering and Geosciences

Office of Basic Energy Sciences
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PHOTOTHERMAL MEASUREMENTS OF SUPERCONDUCTORS

G. S. Kino, W. R. Studenmund and I. M. Fishman

Ginzton Laboratory, Stanford University
Stanford, California 94305-4085

ABSTRACT

A photothermal technique has been used to measure diffusion and critical temperature in high tem-
perature superconductors. The technique is particularly suitable for determining material quality and in-
homogeneity.

INTRODUCTION

" We have been developing a new photothermal microscope technique for studying high-temperature
superconductors. The microscope measures differential optical reflectivity (DOR) and thermal diffusivity
in thin films and single crystals of cuprate superconductors. Both normal and superconducting phases are
characterized. The spatial resolution of the DOR technique is comparable to an optical microscope and
allows us to measure small samples several microns in extent. The photothermal technique is extremely
sensitive to manifestations of optical and thermal parameters affected by phase transitions, and in particu-
1ar, to the superconductive transition in high-T; materials.

Modern technology is able to produce very-high-quality, high-temperature superconducting samples.
However, the best available high-T¢ samples have a single domain size (~100 pm). Traditional methods
of sample characterization (DC and microwave techniques) used for measurements of critical tempera-
ture, critical current, and material uniformity have a spatial resolution of ~1 mm.123 With our tech-
nique, one can measure optical reflectivity and critical temperature with the spatial resolution of an optical
microscope (1-2 pm). We can determine the variation of the critical temperature from point to point, and
measure the quality of the material, by determining its diffusivity and differential optical reflectivity as a
function of temperature. We can also determine the anisotropy of the material in small regions, and
hence determine whether it is a single crystal or twinned. Thus, we believe that we have arrived at an ex-
cellent method for testing the quality of high-temperature superconducting materials.

For the first time, we used a polarized light probe to observe the anisotropy of single crystals. With it
we observe an extremely sharp peak in the probe DOR signal near the critical temperature when the light
is polarized along the a axis, and a very different characteristic output as a function of temperature when
the light is polarized along the b axis.

THE EXPERIMENT

The basic microscope configuration is shown in Fig. 1. A He-Ne laser (632 nm), acousto-optically
modulated by a Bragg cell, is focused on the sample and used as a heating beam; this beam periodically
modulates the temperature of the sample at the focus and excites a thermal wave with a diffusion length
of the order of 50 pm. Within a few microns from the focus of the heating beam, an infrared semicon-
ductor laser (780 nm) is focused on the sample to probe the reflectivity change due to the temperature
variation caused by the thermal wave. We have chosen a semiconductor laser for its minimum noise




and select, with a dichroic (lowpass) filter, the reflected probe laser light which impinges on a PIN photo-
diode. The phase and amplitude of the modulated signal are measured with a lock-in amplifier.4

The photothermal microscope designed for measuring high-temperature superconductors consists of
three main components: (1) the optical system of the microscope, which excites and detects the thermal
wave, (2) the temperature-controlled cryostat, which houses the sample and carries out the temperature
sweep necessary for the measurement, (3) an auto-focusing feedback system, which ensures that the
sample always stays at the focal plane of the microscope objective during a temperature sweep, and
(4) computer control.4

We have combined a photothermal microscope with a high-vacuum cryostat to measure the thermal
diffusivity of high-T superconductors as a function of temperature. The micron resolution obtained by
using such a system allows us to measure single-crystal samples which are too small or irregular to be
measured by standard bulk techniques. Therefore, we have the ability to measure the full anisotropic
conductivity and measure diffusion within a single crystal or across a grain boundary.

For highest-resolution imaging, we make the two laser beams coincident and measure the amplitude
of the reflectivity change. In this manner we can obtain resolutions limited only by the spot size of the
microscope objective used for the focusing. For quantitative measurements of the thermal diffusivity ina
specific direction, we separate the heating and probe beams by a known distance and measure the thermal
phase lag between the two. For distances greater than a few spot widths, the phase lag between two
points a distance x apartis ¢, = x,/2w /D, , where @ is the heating frequency and Dy is the thermal
diffusivity in the x direction.> Measurement of thermal phase has the great advantage that it is insensi-
tive to nonthermal effects, such as laser intensities and the variation of refractive index with temperature.

