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ABSTRACT 

Two types of high-temperature superconducting (HTS) multichip modules (MCMs), 
utilizing yttrium-barium-copper oxide (YBCO) as the superconductor, were developed 
under this grant. The first was a "flip mesh" MCM, in which two superconducting 
layers, one containing X-running and one Y-running wire segments, were fabricated 
on separate substrates and joined in a manner similar to flip chips. 

The second module was a monolithic MCM, again using layers of X- and Y-running 
conductors, but patterned on a single substrate, with a thick layer of Si02 serving as 
interlayer dielectric. Deposition of the second superconducting (YBCO) layer was 
effected by the use of an ion beam-assisted deposition (IBAD) buffer layer. 

RESULTS 

A great deal of progress was made toward realizing the flip-mesh MCM and the 
monolithic MCM, although neither were totally successful. Rather than repeat 
previously published material, the reader is referred to the enclosed papers presented 
at the May 1997 Electrochemical Society meeting. Presentation [11] (principle 
author Cooksey, funded under this grant) describes the monolithic MCM, and 
presentation [12] (principal author Scott, funded under this grant) describes the 
"flip-mesh". 

Although the final goal of reliably producing superconducting MCMs proved illusive, 
a great deal was learned about two important aspects of the creation of complex thin- 
film HTS structures: the deposition of superconducting layers over thick amorphous 
dielectric layers, and the process of creating vias between superconducting layers. 
These results, which go a long way in solving the most difficult problems associated 
with HTS multilayer structures, are discussed in Publications [11], [12], and [13]. 

The via structure described in [11], though made of normal metal (gold), represents a 
significant advance over previously reported superconducting vias, because it occupies 
relatively little space in an MCM structure, and contributes very little resistance 
compared with the resistance of normal metal lines. It is the line, not the via, 
resistance which was the impetus for HTS MCMs, in the first place. 

The HTS layers described in [12] and [13], which use IBAD yttria-stabilized zirconia 
(YSZ) buffer layers to allow the deposition of an upper HTS layer over a thick Si02 

interlayer dielectric, are a significant advance over previously reported HTS MCM 
work, which attempted to maintain multilayer epitaxy. The latter, maintenance of 
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multilayer epitaxy, resulted in an extremely thin, high dielectric constant interlayer 
dielectric, which would make the fabrication of transmission lines of usable 
impedance (—50-75 Q) and reasonable propagation delay (<100 pS/cm) impossible. 
However, the fabrication of reasonable transmission lines is possible in the structures 
which have been developed under this grant. A monolithic HTS MCM was produced 
which appeared to superconduct and function as anticipated, before ultimately 
failing. The student responsible left for a job in industry before a second module was 
fabricated and these tantalizing results verified. New personnel, under another grant, 
are working to replicate the MCM. 

CONCLUSION 

Significant progress was made on two impediments to the realization of HTS MCMs. 
First, HTS YBCO was deposited and patterned atop a thick, amorphous dielectric 
(Si02).  Second, functional gold vias between superconducting layers were developed. 
A multilayer HTS MCM was produced that appeared to function before its untimely 
failure. A complete set of the publications and presentations produced under this 
grant is included with this report. 
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Abstract II. EXPERIMENTAL PROCEDURES 

The gamma-ray and neutron radiation hardness of 
YBa2Cu307.x, TljBajCaCujOg^, and Tl2Ba2Ca2Cu301p+x 

superconducting thin films deposited by off-axis sputtering 
and laser-ablation deposition techniques on substrates of 
MgO and LaA103 was investigated. The unbiased samples 
were irradiated with 662 keV gamma-rays up to a cumulative 
dose of 1.5 Mrad(Si) and with neutron fluences up to 1 x 1014 

neutrons/cm2. 
It was determined through nondestructive critical 

temperature transition, Tc, and critical current density, Jc, 
measurements and x-ray diffraction analysis that the thin film 
superconductors were radiation hard up to moderate levels of 
neutrons and gamma-rays. It was also determined that 
extended exposure to moderately humid air degraded the 
critical current density of all the films. 

I. INTRODUCTION 

Space applications of multichip modules (MCMs) appear 
to be part of the driving force for their development. In the 
future, thin film superconductors (TFSCs) will potentially be 
used as interconnects for MCMs. As a result of this 
application of TFSCs, their response to a radiation 
environment is of great interest. In the past, studies of 
radiation effects on superconductor materials have been 
restricted to the bulk form [1-5], but if superconducting 
interconnects are to be used in future MCMs, the impact of 
exposure to gamma-rays and fast neutrons on the properties 
of TFSC materials must be examined. In addition to the 
effects of radiation on the superconductor material, the 
substrate material on which the superconductor is deposited, 
as well as the dielectric material used to separate the multiple 
levels of interconnects, must also be examined for sensitivity 
to radiation exposure. 

*We would like to acknowledge the assistance of Tim Welty of the 
Southwest Radiation Calibration Center in the radiation 
experiments. We would also like to acknowledge Conductus, Inc. 
and Superconductor Technologies Inc. for their donation of 
superconductor samples. This research was funded by E-Systems, 
Inc. and the Advanced Research Projects Agency. 

In the work reported here, YBajC^O^ (YBCO), 
TljBajCaCi^Og^ (Tl-2212), and Tl2Ba2Ca2Cu301(>+x (Tl- 
2223) thin films on substrates of MgO and LaA103, some of 
the more common superconductor/substrate combinations, 
were subjected to both gamma-ray and neutron radiation in 
an electrically unbiased state. Although radiation without 
bias does not fully explore the impact on dielectric substrates, 
it does examine the impact on high temperature 
superconductors. The samples were deposited using laser- 
ablation and off-axis sputtering techniques, and were of 
varying quality and thickness in order to determine if their 
radiation hardness varied accordingly. The thin film thick- 
nesses ranged from about 200 to 1000 run. 

The superconductors were characterized by their critical 
temperature transition, Tc, and critical current density, Jc, 
measured using a nondestructive inductance method as 
described by Ciaassen et al. [6]. This measurement technique 
involves placing a thin, multiturn copper coil next to the film 
surface and driving the coil with a low distortion audio- 
frequency sine-wave current. In turn, the driving current 
induces shielding currents in the film. The nonlinearity in 
the coil-film system increases abruptly when the induced 
current in the film reaches its critical level. A schematic of 
the measurement system used is shown in Figure 1. The 
resulting voltage across the coil is filtered by a passive twin- 
tee notch filter with a center frequency the same as the drive 
current frequency, 1 kHz, and analyzed by the lock-in 
amplifier for third harmonics. Either a single or double coil 
can be used. A single coil acts as "both the drive and pickup 
coil." We have used a single coil setup in our measurements 
since it functions as well as a two coil setup according to 
Ciaassen et al. The samples were measured down to liquid 
nitrogen temperature (77 K). This type of measurement was 
chosen over the four point contact method because the 
samples had to be measured after each irradiation. Any probe 
technique would destroy a large surface area of the film after 
each subsequent measurement since we were dealing with 
samples less than 1 cm2. A Philips x-ray diffractometer was 
also used in an attempt to detect any atomic disorder in the 
superconductor films resulting from neutron bombardment. 

The superconductor/substrate structures were irradiated 
with gamma-rays up to a cumulative dose of 1.5 Mrad(Si) 

(K)18-9499/94$04.(X)   ©  1994 IEEE 
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; jusing a Cs-137 radioisotope emitting 662 keV gamma-rays at 
' a dose rate of 24.2 krad(Si)/hr. The gamma-ray source was 

--contained in a JL Shepherd Model 81-12A Irradiator. The 
neutron irradiations involved exposing the samples to cumu- 
lative fiuences up to 1 x 1014 neutrons/cm2 from a 0.68 Ci 
Cf-252 source which had an average neutron flux throughout 
the experiment of 1.966 x 108 neutrons/cm2-s. All irradia- 
tions were performed in air at room temperature. 
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Figure 1.   Critical   temperature   and    critical    current    density 
measurement system schematic. 

III. RESULTS AND DISCUSSION 

The pre-irradiation critical temperature transitions for the 
Tl-based films ranged from about 85-113 K and from about 
86-90 K for the YBCO films. The pre-irradiation critical 
current densities at 77 K for all the samples ranged from on 
the order of 104 A/cm2 up to on the order of 106 A/cm2. 

A. Gamma-ray Irradiations 

The structures proved to be hard to gamma-rays up to very 
high doses and exhibited relatively little change in their 
critical temperature or critical current density characteristics. 
The measurements were taken 30 minutes after the films 
were removed from the source. This did not permit short 
term transient effects, possibly occurring during the irradia- 
tions, to be observed. 

The critical temperature and critical current density 
characteristics of a typical sample of YBCO on a LaA103 

substrate after several gamma-ray irradiations up to a cumu- 
lative dose of 1.5 Mrad(Si) are shown in Figures 2 and 3. As 
shown in these figures, there was very little change in the 
critical temperature transition region (-89.4 K) or in the 
critical current density (-1.5 x 106 A/cm2 at 77 K). This was 

typical for all samples that underwent gamma-ray irradiations 
and seemed to be independent of the initial quality of the 
superconductor. The critical temperature and critical current 
density measurement data for a typical sample of each super- 
conductor/substrate combination that underwent gamma-ray 
irradiations are listed in Table I. 
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Figure 2.   Critical temperature transition of YB^CUjO.^ on a 
LaAlOj substrate after gamma irradiations. 
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Figure 3.   Critical current density measurement of YBajCUjO.^ on 
a LaA103 substrate after gamma irradiations. 

B. Neutron Irradiations 

The various sample types were exposed to cumulative 
neutron fiuences up to 1014 n/cm2. An accompanying total 
gamma dose of 237.9 krad(Si) was also emitted by the Cf-252 
source. However, this was neglected knowing that the same 
types of samples had been exposed to much higher gamma 
doses with the Cs-137 source. X-ray diffraction analyses 
failed to show any atomic disorder as a result of the neutron 
irradiations. In Figures 4 and 5, critical temperature and 
critical current density measurements of a typical sample of 
Tl-2212 on an MgO substrate are shown after undergoing 
neutron exposures. As seen in Figure 5, there was a decrease 
in critical current density thought to be caused by exposure to 
moderately humid air for an extended period of time. After 
exposure to the highest fiuences, where longer environmental 
exposure times (on the order of up to two weeks) were 
necessary for the samples to radioactively decay, the critical 
current density degradation, as shown in Figure 6, was 



i' 
observed. This environmental degradation was confirmed by 
leaving samples open to the environment for an equal amount 
of time (two weeks) and then remeasuring the super- 
conductors. Thus, the degradation observed in this work, 
although similar to that resulting from proton bombardment 
by Lombardo et al. and Weaver et al. [7,8], is caused by 
moisture absorption. Critical temperature and critical current 
density measurement data for samples of each super- 
conductor/substrate combination irradiated with neutrons and 
exposed to the environment appear in Table II. 

M 

8.00BO6 

7.50EO6 

1.00506 

6.S0&O6 

6O0&O6 

5.50&O6 

S.005O6 

450506 

4.005O6 

3.505O6 

-3= ','/>' 
i 

— /// 

*— 
■     Unirradiated 

—— lE12n/cm2 

-*- 1E14 n/cm2 
'/ 

i , / f 1 1 
1 4 i L :=?= j 

— 1 
89     90     91     92     93     94     95     96     91     98     99     100 

T(K) 

Figure 4.   Critical temperature transition of TljBajCaCu^Og.^ on a 
MgO substrate after various neutron fluences. 
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Figure 5. Critical current density measurement of 
TljBajCaCujOg^ on a MgO substrate after various neutron 
fluences. 

Exposure to moisture in the surrounding air had no 
adverse effects on the critical temperature of YBCO samples, 
but seemed to have a slight effect on the critical temperature 
of the Tl-2212 superconductors although it was independent 
of their initial critical temperature and critical current density 
values. This is illustrated in Figure 4 where the temperature 
transition fluctuates slightly and, at 1012 n/cm2, the transition 
region widens from 2 K to 4.2 K. This may be due to larger 
grain boundaries in the Tl-2212 film which were deposited by 
laser-ablation as opposed to sputtering. However, this has yet 
to be verified. 

As shown in Figure 6, further environmental degradation, 
which can probably be attributed to corrosion taking place at 
the surfaces of the superconductors from exposure to moder- 
ately humid air, occurred [9,10].   Samples of varying thick- 
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nesses (other than those listed in Table II) were irradiated to 
the same neutron fluences. Thickness was determined not to 
be a factor in our experiments. Unirradiated samples were 
also exposed to the same environment and showed essentially 
the same degradation in critical current density with time. 
No moisture exposure effects were seen up to fluences of 1012 

n/cm2, probably because of the short time the samples were 
exposed to air (approximately 1.4 hours for the exposure time 
and about 1 day for the decay time). Zhou and McDevitt 
have shown that Tl-2223 bulk samples tend to degrade more 
slowly than YBCO bulk samples (by a factor of 3) when 
exposed to high humidity (85%) with the primary corrosion 
products being CuO, BaC03, T1203, and CaC03 [10]. X-ray 
diffraction analyses were also performed but did not show any 
detectable levels of atomic disorder as a result of the neutron 
irradiations. Degradation was not seen during the gamma- 
ray irradiations because of the much shorter exposure times 
that involved no radioactivation of the samples. There were 
no noticeable changes in the temperature transitions of the 
materials due to irradiations or exposure to air. 
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Figure 6. Critical current density variation of various super- 
conductor/substrate combinations for different neutron fluences 
(also shown is the variation due to air exposure.) 

C. Improvements for Future Studies 

Biasing the superconducting thin films and measuring 
their characteristics at cryogenic temperatures would have 
been much more realistic, but this was not possible because of 
the limitations on the containment necessary for the radiation 
sources. In particular, the application of a voltage across a 
dielectric during gamma irradiation is known to enhance 
degradation of dielectric type materials because of charge 
creation, separation, and trapping in a dielectric or at a semi- 
conductor/dielectric interface. However, these initial experi- 
ments performed at room temperature in air showed that the 
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Table I. T and J measurement data for gamma-ray irradiated samples. (Jc values were measured at 77 K.) 

HTSC 
Film Substrate 

Film 
Thickness (A) 

Unirradiated 600 krad(Si) 1.5 Mrad(Si) 

Tr(K) J„(A/cm2) W J„(A/cm2) Tr(K) J„(A/cm2) 

YBCO MgO -2000 82.6 7.2 x 104 82.6 8.4 xlO4 82.6 6.6 xlO4 

YBCO LaAlO, -10,000 89.4 1.54 x 106 89.4 1.51 xlO6 89.4 1.49 x 106 

Tl-2223 MgO -3000 112 6.0 xlO4 112.3 9.6 xlO4 111.6 7.6 xlO4 

Tl-2212 LaAlO, -5000 86.2 1.92 xlO6 86.4 1.87 xlO6 86.5 1.87 x 106 

'k 

Table II. T and J measurement data for neutron irradiated samples. (Jc values were measured at 77 K.) 

HTSC 
Film Substrate 

Film 
Thickness (A) 

Unirradiated 1012 n/cm2 1014 n/cm2 
J (2 weeks 

after irradiations) 
(A/cm2) Tr(K) J„(A/cm2) Tr(K) J„(A/cm2) Tr(K) J„(A/cm2) 

YBCO MgO -2000 84.2 4.2 x 105 84.5 3.84 x 105 84.4 3.24 x 105 2.88 x 103 

YBCO LaAlO, -10,000 89.5 1.19 xlO6 89.6 1.08 x 106 89.5 9.6 x 105 7.68 x 105 

Tl-2212 MgO -3000 91.3 1.8 x 105 91.6 1.84 x 105 91.0 1.72 x 105 1.64 xlO5 

Tl-2212 LaAlO, -5000 102.6 2.38 x 106 102.9 2.64 x 106 102.9 2.06 x 106 1.99 xlO6 

superconducting thin film structures are hard to the levels of 
radiation described. Such information is a necessary initial 
step in understanding how superconducting multichip 
modules will perform in a radiation environment. 

IV. CONCLUSIONS 

Gamma-rays and neutrons had little to no effect on the 
critical temperature and critical current density of thin films 
of YBCO, Tl-2212, and Tl-2223. Since these properties of 
superconductors are highly sensitive to atomic displacement 
effects in the material, it can be concluded that very little 
damage occurred in the unbiased superconductors at room 
temperature as a result of the irradiations performed. 
Although the outcome may have been different if the films 
were biased and were irradiated and measured at 77 K, the 
results presented here are encouraging. 

It was also determined that the films were more 
susceptible to degradation by the environment than by 
radiation. The results suggest that the surrounding air and 
humidity caused a decrease in the critical current density of 
the material's due to surface corrosion [9,10]. 

As mentioned previously, we are currently working on the 
development of a multichip module utilizing superconducting 
interconnects. If our efforts are successful, it will be of great 
interest to perform radiation experiments on such a device to 
gain some insight into its hardness to space radiation effects. 
The experiments performed here have provided a good 
foundation for making a more detailed study on such a 
superconducting device. 
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Abstract 

In the application of high-temperature superconductors (HTSCs) in multi-chip module (MCM) technology, it is first nec- 
essary to investigate the advantages and disadvantages of the various HTSC compounds. The standard criteria for com- 
paring the suitability of HTSCs in electronics applications has been cridcal temperature (Tc) and critical current density 
(Jc). It is also necessary to consider the physical properties of HTSCs in relation to the various processing techniques 
required in fabrication of MCMs. These techniques can be grouped into four main areas: deposition, patterning, packag- 
ing, and characterization. The four main HTSC materials, Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O, Tl,Ba-Ca-Cu-0 and Hg-Ba-Ca-Cu-O, 
will be compared to determine which is most suitable for MCM application. 

Introduction 

In the decades since the popular advent of the transistor 
in the 1960s, there has been continual and steady improve- 
ment in both the performance and cost of electronics 
equipment through miniaturization. This effort has given 
us the multi-chip module (MCM) as the latest and most 
promising technique to be introduced. MCM technology 
improves the speed at which devices can operate and 
decreases the power lost by eliminating as much length as 
possible from the interconnection between the individual 
devices. With this new technology some new barriers to 
increased speed and performance have arisen. By concen- 
trating all of the devices in one area, the problems due to 
Joulean heating (I2R losses) and electromigration are 
increased. Also, the lack of recent improvements may indi- 
cate that the upper limit of the speeds that can be expect- 
ed from current semiconductor devices using convention- 
al interconnects have been reached. 

All of these problems can be addressed by combining 
high-temperature superconductors (HTSCs) with MCMs. 
Some of the interconnecting lines may typically carry 50 - 
100 mA of current. Therefore, they account for a major 
portion of the heat generated (Bums et al., 1993). 
Replacing the lines with zero resistance HTSCs eliminates 
i'iese I2R losses. This means less heat and less power con- 
sumed. The refrigeration required for HTSC operation 
further limits the overall heat production to less than that 
produced by the individual devices. All of this allows for 
an even greater decrease in the interconnection lengths 
which, in turn, maximizes the operating speed of the 
MCM. 

HTSC devices have been shown to be more than 2.5 

times faster than their semiconductor counterparts, use 
three orders of magnitude less power, and do not suffer 
from electromigration problems (Van Duzer and Tuner, 
1981). Their use in MCMs should produce the next quan- 
tum jump in performance. A cross-sectional schematic of 
an MCM is shown in Figure 1. 
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Fig. 1.   Cross-sectional Schematic of a Superconducting 
Multi-Chip Module. 

But, which HTSC offers the best overall prospects for 
MCM applications? This is the first question to be 
answered in the search for a viable superconducting 
MCM. When comparing HTSCs, the standard for suitabil- 
ity in electronics applications has been the materials criti- 
cal temperature, (Tc), and critical current density, (Jc). It is 
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also necessary to consider the additional requirements 
and effects due to the different fabrication steps such as 

erial deposition, patterning, packaging and characteri- 
zation. This paper is the result of our research in each of 
these areas. 

Using the initial criterion of Tc, a great number of 
HTSCs can be eliminated. The cost of cooling below liq- 
uid nitrogen temperature (77K) tends to preclude using 
HTSCs with Tc's any lower. The currendy viable HTSC 
materials with Tc's above liquid nitrogen temperature can 
be separated in to four groups: yttrium-based, bismuth- 
based, thallium-based, and mercury-based. These four 
groups will be dealt with in this paper. 

Yttrium 

There are at least three variations to the yttrium-based 
HTSCs with the only significant differences being the TjS 
(40K, 80K, 90K) and the ease of production. Fortunately, 
the highest Tc (90K) belongs to the phase of yttrium mate- 
rial that is the easiest to produce. YBa2Cu2Ox, known com- 
monly as either YBCO or 123, was the first material dis- 
covered to superconduct above liquid nitrogen tempera- 
ture (Wu et al., 1989). This fact and the relatively low tox- 
icity of the component materials seem to be the only real- 
ly good characteristics that YBCO possesses. 

An ongoing study by our group at the University of 
* kansas indicates that to achieve an effective current den- 

, a given HTSC must be held to 10 - 20% below its Tc 

(Ulrich, 1994). While this is better than the 30% or T./2 
values commonly accepted in the scientific community 
(Doss, 1989), it Süll puts YBCO at the very borderline for 
use with liquid nitrogen. 

Most of the drawbacks encountered in the production 
of YBCO thin films can be tied to one problem. Due to 
criücal mismatches in lattice parameters, it is difficult to 
get good epitaxial growth for YBCO on the viable low 
dielectric substrates in use today (Werder, 1991). This 
means that, no matter how good a deposition technique, 
YBCO films will tend to be comparadvely rough in texture 
and have a limited Jc due to internal flaws in the achievable 
crystalline structure. 

The deposition of YBCO on a substrate has typically 
been accomplished using off-axis sputter deposition. 
While this method can produce usable thin films, it is 
often necessary to anneal these films in an oxygen ambient 
at approximately 450*C after deposition in order to cor- 
rect for oxygen depletion and to achieve an acceptable Tc. 
Fortunately, an on-axis method has been demonstrated 
that produces thin films with T^s of 88K andjcs of greater 
than 106 A/cm2 with no post annealing required (Blue and 
Boolchand, 1991). It should be noted however, that the 
current density for this material is only 104 A/cm2 at 77K 

as for most YBCO films (Jin et al., 1988). 

Another successful method for the deposidon of 
YBCO has been demonstrated using metalorganic chemi- 
cal vapor deposidon (MOCVD) combined with rapid 
isothermal processing (RIP) (Singh et al., 1991). With T^ 
of 89K and J^ of 1.5 x 10«5 A/cm6 at 77K, this is by far the 
best method for producing YBCO films seen to date. 

Pulsed laser deposidon has also been used successfully 
to cover small areas, but this technique has proven to be a 
very cosdy and a difficult process to control (Burns et al., 
1993). Laser deposidon does seem to be an excellent 
choice for spot deposidon of YBCO in applications such 
as individual connections between layers commonly called 
vias. 

In the areas of patterning, packaging and characteriza- 
tion, there is another major drawback. YBCO has a very 
high affinity for water. When exposed to moisture, the 
properties of YBCO tend to degrade. This process is accel- 
erated by flaws in the crystalline structure so common to 
current processing techniques. Another aspect of this fault 
is that YBCO tends to form an oxide skin layer. This 
means an added difficulty for any patterning process. 
Also, this creates a problem in making direct contact to 
YBCO films as is necessary for multilayer applications, 
metalization for packaging purposes, or just testing the 
material. With some small difficulty, this can be dealt with 
using a procedure consisting of a solution of bromine in 
methanol that will remove the skin layer (Vasquez et al., 
1988). A non-superconducting surface layer can also be 
removed by brief exposure to a low-energy cleaning ion 
bombardment. 

Yttrium-based HTSCs have been successfully etched 
using weak acidic solutions such as phosphoric, nitric and 
hydrochloric acids. However, YBCO's reactivity with the 
various substrates, while not notably greater than for other 
HTSCs, when combined with the noted skin effect creates 
a scum layer between the substrate and the YBCO thin 
film that seems impervious to these enchants. 

Yttrium-based HTSCs can also be dry etched using 
either a reactive process with a halogen such as chlorine, 
or by argon ion milling. Both of these methods suffer 
from the same structural distortions found in deposition 
techniques. For the reactive process, it is necessary to 
either post-etch anneal or use a mask that can keep oxygen 
from escaping during the etching process. In argon ion 
milling, the problem can be solved by cooling the sample 
during the etching process, preferably with liquid nitro- 
gen. But, since photoresist are often used for masking in 
both dry etching processes, the problem with moisture is 
still present. 

Bismuth 

There are several different bismuth based HTSCs, with 
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the highest Tc being -IHK for Bi^rjCajCujO,, but it is 
very difficult to produce the higher Tc phase of this com- 
pound (Bi 2223). This is due to the intergrowth of the Bi 
2212 phase which has a Tc of 85K. Many attempts to 
enhance growth of the 2223 phase have been made with 
varied results (Endo et al., 1988; 1989; Tarascon et al., 
1988; Huang et al., 1990). One procedure produces good 
thin films, but requires a heating period of one week 
(Sleight, 1988). The most promising method seems to be 
the addition of lead in the form Bi^PbySr-jCa-jCujO, to 
stabilize the Tc. This method has produced T^ in the 
usable range of 104 - 112K (Xin and Sheng, 1991). This is 
the most commonly encountered form of the bismuth 
compound and can be deposited using the same methods 
as described for YBCO. Most of the information gathered 
about the bismuth-based system has been for this lead 
mixed form. As other easily produced phases of the bis- 
muth compound have lower T^s than YBCO, they are of 
little interest to the MCM field. 

The addition of lead to bismuth HTSCs defeats one of 
the bismuth compound's major benefits. That is, the rela- 
tively low toxicity of the elements used. While the lead can 
be incorporated easily, it will still require special handling 
like the thallium and mercury compounds. 

Most reports of Jcs are somewhere above 104 A/cm2 at 
77K which is similar to YBCO (Doss, 1989). This is proba- 
bly due, in part, to the difficulty in producing a pure phase 
of this material. The lattice parameters of the bismuth 
compounds, though not exact, are better matched to the 
low dielectric substrates than YBCO's. This would indicate 
better epitaxial growth and better Jcs. Comparison of the 
thermal power properties also indicates this conclusion 
(Xin et al., 1992). Indeed, a 110K sample with ajc of 3.4 x 
106 Z/cm2 at 77K has been reported (Grenwald, 1991), 
but it should be noted that this sample did not contain 
lead and is not easily reproduced. 

Bismuth-based HTSCs can be etched with the same 
methods as YBCO and slow none of the problems due to 
YBCO's affinity for moisture. Most forms of this com- 
pound appear to be fairly stable and much less brittle than 
YBCO. It should be noted that bismuth compounds 
require the same precautions for dry etching methods as 
YBCO, and although the etching damage is generally of a 
lesser extent, bismuth compounds can easily be destroyed 
during any annealing process. 

Bismuth compounds have shown a tendency to flake in 
layers similar to mica (Doss, 1989). This could cause some 
slight problems in packaging, but should not prove to be 
a major concern. 

The only problems with the characterization of bis- 
muth based HTSCs are directly related to the ability to 
produce a pure phase material. 

Thallium 

Like bismuth, thallium-based HTSCs exist in many < 
ferent phases. Unlike bismuth, however, the highest 
(125K) phase is relatively easy to produ< 
Tl2Ba2Ca2CujOx, commonly referred to as T12223, 1 
one major drawback. Thallium is a very toxic substar, 
that can be absorbed through the skin. It can be absorb 
over a period of time and is not normally purged from t 
body. Therefore, proper precautions must be taken wh 
dealing with this material. Special precautions should 
taken when working with lead or mercury. However, L

1 

precautions required for working with these materials a 
only slightly more than those normally observed in a co 
scientious production facility (Chelton et al., 1991). , 
these facilities are already dealing with arsenide, cyanid< 
and many other toxic compounds, the addition of thalliu 
should present no insurmountable problems. 

Excellent quality thin films of the 2223 phase have be( 

deposited by several methods such as spin coating, spr. 
pyrolysis, sputtering, thermal evaporation, electron bear 
laser ablation, and MOCVD (Shih and Qiu, 1988; Ichikav 
et al., 1988; Ginely et al., 1989; Hammond et al., 199 
Collins et al., 1991; Liu et al., 1991; Malandrino et a 
1991), but the method of choice seems to be the po 
deposition annealing technique. First, a precursor layer i 
BaCaCuO of the desired stoichiometry is sputter depos; 
ed onto a substrate. Then the film is annealed in thalliui 
vapor which drives the thallium into the matrix formir 
the actual HTSC. While a one step sputter deposition 
possible, the two step method consistently provides bettc 
results with average T^ of 125K and L_s typically above 1( 
A/cm2 at 77K (Grenwald, 1991). This includes the be: 
quality samples to date with ajc of over 107 A/cm2 at 77J 

(Chu et al., 1991). The two step method may also have 
hidden benefit in that it isolates thallium contamination t 
the furnace used for the drive-in procedure. 

The lattice parameters for the 2223 phase are muc. 
closer to those of the low dielectric substrates with as littl 
as 0.75% mismatch for CeOa (Holstien et al., 1992). Thi 
means better epitaxial growth and smoother films thai 
possible with either YBCO or bismuth (Lee et al., 1992). 

Thallium-based HTSCs can be etched using the sam< 
methods as yttrium-based and bismuth-based compounds 
but because of the greater stability, require less attentioi 
to reactivity and oxygen loss. The preliminary results fron 
a wet etch process our group is currently investigatinj 
indicates that the extra strength and consistency of 222; 
films makes the etching process much easier to control. 

Other than the special precautions for dealing witl 
thallium 2223 makes no special demands on packaging oi 
characterization. Indeed, the additional strength can onl; 
serve to make these processes easier. A comparison of T 
curves for Yttrium, Bismuth and Thallium superconduc 
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tors is shown in Fig. 2. 
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Fig. 2. Comparison of Typical Tc Curves. 

Mercury 

The recent discovery of mercury based HTSCs with 
possible TcS above the 145K boiling point of Freon™ is 

Jy exciting. But, as of yet, little is known of the charac- 
teristics    of   the    mercury-based    compounds.    The 
HgBajCajCusO, phase (Hg 1223) with the highest Tc of 
135K at ambient pressure has been shown to increase to a 
Tc of over 150K under hydrostatic pressure (Chu et al., 
1993). However,  1223 is not produced without some 
amount of effort. 1223 thin films have currently been pro- 
duced only by post deposidon annealing under special 
pressure controlled condidons. With the additional cost 
due to current government efforts to ban the use of Freon™, 
the added effort necessary to produce the material and 
then maintain the hydrostadc pressure, means that practi- 
cal Freon™-cooled HTSCs are still far in the future. 
Indeed, the added effort required just to achieve an addi- 
tional 10K increase in Tc from thallium's 125K to 135K 
seems to serve no purpose, but improvements could be 
just over the horizon. 

The reported latdce parameters combined with the ini- 
tial troubles in separadng out the different phases, tend to 
indicate that 1223 will have a Jc somewhat less than the 
thallium-based HTSCs (Huang et al., 1993), but this 
remains to be confirmed. The bottom line with mercury- 
based HTSCs is that we just don't know yet. A comparison 
of the Jc*s of the four materials is shown in table 1. 

Table 1. Critical Current Density (Jc) in A/cm2. 

YBCO BSCCO TBCCO HBCCO 

1 TYPICAL 1(H 10* 106 ? 

IMAXTMUM 1.5 x 106 3.4 x 106 2.8 x 10? } 

Summary and Conclusion 

Yttrium base HTSCs, while having several drawbacks, 
have only one advantage. The comparatively low toxicity 
of the component materials. While, bismuth-based HTSCs 
have much more to offer than the yttrium based com- 
pounds, the current production of viable bismuth thin 
films requires the additional of lead. This tends to nullify 
any benefits relative to thallium-based HTSCs. Most 
processes used in MCM production have been demon- 
strated for thallium HTSVs with significantly better results 
than any other material. Mercury-based materials have 
shown some prospects and raised some new questions, but 
until they can be produced with more ease and character- 
ized more definitively, they offer no apparent advantages. 
However, they definitely warrant more research. 

While the evidence does not totally rule out any of the 
candidate HTSCs, the majority of the information indi- 
cates that thallium-based HTSCs should be the HTSC of 
choice in MCM applications. 
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Abstract. The effects of rapid thermal annealing on the material and electrical 
properties of sputter deposited yttrium barium copper oxide (YBa2Cu307_x) 
superconducting films were investigated. Rapid thermal annealing increased the 
critical current density but decreased the critical transition temperature of the 
films. The maximum increase in critical current density, an order of magnitude, 
occurred at 800 °C, while no increase was observed at 700 °C, below the growth 
temperature of 735 °C, or at 900 °C. The increase in critical current density is due 
to a reduction in the density of misaligned grains as evidenced by a decreasing 
c-axis parameter and a decrease in the full width at half maximum (FWHM) of 
the (005) peak. The critical temperature decreased for all annealing times and 
temperatures above the growth temperature due, presumably, to oxygen effusion 
from the films. 

1. Introduction 

Thin superconducting yttrium barium copper oxide 
(YBCO) films have been grown by various techniques 
including ion-beam sputtering [1], magnetron sputtering 
[2], electron-beam evaporation [3], molecular-beam 
epitaxy [4], metalorganic chemical vapour deposition 
[5], and laser ablation [6]. Most of these techniques 
require either post-deposition oxygen annealing or 
growth at an elevated substrate temperature to convert 
the YBCO films from the tetragonal phase to the 
orthorhombic phase. In order to optimize post- 
deposition annealing conditions, it is necessary to 
understand the thermodynamics of the structural and 
chemical changes that occur during annealing. Davidson 
et al [7] investigated the resistance of e-beam-evaporated 
as-deposited YI^C^O;-* films with different heating 
rates and O2 partial pressures. They reported that fast 
annealing is preferable over slow annealing in converting 
the as-deposited YBa2Cu307_Jt into an orthorhombic- 
phase superconducting film. 

In order for superconducting thin films to be 
used in electronics, they must undergo numerous 
processing steps such as patterning, etching, and 
subsequent depositions and passivation. It is generally 
known that processing steps, performed subsequently 
to the deposition of superconducting thin films, have 
a pronounced effect on their material and electrical 
properties. Sheats et al [8] reported severe degradation 
in the critical current density (Jc) of multitarget-sputtered 
YBCO films to less than 4% of the initial value after 

a small amount of ion milling (approximately 375 A). 
They also found that a conventional photoresist bake 
at 105°C resulted in as much as a 94% decrease in 
the Jc. Ichikawa et al [9] found that the Jc of their 
sputtered YBCO films degraded after overcoating with 
aluminum oxide, AI2O3, by sputtering. They attributed 
this degradation to the interdiffusion between the YBCO 
and dielectric, which modified the crystal structure of 
the YBCO films. In general, the Jc of YBCO films has 
been observed to degrade severely with post-deposition 
processing [10], although some modest increases in Jc 

after processing have been reported [11]. 
Rapid thermal annealing (RTA) has been shown to 

be a viable processing technology by which thermal 
annealing is performed for a short duration, usually for 
a few minutes or less. The main advantage of RTA is a 
reduced thermal processing budget. The reduced thermal 
budget mitigates interdiffusion problems associated with 
the YBCO/dielectric layers. This is especially beneficial 
in the fabrication of superconducting multichip modules 
(MCMs) where at least two layers of YBCO interconnects, 
sandwiched between a thick dielectric, are required. 

RTA was investigated in this work as a potential 
process for improving the electrical characteristics of 
YBCO films. In this paper, the effects of RTA on the 
material and electrical properties of sputtered YBCO thin 
films are reported. In addition, the effects of post-RTA 
annealing at a low temperature in an O2 ambient on 
the transition temperature (Tc) of these films are also 
discussed. 
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2. Experimental details 

YBCO films were deposited by off-axis DC magnetron 
sputtering from a two-inch-diameter stoichiometric 
YiBaaCi^Ov-j target. The substrates used were 
polished 1 cm2 yttria-stabilized zirconia (YSZ) of (100) 
orientation. The deposition parameters were as follows: 
base pressure, 10~6 Torr, deposition pressure, 200 mT 
with 80% Ar and 20% 02, substrate temperature, 735 °C, 
and sputter power, 100 W. A deposition rate of about 
1000 A h_1 was achieved using these parameters, and 
nominal film thicknesses were 4000 A. After deposition, 
the films were cooled in 100% 02 at about 600 Torr and 
held at 400 °C for 30 min before being ramped down to 
room temperature. The total cooling time was about 2 h. 

Two different groups of films, referred to hereafter as 
group A and group B, were annealed using a computer- 
controlled Heatpulse 210-T rapid thermal processor. 
Each film was placed on a two-inch silicon wafer for 
support inside a double-walled quartz furnace. The 
annealing temperature was measured using a type-K 
thermocouple pressed against the surface of the film. 
Films were annealed at temperatures ranging from 
700 °C to 900 °C in 50 °C increments; sample group A 
was annealed for 10 s, and sample group B for 30 s. 
A fresh film was used for each annealing increment. 
Annealing and cooling were performed in the presence 
of 50 seem of oxygen (limited by the volume of the 
furnace), and were allowed to cool to 200 °C before 
being removed from the furnace. Typical cooling times 
required were about 5 min for the 10 s annealed films 
and about 7 min for the 30 s annealed films. Some 
samples were 02 annealed at a low temperature after 
RTA. The annealing temperature was ramped up to 
450 °C in 30 min and held at this temperature for 2 h 
under 700 Torr of 02. The samples were then cooled to 
room temperature in about 1 h. 

A contactless method was used to measure the Jc 

and Tc of the films. In this technique, the sample is 
placed between two coils and then cooled to 77 K. A 
current is passed through one of the coils, which induces 
current flow in the film. The other coil detects the signal 
produced when Jc is exceeded [12]. This technique has 
the important benefit of not requiring patterning of the 
films in order to perform the measurement. Furthermore, 
it is only sensitive to intergranular critical current. The 
transition temperature of the sample is measured by the 
reactive component of the coil voltage at the fundamental 
drive frequency, as the inductance drops substantially at 
the transition temperature due to the induced shielding 
current in the film. The YBCO films were also analysed 
using a Philips PW-1830 x-ray diffractometer (XRD) 
equipped with a Eulerian cradle. The c-axis parameters 
were measured using the ^-spacing of the (0011) peaks 
located near 20 — 92.5° to minimize systematic errors of 
the diffractometer. Rocking curves about the (005) peak 
were also observed. This peak was selected because of 
its relatively high intensity. The starting and finishing 0 
angles were 18° and 21°, respectively, with a step size 
of 0.01° and a dwell time of 1.5 s/step. The fixed 20 
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Figure 1. The XRD pattern of a typical as-deposited YBCO 
film. 
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Figure 2.  Critical current density versus annealing 
temperature plots for groups A and B of the YBCO 
samples. 

position of the detector was determined by noting the 
maximum intensity. Furthermore, the collimating slit in 
front of the detector was removed to maximize detected 
diffraction. All XRD measurements were performed at 
27 °C. 

3. Results and discussion 

All of the as-deposited YBCO films yielded very uniform 
Tc and 7C data, due to the excellent repeatability of the 
deposition parameters. The mean value of Tc and Jc for 
both groups of films was 85 K and 1.4 x 105 A cm-2, 
respectively. Figure 1 shows the XRD pattern of a typical 
as-sputtered film. As can be seen, the strongest peak 
intensity occurs for the (006) peak. The (020) peak is 
much smaller in intensity than the peaks corresponding 
to c-oriented grains. Thus, the predominant growth is 
c-axis-oriented grains. 

Figure 2 shows Jc-versus-annealing-temperature 
curves for both groups of samples. No change in Jc 

is noted for films annealed at 700°C, which is below the 

r. 
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Figure 3.   Critical transition temperature versus 
annealing temperature plots for groups A and B of the YBCO 
samples. 
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Figure 4. The c-axis parameter of the YBCO films as a 
function of annealing temperature. 

deposition temperature of 735 °C. Above the deposition 
temperature, the Jc of the annealed films increases to 
a maximum at 800 °C for both groups. The 7C of the 
sample subjected to a 30 s annealing at 800 °C increases 
from 1 x 10rA cm-2 to about 1.2 x 106 A cm-2. The 
amount of increase in 7C with annealing then decreases 
for annealing temperatures above 800 °C. At 900 °C, 
no increase and, in fact, a slight degradation in Jc is 
observed. Also, annealing for longer durations (60 s and 
90 s) resulted in smaller increases in Jc. While the Jc of 
these films increases with annealing, their Tc decreases 
for all annealing times and temperatures. Figure 3 shows 
the reduction in Tc for annealed films. No change in Tc 

is noted for films annealed at 700°C. However, a sharp 
decrease in Tc (from 85 K to 81 K) is noted for films 
annealed at 750 °C for 30 s. Furthermore, films annealed 
for 30 s show a larger decrease in 7C than those annealed 
for 10 s at all anneal temperatures. The Tc of the 800 °C, 
30 s annealed sample recovered to its original value after 
02 annealing at 450 °C for 2 h. 

un     700    750    800     850    900 
Annealing Temperature (°C) 

Figure 5. The FWHM versus annealing temperature for 
groups A and B of the YBCO samples. 

Figure 4 shows the c-axis parameter of the films 
as a function of annealing temperature. The c-axis 
lattice parameter decreases from 11.74 A to 11.69 A 
upon annealing at 800 °C for 10 s. Even though only a 
small change in the c-axis parameter is noted, the data 
indicate that the c-axis parameter generally decreases 
with annealing with a minimum occurring at 800 °C 
for both anneal temperatures. For temperatures higher 
than about 800 °C, the decrease in the c-axis parameter 
with annealing is smaller. For example, the c-axis 
parameter decreases from 11.72 A to about 11.7 A for 
the film annealed at 900 °C for 30 s. Reduction in the 
c-axis parameter is indicative of a reduction in grain 
misalignment. According to Jorgensen et al [13], a 
reduction in the c-axis parameter is accompanied by an 
increase in Tc, and thus, is also a measured of increased 
oxidation. However, all of our data reveal that a decrease 
in c-axis parameter is accompanied by a decrease in Tc. 
This may be attributed to lattice strain, since it is well 
known that, in general, RTA imparts strain to films. 

Rocking curves of the (005) peak were obtained 
using the XRD. The full width at half maximum (FWHM) 
for each film was measured and is plotted in figure 5. 
YBCO films of similar thickness (i.e., 4000 A) were 
used to facilitate comparison. The FWHM is a direct 
measure of the number of misaligned grains present in 
the film and is, therefore, useful for quantifying the 
amount of misalignment. It is interesting to note that, 
while no change in Tc or Jc is noted for films annealed 
at 700 °C (below the deposition temperature of 735 °C), 
the FWHM decreases from 0.9° for the unannealed film to 
0.73° for 10 s annealed films or 0.67° for 30 s annealed 
films. This indicates that minute restructuring of the 
films occurs at this annealing temperature resulting in 
a reduction in the density of misaligned grains. As the 
figure indicates, the amount of misalignment decreases 
for all annealing temperatures with a minimum occuring 
for 750 °C. However, the decrease in misalignment as a 
function of annealing temperature is smaller for 800 °C 
and higher temperatures. 

Improvement in Jc after RTA can be attributed to 
a decrease in the density of misaligned grains or a 
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reduction in the density of weak links [14]. RTA at 
a temperature higher than the deposition temperature 
increases the atomic mobility in the as-deposited YBCO 
film. Eom et al [15] reported that, given sufficient 
mobility at a high temperature, c-axis grain growth is 
favoured over a-axis grain growth. The high mobility 
of the atoms favours c-axis growth and deters nucleation 
of a-axis grains. Thus, the decrease in c-axis parameter 
and FWHM of the (005) peak indicate an increase 
in the density of c-axis grains. Scanning-electron- 
microscope (SEM) photographs of all the annealed films 
indicate larger grain sizes for the films annealed at 
higher temperatures, which further suggests a reduction 
in misaligned grains [16]. The smaller increase in Jc for 
annealing at temperatures above 800 °C is possibly due 
to partial eutectic melting at these temperatures [3]. 

The decrease in Tc with RTA is probably attributable 
to the loss of O during annealing. Since RTA was 
performed at atmospheric pressure, O can easily effuse 
from the film [17]. O effusion is more pronounced for 
films annealed for a longer duration as indicated by the 
lower Tc of these films. Annealing in an 02 ambient 
at 450 °C did have the effect of restoring the Tc of 
these RTA-annealed films to nearly the original values, 
supporting the assumption that O effusion occurs during 
RTA. Unfortunately, the Jc values were also reduced, but 
they remained higher than their original values. 

4. Summary and conclusions 

RTA was performed on superconducting YBCO films at 
temperatures ranging from 700 °C to 900 °C, and for 10 
and 30 s durations. A general increase in 7C occurred, 
with the greatest increase, a factor of 10, occurring at 
an anneal temperature of 800 °C for 30 s. For all times 
and tempertures, Tc decreased, which is attributable to O 
effusion from the films. Measurements of the FWHM of 
the (005) peak and the c-axis lattice parameter indicate 
that the increase in Jc is due to a decrease in the 
number of misaligned grains present in the film. The 
reduction in 7"c with RTA was reversed by conventional 
low-temperature annealing in O2.   However, this also 

caused Jc to decrease although the final values were 
greater than the as-deposited values. 
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ABSTRACT 

The effects of low-energy blanket ion milling on the electrical and 
structural properties of superconducting yttrium-barium-copper-oxide 
(YBajCujO,.,, or YBCO) were investigated. This process has proven not 
to have a detrimental effect on the electrical or structural properties of 
high-quality YBCO films. In fact, it has been found that, in many cases, 
the critical current density (Jc) improves as a result of a brief exposure to 
a low-energy ion beam. Also, milling of high-quality films results in a 
reduction in RMS surface roughness. Lower-quality films are typically 
degraded by the same process. 

INTRODUCTION 

The High-Density Electronics Center (HiDEC) at the University of Arkansas is 
conducting research directed at the fabrication of superconducting multi-chip modules 
(MCMs). These modules will consist of semiconducting ICs on a superconducting 
interconnect structure. The superconductor material of choice is YBCO. Due to the 
reactivity of YBCO with air and water, its surface develops a non-superconducting layer 
through processing and handling. It is desired that this layer be removed prior to 
metallization (preferably in-situ) to produce a low-resistance contact. Ion milling is under 
consideration to serve this purpose. Consequently, the effects of ion bombardment on the 
electrical and structural properties of YBCO must be investigated to determine the 
effectiveness of this process. 

The proposed superconducting MCM interconnect structure consists of two 
superconducting planes separated by dielectric layers which are deposited on a substrate. 
This two-layer structure is based on the interconnected mesh power system (IMPS) MCM 
topology [1], in which the power, ground, and signal components are combined into two 
planes. Due to the high dependence on the crystallographic properties when interfacing 
ceramic materials, minimization of layers is critical in this structure. 

The four-sided problem of lattice matching, coefficient of thermal expansion 
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(CTE), interdiffusion, and dielectric constant prevent the use of a single material for the 
dielectric layer in this structure. The currently proposed dielectric layer for the HiDEC 
superconducting MCM consists of silicon oxide (Si,Oy) buffered by layers of cerium 
dioxide (CeOj) grown either by an ion beam assisted sputtering or laser ablation 
technique. Si,Oy has been chosen due to its low dielectric constant, and its extensive 
appb'cation in electronics. The Si,0, will be tailored by sputter deposition for the best 
trade-off between its dielectric constant and CTE. Ce02 has been chosen to buffer 
between Si.O, and YBCO because of its lattice parameter and CTE match with YBCO. 

The superconductor planes are to be connected by metal vias. Previous 
publications have illustrated the severe degradation of the critical current density (JJ of 
a superconducting YBCO via [2]. This reduction in Jc is due to the anisotropic nature of 
current flow in YBCO [3]. In order to keep the YBCO layers planar, the Si,Oy will be 
planarized prior to the second YBCO deposition, and the YBCO layers will be connected 
by reach-through vias. The ideal metal for low-resistance contact to YBCO is gold (Au). 
Other options are silver (Ag), platinum (Pt), or a multi-layer metal. A cross-sectional 
representation of the superconducting MCM interconnect structure is shown in Figure 1. 

An item of extreme importance, not considered in the previous section, is that of 
the reactivity of YBCO with its surroundings. YBCO has been shown to be reactive with 
many of its environmental components, especially air and water [4-6]. This results in the 
formation of a non-superconducting surface layer on YBCO films upon exposure to air 
and conventional wet processing steps, such as photolithography. This reacted layer 
results in higher-resistance contacts and defeats the purpose of lattice matching at the 
interface of a dielectric and a reacted YBCO surface. Avoidance of these reactions by 
shielding YBCO from a reactive atmosphere would be very time consuming as well as 
expensive. Figure 2 shows the interconnect structure of Figure 1 taking into account a 
non-superconducting surface on the YBCO planes of the superconducting MCM 
interconnect structure. 

EXPERIMENTAL PROCEDURES 

Removal of the non-superconducting surface of YBCO is the most feasible 
solution to the reactivity problem. It is desirable for this removal process to be performed 
in the same chamber as the subsequent deposition step, so that the superconducting 
surface of the YBCO is not exposed to air. In the fabrication of the HiDEC module, 
where the Ce02 layers are deposited by ion-beam assisted sputtering in the same chamber 
in which metallization is performed, the ion source may be used to etch the YBCO films 
until the superconducting bulk is exposed. This arrangement then allows for the 
deposition of the dielectric layer or metal following the in-situ milling process. 

The use of inert ions to bombard a surface in order to remove material is called 
ion milling. Ion milling has been applied extensively to the patterning of YBCO films 
[7,8].   However, it has also been reported that it degrades the electrical properties of 
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YBCO [9]. Since the surface preparatory process exposes the entire surface of the film 
(this is where the term "blanket" comes from), a major concern is damage to the 
remaining film. In order to minimize the damage to the underlying superconducting 
YBCO, caused by exposure to ion milling, the process is performed at an energy lower 
than that common to bulk etching processes. 