The vacuum inside the cryostat is controlled to be under 2 x 10-7 torr to limit ice on the sample sur-
face to less than 1 um during the two hours needed for the measurement. A vac ion pump is used with a
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Fig. 1. System for photothermal measurements of superconductors.




gettering pump because of its small size, low weight, low ultimate vacuum, and oil-free operation. This
ensures a system free of vibration, and makes it possible to mount the cryostat on a micropositioning sys-
tem. The focused light beams are incident on the sample passing through a long working distance (7 mm)
0.3 NA objective and a 100 pm thick silica window mounted on the vacuum housing which is made thin
to reduce aberration of the focused light.

Special precautions have been taken to ensure an accurate temperature reading of the sample. We
limit the power of both heating and probe lasers to only a few tens of microwatts. A three-dimensional
theoretical simulation indicates that the dc rise in the surface temperature of the sample caused by laser
heating by the pump is less than 2 K, and that by the probe is less than 0.5 K. The temperature reading
of a silicon sensor attached to the sample mount is verified with an in-situ ac susceptibility measurement.
Undemeath the sample, two coils are embedded in a sapphire sample mount, which provides electrical in-
sulation from, but a good thermal conducting path to, the copper block of the cryostat. The larger coil is
driven with an ac current; the voltage induced in the smaller coil is measured with a lock-in amplifier. A
sharp change in the induced voltage indicates the superconducting transition and calibrates the reading of
the silicon sensor. :

During the cooling or heating of the cold finger, the tip of the stage tends to move as a result of me-
chanical contraction or expansion. Large vertical movement of the sample can result in a loss of focus
and cause an error in the photothermal signal. We therefore incorporate an autofocusing mechanism to
adjust the z-position of the objective and to ensure that the sample surface is always in the focal plane of
the objective. A focusing accuracy of 1pm is easily achieved in our measurements; the error is well
within the depth of focus (5 pm) of the 0.33 numerical aperture objective.

The lateral movement of the sample, t00, can cause noise in the signal output because of the nonuni-
formity of the sample reflectance. Therefore, the x- and y-directional movement of the sample is moni-
tored with the CCD camera and is compensated for manually with a motorized stage. The accurate lateral
definition (3 pm) of the experiment allows us to achieve measurements of the thermal diffusivity within
one domain of single-crystal high-T¢ superconductors.

Phase Measurements of Diffusion: Measurements of the diffusion as a function of temperature in
YBCO are shown in Fig. 2. A major advantage of measuring within a small volume is demonstrated by
these results, where the diffusivity measurements were conducted fora 10 um spacing between the exci-
tation and the probe areas in a single YBCO domain, and across the twin boundary. For comparison, the
diffusivity measurements for thin YBCO films using another optical technique, the transient grating
method, in a region 200 im across, are also shown. It will be seen that, above the transition tempera-
ture, the thermal diffusivity decreases slowly with temperature. The diffusivity measured over large-area
thin film samples (200 pm across), and across a grain boundary, agree with bulk measurements, but the
diffusivity measured within a grain is approximately twice as large as the measured value across a grain
boundary. This is an interesting result, for it indicates that there must be a large change in temperature
across the grain boundary, and tends to indicate that phonons (presumably optical phonons) and normal
electrons (which contribute to diffusion) are reflected at the grain boundary.