In order to evaluate the effects of low-energy blanket ion milling on YBCO films, 
the electrical properties of critical current density (Jc) and critical temperature (TJ were 
measured prior to processing and after repeated exposures. The effects on the structural 
properties of YBCO were determined using atomic force microscopy (AFM) by which 
the surface structure was observed for changes and the surface roughness was calculated 
for a 100 urn2 area. 

Although bulk etching is generally performed at energies greater than 1000 eV and 
a current density of approximately 1 mA/cm2, in this work milb'ng steps of 2-minute 
duration were performed at a beam energy of 500 eV and a beam current density of 0.3 
mA/cm2 in order to minimize residual damage from the ion bombardment. The ion 
source was oriented normal to the sample surface at a distance of 15 cm. Argon gas was 
used to create the inert ions. The background pressure during milling was lxlcH Torr. 
The etch rate of YBCO for these etching parameters was approximately 100 A/min, so 
about 200 A were removed per 2-minute exposure. The initial thickness of the films was 
approximately 3000 - 4000 A. 

YBCO films were deposited by sputtering or laser ablation on yttria-stabilized 
zirconia (YSZ), lanthanum aluminate (LaAlOj, or LAO), or strontium titanate (SrTi03, 
or STO) substrates. Measurements of Jc and Tc were performed using a non-contact 
system that employs a current induction technique [10]. AFM data was obtained with a 
Digital Instruments Dimension 3000 Scanning Probe Microscope. The ion milling was 
performed with an Ion Tech model FC3000 filament-type 3 cm ion source. 

EXPERIMENTAL RESULTS 

As previously noted, the intent of the surface preparation process is to remove the 
non-superconducting surface from YBCO without degrading its electrical or structural 
properties. However, what has been discovered is an improvement of Jc in some cases 
and typically a degradation of Te. Figure 3 shows the plot of Te for a YBCO film 
deposited by laser ablation onto a LAO substrate. As can be seen, the onset temperature 
remains the same while the zero temperature has degraded from 88 K to 83 K after one 
exposure to the blanket ion milling. Figure 4 shows a plot of critical current (L_) for the 
same sample. For a crossover criterion of 20 V, L. has increased from 11 mA to 25 mA, 
which corresponds to a Jc increase from 3.77x10s A/cm2 to 8.57xl05 A/cm2. 

Figures 5 and 6 show the Tc and I,, respectively, of a YBCO film deposited by 
sputtering onto a YSZ substrate. After one exposure to blanket ion milling, Tc remained 
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unchanged at 88 K while I. increased from 30 mA to 36 mA, which corresponds to a J 
increase from 1.029x10s A/cm2 to 1.234x10* A/cm2. Figures 7 and 8 show the Tc and Ic' 
respectively, of another YBCO film deposited by sputtering on YSZ. After milling, the 
Tc remained unchanged at 87 K while the I, increased from 32 mA to 52 mA, which 
corresponds to a Jc increase from 1.097x10s A/cm2 to 1.783xl06 A/cm2. 

Not all samples exposed to blanket ion milling behaved in this manner. Figure 
9 plots the variation in I, after each blanket mill for six samples. After one exposure to 
blanket ion milling, three of the films showed an increase in Jc, two showed a decrease, 
while one remained unchanged. After the second exposure, one film showed an increase 
in Jc, three showed a decrease, while one remained unchanged. One sample was milled 
three times and showed a continous decrease in Jc. 

In addition to the electrical properties of YBCO, it is desirable that the surface 
roughness of the films not be degraded by the in-situ processing to promote epitaxy and 
planarity. Figure 10 plots the variation in RMS surface roughness (R,) after each blanket 
mill for six samples. After one exposure to the blanket ion milling, three of the films 
showed a decrease in R,, while three showed an increase. The films consistently showed 
an increase in R, after subsequent exposures. 

CONCLUSIONS 

As discussed previously, the intent of the in-situ surface conditioning process 
described in this paper is to remove a non-superconducting surface without degrading the 
electrical or structural properties of YBCO. It has been shown that, in many cases, the 
Jc of YBCO films can be increased by a 2-minute exposure to an argon ion beam at 500 
eV and 0.3 mA/cm2. The increase in Jc is believed to be due to damage caused by the 
argon ions which creates flux pinning centers on the surface of the YBCO [11,12]. 

The effect on surface roughness of low-energy blanket ion milling are intriguing. 
While the films studied here showed some increase in surface roughness, the amount of 
the increase is acceptable considering that these films initially are sufficiently smooth for 
patterning of lines as small as 5 um. It has also been found that films with poor initial 
roughness (>30 nm RMS) are consistently smoothed by low-energy blanket ion milling. 
The films that did show an increase in roughness initially contained many pits on the 
surface which were progressively worsened by the milling. Films which were initially 
pit-free were shown to decrease in roughness after milling, even for films which were 
initially very smooth (<10 nm RMS). 

The effects of ion milling on the electrical properties of YBCO films correlate 
well with changes in roughness. Films which exhibited high quality initially were more 
likely to be improved by low-energy blanket ion milling. On the other hand, poorer 
quality films typically degraded with ion milling. However, the results of these 
experiments show that YBCO films can be exposed to low-energy blanket ion milling 
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with relatively little detrimental effect on their electrical or structural properties. In fact, 
it may be reasonable to perform ion milling with the intent of increasing the Jc of YBCO 
films. 
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Ion Beam Assisted Sputter Deposition of CeOj Buffer Layers for Superconducting 
Mullichip Module (MCM) Applications 

Glenn Florence, Simon Ang, and W. D. Brown 
High Density Electronics Center (HiDEC) and 

Department of Electrical Engineering, University of Arkansas 
3217 Bell Engineering Center, Fayetteville, AR 72701 

Cerium dioxide (CeO:) buffer layers have been sputter deposited onto 
various substrates including silicon and nickel alloy using ion beam assisted 
deposition (B3AD). This technique has resulted in the formation of CeC>2 
which exhibits strong (100) phase growth as well as in-plane orientation as 
evidenced by X-ray diffraction. Subsequent YBCO depositions on these 
films exhibit Tc's of 86 K and biaxial texture with the c-axis normal to the 
surface. With further refinement, this technique may be used to fabricate 
the multilayer structure needed for superconducting multichip modules. 

INTRODUCTION 

There is widespread interest in the use of superconducting interconnects in 
electronics, especially in multichip modules (MCMs). Superconductor interconnects have 
advantages of low signal loss and very low RC propagation delays. Furthermore, due to 
the reduction in interconnect resistance, the linewidths can be made much smaller, 
allowing for a reduction in the number of signal layers. One proposed structure for the 
superconducting MCM is the interconnected mesh power system (IMPS), which requires 
only two interconnect layers, thereby reducing the complexity of the manufacturing 
process (1). In order to achieve satisfactory electrical performance and reduce parasitic 
capacitances, these interconnects need to be separated by a thick (-2-5 pm) insulating 
layer with a low dielectric constant. Possible substrate and dielectric materials for these 
applications include silicon, silicon dioxide, or other polycrystalline materials. However, it 
has been shown that YBCO deposited directly onto these materials reacts with them and 
degrades the YBCO superconducting properties. The use of buffer layers such as cerium 
dioxide (CeOi) or yttria-stabilized zirconia (YSZ) can mitigate these problems, but they 
have high dielectric constants and need to exhibit a high degree of biaxial texture to reduce 
high-angle grain boundaries and improve the critical current density, Jc, of the YBCO 
layer. 

One possible interconnect structure that has been proposed by researchers at the 
High Density Electronics Center (HiDEC) consists of two YBCO layers separated by a 
thick layer of Si02, which exhibits a low dielectric constant. To prevent interdiffusion and 
provide for an epitaxial surface on which high quality YBCO can be deposited, the Si02 is 
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separated from the YBCO by a thin buffer layer of either cerium dioxide or yttria- 
stabilized zirconia. Clearly, the ability to deposit aligned buffer layers on polycrystalline or 
amorphous substrates would greatly improve the manufacturability of superconducting 
MCMs. 

Ion beams have been used previously to deposit aligned buffer layers for YBCO on 
polycrystalline substrates, lijima etal. (2) reported a dual-ion beam process for depositing 
YSZ on Hastelloy C276, a nickel-based alloy. The ion beam position with respect to the 
substrate normal was varied from 30° to 60°, with bi-axially oriented films obtained at an 
angle of 45°. Reade et al. (3) also reported biaxial deposition of YSZ on nickel alloys 
when using ion beam assisted deposition in conjunction with laser ablation. The degree of 
orientation of the films was found to be strongly dependent on the incident angle of the ion 
beam, with the optimal results occurring at 55° from the substrate normal. Ion beam 
voltage and current also played important roles in determining the amount of orientation 
of the film. Oriented YSZ growth on Pyrex substrates using EBAD has also been reported 
by Sonnenberg et al (4). They reported detailed microstructural characterization, but did 
not subsequently deposit YBCO on these films. This paper reports our progress to date in 
the use of IB AD with magnetron sputtering, which has the advantage of producing larger 
area films than laser ablation. 

EXPERIMENTAL DETAILS 

AJI of the buffer layer films were deposited by RF magnetron sputtering in a 
deposition system designed at the University of Arkansas for superconductor and related 
dielectric research. Briefly, it is a 22" diameter side-sputtering deposition system that is 
pumped with two cryopumps. The deposition pressure can be precisely controlled from 
high vacuum to above 1 Torr, independently of the amount of backfill gas present. This is 
achieved through the use of separate high- and low-conductance paths to the cryopumps. 
Both conductance paths utilize servo-controlled throttle valves to maintain a constant 
pressure regardless of the gas flow present. The chamber has multiple ports for mounting 
two sputter guns, an ion beam, and two substrate holders, which also serve as heaters. 
The chamber was pumped down to 4 x 10'7 Torr before each deposition. 

The ion beam used in these experiments is an Anatech IS-3000 3" filamentless gun. 
It was positioned about 8 cm from the substrate and at an angle of 55° from the substrate 
normal. This corresponds to the angle of the [111] direction from the [100] direction for 
cubic Ce02, and it is believed that ions directed at this angle may suppress growth of the 
(111) phase while enhancing growth of the (100) phase (3). Argon gas was flowed 
through the gun and an acceleration potential of 200-300 eV was used, with a beam 
current of 2-5 mA. 

The dielectric films were deposited from a stoichiometric 2" diameter Ce02 target 
which was RF sputtered in 80% Ar and 20% 02 at pressures ranging from 0.2 mTorr to 1 
mTorr, and at power levels from 60-80 watts. The low pressures were required to create 
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a long enough mean free path for the ion gun to maintain a collimated beam. According 
to basic vacuum theory, a mean free path of 8 cm requires a pressure lower than 0.61 
mTorr. Special modifications were made to the sputtering guns to allow them to maintain 
plasmas at such low pressures. These modifications basically consisted of flowing the 
sputtering gas inside the dark space shield of the sputter guns, creating a localized high 
pressure region. The substrate was unheated, but its temperature generally increased to 
about 50 °C due to radiative heating from sputtering and the ion beam. 

The YBCO films were deposited in the same system described above, using a 2" 
magnetron sputtering gun in an off-axis geometry; the parameters are described elsewhere 
(5). Briefly, substrates were mounted onto a heater block using silver paste. The 
deposition temperature was held at 735 °C in 80% Ar and 20% O2. After deposition, the 
samples were cooled in 700 Torr of oxygen. 

The following substrates were used in this experiment: pieces of <100> prime 
silicon, 1" square Coming 7059 borosilicate glass (Pyrex), and 0.5" square Haynes alloy 
(#230). Haynes alloy is a nickel-based stainless steel which is a candidate substrate for 
YBCO films because of its low thermal expansion coefficient mismatch with YBCO. The 
Haynes alloy was mechanically polished using successively finer diamond paste to 0.25 
urn. The three different materials represent crystalline, amorphous, and polycrystalline 
structures, respectively, and provide a thorough test of the ability of 1BAD to deposit 
oriented films independently of the substrate structure or orientation. 

Cerium dioxide films were deposited on the above substrates both with and 
without IB AD. All of the films in this study were grown to a thickness of about 2000 A. 
The use of IBAD caused a decrease in the deposition rate, from about 16 A/min to 13 
A/min. After all of the CeÜ2 depositions were completed, the Ce02 sputtering gun was 
removed and replaced with the YBCO sputtering gun. The Ce02 films were removed for 
analysis, then remounted to the heater block for YBCO deposition. YBCO films of 
approximately 3500 A thickness were deposited on the glass and Haynes substrates. 

The thickness and index of refraction of the CeÜ2 films deposited on bare silicon 
were measured using an ellipsometer. The structure of the films was analyzed with a 
Phillips PW-1830 four-circle x-ray diffractometer (XRD) using copper ka radiation, and 
the surface analysis was performed with a Digital Instruments atomic force microscope 
(AFM). Electrical characteristics were measured using a non-contact technique similar to 
the system described in (6). 

RESULTS AND DISCUSSION 

The index of refraction of both the IBAD and non-IBAD films was around 2.3, 
compared to 2.2 for bulk Ce02. This indicates that the films are slightly oxygen deficient 
(7), but theta-two theta XRD scans show only evidence of the CeÜ2 phase. The theta-two 
theta scan of CeÜ2 on a silicon substrate without using IBAD is shown in figure 1. The 
presence of the (111), (200), and the (220) peaks are present at roughly the same 
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intensity, with the ratio of the (200) peak intensity to (111) peak intensity equal to 0 95 
This suggests a polycrystalline film with no prevalent texture. The film consists of 
completely random oriented grains since the substrate does not provide epitaxy for the 
growing layers. Figure 2 shows the theta-two theta scan of Ce02 on silicon using IB AD 
As the figure indicates, IBAD causes a marked improvement in the texturing of the (100) 
phase. The other phases are significantly attenuated, with the ratio of (200) to (111) 
intensities equal to 14.5. One reason for this dramatic improvement in texture besides the 
tact that IBAD was used, is that silicon is crystalline with very nearly the same lattice 
constant as Ce02. 

„n.-,    L
FigUre 3 Sh°WS 3 theta-two theta XRD «an of IBAD deposited Ce02 on Pyrex 

SS    , !!x-and ^220) PeakS are Stil1 Visible-Ihe (200> Peak is dominant: 'he ratio of 
(200) to (111) intensities is 1.4.  Figure 4 shows a phi scan of the (111) family of Ce02 

peaks on Pyrex and indicates both in-plane and out-of-plane orientation, as evidenced by 
the four peaks spaced 90° apart. The full-width-at-half-maximum (FWHM) for these 
peaks is approximately 34°. The relatively high FWHM implies that some in-plane 
misonentat.on is present. A theta-two theta scan of YBCO/Ce02/Pyrex is presented in 
figure 5. Only c-axis YBCO growth is detected, which suggests that the Ce02 deposition 
provides a well-aligned layer upon which the YBCO can be deposited As a further 
demonstration of the alignment, figure 6 shows a phi scan of the YBCO (103) family of 
peaks with a FWHM of 22°. This indicates well-aligned grains in the a-b plane which is 
parallel to the substrate. The presence of 45° misaligned grains would be indicated by 
peaks spaced 45° out of phase from the major peaks. Misaligned grains greatly reduce the 
Jc of the films. 

Next data for Ce02 and YBCO/Ce02 structures deposited on Haynes alloy are 
presented. Figure 7 shows a theta-two theta scan for Ce02 deposited without IBAD In 
!,,S.C^'.e Ce°2 Peaks are bare|y discernible above the noise of the substrate, with the 
(1JJ), (200), and (220) peaks at about equal intensity. The ratio of (200) to (111) 
intensities is equal to 0.9. Figure 8 illustrates a theta-two theta scan of YBCO deposited 
on Haynes alloy with an IBAD-deposited Ce02 buffer layer. As in figure 5, only c-axis 
YBCO growth is evident. In addition, the (200) peak of Ce02 is 3.2 times more intense 
than the (111) peak. 

YBCO was deposited on the three Ce02/substrate structures and their Tcs and J s 
were measured. Tcs (zero resistance) were 86 K, and Jes ranged from 1 x 105 A/cm2 to 5 
x 10 A/cm when measured at 77 K. These values are somewhat lower than Tcs and Jcs 
obtained for films deposited on single crystal substrates, such as yttria stabilized zirconia 
The cause for the reduction in Jc is most likely due to the presence of high-angle grain 
boundaries, whtch are evident from the scan shown in figure 6. These grain boundaries 
are known to act as weak links and reduce the critical current density (8). 

It is not well understood how the ion beam provides oriented film growth but 
three separate mechanisms have been postulated. First, the collimated ion beam may 
selectively sputter grains growing in undesirable directions.   Second, the beam is believed 
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to enhance film growth corresponding to the channeling direction of the film As 
mentioned above, the [111] channeling direction is 55° away from the [100] direction. 
Therefore, a beam directed at this angle allows the (100) phase to become channeled to 
the growing film, while other phase growth is attenuated or slowly sputtered away. 
Finally, the ion beam imparts energy to the surface of the film, which provides increased 
mobility for the molecules to realign into the preferred orientation. 

The average roughness R« of the IBAD films was measured by AFM and found to 
be about 2.6 nm, while the R, of the non-IBAD films was about 3.8 nm. This 
improvement in smoothness is most likely due to the tendency of the ion beam to etch 
peaked surfaces more rapidly than smooth areas (9). This enhances superconductor 
quality by providing a smooth surface for YBCO nucleation. The improved surface 
quality, along with the stronger presence of the (100) phase, is believed to be responsible 
for higher YBCO film quality. 

CONCLUSIONS 

Cerium dioxide films have been sputter deposited onto several substrate materials 
using IBAD. These films exhibit bi-axial alignment with dominant (100) phase growth, as 
indicated by XRD theta-two theta and phi scans. The argon ion beam was positioned 55° 
from the substrate normal. This angle corresponds to the angle of separation of the [111] 
direction of cubic Ce02 from the [100] direction. 

High quality YBCO was deposited over the IBAD buffer layers The YBCO 
exhibited Tcs around 86 K and Jcs ranging from 1 x 105 A/cm2 to 5 x 105 A/cm2 IBAD 
has been shown to be a useful technique for depositing aligned films on crystalline, 
polycrystalline, and amorphous substrates. This capability allows greater flexibility in 
manufacturing superconductor-dielectric structures by enabling the use of low-cost 
substrates in place of lattice-matched single crystal substrates, which tend to be expensive, 
brittle, and have high dielectric constants. 
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Abstract. Yttria-stabiiized zirconia (YSZ) buffer layers have been sputter deposited 
onto various substrates including silicon and nickel alloy using ion-beam-assisted 
deposition (IBAD). This technique resulted in the formation of buffer layers which 
exhibit strong (100) phase growth as well as in-plane orientation as evidenced by 
x-ray diffraction measurements. Subsequent YBCO depositions on these films 
exhibit Tc values of 86 K and strong biaxial texture with the c axis normal to the 
surface. With further refinement, this technique may be used to fabricate the 
multilayer substrate structure needed for superconducting multichip modules. 

1. Introduction 

There is widespread interest in the use of superconducting 
interconnects in electronics, especially in multichip 
modules (MCMs). Interconnects made of superconducting 
material have the advantage of low signal loss and 
very low RC propagation delays. Furthermore, due to 
the reduction in interconnect resistance, the linewidths 
can be made much smaller, allowing for higher density 
circuitry. Superconducting MCMs require both large- 
area substrates and thick dielectrics in order to become 
technologically viable. Large area single-crystal materials 
such as magnesium oxide (MgO), yttria-stabiiized zirconia 
(YSZ), and lanthanum aluminate (LaAl03) are difficult and 
expensive to produce. Furthermore, these materials have 
very high dielectric constants, which makes them unsuitable 
for separating interconnect layers. In order to achieve 
satisfactory electrical performance and reduce parasitic 
capacitances at high signal speeds, these interconnects 
need to be separated by a thick (approximately 2-5 /im) 
insulating layer with a low dielectric constant. Possible 
substrate and dielectric materials for these applications 
include silicon, silicon dioxide, or other polycrystalline 
materials. However, it is widely known that YBCO 
deposited directly onto these materials reacts with them and 
degrades the YBCO superconducting properties. The use 
of buffer layers, such as cerium dioxide (Ce02) or YSZ, 
reduces substrate-YBCO interaction problems, but these 
materials have high dielectric constants and need to exhibit 
a high degree of biaxial texture to reduce high-angle grain 

boundaries and improve the critical current density, Jc, of 
the YBCO layer. 

One possible interconnect structure that has been 
proposed by researchers at the High Density Electronics 
Center (HiDEC) consists of two YBCO layers separated 
by a thick layer of Si02, which exhibits a low 
dielectric constant. To prevent interdiffusion and provide 
for an epitaxial surface on which high-quality YBCO 
can be deposited, the SiÜ2 is separated from the 
YBCO by a thin buffer layer of either Ce02 or YSZ. 
Clearly, the ability to deposit aligned buffer layers 
on large polycrystalline or amorphous substrates would 
greatly improve the manufacturability and feasibility of 
superconducting MCMs. 

Ion beams have been used previously to deposit aligned 
buffer layers for YBCO on polycrystalline substrates. 
Iijima et al [1] reported a dual-ion beam process for 
depositing YSZ on Hastelloy C276, a nickel-based alloy. 
The ion beam position with respect to the substrate normal 
was varied from 30° to 60°, with biaxially oriented films 
obtained at an angle of 45°. The energy of the ion 
beam was varied from 300 eV to 1000 eV, with best 
results obtained for energies less than 700 eV. Subsequent 
YBCO depositions over these films resulted in Jc values of 
2.5 x 105 A cm"2 at 77 K. 

Reade et al [2] also reported deposition of biaxial YSZ 
on nickel alloys when using ion-beam-assisted deposition 
(IBAD) in conjunction with laser ablation. The degree 
of orientation of the films was found to be strongly 
dependent on the incident angle of the ion beam, with 
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Figure 1. XRD scan of YSZ deposited on Si substrate 
without IBAD. 
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Figure 2. XRD scan of YSZ deposited on Si substrate with 
IBAD. 

the optimal results occurring at 55° from the substrate 
normal. Ion beam voltage also played an important role 
in determining the amount of orientation of the film. They 
found that higher beam voltages increased film texture, 
whereas voltages less than 50 V resulted in films with 
no apparent a-b plane orientation. Changing the beam 
current did not enhance film texture, and currents above 
50 mA reduced film deposition rates. The use of oxygen 
in the ion beam resulted in (100) film orientation, but no 
in-plane texture was observed. YBCO deposited on the 
oriented films exhibited Tc values of 92 K and Jc values of 
6 x 105 A cm"2. 

Recently, Wu et al [3] reported Ce02/YSZ layers 
deposited on flexible nickel substrates using IBAD and laser 
ablation. The thickness of the YSZ was 6000 to 8000 A. 
A 1000 Ä layer of Ce02 was then deposited over the YSZ 
in order to better match the lattice constants of YBCO. The 
full width at half-maxima (FWHM) of the (220) peaks of 
YSZ were found to be 14-15°. YBCO films deposited over 
the buffer layers exhibited 7C values of 8 x 105 A cm-2, 
and the FWHM of the (103) peaks were about 10°. 

Oriented YSZ growth on Pyrex substrates using IBAD 
in conjunction With electron beam evaporation has also been 
reported by Sonnenberg et al [4]. They reported detailed 
microstructural characterization, but did not subsequently 
deposit YBCO on these films. <p scans of the films revealed 
strong orientation in the a-b plane. This was indicated 
by the presence of (111) peaks spaced 90° apart. Films 
were held at various angles from the ion beam, and (100) 
orientation was noted from 25° to 63° [4] from substrate 
normal, with 48° yielding the highest degree of orientation. 

In the above studies, the substrate sizes were 18 mm 
by 10 mm, 10 mm square, or 5 mm square. The use of 
superconductor interconnects in MCMs will require large- 
area films, and these are difficult to obtain with laser 
ablation.   This paper reports our progress to date on the 

use of IBAD with magnetron sputtering, which has the 
advantage of being able to produce films approximately the 
same size as the sputtering target. However, IBAD is more 
difficult to implement in sputtering systems because of the 
low pressures (10~6 to 10"4 Torr) that ion beams require 
to operate. Furthermore, glow discharges are difficult to 
maintain at these pressures, especially in the presence of 
oxygen. 

2. Experimental details 

All of the buffer layer films were deposited by RF 
magnetron sputtering in a deposition system designed 
at the University of Arkansas for superconductor and 
related dielectric research. Briefly, it is a 22" diameter 
side-sputtering deposition system that is pumped with 
two cryopumps. The deposition pressure can be 
precisely controlled from high vacuum to above 1 Torr, 
independently of the flow levels of backfill gas. This 
is achieved through the use of separate high- and low- 
conductance paths to the cryopumps. Both conductance 
paths utilize servo-controlled throttle valves to maintain a 
constant pressure regardless of the gas flow present. The 
chamber has multiple ports for mounting two sputter guns, 
an ion beam, and two substrate holders, which also serve as 
heaters. The chamber was pumped down to 3 x 10-7 Torr 
before each deposition to ensure adequate removal of water 
vapour. 