Below T, the data for different samples differs dramatically. For the single domain for T < T, dif-
fusivity increases sharply over two orders of magnitude. This diffusivity enhancement can be explained
only by removal of free carriers from the conducting state into the superconducting condensate. For
samples of lower quality, the enhancement is not that sharp, especially for the thin film sample where the
superconducting transition has almost no effect upon the diffusivity. The measurement through the twin
boundary is intermediate between the other two curves. The twin boundary, though thin compared to the
beam spacing, creates significant additional resistance for heat transfer. The diffusivity enhancement is
evidence of the phonon mechanism of heat transfer inside a single domain. This conclusion does not dif-
fer from the traditional viewpoint on heat transfer in high-T¢ materials. In thin films, additional mecha-
nisms of phonon scattering, such as scattering by point defects independent of the free carrier density,
probably dominate. The experimental results obtained show very conclusively that the scatten'n% rate of
phonons is proportional to the number density of normal electrons at temperatures below e
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Fig. 3. Temperature dependence of differential reflectivity for the probe beam polarization along the a
axis (1), and along the b axis (2), of a single YBCO domain. Inset: curve 1 in the vicinity of T¢
together with the inductive coil response indicating the transition temperature.

Furthermore, the number density of normal electrons varies with temperature much like the predictions of
BCS theory, although there is a considerable difference between the experiment and theory near T (see

Fig. 4).

Differential Optical Reflectivity (DOR) Measurements: In the visible range, the optlcal constants of
high-T, superconducting materials do not show any noticeable temperature dependence.? However, in
the vicinity of the critical temperature T, the perturbation caused by the transition, though small, is
rather sharp and may be detected by a differential technique. Here, we will descnbe photothermal mea-
surements of differential optical reflectivity (DOR) of single YBap Cu3z07-x crystals and the temperature
variation of the thermal wave amplitude response. It is worth mentioning that, though the amplitude and
the phase of the thermal wave carry different information, they are obtained in the same experiment.

One set of YBCO samples used in this study was twinned, with critical temperatures in the range of
60-93 K. The modulated signal did not show any anisotropy and polarization dependence. Another set of
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Fig. 4. Comparison of temperature-dependent DOR response in the "a" polarization (curve 1, same as
curve 1 in Fig. 1), data for thermal resistance (curve 2, open circles) calculated from thermal
wave phase,6 and for the normal component density (curve 3, solid squares) calculated from mi-
crowave measurements.]4 Inset: DOR peaks in the vicinity of T¢ for the first sample (top
curve, same as curve 1 in this figure), and for two domains of the second sample.

measurements were made with far higher quality single crystals with domain sizes in the 200-500 pm
range. In this case we used polarized light for the probe and were able to rotate the angle of polarization
of the incident light. Two samples investigated in this study were single YBCO crystals with a critical
temperature of 91.2 K. Both samples had comparatively large untwinned areas of approximately
50 x 200 pm. These areas were imaged under a polarizing microscope as dark and light domains. All
measurements were conducted in the a-b plane. Standard reflectivity measurements with polarized light
on both samples show distinct anisotropy of the reflectivity R inthe a-b plane, described by:

R=A+Bcos20 (1

with a B/A ratio of 2.56, which is in good agreement with the results obtained on similar samples by
Cooper et al? [for an optical energy of ~1.5 eV]. ‘This behavior is expected for the reflection from an a-b
plane with enhanced polarizability along the Cu-O chains oriented along the b direction.

Like the results obtained previously on heavily-twinned YBCO samples, the single-domain DOR data
for a given probe polarization in Fig. 3 consists of a continuous smooth "background” in the entire
temperature range 20-300 K, and a sharp peak in the vicinity of T¢. In earlier measurements we were
able to show that the smooth background appears to be associated with the normal component.5 For a
pe:%—to-peak temperature modulation of approximately 0.2 K, the maximum observed signals are about
104 of the average reflected intensity of the probe beam. Integration of the DOR response with respect
to temperature shows that R changes by less than 1% in the temperature range 20-120K.