The ion beam used in these experiments is an Anatech 
IS-3000 3" filamentless gun. It was positioned about 8 cm 
from the substrate and at an angle of 55° from the substrate 
normal. This corresponds to the angle of the [111] direction 
from the [100] direction for cubic YSZ, and it is believed 
that ions directed at this angle may suppress growth of the 
(111) phase while enhancing growth of the (100) phase [2]. 
Argon gas was flowed through the gun at a rate of 30 seem, 
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rigure 3. XRD scan of YSZ deposited on Pyrex substrate 
vith IBAD. 
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Figure 4. <f> scan of YSZ (111) family of peaks for the film 
shown in figure 3. 

ind an acceleration potential of 200-300 eV was used, with 
l beam current of 2-5 mA. 

The dielectric films were deposited from a 3" diameter 
YSZ target (8% by weight yttria) using a Torus 3C 
nagnetron sputtering gun. The target was RF sputtered 
n a mixture of 16 seem Ar and 4 seem O2 at a pressure of 
).5 mTorr, and at power levels from 160-200 watts. The 
ow pressures were required to create a sufficiently long 
nean free path for the ion gun to maintain a collimated 
>eam. According to basic vacuum theory, a mean free path 
if 8 cm requires a pressure lower than about 0.6 mTorr. 
Special modifications were made to the sputtering guns 
0 allow them to maintain plasmas at such low pressures. 
Hiese modifications basically consisted of flowing the 
.puttering gas inside the dark space shield of the sputter 
.luns, creating a localized high pressure region. This, in 
;onjunction with the magnetron field, confined the plasma 
0 a region very near the surface of the target. The substrate 
vas not intentionally heated, but its temperature generally 
ncreased to about 100 °C due to radiative heating from 
;puttering and the ion beam. The YBCO films were 
leposited in the same system described above, using a 
'." magnetron sputtering gun in an off-axis geometry; the 
jarameters are described elsewhere [5]. Briefly, substrates 
vere mounted onto a heater block using silver paste. The 
leposition temperature was held at 735 °C in 90% Ar and 
.0% O2. After deposition, the samples were cooled in 
?00 Torr of oxygen. 

The following substrates were used in this experiment: 
pieces of (100) prime silicon, 1" square Corning 7059 
lorosilicate glass (Pyrex), and 0.5" square Haynes alloy 
No 230). Haynes alloy is a nickel-based stainless steel 
.vhich is a candidate substrate for YBCO films because of 
ts low thermal expansion coefficient mismatch with respect 
.0 YBCO. The Haynes alloy was mechanically polished 
asing successively finer diamond paste to 0.25 (im. The 

three different materials represent crystalline, amorphous, 
and polycrystalline structures, respectively, and provide a 
thorough test of the ability of IBAD to deposit oriented 
films independent of the substrate structure or orientation. 
YSZ films were deposited on the above substrates both 
with and without IBAD. All of the films in this study 
were grown to a thickness of about 2000 Ä. The use of 
IBAD caused a decrease in the deposition rate, from about 
40 Ä min-' to 33 Ä min-1. After all of the YSZ depositions 
were completed, the YSZ sputtering gun was removed and 
replaced with the YBCO sputtering gun. The YSZ films 
were removed for analysis, then remounted to the heater 
block for YBCO deposition. YBCO films of approximately 
3500 A thickness were deposited on the glass and Haynes 
substrates. 

The thickness and index of refraction of the YSZ 
films deposited on bare silicon were measured using an 
ellipsometer. The structure and orientation of the films 
were analysed with a Phillips PW-1830 four-circle x-ray 
diffractometer (XRD) using Cu Ka radiation, and the 
surface analysis was performed with a Digital Instruments 
atomic force microscope (AFM). Electrical characteristics 
were measured using a non-contact technique similar to the 
system described in [6]. Basically the system consists of a 
small coil of wire placed near the YBCO film. The coil-film 
assembly is cooled, and the coil is driven with a 10 kHz 
signal. As the film makes the transition from the normal 
state to the superconducting state, the inductance drops 
substantially due to shielding currents that are induced in 
the film. The Tc is obtained by noting the temperature at 
which a significant reduction in reflected voltage occurs. 
The Jc is obtained by increasing the drive current of the 
coil while held at 77 K. Eventually, harmonic voltages will 
appear in the coil, which indicate the onset of normal state 
resistance. The coil current at which the voltages appear is 
proportional to Jc. 
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Figure 5. XRD scan of YBCO/YSZ deposited on Pyrex 
substrate with I BAD. 
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Figure 6. $ scan of YSZ (111) family of peaks for the film 
shown in figure 5. 

3. Results and discussion 

The 6-26 scan of YSZ on a silicon substrate without using 
IB AD is shown in figure 1. The (111), (200) and the (220) 
peaks are present at roughly the same intensity, with the 
ratio of the (200) peak intensity to (111) peak intensity 
equal to 0.9. This indicates a polycrystalline film with no 
prevalent texture. The film consists of completely random 
oriented grains since the substrate does not provide epitaxy 
for the growing layers. Figure 2 shows the 6-26 scan of 
YSZ on silicon using IBAD. As the figure indicates, IBAD 
causes a marked improvement in the texturing of the (hOO) 
phase. The other phases are significantly attenuated, with 

Oxygen  atom  In YSZ 

Oxygen  atom  or vacancy in 
Cu-0 plane 

Cu atom  In  Cu-0 plane 

Figure 7. Illustration of the 45° (alignment of c-axis 
oriented YBCO on (100) oriented YSZ. 
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Figure 8. XRD scan of YSZ deposited on Haynes alloy 
substrate without IBAD. 

the ratio of (200) to (111) intensities equal to 15. One 
reason for this dramatic improvement in texture, besides 
the fact that IBAD was used, is that silicon is crystalline 
with very nearly the same lattice constant as YSZ. 

Figure 3 shows a 6-26 XRD scan of IBAD deposited 
YSZ on Pyrex. While the (111) and (220) peaks are still 
visible, the (200) peak is dominant; the ratio of (200) to 
(111) intensities is 1.5. Figure 4 shows a <6 scan of the (111) 
family of YSZ peaks on Pyrex and indicates both in-plane 
and out-of-plane orientation, as evidenced by the four peaks 
spaced 90° apart. The full width at half-maximum (FWHM) 
for these peaks is approximately 34°. The relatively 
high FWHM implies that some in-plane misorientation is 
present.   A 6-26 scan of YBCO/YSZ/Pyrex is presented 
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Figure 9. XRD scan of YBCO/YSZ deposited on Haynes 
alloy substrate with IBAD. 

in figure 5. Only c-axis YBCO growth is detected, which 
suggests that the YSZ deposition provides a well-aligned 
layer upon which the YBCO can be deposited. As a further 
demonstration of the alignment, figure 6 shows a <j> scan of 
the YBCO (103) family of peaks with a FWHM of 22°. 
This indicates well-aligned grains in the a-b plane, which 
is parallel to the substrate. The presence of 45° misaligned 
grains would be indicated by peaks spaced 45° out of phase 
from the major peaks. Misaligned grains greatly reduce the 
Jc of the films [7], and thus, should be minimized. The 
(103) family of peaks are rotated 45° from the positions of 
the YSZ peaks shown in figure 4. This is expected since 
(100) orientations of YBCO tend to align with the CuO 
plane at a 45° rotation from the oxygen atoms in YSZ, as 
indicated in figure 7. 

Next, data for YSZ and YBCO/YSZ structures 
deposited on Haynes alloy are presented. Figure 8 shows a 
6-26 scan for YSZ deposited without IBAD. In this case, 
the YSZ peaks are barely discernible above the noise of the 
substrate, with the (111), (200) and (220) peaks at about 
equal intensities. The ratio of (200) to (111) intensities is 
equal to 0.9. Figure 9 illustrates a 6-26 scan of YBCO 
deposited on Haynes alloy with an IBAD-deposited YSZ 
buffer layer. As in figure 5, only c-axis YBCO growth is 
evident. In addition, the (200) peak of YSZ is 3.2 times 
more intense than the (111) peak. 

YBCO was deposited on each of the three IBAD 
YSZ/substrate combinations and their Tc and Jc values were 
measured. Tc values (zero resistance) were 86 K, and Jc 

values ranged from 2 x 105 A cm-2 to 7 x 105 A cm-2 when 
measured at 77 K. Figure 10 shows the Tc plots for the films 
deposited on the three different substrates. These values are 
somewhat lower than Tc and Jc values obtained for films 
deposited on single-crystal YSZ substrates. The cause for 
the reduction in Jc is most likely due to the presence of 
high-angle grain boundaries, which are evident from the 

80 85 

Temperature (K) 

Figure 10. Transition temperature measurements for 
YBCO deposited on three different substrate materials. 

scan shown in figure 6. These grain boundaries are known 
to act as weak links and reduce the critical current density 
[8]. 

It is not well understood how the ion beam provides 
oriented film growth, but three separate mechanisms have 
been postulated. First, the collimated ion beam may 
selectively sputter grains growing in undesirable directions. 
Second, the beam is believed to enhance film growth 
corresponding to the channelling direction of the film. As 
mentioned above, the [111] channelling direction is 55° 
away from the [100] direction. Therefore, a beam directed 
at this angle allows the (100) phase to become channelled 
to the growing film, while other phase growth is attenuated 
or slowly sputtered away. Finally, the ion beam imparts 
energy to the surface of the film, which provides increased 
mobility for the molecules to realign into the preferred 
orientation. 

The average roughness /?a of the IBAD films was 
measured by AFM and found to be about 2.7 nm, while 
the /?a of the non-IBAD films was about 4.5 nm. This 
improvement in smoothness is most likely due to the 
tendency of the ion beam to etch peaked surfaces more 
rapidly than smooth areas, thus reducing RMS roughness 
[9]. This enhances superconductor quality by providing 
a smooth surface for YBCO nucleation. The improved 
surface quality, along with the stronger presence of the 
(100) phase, is believed to be responsible for higher YBCO 
film quality. 

4. Conclusions 

Yttria-stabilized zirconia films have been sputter deposited 
onto several substrate materials using IBAD. These films 
exhibit biaxial alignment with dominant (100) phase 
growth, as indicated by XRD 6-26 and $ scans. The argon 
ion beam was positioned 55° from the substrate normal. 
This angle corresponds to the angle of separation of the 
[111] direction of cubic YSZ from the [100] direction. 
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High-quality YBCO was sputter deposited over the 
IBAD YSZ buffer layers. The YBCO exhibited Tc values 
around 86 K and Jc values ranging from 2 x 105 A cm-2 

to 7 x 105 A cm-2. IBAD has been shown to 
be a useful technique for depositing aligned films on 
crystalline, polycrystalline, and amorphous substrates. 
This capability allows greater flexibility in manufacturing 
superconductor-dielectric structures by enabling the use of 
low-cost substrates in place of lattice-matched single-crystal 
substrates, which tend to be expensive, brittle, and have 
high dielectric constants. 

Acknowledgments 

This work was supported by a grant from the Advanced 
Research Projects Agency and the Air Force Office of 
Scientific Research. The authors would also like to 
acknowledge John Shultz for his assistance with the XRD 
analysis. 

References 

[1] Iijima Y, Tanabe N, Kohno O and Ikeno Y 1992 Appl. 
Phys. Lett. 60 769 

[2] Reade R P, Berdahl P, Russo R E and Garrison S M 1992 
Appl. Phys. Lett. 61 2231 

[3] Sonnenberg N, Longo A S, Cima M J, Chang B P, Ressler 
K G, Mclntyre P C and Liu Y P 1993 J. Appl. Phys. 74 
1027 

[4] Wu X D, Foltyn S R, Arendt P, Townsend J, Adams C, 
Campbell I H, Tiwari P, Coulter Y and Peterson D E 
1994 Appl. Phys. Lett. 65 1961 

[5] Florence R G, Ang S S and Brown W D 1994 Supercond. 
Sei. Technol. 7 741 

[6] Claassen J H, Reeves M E and Soulen R J 1991 Rev. Sei. 
Instrum. 62 996 

[7] Dimos D, Chaudhari P and Mannhart J 1990 Phys. Rev. B 
41 4038 

[8] Char K, Colclough M S, Garrison S M, Newman N and 
Zaharchuk G 1991 Appl. Phys. Lett. 59 733 

[9] Scott S S 1994 MSEE Thesis University of Arkansas 

551 



niplc is 
^sample 
.otropic 
;tive to 
; calcu- 
>W t 
pao. to 
aeously 
; quasi- 
tl inter- 
behav- 

ut it is 
es only 
effect, 

Sputter-deposited yttrium-barium-copper-oxide multilayer structures 
incorporating a thick interlayer dielectric material 

R. G. Florence, S. S. Ang, W. D. Brown, G. Salamo, L. W. Schaper, and R. K. Ulrich 
High Density Electronics Center, University of Arkansas, Fayetteville, Arkansas 72701 

(Received 12 June 1995; accepted for publication 14 November 1995) 

Physical vapor deposition technologies have been developed which allow the fabrication of 
multilayer structures consisting of two yttrium-barium-copper-oxide (YBa2Cu307__c or YBCO) 
layers separated by a thick (~4 ,am), low dielectric constant material. The YBCO is buffered from 
both the substrate and the other films with ion-beam assisted deposited (IBAD) films of 
yttria-stabilized zirconia (YSZ). The YSZ layer provides both the texture necessary to deposit 
high-quality YBCO films and protection from the insulating layer material. Using these deposition 
processes, a variety of materials, such as Pyrex and Haynes alloy, may be used for the substrate. The 
critical temperature and current values obtained for the two YBCO layers of the completed structure 
were on the order of 85 K and 2X105 A/cm2, respectively. © 1996 American Institute of Physics. 
[S0021-8979(96)06904-X] 

I. INTRODUCTION 

One of the potential applications of yttrium-barium- 
copper-oxide (YBa2Cu307_j or YBCO) films is as the elec- 
tronic interconnects on a multichip module (MCM) sub- 
strate. By using the interconnected mesh power system 
(IMPS) MCM topology, a superconducting MCM can be re- 
alized with two levels of superconducting interconnection.1 

This is possible because the use of superconductor material 
for the interconnects allows for very high wiring densities. 
Thus, in order for this application to be realized, a large-area 
film of YBCO must be deposited onto a substrate, followed 
by a fairly thick layer of dielectric material, and finally, a 
second layer of YBCO. The thick layer of dielectric material 
is required to provide impedance control of the interconnect 
lines. As an additional constraint, the dielectric must have a 
relatively low dielectric constant in order to minimize the 
thickness of this layer. 

Most efforts directed at the fabrication of multilayer 
YBCO structures have required each of the layers to main- 
tain epitaxy of the substrate throughout the thickness of the 
structure.2 This requirement greatly constrains the choice of 
substrate and dielectric materials that can be used. The ma- 
terials must be chemically compatible with YBCO, and their 
lattice constants and coefficients of thermal expansion (CTE) 
must closely match that of YBCO. 

Ion-beam assisted deposition (IBAD) is a technique 
which eliminates the constraint of maintaining epitaxy 
throughout the entire structure. This is due to a combination 
of the mechanisms of preferential sputtering, ion channeling, 
and shadowing of misoriented grains by the ion beam. The 
formation of a textured microstructure results from the 
higher sputtering yields of all orientations other than that of 
the channeling direction. Thus, a textured microstructure can 
be formed by carefully balancing the deposition rate with the 
sputtering due to the ion beam. Using IBAD, epitaxial films 
have been grown on top of amorphous layers. IBAD has 
been used to deposit textured yttria-stabilized zirconia (YSZ) 

ide has been used as a buffer material on these and othei 
substrate materials.8 

II. EXPERIMENT 

In this article, YSZ was first deposited onto Pyrex sub- 
strates using IBAD under the deposition conditions outlined 
in Ref. 4. Briefly, the ion gun was positioned at a distance ol 
80 mm from the substrate and at an angle of 55° from the 
substrate normal. Argon gas was flowed through the gun at a 
rate of 20 seem and an acceleration potential of 300 eV was 
used, with a beam current of 7 mA and a deposition pressure 
of 0.7 mTorr. The thickness of the YSZ layer was about 5000 
Ä. Next, YBCO was sputter-deposited to a thickness of 3000 
Ä using an off-axis configuration. The substrate was heated 
to 735 °C at a deposition pressure of 200 mTorr in an 80% 
argon/20% oxygen gas mixture. The YBCO was then capped 
with a 2000 A thick layer of IBAD/YSZ to prevent interdif- 
fusion. Next, a 4 /xm thick layer of silicon dioxide (Si02) 
was deposited on top of the YSZ layer by reactive sputtering 
of a 3 in. diameter pure silicon target. The conditions were as 
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FIG. 2. Theta-two theta scan for a typical YBCO/YSZ structure deposited 

on Pyrex. 

follows: a target-substrate distance of 50 mm, a pressure of 
15 mTorr, an 80% Ar/20% 02 gas mixture, and a rf power 
level of 200 W. The deposition rate was ~ 1 /xm/h, and the 
films were deposited at room temperature (the substrate tem- 
perature generally increased to -120 °C during deposition). 
The film thickness and index of refraction were measured by 
ellipsometry. 

After the SiO, was deposited, a 5000 A thick layer of 
'""AD/YSZ was deposited on the structure, and finally, 3000 

of YBCO was deposited on top of the YSZ. All of the 
depositions were performed in situ; the YBCO depositions 
were performed with an off-axis geometry, and the Si02 and 
YSZ depositions were performed on-axis. During target 
change operations, the substrate was pulled into a load lock 
and pumped down to prevent reactions with the atmosphere. 

III. RESULTS AND DISCUSSION 

Figure 1 shows a theta-two theta scan for YSZ deposited 
on Pyrex. The (200) peak is clearly visible above the back- 
ground which confirms orientation normal to the substrate 
surface. The phi scan of the YSZ (111) family of peaks for 
the same film reveals strong in-plane alignment. In Fig. 2, a 
theta-two theta scan for YBCO/YSZ deposited on Pyrex is 
presented. Only c-axis YBCO growth is visible in addition to 
the (200) YSZ. The phi scan of the YBCO (103) family of 
peaks (not shown in Fig. 2) reveals strong biaxial alignment, 
although grain boundaries are most likely present. 

The critical temperature, Tc, curve of the YBCO film is 
shown in Fig. 3. This layer exhibited a Tc of 87 K and the 
critical current, Jc, measured using a noncontact method, 
was found to be 8X105 A/cm2 at 77 K. Degradation of the 
superconducting properties of the bottom YBCO layer, due 
to subsequent film depositions, was determined by deposit- 

•g all the remaining required layers except for the second 
ayer of YBCO. To simulate the effects of the second YBCO 

deposition, the film stack was ramped to 735 °C and held at 
this temperature for 4 h. This approach to determining the 
degradation effects of subsequent depositions was necessary 
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FIG. 3. The critical temperature curve of the YBCO shown in Fig. 2. 

to prevent interference with TCIJC measurements on the bot- 
tom YBCO layer. Measurements of the superconductor prop- 
erties of the bottom YBCO layer were then performed. The 
Tc and Jc degraded to 84 K and 2X105 A/cm2, respectively. 
These data were confirmed separately by transport measure- 
ments. The reasons for these reductions is most likely due to 
oxygen effusion from the YBCO caused by the high tem- 
perature and long dwell time. 

The thick Si02 and subsequent layers were thoroughly 
inspected for cracks under an optical microscope, and none 
were found. The stress on all of the film layers is determined 
by the coefficient of thermal expansion (CTE) of the Pyrex 
substrate, which is higher than that of the films. The substrate 
is also several orders of magnitude thicker than the films. 
This is in agreement with Yin et a/.10 who found that films 
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with a smaller CTE than that of the substrate did not crack 
because they are under compressive stress. 

A theta-two theta scan for the top YBCO layer of the 
structure is shown in Fig. 4. The Tc of the top layer of YBCO 
was determined using a contact measurement, and was found 
to be 86 K. It should be noted that the noncontact method 
cannot be used in this case due to interference by the bottom 
YBCO layer on the Tc measurements. To avoid patterning of 
the film, the Jc was measured with a noncontact method and 
was found to be 2X105 A/cm2. This slightly lower value of 
Jc than was obtained for the bottom layer of YBCO can be 
attributed to the high-angle grain boundaries which are vis- 
ible from the phi scan of the (103) YBCO peaks. 

Among the factors that influenced the overall quality of 
the structure was film roughness. The roughness, as mea- 
sured by atomic force microscopy, was observed to increase 
as the number of layers increased. The mean surface rough- 
ness of the top-most YSZ layer was measured to be 193 nm, 
which can easily disrupt the YBCO lattice. 

IV. SUMMARY AND CONCLUSIONS 

A multilayer structure consisting of two layers of super- 
conducting YBCO separated by a relatively thick layer («4 
^m) of Si02, has been successfully fabricated using ion 
beam assisted magnetron sputtering. Buffer layers of ion 
beam assisted magnetron sputtered YSZ were used to sepa- 
rate the YBCO from the substrate material (Pyrex) and the 
Si02. The Si02 was deposited by reactive sputtering of a 
pure silicon target. The Tc and Je of the bottom layer of 
YBCO was slightly degraded to 84 K and 2X105 A/cm2, 
respectively, by the subsequent high temperature processing. 
The Tc and Jc of the top YBCO layer were similar to the 
final values of the bottom layer. These lower values for the 

top layer are attributed to increasing film roughness as the 
number of layers of material increases. However, the results 
of this article indicate that multiple levels of YBCO, required 
for the fabrication of a superconducting multichip module, 
can be successfully deposited on a variety of substrate mate- 
rials using ion beam assisted magnetron sputtering of YBCO 
and YSZ buffer layers. 
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Magnetic field and temperature dependence of critical current densities ii 
multilayer YBa2Cu307_„ films ayq* 
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G. Florence, S. Scott, S. Ang, W. D. Brown, and L. W. Schaper 
Electrical Engineering Department/High Density Electronics Center, University of Arkansas, Fayetteville, 
Arkansas 72701 

In order to build high-temperature superconductor (HTS) multichip modules (MCMs), it is 
necessary to grow several epitaxial layers of YBCO that are separated by thick dielectric layers 
without seriously affecting the quality of the YBCO layers. In this work, we have successfully 
fabricated YBCO/YSZ/Si02/YSZ/YBCO structures on single-crystal LaA103 substrates using a 
combination of pulsed laser deposition for the YBCO layers and ion-beam-assisted rf sputtering to 
obtain biaxially aligned YSZ intermediate layers. The bottom YBCO layer had a Tc~89 K, 
7e~7.2X 105 A/cm2 at 77 K, whereas the top YBCO layer had a Je~86 K, JC~6X 105 A/cm2 at 
77 K. The magnetic field and temperature dependence of Jc for the YBCO films in the multilayer 
have been obtained. The results for each of the YBCO layers within the 
YBCO/YSZ/Si02/YSZ/YBCO structure are quite similar to those for a good quality single-layer 
YBCO film.   © 1996 American Institute of Physics. [S0021-8979(96)03308-9] 

I. INTRODUCTION 

In electronic applications of high-temperature supercon- 
ductor (HTS) thin films, the critical current density (/c) is an 
important characteristic. One of the potential applications of 
high-temperature superconducting films is as electronic inter- 
connects on a multichip module (MCM).1 Since there are a 
minimum of two HTS thin films, separated by thick dielec- 
tric layers required, in HTS multichip modules (MCMs), it is 
necessary to know if the quality of the HTS layers is still 
maintained after the entire fabrication process is completed. 
In addition to the critical temperature (Tc) and critical cur- 
rent density at zero field, the dependence of Jc on an exter- 
nally applied magnetic field and the temperature for the en- 
tire multilayer structure is crucial information for electronic 
applications. The YBCO/YSZ/Si02/YSZ/YBCO multilayer 
structure has been fabricated by Reade et al.2 They reported 
cracking in the top YBCO layer, which limited their investi- 
gation of the properties of the multilayered structure. 

In this article, we report a study of the temperature and 
magnetic field dependence of Jc for both YBCO layers in a 
YBCO/YSZ/Si02/YSZ/YBCO multilayer structure3 per- 
formed by the magnetization method. Our results show that 
the temperature and magnetic field dependence of Jc of the 
YBCO layers of these samples are similar to those of high 
quality single-layer YBCO thin films. 

II. EXPERIMENT 

The YBCO/YSZ/Si02/YSZ/YBCO multilayer samples 
investigated here were prepared by using a combination of 
pulsed laser deposition and ion-beam-assisted magnetron 

a)Permanent address: Department of Materials Science, Fudan University, 
Shanghai, People's Republic of China. 

b)Permanent address: Ion Beam Laboratory, Shanghai Institute of Metal- 
lurgy, Chinese Academy of Sciences, Shanghai, People's Republic of 
China. 

sputtering. Details of the technique will be described 
elsewhere.3 In short, a 200-nm-thick YBa2Cu307_5 (bottom 
YBCO, layer 1) film was deposited on a single-crystal 
LaA103 substrate (100 orientation and area 1X1 cm2) by 
pulsed laser ablation at a substrate temperature of ~750 °C. 
Ion-beam-assisted rf sputtering was used to deposit biaxially 
aligned 200-nm-thick yttria-stabilized zirconia (YSZ) as a 
capping layer (layer 2). Next a l-/im-thick, amorphous Si02 

layer (layer 3) was deposited on layer 2 at room temperature 
by rf sputtering. The capping layer (YSZ) is used to prevent 
diffusion of the third Si02 layer into the top YBCO layer. A 
fourth layer (biaxially aligned YSZ) was then deposited on 
the Si02 layer.to a thickness of 200 nm using the same 
method as for layer 2. This layer is very important. It not 
only functions as protection against the diffusion of the third 
Si02 layer into the YBCO layer, it also allows good epitaxial 
YBCO growth if it has a well-aligned structure. Finally, the 
top YBCO layer (layer 5) was deposited by laser ablation 
under the same conditions as was used for layer 1. 

The orientation of the YSZ and YBCO layers was char- 
acterized by x-ray diffraction. The magnetization M{H) loop 
was measured using a Quantum Design Magnetometer in 
fields up to 4 T, applied parallel to the c-axis direction and at 
a fixed temperature. This was repeated for different tempera- 
tures ranging from 5 to 77 K. The values of Jc were calcu- 
lated using Bean's model. The electrical resistance was mea- 
sured using the standard four-lead technique. 

III. RESULTS AND DISCUSSION 

X-ray diffraction data showed that all samples investi- 
gated here were single-phase highly c-axis oriented with 
very good in-plane epitaxy (Fig. 1). There were no cracks 
observed in the top YBCO layer. The resistance R(T) and 
magnetization M(T) of the samples were carefully measured 
for each YBCO layer. Figure 2 shows the typical resistance 
as a function of temperature for the top YBCO layer. The 
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FIG. 1. Ö-20 x-ray diffractometer pattern for the YBCO/YSZ/Si02/ YSZ/ 
YBCO structure on [001] LaA103 (*: indicate substrate impurity peaks seen 
in the bare substrates of the same batch). 
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FIG. 3. Logarithmic plots of Jc vs 1 -t for each of the YBCO layers within 
the multilayer structure. Straight lines are the curve fits to (1-t)", where 
n~1.3 for #=0.0 T and n~2.l for #=0.8 T. 

zero resistance temperature for this YBCO layer is about 86 
K with a transition width of about 2 K. The M(T) data for a 
multilayer sample are shown in the inset of Fig. 2. As can be 
seen in the inset of Fig. 2, the onset transition of the M(T) 
curve is about 89 K. A second transition (indicated by the 
arrow in the inset of Fig. 2) is consistent with the Tc of the 
top YBCO layer measured by the transport method (Fig. 2). 
In order to verify this, Tc was remeasured again after the top 
layer of YBCO was etched away by using a dilute EDTA 
solution, and the onset transition was found to be about 89 K. 

The critical current density Jc of the samples were mea- 
sured by the magnetization method and calculated using 
Bean's model. For a rectangular single-layer film, Jc can be 
calculated from the following formula:4 

/c=10[M+(H)-M_(H)]/L,[l-(L,/3L2)]y. (1) 

In Eq. (1), M+(H) and M_(//) are the magnetization of 
the decreasing and increasing field branches in electromag- 
netic units (emu), respectively; V is the volume of the thin 

film in cm3; Lx and L2 are the short and long sides of the 
samples in cm, respectively. We have assumed that Jc is 
independent of the B field and excluded the anisotropic criti- 
cal currents in the above calculation. In order to determine Jc 

of both the top and bottom YBCO layers, the magnetization 
M"l(H) and M1(H) for the multilayer film was measured 
first, then the magnetization Mh

+(H) and ML(H) for the 
bottom layer was measured after the top layer of YBCO was 
etched away. In this article we use superscript t and b for the 
parameters related to the top and bottom YBCO layer in the 
multilayer film, then Jc for the bottom layer should be 

Jb= l0[Mb
+(H)-Mi(H)]/Lb

l[l-(Lh
1/3Lh

2)]Vb,       (2) 

and for the top layer in the multilayer film, 

/c=10{[JtfJ(//)-Jlf »(//)] 

-[Mm_{H)-Mb_{H)}}IL\[\-{L\ßL'2)]V.      (3) 

The Jc of the top YBCO layer was found to be about 6X105 

A/cm2, and a value of -7.2X 105 A/cm2 was obtained for the 
bottom layer at 77 K under zero magnetic field. Jc, as a 
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FIG. 2. Resistance vs temperature for the top YBCO layer in the YBCO/ 
YSZ/Si02/YSZ/YBCO/LaA103 multilayer structure. Inset: magnetization M 
as a function of T for the entire multilayer structure. 
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function of (1 -1), is shown in Fig. 3 for different values of 
the magnetic field, where t=TITc. It was found that, for 
both YBCO layers, the temperature dependence of Jc is simi- 
lar to that for a good quality, single-layer YBCO film.5"7 The 
magnetic field dependence of Jc for both YBCO layers at 35 
K are shown in Fig. 4. It clearly shows that Jc for both top 
and bottom YBCO films essentially has the same magnetic 
field dependence as that for the high quality, single-layer 
YBCO film.5-7 

IV. SUMMARY 

A good quality YBCO multilayer structure has been fab- 
ricated using laser ablation and ion-beam-assisted rf sputter- 
ing. The dependence of Jc on the temperature and magnetic 
field for both YBCO layers in the multilayer has been deter- 
mined. The results suggest that the temperature and magnetic 
field dependence of Jc of the YBCO layers in the multilayer 
structure are not altered appreciably by the multilayer growth 
processes. 
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ABSTRACT 

TI2Ba2CaCu2Oy(TI2212) thin films on ceramic Ai2Ch substrates with JX77K) of about 
105 A/cm2 and high quality YBCXyYSZ/SiCVYSZA'BCO/LaAlOj mutilayers with 

J/77K) of about 6x10* A/cm2 in the top YBCO layer have been successful deposited for 
the first time. These Mirror-like, highly c-axis oriented films were grown on highly 
textured YSZ buffer layers, which were deposited through Ion Beam-Assisted Laser 
Ablation. The zero resistance temperature is 95-108K for the T12212 films, and 85-90K 
for the multilayer YBCO films. The results suggest that using cheap non-single crystal 
substrates to fabricate good HTS films is possible. 

1. Introduction 

Since the discovery of high temperature superconductorsfHTS), many possible 

applications of HTS thin films have been design and demonstrated, from very useful fault current 

limiters to the electronic interconnects on multichip module (MCM) substrates. All of these 

applications would benefit from the use of HTS thin films. One of the major problems for the 

application of HTS's is that HTS's can carry only a limited amount of current without resistance. 

This problem is related to their two dimensional layered structure. According to earlier studies1"2, 

if the layers do not line up properly, the critical current density will decrease dramatically in the 

misaligned region. One way to overcome this problem is to grow micraHhin layers of the material 

on well organized substrates, epitaxally. The process has the effect of lining up the 

superconducting layers more accurately. HTS thin films grown on single crystal substrates of 

LaAJOj or SrTiO, have good lattice match between the HTS and substrate, and have critical 

current densities of about ~106 A/cm2, which is large enough for most HTS thin film applications. 

While this effort is impressive, it is far from useful, since the films so developed are much too 

expensive because the single crystal substrates are very expensive and available only in relatively 

small sizes. Moreover, for some electronic applications such as HTS multi-chip modules(MCMs), 
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there are at least two HTS thin films that are separated by thick dielectric layers. Useful dielectric 

layers such as SiOj have noncrystalline structures. For this reason, HTS thin film layers cannot be 

grown on the dielectric layer with good alignment by conventional methods. Recent studies3"7 have 

shown that highly biaxially aligned YSZ layers can be grown on non-crystalline substrates, which 

are cheaper and easy to get in any size needed by Ion beam-assisted laser deposition(IB AD). Using 

this method, high quality YBa2Cu3Oy (YBCO) films have been deposited on biaxially aligned YSZ 

layers grown on non-crystalline substrates with Jt's of up to 8x 105A/cm2 at 75K. 

Here, we report the results from T12212 films fabricated on polycrystalline AI203 

-substrates with an EBAD deposited YSZ buffer layer and YBCO/YSZ/SiOj/YSZ/YBCO/LaAlOj 

mutilayers. 

II Experimental 

Fine polished Al203 was used for the substrates of the T12212 films.   Ion-beam assisted 

pulsed laser deposition was used to prepare highly biaxial aligned YSZ buffer layers at room 

temperature. While YSZ was deposited by pulse laser deposition, an Ion-beam (argon ion source) 

bombarded the substrates at an angle of 55° from the substrate normal. The laser used here was an 

ArF excimer laser (wavelength = 193 nm, shot frequency = 5 Hz). The energy density of the laser 

beam, which  was focused on the YSZ target, was set to about 2 - 3 J/cm2.   The ion beam energy 

was typically set at about 250 eV, and the beam current density was about 120 uA/cnr.   The 

oxygen partial pressure was maintained at 3x10"* Torr, and with the ion beam the total pressure in 

the vacuum chamber was about 8x10"* Torr during the deposition of the YSZ layers.    The 

substrate temperature increased to about 100 °C due to the assisting ion beam.  The growth rate 

was about 0.5 Ä/S. The thickness of the YSZ buffer layers in our experiment was about 5000 Ä. 

For the YBCO multilayer structure, 2000 Ä thick YBCO layers were deposited by pulsed laser 

ablation at ~ 750 °C. A 4-5 micron thick amorphous SiOj layer was deposited as a dielectric layer 

at room temperature by rf sputtering. For the T12212 films, 2000-3000Ä Ba2CaCu2Oy precursor 

films were deposited on the YSZ-buffer layer at a temperature of 400°C using pulsed laser 

ablation. The films were then treated in a thallination process at 810°C. 

The structures of deposited films were characterized by x-ray diffraction. Tc and Jc of 

HTS layers were measured by both transport method using the standard four-lead technique and 

the magnetization method using a Quantum Design Magnetometer. 

m. Results and Discussion 

All YSZ films deposited on the polycrystalline A1203 substrates for T12212 or on first 

YBCO layer, or on amorphous SiQ, layer were (001) oriented with the <001> axis normal to the 

substrate plane. A typical X-ray 6-29 diffraction pattern for a YSZ film deposited on a 

polycrystalline AI203 substrate is shown in Fig. I.  Observation of only the YSZ(002) peak in the 
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8 

52 

X-ray 9-29 diffraction pattern indicates that the YSZ was highly (001) oriented. The $ scan width 
of the {111} peaks is about 25° (FWHM). 

Typical resistance versus 

temperature data for TI2212 is shown in 

Fig.2.  The zero resistance temperature Tc is 

105.6K which is comparable with the results 

from the high quality films grown on LaAlOj 

or SrTiOj substrates.   The critical current 

densities  of these films  are about 8xl04 

A/cm2 by transport method.  Fig.3 shows the 

typical     resistance    as    a    function    of 

temperature for the top YBCO layer in the 

multilayer structures.    The zero resistance 

temperature for this YBCO layer is about 

86K with a transition width of about 2 K. 

The   Messier   effect   M(T)   for  the  same 

mutilayer sample is shown in the inset of 

Fig.3.    As in the inset of Fig.3, the onset 
transition of the M(T) curve is at about 89 K, a second transition (indicated by the arrow) in the 

inset of Fig.3 is consistent with the Tc of the top YBCO layer measured by the transport method 

(Fig.3). In order to verify this, Tc was remeasured again after the top layer of YBCO was etched 

U 
10 20 30 40 

2Q(degree) 
50 60 

Fig. 1  X-ray diffraction 6-26 scan of YSZ co A],0, (• AJ,(), 

6.0 

100 120 140 160 180 200 220 240 260 280 
T(K) 

Fig. 2. Resistance vs. Temperature for the Tl,Ba,CaCu ,0, 
oa YSZ/AJ,0,. 

Fig.3. Resistance vs temperature for the top YBCO layer 

in meYIKX)/YSZ/SiO,/YSZ/YBCO/LaAIO, 
multilayer. Inset; Magnetization M as a function 

of temperature for the entire multilayer. 

away by using a dilute EDTA solution, and the onset transition was found to be at about 89 K 

without the second transition. The critical current density. Jc of the samples were measured by the 
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magnetization method and calculated using Bean's model before and after the top layer of YBCO 

was etched away. The Jc of the bottom YBCO layer is about 7.2xI05 A/cm2 at 77 K, and of the 

top YBCO layer is about 6xl05 A/cm2 at 77 K, For comparison, we deposited both YBCO and 

T12212 on ceramic A1203 substrates. Even though the Te of these films were about the same, Jc is 

< 104 A/cm2. Which is about two orders of magnitude lower than that of the film on the biaxially 
aligned YSZ layer 

IV. SUMMARY 

T12212 films on ceramic A1203 substrates have been grown for the first time and good 

quality YBCO multilayer structures have been prepared using laser ablation and ion beam assisted 

rf sputtering. Our results demonstrate that good quality HTS films can be grown on cheap 

nonsingle crystal substrates though the Ion Beam-assisted deposition technique. 
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Abstract 

Two different techniques for fabricating high temperature superconducting (HTS) MCM-D substrates have 
been developed and tested. The first unit consists of two digital gallium arsenide bare die connected by YBa2Cu}07, 
(YBCO) HTS interconnects to form two ring oscillators on a 2.25 cm2 MCM-D substrate. The interconnections consul 
of two wiring layers of YBCO separated by a 4-5 ftm silicon dioxide interlevel dielectric. The signal lines are routed 
between power and ground lines which form an interconnected mesh power system (IMPS) and, thereby, the module 
avoids the necessity of having two additional layers for power and ground planes. Connection between the two YBCO 
layers is accomplished with low contact resistance 40 ftm gold vias through the interlevel dielectric layer. The signal 
interconnects have 50 ftm linewidths and 75 ftm spacings. Electrical connections between the die and the MCM 
substrate and between the substrate and the PC board were made using ultrasonic Al wire bonds to low contact 
resistance gold/YBCO bond pads on the MCM substrate. 

The second module, known as the Flip-Mesh superconducting MCM, provides an alternative to the multilayer 
MCM-D substrate described above. It involves using flip chip bonding techniques to connect multiple single-layer 
substrates, thereby reducing the processing complexity of fabricating multiple layers. X-plane and Y-plane 
interconnects are fabricated on separate substrates and interconnected using solder bumps. The IMPS topology is also 
utilized in this structure so that power, ground, and signals can be fabricated on two planes. The initial Flip-Mesh 
design incorporates 100 ftm (4 mil) solder bump vias with similar spacings, which results in a low packing density for 
MCM-D technology, but a high density for I/O technology. 

Key words: High temperature superconductors, MCM-D, Interconnected Mesh Power System (IMPS), YBCO 

Introduction 

'ENTERBT 

Unlike that of VLSI technologies where 
smaller feature sizes in successive generations allow 
interconnect lengths and power dissipation to be 
reduced, multichip modules (MCMs) will not have that 
same luxury. As the complexity of ICs advances, 
pinout count per IC increases, and operating 
frequencies increase, MCM normal metal 
interconnections will have to grow in length and will 
not be allowed to reduce in cross-sectional area. On 
MCM-D substrates, typical copper or aluminum 
interconnection dimensions are about 2 to 5 urn in 
thickness and between 15 and 30 urn wide. The 
resistivity of copper or aluminum decreases by at least 
a factor of 7 when decreasing the temperature from 300 
K to 77 K (liquid nitrogen temperature), which allows 
smaller cross-section interconnections to be fabricated 

on cryo-cooled MCMs. In order to increase the wiring 
density in MCMs beyond that of cryo-cooled MCMs 
and improve the chip-to-chip bottleneck at high 
frequencies, alternatives to conventional metal 
interconnects must be considered [1]. 

High temperature superconductor (HTS) 
interconnections, with negligible resistivity at operating 
frequencies of several tens of GHz and lower, have 
great potential to reduce the interconnection line cross- 
section even further with typical thicknesses being less 
than 1 urn and widths could be reduced to less than 2 
urn for MCM applications. The critical current density 
of HTS interconnects, which limits the line's minimum 
cross-section, is similar in value to the maximum 
current density allowed in Al interconnects to inhibit 
electromigration.       These   small,   low   resistance 
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interconnects offer significant performance advantages 
over normal metal interconnects for MCM-D 
technology using CMOS or GaAs integrated circuits 
which have enhanced chip level performance at liquid 
nitrogen temperatures (77 K). An added benefit of HTS 
lines is the reduced capacitive coupling between 
adjacent interconnections (due to their reduced 
thickness) which allows the lines to be spaced more 
closely together. The reduced cross-section of HTS 
interconnects should allow a significant increase in 
packing density and a corresponding decrease in the 
number of interconnect layers required to achieve the 
same functionality with normal metal interconnects. 

We have been developing two separate HTS 
MCM prototypes. One is to be the first planar HTS 
MCM utilizing a thick layer of silicon dioxide as an 
interlevel dielectric and is based on MCM-D 
technology. The second prototype is based on 
interconnecting two layers of HTS interconnects on 
separate substrates via solder bumps and flip chip 
techniques. Our development has centered around the 
HTS material YBa2Cu307., (YBCO) which has a 
transition temperature of about 91 K (well above the 
boiling point of liquid nitrogen, 77 K) and critical 
current densities typically greater than 5 x 105 A/cm2. 

I. HTS MCM-D Prototype 

A cross-section of our proposed HTS MCM is 
shown in Figure 1. 

Figure 1. HTS MCM cross-section. 

This novel structure has several key features that 
provide advantages over previously demonstrated HTS 
MCMs [2,3]. These advantages are: 
(1) the utilization of an Interconnected Mesh 

Power System (IMPS) topology that is ideal 
for HTS multilayer fabrication because it 

allows an MCM to be constructed with only 
two layers of interconnects as opposed to the 
four that are traditionally used: x-signal, y- 
signal, and ground and power planes; 

(2) a thick (~ 5 urn) layer of Si02 that is 
sandwiched between a thin buffer layer 
dielectric and a thin diffusion barrier layer 
dielectric to form a composite interlevel 
dielectric that is compatible with multilayer 
YBCO processing while allowing controlled 
impedance (Z0 = 50 Q) lines to be fabricated, 
which are necessary for high speed signal 
propagation; 

(3) chemical-mechanical polishing to create a 
planar Si02 surface for deposition of a high 
quality top level superconductor/buffer layer; 

(4) high-aspect ratio, low contact resistance vias 
that utilize noble metals to form contacts 
between the two layers of YBCO 
interconnects, as opposed to large area, low- 
aspect ratio superconducting vias that have 
been fabricated with marginal success 
previously. 

Due to the grain boundary problems associated with 
making very wide, sloping superconducting vias 
through a thick dielectric layer, alternative methods 
have to be explored to create the compact, high-aspect 
ratio vias necessary for fast, high density HTS MCMs. 

Yttria stabilized zirconia (YSZ) was chosen as 
the material for providing a diffusion barrier/buffer 
layer between the superconductor and the interlevel 
dielectric material, silicon dioxide, because of its 
diffusion barrier properties as well as having a close 
lattice spacing and coefficient of thermal expansion 
(CTE) match to YBCO. Silicon dioxide was chosen as 
the interlevel dielectric material because of its low 
dielectric constant and well developed deposition and 
etching processes. 

Experimental Details 

Our MCM-D substrate was constructed of two 
layers of laser-ablated YBCO interconnects separated 
by a multilayer dielectric consisting of 
SrTiOj/SiOj/YSZ. We are able to attain critical current 
densities > 5 x 105 A/cm2 in both YBCO layers. The 
laser-ablated SrTiO, (STO) and ion beam assisted 
laser-ablation deposited (IBAD) YSZ (yttria-stabilized 
zirconia) layers were -0.5 urn thick while the 
reactively-sputtered Si02 ranges between 4 and 5 urn 
thick. The multilayered thin film structure is fabricated 
on 15 mm x 15 mm LaA103 and YSZ substrates. 

The HTS MCM was layed out as shown in 
Figure 2 on the following page. 
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Figure 2.      Layout of a 2 layer 15 mm x 15 mm 
HTS MCM-D substrate. 

The 2.25 cm2 substrate consists of two separate ring 
oscillators built using YBCO interconnects between 
two digital GaAs bare die (4.4 mm x 3.5 mm). The 
first ring oscillator is connected using the smallest 
possible interconnection, whereas, the second is 
connected by a much longer interconnect. A 
performance comparison between the two oscillators is 
planned for future work. There are also bond pads on 
the substrate for mounting various sizes of surface 
mount decoupling capacitors and terminating resistors. 
A prototype of our ring oscillator using one of the 
GaAs bare die wirebonded to 20 mil wide copper traces 
on a PC board was tested at liquid nitrogen temperature 
and was found to oscillate at -250 MHz. Based on this 
result, our HTS MCM ring oscillator is estimated to 
operate at about the same frequency. 

The via fabrication process is shown in Figure 
3. The etching involves a 500 eV ion mill through the 
top YSZ buffer layer, which is followed by a reactive 
ion etch (RIE) through the Si02 interlevel dielectric 
selectively stopping at the barrier layer of STO. To 
complete the etching process, a 500 eV ion mill is done 
to etch through the STO and into the underlying 
YBCO. The final milling is very nonselective and 
requires close observation to keep from overetching 
through the bottom layer of YBCO. When depositing 
the top layer of YBCO at -700° C, whatever material is 
deposited on the via sidewalls is presumably corroded 
due to interdiffusion of Si from Si02 into the YBCO 
but, presumably, does not affect the quality of the via. 
The subsequent in situ deposition of-2000 A of Au by 
laser ablation creates low resistance contacts without 
having to do a high temperature anneal in oxygen as 

was described by Ekin et al. [4]. This Au capping layer 
also acts as a passivation layer for the YBCO. In 
similar structures, contact resistivities of less than 10"7 

n-cm2 have consistently been attained. An additional 
1.5-2.0 urn of Au is deposited over the existing 
YBCO/Au and then patterned using ion milling and 
photoresist as a mask. 

Patent Photonuot tor Via Holo Etch 
rhotoftMtet 

N 

Ion MM Through Top Uyor YSZ 

IrOj (•« urn) 

la« mm Through STO Uyor 

Choi Up YBCO «urfoco by Ion WHng and Strip O« rfcotoroitat 
DopooK and »tton Top Lpyor or YBCO art OoM Contoct Uyor. 

OoMVhMataltetfer. 

Figure 3. HTS via fabrication process. 

This type of via structure has several advantages over 
previously demonstrated superconducting vias for use 
in HTS MCMs [2,3]. Since HTS thin films have to be 
deposited on planar surfaces or gradual slopes to 
maintain a reasonable current density, due to grain 
boundary problems, they require gradually sloped via 
holes that take up a wide area. By using a noble metal, 
compact, high-aspect ratio vias can be fabricated 
reliably. 

Ultrasonic Al wire bonds were then made 
between YBCO/Au bond pads on the substrate and a 
wire bondable PC board. Via chain resistance was 
measured using a conventional 4-point contact 
configuration and measuring the voltage drop across 
the vias while passing DC current through it. The 
resistance vs. temperature of a -0.5 cm long via chain 
structure with ten 40 urn square vias interconnecting 50 
urn wide YBCO lines is shown in Figure 4. The room 
temperature resistance was measured to be about 515 
O, and upon cooling to 78.5 K, the resistance dropped 
to about 87 Q. As is shown in this figure, there are two 
separate superconducting transitions occurring at about 
89 K and 80 K, which correspond to the top and bottom 
layer YBCO transitions. At 78.5 K, the interconnects 
had not yet become fully superconducting. 

■$ ? 
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Figure 4. Temperature transition of a chain of 
ten 40 u.m wide vias. 

II. Flip-Mesh HTS MCM 

The Flip-Mesh Superconducting Multi Chip 
Module (MCM) is an alternative to the conventional 
multi-layer superconducting MCM. It is desired that a 
superconducting MCM be fabricated using High- 
Temperature Superconductor (HTS) materials, with 
which such an MCM can be cooled using liquid 
nitrogen. However, many difficulties arise in the 
formation of multiple superconducting planes separated 
by dielectric layers on a single substrate. The 
crystalline nature of HTS materials such as Yttrium- 
Barium-Copper-Oxide (YBCO) requires that the 
deposition surface be closely matched to the HTS 
material in crystalline structure. 

The high temperatures needed to form HTS 
materials requires that the other HTS MCM materials 
be matched with the superconductor in coefficient of 
thermal expansion (CTE), and not crack or delaminate 
at such high temperatures. These requirements lead to 
a qomplex stack of materials in order to create a 
multiple-superconducting-plane MCM interconnect 
structure. This combination of materials also 
complicates selective patterning processes with respect 
to the HTS material. 