Over most of the temperature range, as might be expected for an anisotropic material with zero off-
diagonal terms in the dielectric or reflectivity matrices associated with optical rotation, the DOR data
shows angular anisotropy of the same form as in standard reflectivity measurements,’ but the coefficients
A and B vary rapidly with temperature near the critical temperature. Above the critical temperature the
DOR response is a weak function of temperature. As we have already discussed, the angular dependence
of the DOR signal is of the same form as in the standard reflectivity measurements. However, unlike the
results obtained with our earlier measurements of highly-twinned samples, when the polarization vector
rotates from a to b, the DOR signal changes sign,!0 as may be seen in curves 1 and 2 of Fig. 3.




To describe this sign change and some other features of the DOR signal, we use a two-component
Drude model!1:12 with a dielectric constant € of the form:

_U-pe; __ fo,
0’ +ifio @ +ilo @

where ap, Il and I are the plasma frequency and electron collision rates for the normal and supercon-
ducting phases, respectively, and fis the fraction of superconducting electrons (f=0 for T>T¢). The
reflection coefficient is

R=|e -1)/(e +1

For small I'<< o, I'<< @, the DOR response takes the form:

EIS:M[ _pden) 4 ]
T o*-o, D= ar®" @

where o= (I} -I,)<<Tj or I3, lo—®, | >>T; or I, R is the reflection coefficient for an unmodulated
probe beam, and it is assumed that 1dI/dT\ << |d(6I)/dT]. The DOR signal sign depends on the relation
between the incident frequency @ and the plasma frequency @p. From comparison with the standard
reflectivity measurements in single domains, we expect that the probe frequency (A = 0.78 pm) is posi-

tioned between the plasma frequencies for the a and b directions.

Beyond the sign reversal, Eq. (3) also predicts that the DOR signal consists of two components pro-
portional to the rates of change of 6I" and the fraction of superconducting phase f with temperature, re-
spectively. In agreement with this prediction, the DOR response consists of a continuous smooth "back-
ground" in the entire temperature range 20-300 K, and a sharp peak in the vicinity of T. The back-
ground is associated with the normal component response. Above T¢ (f =0); only this component is
present in the DOR signal. Below T, the background amplitude decreases and at T ~ 20K practically
disappears. Equation (3) predicts that below T, the first term should decrease with temperature as
(1 - f), or the density of the normal component. This prediction allows for comparison with other experi-
ments where the density of the normal component was measured.

In Fig. 4, the densities of the normal component derived from microwave penetration depth
(curve 2)12 and thermal diffusivity (curve 3)6 measurements are compared with the DOR signal for the
"a" polarization (curve 1). The comparison shows similarity of the temperature dependencies for all three
measurements, which confirms that the Drude model may be applied, at least for qualitative analysis of
what appears to be the normal component of the DOR data. Some noticeable differences may be ex-
plained by the temperature dependence of d(8I)/dT below T¢.

We can therefore associate the “smooth” parts of the curves with normal electrons, but the peaks with
the superconductive carriers. At the present time, it is difficult to give a good explanation of the behavior
near the peaks. Fluctuation theory seems to be inadequate for the purpose, as is BCS theory, and we do
not yet have a good explanation of why the peak can change in sign, as shown in the inset of Fig. 4.

Measurement of the Periodic Temperature Variation: Differential optical reflectivity data taken on
single-domain samples shows very sharp functions of temperature. Since the resolution of the method is
dependent on the variation of temperature caused by the pump heating, there has been some question as to
whether our assumption of a small temperature variation is adequate. Our theoretical estimates predicted
a 0.2 K variation at the probe. However, there was no direct experimental evidence that our evaluations
are correct. We, therefore, developed a method for determining AC temperature variation, based on com-
parison of the amplitudes of the fundamental (®) and second harmonic (20) components in the reflected
signal. The reflection coefficient R may be written as a Taylor expansion in terms of the temperature
variation AT:




dR d’R (AT)
R=R,+—AT+ 4
R daTr ar* 2 @
where the periodic variation of temperature AT is AT =6 cost. It then follows from Eq. (4) that
dR d’R 6°
R = Ry + —0 cos )t +———cos 20t 5
Ro*ar dr* 4 ®)