Flip-Mesh Basics 

The fundamental concept of Flip-Mesh is that 
instead of depositing multiple HTS layers on a single 
substrate and connecting the layers by vias, single HTS 
layers are deposited on multiple substrates, and 
opposing superconducting layers on separate substrates 

are connected by flip-chip technology. This reduces 
the number of high-temperature processing steps to 
one, eliminating most of the difficulties in the multi- 
layer structure. However, the use of I/O technology to 
form vias limits the ultimate density of the Flip-Mesh 
Superconducting MCM. 

In the multilayer MCM, Ion Beam Assisted 
Deposition (IBAD) [5] is used to form an oriented 
buffer layer so that an HTS film can be grown on an 
amorphous surface. This also allows the use of an 
amorphous substrate. Since Flip-Mesh requires only 
one superconducting plane per substrate, it is an ideal 
application for depositing HTS films on amorphous 
substrates. Amorphous substrates are considerably less 
costly than single-crystal substrates. 

Flip-Mesh Substrate Arrangement 

There are three substrates in a Flip-Mesh 
module. The main substrate contains x-plane 
interconnect and bonding sites for chips. Two smaller 
secondary substrates contain .y-plane interconnect, and 
are "flipped" onto the main substrate. The chip 
bonding sites are between the secondary substrates. 
I/O pads are located on the outside edges of the main 
substrate. The Flip-Mesh substrate configuration is 
shown in Figure 5. As with the multilayer MCM, the 
Interconnected Mesh Power System (IMPS) topology 
[6] allows complete power, ground, and signals to be 
formed in two conducting planes. The term "Flip- 
Mesh" is derived from the flipping of IMPS-mesh 
interconnect planes to form an MCM interconnect 
structure.        ■•-'•- 
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Figure 5. Flip-Mesh substrate configuration. 
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Flip-Mesh Substrate Processing 

YBCO films are formed by laser ablation [7] 
on 1/2" or I" square single-crystal yttria-stabilized 
zirconia (YSZ) or IBAD YSZ-buffered alumina 
substrates. The YBCO films are then patterned by 
argon ion milling [8] using conventional photoresist as 
a mask. The fact that ion milling is non-selective is not 
important in Flip-Mesh, since the underlying layer is 
always the substrate, which can be over-etched. The 
ion milling system is equipped with a water cooled 
sample stage to prevent YBCO or photoresist damage 
due to excessive heating from the ion milling. 

Gold pads are then formed where electrical 
contact to YBCO is desired. A lift-off process is 
employed in which 2 pm of gold is sputter deposited 
onto a patterned photoresist layer. The Flip-Mesh 
substrates are exposed to a brief low-energy ion 
milling, which serves to prime the exposed YBCO 
surface for the gold deposition. After deposition, the 
photoresist layer is lifted off in an ultrasonic bath of 
acetone, leaving the gold pads on the YBCO. The lift- 
off process again avoids selective etching with respect 
to the YBCO. The Flip-Mesh substrates are then 
annealed at 600 °C for 1 hour in 500 Torr of oxygen to 
form a sturdy low-resistance contact. 

The critical element of Flip-Mesh is the 
material used for the vias and the method used to form 
the interconnection. Figure 6 shows a cross-section of 
a Flip-Mesh via bump. 

Secondary Substrate 

5*.   YBCO 

Interconnect 

Main Substrate 

Figure 6. Flip-Mesh via cross-section. 

" The initial approach was to form gold balls 
using a ball bonding machine, and then press the 
substrates together while heating. Ball placement was 
found to be tedious, but workable. It was discovered, 
however, that the ball bonding process would often 
damage the underlying YBCO. This was not obvious 
unless the gold ball detached from the bonding pad. 
Ball detachment can be avoided by attaching to a 
bonding pad that is at least 1.5 times the size of the 
ball, but it is believed that this only disguises the 
damage. 

Typical gold ball sizes range from 70 um to 
100 ^m in diameter. The size of the Flip-Mesh 
bonding pad is 100 fim. Since density is already a 
limiting factor in the Flip-Mesh approach, increasing 
the via size is not desirable. It was also found that the 
extreme heat and pressure required to make an 
acceptable contact between the Flip-Mesh substrates 
caused the YBCO to become non-superconducting. 
The YBCO could be repaired by annealing, but the 
substrates would detach in the process. 

The second assembly method attempted was 
to individually place preformed indium spheres. 
Indium was chosen because of its decent conductivity 
and low melting point. It was quickly discovered, 
however, that indium is far too soft to be handled 
mechanically, and no modules could be formed using 
this method. Stencil printing was then determined to be 
the ideal method for placing Flip-Mesh via bumps. A 
batch process would certainly be desirable, but the 
small via size (4 mil) and pitch (8 mil) puts severe 
limitations on this technology. 

The first material to be screen printed was 
conductive epoxy, but this material was unable to meet 
the density requirement. The epoxy bumps would 
flatten and create shorts. Further work with the 
viscosity of the epoxy may lead to a useful application. 

The next stencil printing material used was 
tin/lead solder. A special high-density solder was 
acquired, and worked nicely, but standard tin/lead 
solder has a leaching problem with the gold contact 
pads. Modules fabricated in this process detached 
within hours due to the leaching. Another solder paste 
was then acquired, which contained an additional 2% 
silver to prevent gold leaching. 

After screen printing solder pads to the main 
substrate, the secondary substrates are aligned to the 
main substrate, and the solder is reflowed. The current 
Flip-Mesh material components are laser-ablated 
YBCO on single-crystal YSZ substrates with gold 
contact pads interconnected by screen printed 
tin/lead/silver solder bumps. 

Initial Flip-Mesh Circuit 

The initial Flip-Mesh circuit is a ring oscillator 
formed from 2 quad-XOR HCMOS chips. The first 
XOR gate has one input tied high, which turns it into an 
inverter. The other gates have one input tied low, 
which makes them buffers. This arrangement permits 
the number of gates in the loop to be adjusted from 2 to 
8, allowing different speeds of oscillation. 

The IMPS power and ground stripes are 250 
ßm wide, the signals are 50 ^m wide, and the spacing 
between the two is 50 um. The main substrate is 10 

I. 
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mm x 10 mm, and the secondary substrates are 2.5 mm 
x 10 mm. As was discussed previously, the contact 
pads are 100 ^m x 100 ^m. The XOR chips are 
approximately 1mm x 1mm each. 

Flip-Mesh Assembly and Testing 

After a Flip-Mesh substrate module is 
completed, the XOR chips are attached using 
thermoplastic tape. The leads of the chips are then 
aluminum wire bonded to the main substrate. The 
number of gates in the oscillator loop is selected by a 
wire bond in the center of the main substrate. The 
assembled Flip-Mesh module is then attached to a test 
board using thermoplastic tape. The I/O pads of the 
module are then aluminum wire bonded to the test 
board. 

When complete, the test board is attached to 
an oscilloscope and power supply, measuring the 
output signal of the first XOR gate. The module is then 
slowly immersed in a small dewar of liquid nitrogen. 

Conclusions 

In summary, 40 urn YBCO/Au via chain 
structures have been characterized for use in an MCM- 
D substrate. The preliminary work shown here is to be 
unproved upon by improving the quality of the YBCO 
layers, lowering the contact resistances, and possibly 
improving the step coverage of Au through the via by 
increasing its thickness. We are hoping to have an 
HTS MCM-D substrate fabricated in the near future. 
The performance of this MCM will be compared to that 
of a nearly identical Al interconnect module operating 
at liquid nitrogen temperature. 

Thus far, functional Flip-Mesh modules have 
been fabricated only with metal interconnects. These 
modules were built on glass substrates with 
gold/titanium-tungsten metallization, and the substrates 
were interconnected with gold balls formed by a ball 
bonder. These units were tested both at room 
temperature and while immersed in liquid nitrogen with 
2 to 8 gates in the oscillator loop. As would be 
expected, the modules ran faster at cryogenic 
temperature. While the gold ball vias worked 
adequately for a metal module, they were found to be 

incompatible with YBCO due to damage caused by the 
attachment process. The stencil printing processes 
discussed are under investigation to find a YBCO- 
compatible process. It will be interesting to compare 
the performance of the HTS Flip-Mesh to the cryogenic 
metal Flip-Mesh. 

Despite the great processing complexity 
involved with fabricating an HTS MCM, great progress 
is being made toward achieving practical MCM 
substrates utilizing these novel materials. 
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High Density Electronics Center, University of Arkansas 
600 W. 20th Street, Fayetteville, AR 72701 USA 

resistance viasmust be used .^^1^^ ^ ^""^ ,0W « 
40 um via contacts through YBa2Cu307 /S^ols n^STn  r  n "* * mmm'1Ze Signal losses- In th* work, 
and sputter deposited Au for co^^^^^»0^ "f,^ ^™Z *y etching technique 
vias connect two laser ablated YBa2CU%   XcOuZJy     I STuSfi% fab™** and characterized. The 
approach to making multilayer su^d^^^^ *"*(4"5 "m> SA Elating layers. TT.is 

1. INTRODUCTION 

Since the discovery of high temperature 
superconductivity (HTS), researchers have utilized 
their low resistance behavior in many applications. 

SrM ? T.rr fS ^ °f multichiP modu'es 
(MCMs)   Unhke that of VLSI technologies where 
smaller feature sizes in successive generations allow 
interconnect lengths and power dissipation to be 
reduced, MCMs will not have that same luxury   As 
the complexity of ICs advances, pinout count per IC 
increases, and operating frequencies increase MCM 
normal metal interconnections will have to grow in 
length and will not be allowed to reduce in cross- 
sectional area. On MCM-D substrates, typical copper 
or aluminum interconnection dimensions are about 2 
to 5 urn in thickness and between 15 and 30 urn wide 
with corresponding via sizes. By cooling the metal to 
// K (liquid nitrogen temperature), the resistivity of 
copper decreases by a factor of about 7 which allows 
a corresponding decrease in the interconnect cross- 
sectional area. In order to increase the wiring density 
beyond that of cryo-cooled MCMs and improve the 
chip-to-chip    bottleneck    at    high    frequencies 
alternatives to conventional metal interconnects musi 
be considered [1]. 

HTS interconnections, with negligible resistivity at 
operating frequencies of several tens of GHz and 
lower, have great potential to reduce an interconnect 
cross-sectional area with typical thicknesses of less 
than 1 um and widths of less than 2 um for MCM 
applications   with   similar  spacings.      The   main 

0921-4534/97/$ 17.00 © Elsevier Science R V    AM   • u 
PHS0921-4534(97)00495-4 A.I rights reserved. 

challenge for attaining multiple layers of high density 
high performance HTS interconnects appears to be in 
fabricating compact, low resistance vias 

The work presented here focuses on this problem 
and describes a method of fabricating noble metal vias 
for use in an HTS MCM prototype. 

2. EXPERIMENTAL DETAILS AND RESULTS 

A cross-section of our multilayer YBCO structure 
utilizing Au vias is shown in Figure 1. 

Panarn photonukt tor Via Hol« Elch 
Pnotoraalat loo Mill Through Top Layar rSZ 

SI02 (<-5 um] 

Raactf,. I«, Etch «02 U.ln, CF, Pta.m. 
Ion M« Threujri STO lartr Ho veco 

Subatfata 

 1^—^--' 

Dl»*« .ad PaHam Top La,., ^ YBCO and O.M CoaUct !..„, 
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Figure I. HTS via process. 
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Our research has centered around two layers of laser 
ablated YBa^UjO,.* (YBCO) interconnects separated 
by a multilayer dielectric consisting of 
SrTi03/Si02/YSZ. We are able to attain critical 
current densities > 5 x 10s A/cm2 in both YBCO 
layers. The SrTi03 (STO) and YSZ (yttria-stabilized 
zirconia) layers being -0.5 urn thick while the Si02 

ranges between 4 and 5 urn. 
The via fabrication process is as shown in Figure 1. 

The etching involves a 500 eV ion mill through the 
top YSZ buffer layer, which is followed by a reactive 
ion etch through the Si02 interlevel dielectric 
selectively stopping at the barrier layer of STO. To 
complete the etching process, a 500 eV ion mill is 
done to etch through the STO. The final milling is 
very nonselective and requires close observation to 
keep from overetching through the bottom layer of 
YBCO. When depositing the top layer of YBCO at 
-700° C, whatever material is deposited on the via 
sidewalls is presumably corroded due to interdiffusion 
of Si from Si02 into the YBCO but, presumably, does 
not effect the quality of the via. The subsequent in 
situ deposition of -2000 A of Au by laser ablation 
creates low resistance contacts without having to do a 
high temperature anneal in oxygen as was described 
by Ekin et al. [2]. In similar structures, contact 
resistivities of less than 10'7 O-cm2 have consistently 
been attained. An additional 1.5-2.0 urn of Au is 
deposited over the existing YBCO/Au and then 
patterned using ion milling and photoresist as a mask. 

This type of via structure has several advantages 
over previously demonstrated superconducting vias 
for use in HTS MCMs [3,4]. Since HTS thin films 
need to be deposited on planar surfaces or gradual 
slopes to maintain a reasonable current density, due to 
grain boundary problems, they require gradually 
sloped via holes that take up a wide area. By using a 
noble metal, compact, high-aspect ratio vias can be 
fabricated reliably. 

Ultrasonic Al wire bonds were then made between 
YBCO/Au bond pads on the substrate and a wire 
bondable PC board. Via chain resistance was 
measured using a conventional 4-point contact 
configuration and measuring the voltage drop across 
the vias while passing DC current through it. The 
resistance vs. temperature of a -0.5 cm long via chain 
structure with ten 40 urn square vias interconnecting 
50 urn wide YBCO lines is shown in Figure 2. The 
room temperature resistance was measured to be about 
515 Q, and upon cooling to 78.5 K, the resistance 

Su. 
M; 
the 

60     80    100   120   140   160   180   200   220   240   260 

Tcnpcnture (K) 

Figure 2. Temperature transition of a chain often 
40 urn wide vias. 

dropped to about 87 Q. As is shown in Figure 2, 
there are two separate superconducting transitions 
occurring at about 89 K and 80 K which correspond to 
the top and bottom layer YBCO transitions. At 78.5 
K, the interconnects had not yet become fully 
superconducting. 

In summary, 40 um YBCO/Au via chain structures 
have been characterized. The preliminary work shown 
here is to be improved upon by improving the quality 
of the YBCO layers, lowering the contact resistances, 
and possibly improving the step coverage of Au 
through the via by increasing its thickness. 
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rf sputtered amorphous S1O2 interlayers 
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bW. D. Brown, and bL. W. Schaper. 

»Department of Physics and bDepartment of Electrical Enginneering/High Density Electronics 
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We have successfully fabricated YBajCusO^/YSZ/SiOs/YSZ/YBasCuaO?.« multilayer 
structures on single crystal LaAlO-3 (100), substrates. The YBa2Cu307x(YBCO) layers were 
deposited using pulsed laser ablation (PLD), the biaxially aligned YSZ ( 250 nm thick) layers 
were deposited using ion beam assisted PLD (IBAD-PLD). and an amorphous SiÜ2 {\-2\aa) layer 
fabricated via rf sputtering was sandwiched between the YSZ layers. Fabrication techniques and 
characterization results are reported for patterned layers in this work. 

1.   INTRODUCTION 

For  high   temperature   superconductor 
multichip   module(HTS-MCM)   applications 
the basic building block is the HTS/Insulator 
(thickness >lum)/HTS structure.     A  HTS- 
MCM can be defined as     a  miniaturized 
version  of a   multilayered   printed   wiring 
board  with  superconducting  interconnects. 
Previously   such   a   HTS-MCM   prototype 
using   a   YBCO/SrTiO8(500nm)/YBCO   has 
been successfully fabricated by Burns et al 
(1).    Recently the use of ion beam assisted 
deposition to deposit biaxially ahgned YSZ 
buffer     layers      on      polycrystalline      or 
amorphous   substrates   allowed   for   good 
quality YBCO fdms on these substrates [2-51. 
Reade et al  [6] were able  to demonstrate 
using    the    ion    beam     assisted    pulsed 
deposition (IBAD-PLD) technique that it was 
possible    to     fabricate     the     YBCO/YSZ- 
/amorphousYSZ(5(im)/YSZAT3CO multilayers 
on  oriented  YSZ  substrates   with   the   top 
YBCO Tc ~ 87 K.   They also fabricated the 
same structure using amorphous Si02, but 
cracks in the top YBCO layer did not permit 
electrical  measurements  of  the   top   layer 
The   main   advantage   of  Si02   is   its   low 
dielectric constant (~ 3.89), which makes it 
an ideal insulator material for MCMs. 

In  this paper we  briefly  describe  the 
method to fabricate and the results obtained 

(W2I-45J4/97/SI7.0O © lilsevier Science II V    All rights reserved 
I'll S092I4534(97)00497-S 

from the characterization of the YBCO/YSZ- 
/Si02/YSZ/YBCO multilayers. 

2.   EXPERIMENTS 

The first YBCO layer (300nm thick) was 
fabricated by pulsed laser deposition using 
standard conditions. After patterning, part 
of the pads were masked to allow for 
transport measurements later. Next a 250 
nm thick YSZ layer was deposited via IBAD 
PLD using conditions described in [5J. After 
this a 1-2 \xm thick Si02 layer was deposited 
by reactively sputtering a Si target in 
oxygen ambient (the details of this process 
are described in [4]). Following the Si02 
deposition another 250 nm thick biaxially 
ahgned YSZ buffer/capping layer was 
deposited via IBAD PLD. Finally the masks 
were taken off and the top YBCO was 
deposited using the same conditions as the 
first YBCO except that the deposition 
temperature was kept ~ 20-30° lower For 
the first set of multilayers the top YBCO 
layer was patterned into bridges over the 
underlying bridge patterns but shifted a 
little to the side so that the top bridge goes 
over step edges. The patterning was carried 
out by using photolithography and ion 
milling For the second set of multilayers 
the  top  YBCO   layer  was  patterned  into 
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bridges whereas the bottom YBCO layer 
was not patterned. Finally in the third set 
the top YBCO layer was patterned into 
serpentine (meander) lines crossing over the 
patterned bottom YBCO serpentine lines 

3. RESULTS 

The X-ray diffraction pattern for an 
unpatterned multilayer in Fig. 1. shows that 
the films have good c-axis orientation. We 
also measured the top YBCO <f> scan full 
width at half maximum (FWHM) ~ 26° (for 
the (103) peaks), while for YSZ (111) peaks 
the FWHM was ~ 2-3° greater than that of 
the top YBCO. 

For the first set, the bottom 40 um wide 
bridge the Tc - 90 K and Jc - 2x10s A/cm2 

whereas for the top YBCO bridge 60 um wide 
(with step edges), the Tc - 86-87 K and Je ~ 
3* 101 A/cm2. In the second set, the top YBCO 
bridge patterns of the same width without 
step edges the Jc - 10s A/cm2 with Tc - 87-88 
K.      Finally   in   Fig.   2(A)   is   shown   the 
resistance versus temperature plot for 20 urn 
serpentine bottom YBCO line 19 cm long the 
Tc -87 K and Jc ~2xl05 A/cm2, whereas the 
same width serpentine line on the top layer 
showed semiconducting behavior as seen in 
Fig. 2(B). 

5x10 -,3x10* 

Q  I.I.I.I.I.I.I.I,I 1.1 .1,1.1.1.I.I.I.I.I. I. I. I.1.1.1.1. 1.1. I. I 

100     150    200     250     300 
10M 

50 

Temperature (K) 

Fig. 2 Resistance versus temperature curves for 
(A) 20 um wide bottom YBCO serpentine Line. 
(B) 20 urn wide top YBCO serpentine Line 

4. CONCLUSIONS 

Good quality YBCO layers separated by 
an amorphous Si02 interlayer have been 
fabricated by using biaxiaUy aligned YSZ 
layers. However if the bottom YBCO is 
densely patterned then planarization is 
necessary to prevent degradation of 
superconducting properties at the step edges 
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For high temperature superconducting multichip modules and other 
related electronic applications, it is necessary to be able to fabricate 
several YiBa2Cu307_.t (YBCO) layers separated by thick low dielectric 
constant dielectric layers. In this work, we report the successful 
fabrication of YBCO/YSZ/Si02 (1-2 Aim)/YSZ/YBCO multilayer 
structures on single crystal yttria stabilized zirconia (YSZ) substrates. In 
contrast to previously reported work, the top YBCO layer did not show 
any cracking. This is due to a technique that allows for stress relief in the 
Si02 layer before the second YBCO layer is deposited. The top YBCO 
layer in our multilayer structure had Tc = 87 K and Jc = 105 A/cm2 

(at 77 K), whereas the bottom YBCO layer had Tc = 90 K and 
Jc = 1.2 X 106 A/cm2 (at 77 K). We also showed that the quality of 
the bottom YBCO layer was preserved during the fabrication of the 
multilayer due to the annealing process during which 02 diffused into 
the YBCO, replacing the 02 lost during the deposition of the top 
YBCO layer. 

co n 1" 

I. INTRODUCTION 

In high temperature superconducting (HTS) multi- 
chip modules (MCM's) the basic building block is a 
multilayer structure consisting of several superconduc- 
tive layers separated by thick dielectric layers. The 
HTSC layers are patterned into interconnects for elec- 
trically connecting the different chips on a layer, and 
vias are used for interconnecting the various YBCO lay- 
ers. In order to keep the distributed capacitance low.1 

the thickness of the interlevel dielectric layer should be 
of the order of the HTSC interconnect line width and 
have a low dielectric constant (ideally <5). Such a mul- 
tilayer structure would have a power plane, a ground 
plane, and two or more wiring layers.1 However, by 
using the Interconnected Mesh Power System (IMPS) 
topology.2 a superconducting MCM (IMPS-MCM) can 
be realized using only two layers of superconducting in- 
terconnects. Switching from a four-layered structure to 
one with only two layers greatly reduces the technologi- 
cal difficulties as well as cost. Previously reported work 
on multilayer structures used sputtering or pulsed laser 
deposition (PLD) at high temperatures (700-800 °C) 
in order to achieve epitaxial growth of the dielectric 
layer.'"7 The main drawback with this process is the loss 
of Oi from the underlying Y,Ba2Cu.,07_v (YBCO) layer 
due to the long deposition time required in the case of 

thick dielectric layers. The loss of oxygen in the un- 
derlying YBC layer results in severe degradation of its 
superconducting properties. 

Previously YSZ has been successfully used as an 
epitaxial buffer layer for depositing high quality YBCO 
films on technologically important substrates, such as 
SOS (Silicon on Sapphire) and Si.8-9 In recent years 
the other major use of YSZ has been in the deposition 
of biaxially aligned YSZ buffer layers on amorphous 
or polycrystalline substrates, such as pyrex, Haynes 
alloy, and nickel.10-15 The biaxially aligned YSZ layers 
are deposited at room temperature using the ion beam 
assisted deposition (IBAD) method.12 These results 
therefore indicate that IBAD YSZ could be used for 
fabricating multilayers with amorphous isolation layer 
materials that have lower dielectric constants suitable 
for MCM applications. For example, YBCO/YSZ/SiO:/ 
YSZ/YBCO/YSZ (substrate) multilayer structures fab- 
ricated using the plasma enhanced chemical vapor de- 
position (PECVD) method for depositing the amorphous 
SiOr layer, and ion-beam assisted PLD for the biaxially 
aligned YSZ dielectric layers on single crystal YSZ sub- 
strates have previously been reported.16 Si02 was chosen 
as the insulating layer because of its low dielectric con- 
stant (e ~ 3.8). Unfortunately, cracks in the top YBCO 
layer did not allow for transport measurements and pre- 
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vented applications of the multilayered structure, as re- 
ported in Ref. 16. In this paper, we describe a technique 
to produce two high quality YBCO layers and present 
results of transport Tc and Jc measurements for both 
YBCO layers in a YBCO/YSZ/Si02/YSZ/YBCO/YSZ 
(substrate) multilayer structure which make the possibil- 
ity of a HTS-MCM a realizable goal. 

II. EXPERIMENTAL 

In our experiments the first 2500 A thick YBCO 
layer was deposited on a 0.5" X 0.5" YSZ single 
crystal substrate using an ArF excimer laser (wave- 
length = 193 nm, frequency = 5 Hz). The beam was 
focused to an energy density of ~3-4 J/cm2. Substrate 
temperature of 750 °C and an 02 pressure of 200 mTorr 
were maintained in the deposition chamber. We used 
three YBCO targets mounted on a carousel. The targets 
were exposed alternately for 2 min, and the deposition 
rate was — 150 A/min. We have found that this technique 
results in higher yield of good quality YBCO films as 
compared to the yield of good quality films using a 
single YBCO target. After deposition the chamber was 
backfilled with 500 Torr of 02, and bottom YBCO 
film was cooled to room temperature in about 70 min. 
After this the YBCO film was polished in a slurry 
of isopropanol and Ce02 polishing powder. This is 
an important step that reduces the average surface 
roughness of the YBCO film (from 16 nm to 3 nm) 
and the number of boulders on the surface.17-18 A bridge 
(40 fim wide) was patterned using photolithography and 
ion milling. Part of the pads to the bridge were masked 
during the deposition of the next insulating layer so as 
to allow for transport measurements at the end of the 
multilayer fabrication. 

The second layer of 2500 A thick YSZ was then 
deposited using ion-beam assisted PLD.16 This layer 
serves as a capping layer to prevent diffusion of the (to 
be deposited) amorphous Si02 layer (3rd layer) into the 
YBCO layer. Diffusion of Si02 into the YBCO layer 
has been observed to have an adverse effect on the 
YBCO film properties.19~2-1 We used a biaxially aligned 
YSZ layer because some samples fabricated with an 
amorphous YSZ layer resulted in poor quality bottom 
YBCO layers. This could be due to the less dense 
structure of amorphous YSZ, allowing for diffusion 
of Si02 through the YSZ capping layer and into the 
underlying YBCO layer. 

The samples were then transferred to a PECVD 
system for deposition of a 1 -2 /nm thick Si02 layer. 
Our first attempts at depositing PECVD Si02 at 250 °C 
and an if power of 55 W resulted in cracking of the 
multilayers during the deposition of the top YBCO layer, 
as reported by Reade el o/.16 In order to determine at 
which step in the process of making the multilayered 

structure cracking occurs, we stopped before adding 
the SiO; layer. Next the YSZ/YBCO/YSZ (substrate) 
structures were heated to 450 °C for 10 min in 500 Torr 
of 02. Parts of these test samples were heated to 450 °C 
in vacuum. Most of the samples did not crack except for 
very few cases where cracks would appear in the YSZ 
layer, especially if prior to YSZ deposition the patterned 
YBCO samples were left exposed to ambient conditions 
(relative humidity —50%) for long periods of time. 

Next, to determine whether cracking was due to 
stress in the PECVD deposited Si02, we heated Si02/ 
YSZ/YBCO/YSZ (substrate) structure in vacuum soon 
after depositing the PECVD Si02. Here we found that 
small islands of all three layers begin to peel off the 
substrate at about 300 °C, thus suggesting that the stress 
which leads to cracking originates from the Si02 film. 
In order to overcome the cracking problem in the case 
of PECVD deposited Si02, we followed procedures 
based on earlier work done on PECVD and CVD Si02 

layers deposited on silicon substrates.24"30 Evidence of- 
fered in previous work indicates that PECVD Si02 is 
in tensile stress before annealing. Annealing the Si02 

in a N2 ambient at high temperatures (>700 °C) reduced 
the water and silanol content, increased the density, and 
decreased the tensile stress. Instead of annealing in a 
N2 ambient, we observed that if the Si02 layers were 
heated (ramp up —10 °C/min) in 500 Torr of 02 and 
annealed for —8 min at 650 °C, no cracks were present 
during the later stages in the multilayer fabrication. This 
success is likely to be due to the reduced tensile stress 
in the Si02 after annealing. As a result after annealing, 
heating of the Si02 layer during the deposition of the top 
YBCO will no longer increase the tensile stress beyond 
the cracking point. The above annealing step allowed for 
successful fabrication of the entire multilayer. Samples 
annealed at temperatures below 650 °C still exhibited 
cracks as before. 

After annealing, the Si02 layer was again capped 
with a 2500 A thick biaxially aligned YSZ layer (4th 
layer), which also serves as an epitaxial template for the 
topmost YBCO layer. Finally, the 2000-2500 A thick 
top YBCO layer (5th layer) was deposited under the 
same conditions as the first YBCO layer except that 
after pumping the chamber down to a base pressure 
of 5 X 10""' Torr, it was immediately back-filled with 
500 Torr of 02, and then the substrate was heated to 
—630 °C. As soon as the substrate temperature reached 
630 °C the chamber was again pumped down to 
200 mTorr for the YBCO deposition at 720 °C. This ap- 
proach minimizes the degradation of the bottom YBCO 
layer. This is indicated 8^ the fact that in the case of 
samples where the top YBCO layer was fabricated under 
the same conditions as that of the bottom layer, we 
observed a degradation in both the Tt- values and J,. 
values of the bottom YBCO layer. 
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III. RESULTS AND DISCUSSION 

The orientation of the YSZ and YBCO layers was 
characterized by x-ray diffraction. The x-ray diffraction 
pattern for the multilayer structure shown in Fig. 1 
indicates good c-axis orientation. The cf> scan widths 
(FWHM) for the top layer YBCO (103) were 26°-28". 
For both the top and bottom 2500 A thick IBAD-YSZ 
layer the (f> scan widths (FWHM) obtained is —32°. The 
in-plane alignment achieved using IBAD is independent 
of the template used. Better in-plane alignment of the 
top IBAD YSZ layer can be achieved by increasing its 
thickness. For example, a 5000 A thick YSZ layer has a 
<f> scan width of 24°, as reported in Ref. 31. 

A schematic of the patterned layers used for the 
transport measurements is shown in Fig. 2. The bottom 
layer consists of a 40 /im wide bridge [Fig. 2(a)], as well 
as an unpatterned part of the bottom layer [Fig. 2(b)] to 
provide a comparison between the Tc and Jc values of the 
top layer bridges with and without step edges [Figs. 2(c) 
and 2(d), respectively]. All the transport measurements 
were obtained using the four-probe method. 

Figure 3 A shows the resistance versus temperature 
curve for the 40 yum wide bottom YBCO bridge. Its 
Tc was 90 K and its J, = 1.2 X106 A/cm2. The top 
layer 60 yum wide bridge with step edges had Tc = 
87 K(Fig. 3 B) andyr = 4.5 X 104 A/cm2. The 30 /tm 
bridge without step edges had the same Tc value 
(Fig. 3 C), but its Jc was 1 X 105 A/cm2. The reduced 
critical current for the 60 ^m bridge with step edges 
could be attributed to disruption of epitaxial growth at 
the step edges and large-angle grain boundaries.1-32 No 
shorts were detected between the top and bottom YBCO 
layers from electrical resistance measurements. In ad- 
dition, our experiments on YBCO/YSZ/Si02/YSZ/ 
YBCO/YSZ (substrate) multilayered structure have con- 
sistently shown that the magnetic field dependence of 
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FIG. 2. Schematic of the patterned multilayer structure, (a) 40 /xm 
wide bridge in the bottom YBCO layer, (b) Unpatterned bottom 
YBCO layer, (c) 60 fim wide bridge with step edges on the 
top YBCO layer, (d) 30 /im wide bridge without step edges on 
the top YBCO layer, (e) YSZ/SiO./YSZ insulator layers. 

2-0 (degrees) 

FIG. 1. f7-2fl   x-ray  dift'raciometer  pattern   for  the   YBCO/YSZ/ 
SiO:/YSZ/YBCO structure on (OOI)YSZ. 

ISO 200 

Temperature (K) 

FIG. 3. Resistance versus temperature for the (A) 40 fim wide bridge 
in the bottom YBCO layer. (B) 60 fim wide bridge in the top YBCO 
layer with step edges. (C) 30 fim wide bridge in the top YBCO 
without step edges. Left y-axis used for plots A and C and right 
y-axis for plot B. 

Jc is not appreciably altered over that of a single layer 
YBCO film. For example, we have found that for the 
multilayered structures, the Jc of the top layer was 1 X 
104 A/cm2, measured using the magnetization method at 
77 K in a field of I T (magnetic field applied parallel to 
the c-axis). This number is consistent with what others 
have reported for a single layer on a polycrystalline 
substrate with an IBAD YSZ buffer layer.12 For the 
bottom layer the Jc was 5 X 104 A/cm2 at 77 K in a 
field of 1 T (magnetic field applied parallel to the c-axis). 

Studies carried out on YBCO/epitaxial insulator bi- 
layers-' showed a significant decrease in the O: diffusion 
rate due to the presence of the epitaxial insulating layer. 
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In order to investigate the effect of YSZ/Si02/YSZ lay- 
ers and the effect of the top YBCO layer deposition on 
the underlying YBCO layer, we patterned a 40 /xm wide 
bridge on the bottom YBCO. Next, we deposited the 
YSZ/Si02/YSZ layers; measurements performed after 
this step were Tc ~ 90 K (Fig. 4 C) and Jc ~ 1.0 X 
106 A/cm2. Thereafter we simulated the top YBCO layer 
deposition, except that no top layer was deposited and 
the YSZ/Si02/YSZ/YBCO structure was cooled down 
immediately (—15 min) in 200 mTorr of 02. The re- 
sistance versus temperature curve (Fig. 4 A) shows a 
twentyfold increase in the bridge resistance at room tem- 
perature and the bridge is no longer superconducting. 
After these measurements the structure was annealed at 
450 °C in 500 Torr of 02 for 30 min. The results of Tc 

(Fig. 4 B) and Jc measurements showed no appreciable 
change as compared to the original values, indicating 
that the superconducting properties were entirely recov- 
ered. Thus we have demonstrated that during the top 
YBCO layer deposition, 02 diffuses out of the under- 
lying YBCO layer resulting in a tetragonal YBCO, while 
annealing in 500 Torr of 02 results in rediffusion of 02 

which returns it back to the orthorhombic structure. The 
above results indicate that 02 readily diffuses through 
the thick YSZ/Si02/YSZ interlevel dielectric. Efforts 
are currently underway to estimate the diffusion constant 
for 02 through the YSZ/Si02/YSZ structure. 

IV. CONCLUSION 

We have reported on an investigation of the devel- 
opment of a structure that has potential to lead to a 
HTS MCM. Our results demonstrate that stress relief 
in PECVD deposited Si02 via an annealing process can 
avoid cracking in this multilayer structure. We have also 
demonstrated that YSZ/Si02/YSZ multilayer structure 

ISO 

Temperature (K) 

• FIG. 4. Resistance versus temperature for the 40 ^m wide bridge in 
the bottom YBCO. (A) After simulation of lop YBCO deposition. 
(B) After annealing at 450 °C in 500 Torr of 02 for 30 min. Left 
y-axis used for plot A and right y-axis used for plots B and C. 
(C) Before simulation of top YBCO deposition. 

is a good 02 diffuser. Although the total thickness of 
the YSZ/Si02/YSZ multilayer structure is —2-3 /xm, a 
sufficient amount of 02 can still diffuse into the bottom 
YBCO layer in a relatively short time. By achieving 
better in-plane alignment for the IB AD YSZ layer, the 
top layer Jc can be further improved. Also, lower Jc 

values obtained in the case of a top layer bridge with 
step edges clearly indicates the need for planarization. 
We are currently working on improving the top YBCO 
layer Jc and are developing a planarization process. 
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A Comparison of High-Temperature Superconductors 
Multi-Chip Module Applications 

D.E. Ford, S.S. Scott, S.S. Ang and W.D. Brown 
High-Density Electronics Center (HiDEC) 

Department of Electrical Engineering 
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Abstract 

In the application of high-temperature superconductors (HTSCs) in multi-chip module (MCM) technology, it is first nec- 
essary to invesugate the advantages and disadvantages of the various HTSC compounds. The standard criteria for com- 
paring the suitability of HTSCs in electronics applications has been critical temperature (Tc) and critical current density 
(Je). It is also necessary to consider the physical properties of HTSCs in relation to the various processing techniques 
required in fabrication of MCMs. These techniques can be grouped into four main areas: deposition, patterning packag- 
ing, and characterization. The four main HTSC materials, Y-Ba-Cu-O, Bi^r-Ca-Cu-O. Tl.Ba-Ca-Cu-O and Hg-Ba-Ca-Cu-O, 
will be compared to determine which is most suitable for MCM application. 

Introduction 

In the decades since the popular advent of the transistor 
in the 1960s, there has been continual and steady improve- 
ment in both the performance and cost of electronics 
equipment through miniaturizaüon. This effort has given 
us the muld-chip module (MCM) as the latest and most 
promising technique to be introduced. MCM technology 
improves the speed at which devices can operate and 
decreases the power lost by eliminadng as much length as 
possible from the interconnection between the individual 
devices. With this new technology some new barriers to 
increased speed and performance have arisen. By concen- 
trating all of the devices in one area, the problems due to 
Joulean heating (PR losses) and electromigration are 
increased. Also, the lack of recent improvements may indi- 
cate that the upper limit of the speeds that can be expect- 
ed from current semiconductor devices using convention- 
al interconnects have been reached. 

All of these problems can be addressed by combining 
high-temperature superconductors (HTSCs) with MCMs. 
Some of the interconnecting lines may typically carry 50 - 
100 mA of current. Therefore, they account for a major 
portion of the heat generated (Burns et al., 1993). 
Replacing the lines with zero resistance HTSCs eliminates 
i.iese PR losses. This means less heat and less power con- 
sumed. The refrigeration required for HTSC operation 
further limits the overall heat production to less than that 
produced by the individual devices. All of this allows for 
an even greater decrease in the interconnection lengths 
which, in turn, maximizes the operating speed of the 
MCM. 5   P 

HTSC devices have been shown to be more than 2.5 

times faster than their semiconductor counterparts, use 
three orders of magnitude less power, and do not suffer 
from electromigration problems (Van Duzer and Tuner, 
1981). Their use in MCMs should produce the next quan- 
tum jump in performance. A cross-sectional schematic of 
an MCM is shown in Figure 1. 
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Fig. 1.   Cross-sectional Schematic of a Superconducting 
Multi-Chip Module. 

But, which HTSC offers the best overall prospects for 
MCM applications? This is the first question to be 
answered in the search for a viable superconducting 
MCM. When comparing HTSCs, the standard for suitabil- 
ity in electronics applications has been the materials criti- 
cal temperature, (Tc), and critical current density, (Jc). It is 
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Gamma-ray and Fast Neutron Radiation Effects on Thin Film Superconductors" 
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University of Arkansas, Fayetteville, AR 72701 
and 

L. West 
Department of Mechanical Engineering 
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Abstract 

The gamma-ray and neutron radiation hardness of 
YBa2Gu307.x, T^BajCaCojOg+x, and Tl2Ba2Ca2Cu30I(H)C 

superconducting thin films deposited by off-axis sputtering 
and laser-ablation deposition techniques on substrates of 
MgO and LaA103 was investigated. The unbiased samples 
were irradiated with 662 keV gamma-rays up to a cumulative 
dose of 1.5 Mrad(Si) and with neutron fluences up to 1 x 1014 

neutrons/cm2. 
It was determined through nondestructive critical 

temperature transition, T^ and critical current density, J^ 
measurements and x-ray diffraction analysis that the thin film 
superconductors were radiation hard up to moderate levels of 
neutrons and gamma-rays. It was also determined that 
extended exposure to moderately humid air degraded the 
critical current density of all the films. 

I. INTRODUCTION 

Space applications of multichip modules (MCMs) appear 
to be part of the driving force for their development. In the 
future, thin film superconductors (TFSCs) will potentially be 
used as interconnects for MCMs. As a result of this 
application of TFSCs, their response to a radiation 
environment is of great interest. In the past, studies of 
radiation effects on superconductor materials have been 
restricted to the bulk form [1-5], but if superconducting 
interconnects are to be used in future MCMs, the impact of 
exposure to gamma-rays and fast neutrons on the properties 
of TFSC materials must be examined. In addition to the 
effects of radiation on the superconductor material, the 
substrate material on which the superconductor is deposited, 
as well as the dielectric material used to separate the multiple 
levels of interconnects, must also be examined for sensitivity 
to radiation exposure. 

*We would like to acknowledge the assistance of Tim Welty of the 
Southwest Radiation Calibration Center in the radiation 
experiments. We would also like to acknowledge Conductus, Inc. 
and Superconductor Technologies Inc. for their donation of 
superconductor samples. This research was funded by E-Systems, 
Inc. and the Advanced Research Projects Agency. 

n. EXPERIMENTAL PROCEDURES 

In the work reported here, YB^Cu-p^ (YBCO), 
T^BajCaCu^Og+x (Tl-2212), and T^BajCa^Ci^O^x fjl- 
2223) thin films on substrates of MgO and LaA103, some of 
the more common superconductor/substrate combinations, 
were subjected to both gamma-ray and neutron radiation in 
an electrically unbiased state. Although radiation without 
bias does not fully explore the impact on dielectric substrates, 
it does examine the impact on high temperature 
superconductors. The samples were deposited using laser- 
ablation and off-axis sputtering techniques, and were of 
varying quality and thickness in order to determine if their 
radiation hardness varied accordingly. The thin film thick- 
nesses ranged from about 200 to 1000 nm. 

The superconductors were characterized by their critical 
temperature transition, T^ and critical current density, Jc, 
measured using a nondestructive inductance method as 
described by Ciaassen et al. [6]. This measurement technique 
involves placing a thin, multiturn copper coil next to the film 
surface and driving the coil with a low distortion audio- 
frequency sine-wave current. In turn, the driving current 
induces shielding currents in the film. The nonlinearity in 
the coil-film system increases abruptly when the induced 
current in the film reaches its critical level. A schematic of 
the measurement system used is shown in Figure 1. The 
resulting voltage across the coil is filtered by a passive twin- 
tee notch filter with a center frequency the same as the drive 
current frequency, 1 kHz, and analyzed by the lock-in 
amplifier for third harmonics. Either a single or double coil 
can be used. A single coil acts as "both the drive and pickup 
coil." We have used a single coil setup in our measurements 
since it functions as well as a two coil setup according to 
Ciaassen et al. The samples were measured down to liquid 
nitrogen temperature (77 K). This type of measurement was 
chosen over the four point contact method because the 
samples had to be measured after each irradiation. Any probe 
technique would destroy a large surface area of the film after 
each subsequent measurement since we were dealing with 
samples less than 1 cm2. A Philips x-ray diffractometer was 
also used in an attempt to detect any atomic disorder in the 
superconductor films resulting from neutron bombardment. 

The superconductor/substrate structures were irradiated 
with gamma-rays up to a cumulative dose of 1.5 Mrad(Si) 
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Ion Beam Assisted Sputter Deposition of Ce02 Buffer Layers for Superconducting 
Multichip Module (MOM) Applications 

Glenn Florence, Simon Ang, and W. D. Brown 
High Density Electronics Center (HiDEC) and 

Department of Electrical Engineering, University of Arkansas 
3217 Bell Engineering Center, Fayetteville, AR 72701 

Cerium dioxide (Ce02) buffer layers have been sputter deposited onto 
various substrates including silicon and nickel alloy using ion beam assisted 
deposition (IBAD). This technique has resulted in the formation of Ce02 

which exhibits strong (100) phase growth as well as in-plane orientation as 
evidenced by X-ray diffraction. Subsequent YBCO depositions on these 
films exhibit Tc's of 86 K and biaxial texture with the c-axis normal to the 
surface. With further refinement, this technique may be used to fabricate 
the multilayer structure needed for superconducting multichip modules. 

INTRODUCTION 

There is widespread interest in the use of superconducting interconnects in 
electronics, especially in multichip modules (MCMs). Superconductor interconnects have 
advantages of low signal loss and very low RC propagation delays. Furthermore, due to 
the reduction in interconnect resistance, the linewidths can be made much smaller, 
allowing for a reduction in the number of signal layers. One proposed structure for the 
superconducting MCM is the interconnected mesh power system (IMPS), which requires 
only two interconnect layers, thereby reducing the complexity of the manufacturing 
process (1). In order to achieve satisfactory electrical performance and reduce parasitic 
capacitances, these interconnects need to be separated by a thick (-2-5 urn) insulating 
layer with a low dielectric constant. Possible substrate and dielectric materials for these 
applications include silicon, silicon dioxide, or other polycrystalline materials. However, it 
has been shown that YBCO deposited directly onto these materials reacts with them and 
degrades the YBCO superconducting properties. The use of buffer layers such as cerium 
dioxide (Ce02) or yttria-stabilized zirconia (YSZ) can mitigate these problems, but they 
have high dielectric constants and need to exhibit a high degree of biaxial texture to reduce 
high-angle grain boundaries and improve the critical current density, Jc, of the YBCO 
layer. 

One possible interconnect structure that has been proposed by researchers at the 
High Density Electronics Center (HiDEC) consists of two YBCO layers separated by a 
thick layer of Si02, which exhibits a low dielectric constant. To prevent interdiffusion and 
provide for an epitaxial surface on which high quality YBCO can be deposited, the Si02 is 

Q>i>   r^iOddcU^iyö <K 



separated from the YBCO by a thin buffer layer of either cerium dioxide or yttria- 
stabilized zirconia. Clearly, the ability to deposit aligned buffer layers on polycrystalline or 
amorphous substrates would greatly improve the manufacturability of superconducting 
MCMs. 

Ion beams have been used previously to deposit aligned buffer layers for YBCO on 
polycrystalline substrates. Iijima et al. (2) reported a dual-ion beam process for depositing 
YSZ on Hastelloy C276, a nickel-based alloy. The ion beam position with respect to the 
substrate normal was varied from 30° to 60°, with bi-axially oriented films obtained at an 
angle of 45°. Reade et al. (3) also reported biaxial deposition of YSZ on nickel alloys 
when using ion beam assisted deposition in conjunction with laser ablation. The degree of 
orientation of the films was found to be strongly dependent on the incident angle of the ion 
beam, with the optimal results occurring at 55° from the substrate normal. Ion beam 
voltage and current also played important roles in determining the amount of orientation 
of the film. Oriented YSZ growth on Pyrex substrates using IB AD has also been reported 
by Sonnenberg et al (4). They reported detailed microstructural characterization, but did 
not subsequently deposit YBCO on these films. This paper reports our progress to date in 
the use of IB AD with magnetron sputtering, which has the advantage of producing larger 
area films than laser ablation. 

EXPERIMENTAL DETAILS 

All of the buffer layer films were deposited by RF magnetron sputtering in a 
deposition system designed at the University of Arkansas for superconductor and related 
dielectric research. Briefly, it is a 22" diameter side-sputtering deposition system that is 
pumped with two cryopumps. The deposition pressure can be precisely controlled from 
high vacuum to above 1 Torr, independently of the amount of backfill gas present. This is 
.achieved through the use of separate high- and low-conductance paths to the cryopumps. 
Both conductance paths utilize servo-controlled throttle valves to maintain a constant 
pressure regardless of the gas flow present. The chamber has multiple ports for mounting 
two sputter guns, an ion beam, and two substrate holders, which also serve as heaters. 
The chamber was pumped down to 4 x 10"7 Torr before each deposition. 

The ion beam used in these experiments is an Anatech IS-3000 3" filamentless gun. 
It was positioned about 8 cm from the substrate and at an angle of 55° from the substrate 
normal. This corresponds to the angle of the [111] direction from the [100] direction for 
cubic Ce02, and it is believed that ions directed at this angle may suppress growth of the 
(111) phase while enhancing growth of the (100) phase (3). Argon gas was flowed 
through the gun and an acceleration potential of 200-300 eV was used, with a beam 
current of 2-5 mA. 

The dielectric films were deposited from a stoichiometric 2" diameter CeÜ2 target 
which was RF sputtered in 80% Ar and 20% O2 at pressures ranging from 0.2 mTorr to 1 
mTorr, and at power levels from 60-80 watts. The low pressures were required to create 



a long enough mean free path for the ion gun to maintain a collimated beam. According 
to basic vacuum theory, a mean free path of 8 cm requires a pressure lower than 0.61 
mTorr. Special modifications were made to the sputtering guns to allow them to maintain 
plasmas at such low pressures. These modifications basically consisted of flowing the 
sputtering gas inside the dark space shield of the sputter guns, creating a localized high 
pressure region. The substrate was unheated, but its temperature generally increased to 
about 50 °C due to radiative heating from sputtering and the ion beam. 

The YBCO films were deposited in the same system described above, using a 2" 
magnetron sputtering gun in an off-axis geometry; the parameters are described elsewhere 
(5). Briefly, substrates were mounted onto a heater block using silver paste. The 
deposition temperature was held at 735 °C in 80% Ar and 20% 02. After deposition, the 
samples were cooled in 700 Torr of oxygen. 

The following substrates were used in this experiment: pieces of <100> prime 
silicon, 1" square Corning 7059 borosilicate glass (Pyrex), and 0.5" square Haynes alloy 
(#230). Haynes alloy is a nickel-based stainless steel which is a candidate substrate for 
YBCO films because of its low thermal expansion coefficient mismatch with YBCO. The 
Haynes alloy was mechanically polished using successively finer diamond paste to 0.25 
urn. The three different materials represent crystalline, amorphous, and polycrystalline 
structures, respectively, and provide a thorough test of the ability of EBAD to deposit 
oriented films independently of the substrate structure or orientation. 

Cerium dioxide films were deposited on the above substrates both with and 
without IB AD. All of the films in this study were grown to a thickness of about 2000 A. 
The use of IB AD caused a decrease in the deposition rate, from about 16 Ä/min to 13 
Ä/min. After all of the Ce02 depositions were completed, the Ce02 sputtering gun was 
removed and replaced with the YBCO sputtering gun. The CeÜ2 films were removed for 
analysis, then remounted to the heater block for YBCO deposition. YBCO films of 
approximately 3500 A thickness were deposited on the glass and Haynes substrates. 