The last relation provides a convenient method of measuring the amplitude of the periodic tempera-
turg variajon. The © component is proportional to 8 dR/dT ; the 2® component is Eoportional to
(6°/4)d*R/dT*. Integrating the 2@ component, we can obtain the value of (5 /4)dR/dT.
Comparison with the coefficient of the @ component provides a direct measurement of 6. In Fig. 5 the
results of these measurements are shown; curve (a) is the first harmonic signal and curve (b) shows the
integral of the 2nd harmonic signal over temperature. We measured the small amount of 2nd harmonic in
the input signal due to the chopper not being entirely symmetric, and arrived at a value of 0.01 of the 1st
harmonic. By taking account of this leakage and the larg2er rate of attenuation of the 2nd harmonic
signal, we corrected curve (b) by subtraction of 0.005 of the 1st harmonic signal from it before
integration. This process yielded curve (c). It will be seen that two curves representing the differential
reflectivity at @ and the integral of the data at 26 have similar temperature dependences, which agrees
with the results of Egs. (2) and (3).
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Fig. 5. Comparison of () 1st harmonic, (b) integrated 2nd harmonic signal, and (c) inte grated 2nd
harmonic signal with 0.005 leakage of 1-f signal with polarization along the b axis.

CONCLUSION

The photothermal technique provides information on inhomogeneity, the value of the critical tempera-
ture in small regions, and measurements of diffusion (and hence the normal carrier density below the
critical temperature). New information has been obtained on the behavior of highly anisotropic single
crystals near the critical temperature, and on the temperature varjation caused by the measurement pro-
cess itself. The apparatus is being redesigned to make it more stable and easy to use so that materials re-
searchers can make routine use of it.
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SCANNED PROBE MICROSCOPY FOR THIN FILM SUPERCONDUCTOR DEVELOPMENT *

John Moreland

Electromagnetic Technology Division
National Institute of Standards and Technology
Boulder, Colorado 80303, USA

ABSTRACT

Scanned probe microscopy is a general term encompassing the science of imaging based on
piezoelectric driven probes for measuring local changes in nanoscale properties of
materials and devices. Techniques like scanning tunneling microscopy, atomic force
microscopy, and scanning potentiometry are becoming common tools in the production and
development labs in the semiconductor industry. We present several examples of
applications specific to the development of high temperature superconducting thin films
and thin-film devices.

INTRODUCTION

Rapid advances in high temperature superconductor (HTS) technology have lead researchers to
consider replacing normal metals in several electronic applications including transmission lines, filters, and
on-chip as well as multi-chip module interconnects. HTS filters and interconnects have the advantages of
low-losses and frequency independent dispersion. In particular, Ajimine, et al.' have demonstrated the
usefulness of a yttria stabilized zirconia (YSZ) layer as a gate insulator between YBa,Cu;0; (YBCO) films
and Si substrates. Harvey, et al.? have made low resistivity contact structures between YSZ/YBCO/Ag
trilayers and Si using ion-milled, Au-filled vias with contact resistance’s of 10 Q-cm’. Ekin, et al.’ have
made significant progress towards optimizing YBCO contact processes that would be compatible with Si
integrated circuit processing.

It is clear that HTS thin-film properties are affected by nanometer-scale morphology and electronic processes
which directly or indirectly influence the performance of various HTS interconnect devices. Measurements of
roughness, critical dimensions, field patterns, and local electronic processes provide information about the

* Contribution of the National Institute of Standards and Technology, not subject to copyright.
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fundamental operation and ultimate performance limitations and are thus critical in the development process.
Scanned probe microscopies* (SPM) such as scanning tunneling microscopy (STM),* atomic force microscopy
(AFM),’ and scanning potentiometry® are examples of imaging techniques that are uniquely qualified for these
applications because of the nanometer-scale dimensions of the various scanning probes. The purpose of this paper
is to demonstrate the usefulness of SPM technology in the development of HTS interconnect devices by
presenting several example applications.

MORPHOLOGY AND SURFACE DENSITY OF STATES OF YBCO FILMS

The growth habit of the YBCO films depends on the deposition technique and substrate material.”’
For example, Fig. 1a shows screw dislocation growth on the surface of a sputtered film on MgO as imaged
by STM. Substrate dislocations seed YBCO spiral growth with an average spacing of 1 pm. Many spirals
appear to merge into each other within the surface of a single grain of several micrometers in diameter.

The STM growth step height for all of the films measured at room temperature are anomalously large
compared to the theoretical unit cell in the c-axis direction. We believe that variations in the surface
barrier, density of states, or similar electronic effects cause these anomalies and that they do not represent
the true topography of the samples. Hawley, et al. have seen similar anomalies in STM data.’® They have
shown, however, by performing AFM, which is relatively unaffected by the surface density of sates, that
the true step height is about 1 nm as expected.

The STM step height is temperature dependent. As the temperature decreases from 300 K the growth
step height decreases, approaching the expected unit cell value of 1.2 nm at 76. The origin of this striking
temperature effect is uncertain. Perhaps there is a semiconducting layer consisting of de-oxygenated
YBCO on the films that undergoes carrier freeze-out upon cooling. Carrier freeze out would have the

- effect of changing the density of states at the surface of the film. In the extreme case of complete freeze-
out, the shape of the tunneling barrier between the film and the STM tip may be affected as the layer
becomes insulating. Alternatively, at lower temperatures as the Cu-O planes decouple and conduction
becomes more 2D in character, the rate for tunneling perpendicular to the Cu-O planes may be affected.
Generally, measurements of the resistivity anisotropy for single crystals of YBCO support this possibility.
Regardless of the cause, surface density of states of effects will dominate the interface transport properties
of YBCO films which are critical to many prospective interconnect technologies.

Comparison of STM and AFM images of YBCO thin-film samples has lead to another interesting
observation regarding HTS film growth. AFM images reveal a high density of small distinct nanoparticles,
10 to 50 nm across and 5-20 nm high, which do not appear in the STM images of the same samples as
shown in Fig 1. During STM scanning of the sample, the STM tip breaks off the particles and moves
them to the edge of the scanned area. The presence of the particles, which are thought to be yttria,'* seems
to be generic for many types of YBCO thin-films regardless of film thickness or substrate. One intriguing
possibility is that the insulating nanoparticles, affectionately referred to as "sand” (as opposed to the much
larger "boulders" often observed on laser ablated YBCO thin films), might be the natural pinning sights
responsible for the high critical currents of these films. Thus far the microscopic (or nanoscopic, as the
case may be) nature of the pining sites has eluded scientists. In any case, the knowledge of the presence of
the sand is important for the development of YBCO thin films in multilayer structures for electronic
applications of HTS films.
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Fig. 1. 2) 1 um STM image of surface density of states “topography” of a YBCO film deposited on a
MgO substrate (from ref.9). b) 2.5 pum AFM image of yttria sand on a YBCO film deposited on a LaAlO;
substrate (from ref.11).

YBCO FILM GROWTH ON Si SUBSTRATES

We have studied YBCO thin films deposited on Si substrates.”® The deposition method was developed
by Fork et al. 14 and relies on a thin film of YSZ as a chemical buffer as well as a strain layer to reduce
lattice-mismatch strain between the YBCO and the Si. R-T measurements of unpatterned films show T

ranging from 85 to 87 K with a resistivity ratio Rseox/Rioox Of about 2.5. Typically, J.is 9 x 10° A/cm* at 4

K. X-ray diffraction shows that the YSZ and the YBCO are c-axis oriented with the YSZ layer having
good epitaxy on the Si and the YBCO layer having both a-axis and b-axis oriented grains within the plane
of the film.

One of the purposes of a YSZ layer is to prevent chemical reaction between the Si substrate and the
YBCO film. Ideally, the YSZ layer should be continuous. However, even if there are pinholes in the YSZ,
it is generally thought that they are small in diameter, few in number, and that the reaction product between
the YBCO and Si is itself an insulator. T