The thickness and index of refraction of the CeÜ2 films deposited on bare silicon 
were measured using an ellipsometer. The structure of the films was analyzed with a 

'Phillips PW-1830 four-circle x-ray diffractometer (XRD) using copper ka radiation, and 
the surface analysis was performed with a Digital Instruments atomic force microscope 
(AFM). Electrical characteristics were measured using a non-contact technique similar to 
the system described in (6). 

RESULTS AND DISCUSSION 

The index of refraction of both the IBAD and non-IBAD films was around 2.3, 
compared to 2.2 for bulk Ce02. This indicates that the films are slightly oxygen deficient 
(7), but theta-two theta XRD scans show only evidence of the CeÜ2 phase. The theta-two 
theta scan of Ce02 on a silicon substrate without using EBAD is shown in figure 1. The 
presence of the (111), (200), and the (220) peaks are present at roughly the same 



intensity, with the ratio of the (200) peak intensity to (111) peak intensity equal to 0.95. 
This suggests a poly crystalline film with no prevalent texture. The film consists of 
completely random oriented grains since the substrate does not provide epitaxy for the 
growing layers. Figure 2 shows the theta-two theta scan of CeC>2 on silicon using IB AD. 
As the figure indicates, IB AD causes a marked improvement in the texturing of the (100) 
phase. The other phases are significantly attenuated, with the ratio of (200) to (111) 
intensities equal to 14.5. One reason for this dramatic improvement in texture, besides the 
fact that IB AD was used, is that silicon is crystalline with very nearly the same lattice 
constant as Ce02. 

Figure 3 shows a theta-two theta XRD scan of IBAD deposited CeC>2 on Pyrex. 
While the (111) and (220) peaks are still visible, the (200) peak is dominant; the ratio of 
(200) to (111) intensities is 1.4. Figure 4 shows a phi scan of the (111) family of CeC>2 
peaks on Pyrex and indicates both in-plane and out-of-plane orientation, as evidenced by 
the four peaks spaced 90° apart. The full-width-at-half-maximum (FWHM) for these 
peaks is approximately 34°. The relatively high FWHM implies that some in-plane 
misorientation is present. A theta-two theta scan of YBCO/CeC^/Pyrex is presented in 
figure 5. Only c-axis YBCO growth is detected, which suggests that the Ce02 deposition 
provides a well-aligned layer upon which the YBCO can be deposited. As a further 
demonstration of the alignment, figure 6 shows a phi scan of the YBCO (103) family of 
peaks with a FWHM of 22°. This indicates well-aligned grains in the a-b plane, which is 
parallel to the substrate. The presence of 45° misaligned grains would be indicated by 
peaks spaced 45° out of phase from the major peaks. Misaligned grains greatly reduce the 
Jc of the films. 

Next, data for Ce02 and YBCO/Ce02 structures deposited on Haynes alloy are 
presented. Figure 7 shows a theta-two theta scan for Ce02 deposited without IBAD. In 
this case, the Ce02 peaks are barely discernible above the noise of the substrate, with the 
(111), (200), and (220) peaks at about equal intensity. The ratio of (200) to (111) 
intensities is equal to 0.9. Figure 8 illustrates a theta-two theta scan of YBCO deposited 
on Haynes alloy with an EBAD-deposited Ce02 buffer layer. As in figure 5, only c-axis 
YBCO growth is evident. In addition, the (200) peak of Ce02 is 3.2 times more intense 

"than the (111) peak. 

YBCO was deposited on the three Ce02/substrate structures and their Tcs and Jcs 
were measured. Tcs (zero resistance) were 86 K, and Jcs ranged from 1 x 105 A/cm2 to 5 
x 10* A/cm2 when measured at 77 K. These values are somewhat lower than Tcs and Jcs 
obtained for films deposited on single crystal substrates, such as yttria stabilized zirconia. 
The cause for the reduction in Jc is most likely due to the presence of high-angle grain 
boundaries, which are evident from the scan shown in figure 6. These grain boundaries 
are known to act as weak links and reduce the critical current density (8). 

It is not well understood how the ion beam provides oriented film growth, but 
three separate mechanisms have been postulated. First, the collimated ion beam may 
selectively sputter grains growing in undesirable directions.  Second, the beam is believed 



to enhance film growth corresponding to the channeling direction of the film. As 
mentioned above, the [111] channeling direction is 55° away from the [100] direction. 
Therefore, a beam directed at this angle allows~the (100) phase to become channeled to 
the growing film, while other phase growth is attenuated or slowly sputtered away. 
Finally, the ion beam imparts energy to the surface of the film, which provides increased 
mobility for the molecules to realign into the preferred orientation. 

The average roughness R, of the IB AD films was measured by AFM and found to 
be about 2.6 nm, while the R, of the non-BAD films was about 3.8 nm. This 
improvement in smoothness is most likely due to the tendency of the ion beam to etch 
peaked surfaces more rapidly than smooth areas (9). This enhances superconductor 
quality by providing a smooth surface for YBCO nucleation. The improved surface 
quality, along with the stronger presence of the (100) phase, is believed to be responsible 
for higher YBCO film quality. 

CONCLUSIONS 

Cerium dioxide films have been sputter deposited onto several substrate materials 
using EBAD. These films exhibit bi-axial alignment with dominant (100) phase growth, as 
indicated by XRD theta-two theta and phi scans. The argon ion beam was positioned 55° 
from the substrate normal. This angle corresponds to the angle of separation of the [111] 
direction of cubic Ce02 from the [100] direction. 

High quality YBCO was deposited over the BAD buffer layers. The YBCO 
exhibited Tcs around 86 K and Jcs ranging from 1 x 10s A/cm2 to 5 x 105 A/cm2. BAD 
has been shown to be a useful technique for depositing aligned films on crystalline, 
polycrystalline, and amorphous substrates. This capability allows greater flexibility in 
manufacturing superconductor-dielectric structures by enabling the use of low-cost 
substrates in place of lattice-matched single crystal substrates, which tend to be expensive, 
brittle, and have high dielectric constants. 
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ABSTRACT 

The effects of low-energy blanket ion milling on the electrical and 
structural properties of superconducting yttrium-barium-copper-oxide 
(YBa2Cu307.x, or YBCO) were investigated. This process has proven not 
to have a detrimental effect on the electrical or structural properties of 
high-quality YBCO films. In fact, it has been found that, in many cases, 
the critical current density (Jc) improves as a result of a brief exposure to 
a low-energy ion beam. Also, milling of high-quality films results in a 
reduction in RMS surface roughness. Lower-quality films are typically 
degraded by the same process. 

INTRODUCTION 

The High-Density Electronics Center (HiDEC) at the University of Arkansas is 
conducting research directed at the fabrication of superconducting multi-chip modules 
(MCMs). These modules will consist of semiconducting ICs on a superconducting 
interconnect structure. The superconductor material of choice is YBCO. Due to the 
reactivity of YBCO with air and water, its surface develops a non-superconducting layer 
through processing and handling. It is desired that this layer be removed prior to 
metallization (preferably in-situ) to produce-a low-resistance contact. Ion milling is under 
consideration to serve this purpose. Consequently, the effects of ion bombardment on the 
ele'ctrical and structural properties of YBCO must be investigated to determine the 
effectiveness of this process. 

The proposed superconducting MCM interconnect structure consists of two 
superconducting planes separated by dielectric layers which are deposited on a substrate. 
This two-layer structure is based on the interconnected mesh power system (IMPS) MCM 
topology [1], in which the power, ground, and signal components are combined into two 
planes. Due to the high dependence on the crystallographic properties when interfacing 
ceramic materials, minimization of layers is critical in this structure. 

The four-sided problem of lattice matching, coefficient of thermal expansion 
(CTE), interdiffusion, and dielectric constant prevent the use of a single material for the 
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dielectric layer in this structure. The currently proposed dielectric layer for the HiDEC 
superconducting MCM consists of silicon oxide (Si^Oy) buffered by layers of cerium 
dioxide (Ce02) grown either by an ion beam-assisted sputtering or laser ablation 
technique. SiJDy has been chosen due to its low dielectric constant, and its extensive 
application in electronics. The S^Oy will be tailored by sputter deposition for the best 
trade-off between its dielectric constant and CTE. Ce02 has been chosen to buffer 
between Si,Oy and YBCO because of its lattice parameter and CTE match with YBCO. 

The superconductor planes are to be connected by metal vias. Previous 
publications have illustrated the severe degradation of the critical current density (Jc) of 
a superconducting YBCO via [2]. This reduction in Jc is due to the anisotropic nature of 
current flow in YBCO [3]. In order to keep the YBCO layers planar, the Si^Oy will be 
planarized prior to the second YBCO deposition, and the YBCO layers will be connected 
by reach-through vias. The ideal metal for low-resistance contact to YBCO is gold (Au). 
Other options are silver (Ag), platinum (Pt), or a multi-layer metal. A cross-sectional 
representation of the superconducting MCM interconnect structure is shown in Figure 1. 

An item of extreme importance, not considered in the previous section, is that of 
the reactivity of YBCO with its surroundings. YBCO has been shown to be reactive with 
many of its environmental components, especially air and water [4-6]. This results in the 
formation of a non-superconducting surface layer on YBCO films upon exposure to air 
and conventional wet processing steps, such as photolithography. This reacted layer 
results in higher-resistance contacts and defeats the purpose of lattice matching at the 
interface of a dielectric and a reacted YBCO surface. Avoidance of these reactions by 
shielding YBCO from a reactive atmosphere would be very time consuming as well as 
expensive. Figure 2 shows the interconnect structure of Figure 1 taking into account a 
non-superconducting surface on the YBCO planes of the superconducting MCM 
interconnect structure. 

EXPERIMENTAL PROCEDURES 

Removal of the non-superconducting surface of YBCO is the most feasible 
solution to the reactivity problem. It is desirable for this removal process to be performed 
in the same chamber as the subsequent deposition step, so that the superconducting 
surface of the YBCO is not exposed to air. In the fabrication of the HiDEC module, 
where the Ce02 layers are deposited by ion-beam assisted sputtering in the same chamber 
in which metallization is performed, the ion source may be used to etch the YBCO films 
until the superconducting bulk is exposed. This arrangement then allows for the 
deposition of the dielectric layer or metal following the in-situ milling process. 

The use of inert ions to bombard a surface in order to remove material is called 
ion milling. Ion milling has been applied extensively to the patterning of YBCO films 
[7,8]. However, it has also been reported that it degrades the electrical properties of 
YBCO [9].  Since the surface preparatory process exposes the entire surface of the film 



(this is where the term "blanket" comes from), a major concern is damage to the 
remaining film. In order to minimize the damage to the underlying superconducting 
YBCO, caused by exposure to ion milling, the process is performed at an energy lower 
than that common to bulk etching processes. 

In order to evaluate the effects of low-energy blanket ion milling on YBCO films, 
the electrical properties of critical current density (Jc) and critical temperature (Tc) were 
measured prior to processing and after repeated exposures. The effects on the structural 
properties of YBCO were determined using atomic force microscopy (AFM) by which 
the surface structure was observed for changes and the surface roughness was calculated 
for a 100 um2 area. 

Each milling step was performed at a beam energy of 500 eV and a beam current 
density of 0.3 mA/cm2 for 2-minute intervals. The ion source was oriented normal to the 
sample surface at a distance of 15 cm. Argon gas was used to create the inert ions. The 
background pressure during milling was lxlO^Torr. Typically, bulk etching is performed 
at energies greater than 1000 eV and a current density of approximately 1 mA/cm2. In 
order to minimize residual damage from ion bombardment, an energy of 500 eV and a 
current density of 0.3 mA/cm2 was chosen for the work described here. The etch rate of 
YBCO for these etching parameters is approximately 100 Ä/min, so about 200 Ä were 
removed per exposure. The initial thickness of the films was approximately 3000 Ä- 
4000 A. 

YBCO films were deposited by sputtering or laser ablation on yttria-stabilized 
zirconia (YSZ), lanthanum aluminate (LaA103, or LAO), or strontium titanate (SrTi03, 
or STO) substrates. Measurements of Jc and Tc were performed using a non-contact 
system that employs a current induction technique [10]. AFM data was obtained with a 
Digital Instruments Dimension 3000 Scanning Probe Microscope. The ion milling was 
performed with an Ion Tech model FC3000 filament-type 3 cm ion source. 

EXPERIMENTAL RESULTS 

As previously noted, the intent of the surface preparation process is to remove the 
non-superconducting surface from YBCO without degrading its electrical or structural 
properties. However, what has been discovered is an improvement of Jc in some cases 
and typically a degradation of Tc. Figure 3 shows the plot of Tc for a YBCO film 
deposited by laser ablation onto a LAO substrate. As can be seen, the onset temperature 
remains the same while the zero temperature has degraded from 88 K to 83 K after one 
exposure to the blanket ion milling. Figure 4 shows a plot of critical current (LJ for the 
same sample. For a crossover criterion of 20 V, L, has increased from 11 mA to 25 mA, 
which corresponds to a Jc increase from 3.77xl05 A/cm2 to 8.57xl05 A/cm2. 

Figures 5 and 6 show the Tc and L,, respectively, of a YBCO film deposited by 
sputtering onto a YSZ substrate. After one exposure to blanket ion milling, Tc remained 



unchanged at 88 K while I,, increased from 30 mA to 36 mA, which corresponds to a Jc 

increase from 1.029xl06 A/cm2to 1.234xl06 A/cm2. Figures 7 and 8 show the Tc and Ic, 
respectively, of another YBCO film deposited by-sputtering on YSZ. After milling, the 
Tc remained unchanged at 87 K while the {. increased from 32 mA to 52 mA, which 
corresponds to a Jc increase from 1.097xl06 A/cm2 to 1.783x10s A/cm2. 

Not all samples exposed to blanket ion milling behaved in this manner. Figure 
9 plots the variation in I,, after each blanket mill for six samples. After one exposure to 
blanket ion milling, three of the films showed an increase in Jc, two showed a decrease, 
while one remained unchanged. After the second exposure, one film showed an increase 
in Jc, three showed a decrease, while one remained unchanged. One sample was milled 
three times and showed a continous decrease in Jc. 

In addition to the electrical properties of YBCO, it is desirable that the surface 
roughness of the films not be degraded by the in-situ processing to promote epitaxy and 
planarity. Figure 10 plots the variation in RMS surface roughness (Rq) after each blanket 
mill for six samples. After one exposure to the blanket ion milling, three of the films 
showed a decrease in R,,, while three showed an increase. The films consistently showed 
an increase in Rq after subsequent exposures. 

CONCLUSIONS 

As discussed previously, the intent of the in-situ surface conditioning process 
described in this paper is to remove a non-superconducting surface without degrading the 
electrical or structural properties of YBCO. It has been shown that, in many cases, the 
Jc of YBCO films can be increased by a 2-minute exposure to an argon ion beam at 500 
eV and 0.3 mA/cm2. The increase in Jc is believed to be due to damage caused by the 
argon ions which creates flux pinning centers on the surface of the YBCO [11,12]. 

The effect on surface roughness of low-energy blanket ion milling are intriguing. 
While the films studied here showed some increase in surface roughness, the amount of 
the increase is acceptable considering that these films initially are sufficiently smooth for 
patterning of lines as small as 5 um. It has also been found that films with poor initial 
roughness (>30 nm RMS) are consistently smoothed by low-energy blanket ion milling. 
The films that did show an increase in roughness initially contained many pits on the 
surface which were progressively worsened by the milling. Films which were initially 
pit-free were shown to decrease in roughness after milling, even for films which were 
initially very smooth (<10 nm RMS). 

The effects of ion milling on the electrical properties of YBCO films correlate 
well with changes in roughness. Films which exhibited high quality initially were more 
likely to be improved by low-energy blanket ion milling. On the other hand, poorer 
quality films typically degraded with ion milling. However, the results of these 
experiments show that YBCO films can be exposed to low-energy blanket ion milling 



with relatively little detrimental effect on their electrical or structural properties. In fact, 
it may be reasonable to perform ion milling with the intent of increasing the Jc of YBCO 
films. 
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Figure 9: Ic vs. number of mills 
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In order to build high-temperature superconductor (HTS) multichip modules (MCMs), it is 
necessary to grow several epitaxial layers of YBCO that are separated by thick dielectric layers 
without seriously affecting the quality of the YBCO layers. In this work, we have successfully 
fabricated YBCO/YSZ/Si02/YSZ/YBCO structures on single-crystal LaA103 substrates using a 
combination of pulsed laser deposition for the YBCO layers and ion-beam-assisted rf sputtering to 
obtain biaxially aligned YSZ intermediate layers. The bottom YBCO layer had a 7"c~89 K, 
/C~7.2X 105 A/cm2 at 77 K, whereas the top YBCO layer had a TC~S6 K, 7C~6X 105 A/cm2 at 
77 K. The magnetic field and temperature dependence of Jc for the YBCO films in the multilayer 
have been obtained. The results for each of the YBCO layers within the 
YBCO/YSZ/Si02/YSZ/YBCO structure are quite similar to those for a good quality single-layer 
YBCO film.   © 1996 American Institute of Physics. [S0021-8979(96)03308-9] 

I. INTRODUCTION 

In electronic applications of high-temperature supercon- 
ductor (HTS) thin films, the critical current density (Jc) is an 
important characteristic. One of the potential applications of 
high-temperature superconducting films is as electronic inter- 
connects on a multichip module (MCM).1 Since there are a 
minimum of two HTS thin films, separated by thick dielec- 
tric layers required, in HTS multichip modules (MCMs), it is 
necessary to know if the quality of the HTS layers is still 
maintained after the entire fabrication process is completed. 
In addition to the critical temperature (Tc) and critical cur- 
rent density at zero field, the dependence of Jc on an exter- 
nally applied magnetic field and the temperature for the en- 
tire multilayer structure is crucial information for electronic 
applications. The YBCO/YSZ/Si02/YSZ/YBCO multilayer 
structure has been fabricated by Reade et al? They reported 
cracking in the top YBCO layer, which limited their investi- 
gation of the properties of the multilayered structure. 

In this article, we report a study of the temperature and 
magnetic field dependence of Jc for both YBCO layers in a 
YBCO/YSZ/Si02/YSZ/YBCO multilayer structure3 per- 
formed by the magnetization method. Our results show that 
the temperature and magnetic field dependence of Jc of the 
YBCO layers of these samples are similar to those of high 
quality single-layer YBCO thin films. 

II. EXPERIMENT 

The YBCO/YSZ/Si02/YSZ/YBCO multilayer samples 
investigated here were prepared by using a combination of 
pulsed laser deposition and ion-beam-assisted magnetron 

"'Permanent address: Department of Materials Science, Fudan University. 
Shanghai, People's Republic of China. 

b)Permanent address: Ion Beam Laboratory. Shanghai Institute of Metal- 
lurgy, Chinese Academy of Sciences, Shanghai, People's Republic of 
China. 

sputtering. Details of the technique will be described 
elsewhere.3 In short, a 200-nm-thick YBa2Cu307_^ (bottom 
YBCO, layer 1) film was deposited on a single-crystal 
LaA103 substrate (100 orientation and area 1X1 cm2) by 
pulsed laser ablation at a substrate temperature of —750 °C. 
Ion-beam-assisted rf sputtering was used to deposit biaxially 
aligned 200-nm-thick yttria-stabilized zirconia (YSZ) as a 
capping layer (layer 2). Next a l-/u.m-thick, amorphous Si02 

layer (layer 3) was deposited on layer 2 at room temperature 
by rf sputtering. The capping layer (YSZ) is used to prevent 
diffusion of the third Si02 layer into the top YBCO layer. A 
fourth layer (biaxially aligned YSZ) was then deposited on 
the Si02 layer.to a thickness of 200 nm using the same 
method as for layer 2. This layer is very important. It not 
only functions as protection against the diffusion of the third 
Si02 layer into the YBCO layer, it also allows good epitaxial 
YBCO growth if it has a well-aligned structure. Finally, the 
top YBCO layer (layer 5) was deposited by laser ablation 
under the same conditions as was used for layer 1. 

The orientation of the YSZ and YBCO layers was char- 
acterized by x-ray diffraction. The magnetization M(H) loop 
was measured using a Quantum Design Magnetometer in 
fields up to 4 T, applied parallel to the c-axis direction and at 
a fixed temperature. This was repeated for different tempera- 
tures ranging from 5 to 77 K. The values of Jc were calcu- 
lated using Bean's model. The electrical resistance was mea- 
sured using the standard four-lead technique. 

III. RESULTS AND DISCUSSION 

X-ray diffraction data showed that all samples investi- 
gated here were single-phase highly c-axis oriented with 
very good in-plane epitaxy (Fig. 1). There were no cracks 
observed in the top YBCO layer. The resistance R(T) and 
magnetization M(T) of the samples were carefully measured 
for each YBCO layer. Figure 2 shows the typical resistance 
as a function of temperature for the top YBCO layer. The 

J. Appl. Phys. 79 (8), 15 April 1996 0021 -8979/96/79(8)/6593/3/$ 10.00 © 1996 American Institute of Physics 1&\ 
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FIG. I. 0-26 x-ray diffractometer pattern for the YBCO/YSZ/Si02/ YSZ/ 
YBCO structure on [001] LaA103 (*: indicate substrate impurity peaks seen 
in the bare substrates of the same batch). 
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Bottom YBCO lay«- (at H-O.BT) 
Top YBCO toy«- (at Ho 0.0T) 
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l-t 

FIG. 3. Logarithmic plots ofJcvs l-t for each of the YBCO layers within 
the multilayer structure. Straight lines are the curve fits to (l —/)"■ where 
n~ 1.3 for H=0.0 T and n~2.1 for W=0.8 T. 

zero resistance temperature for this YBCO layer is about 86 
K with a transition width of about 2 K. The M(T) data for a 
multilayer sample are shown in the inset of Fig. 2. As can be 
seen in the inset of Fig. 2, the onset transition of the M(T) 
curve is about 89 K. A second transition (indicated by the 
arrow in the inset of Fig. 2) is consistent with the Tc of the 
top YBCO layer measured by the transport method (Fig. 2). 
In order to verify this, Tc was remeasured again after the top 
layer of YBCO was etched away by using a dilute EDTA 
solution, and the onset transition was found to be about 89 K. 

The critical current density Jc of the samples were mea- 
sured by the magnetization method and calculated using 
Bean's model. For a rectangular single-layer film, Jc can be 
calculated from the following formula:4 

Jc=\0[M + (H)-M_(H)]ILx[\-{LißL2)]V. (1) 

In Eq. (1), M + (H) and M_(#) are the magnetization of 
the decreasing and increasing field branches in electromag- 
netic units (emu), respectively; V is the volume of the thin 

film in cm3; Lx and L2 are the short and long sides of the 
samples in cm, respectively. We have assumed that Jc is 
independent of the B field and excluded the anisotropic criti- 
cal currents in the above calculation. In order to determine Jc 

of both the top and bottom YBCO layers, the magnetization 
M1(H) and M1(H) for the multilayer film was measured 
first, then the magnetization M+(H) and Mb_(H) for the 
bottom layer was measured after the top layer of YBCO was 
etched away. In this article we use superscript / and b for the 
parameters related to the top and bottom YBCO layer in the 
multilayer film, then Jc for the bottom layer should be 

Jb=\Q[Mb
+{H)-Mb_{H)]ILb[\-{Ll[ßL.bl)}V

b,       (2) 

and for the top layer in the multilayer film, 

J< = \0{[M1{H)-Mb
+{H)} 

-[Ml(H)-Mb_(H)]}/L\[l-(L\/3L'2)]V.       (3) 

The Jc of the top YBCO layer was found to be about 6X105 

A/cm2, and a value of —7.2X 105 A/cm2 was obtained for the 
bottom layer at 77 K under zero magnetic field. Jc, as a 
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FIG. 2. Resistance vs temperature for the lop YBCO layer in the YBCO/ 
YSZ/SiOz/YSZ/YBCO/LaAlOj multilayer structure. Inset: magnetization M 
as a function of 7" for the entire multilayer structure. 
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FIG. 4. Magnetic field dependence of Je for top and bottom YBCO layers at 
35 K. Field is applied perpendicular to a-b plane. 
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function of (1 -/), is shown in Fig. 3 for different values of 
the magnetic field, where t = T/Tc. It was found that, for 
both YBCO layers, the temperature dependence of Jc is simi- 
lar to that for a good quality, single-layer YBCO film.5"7 The 
magnetic field dependence of Jc for both YBCO layers at 35 
K are shown in Fig. 4. It clearly shows that Jc for both top 
and bottom YBCO films essentially has the same magnetic 
field dependence as that for the high quality, single-layer 
YBCO film.5-7 

IV. SUMMARY 

A good quality YBCO multilayer structure has been fab- 
ricated using laser ablation and ion-beam-assisted rf sputter- 
ing. The dependence of Jc on the temperature and magnetic 
field for both YBCO layers in the multilayer has been deter- 
mined. The results suggest that the temperature and magnetic 
field dependence of Jc of the YBCO layers in the multilayer 
structure are not altered appreciably by the multilayer growth 
processes. 
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THE MAGNETIC FEILD AND TEMPERATURE DEPENDENCE OF CRJTICAL 

CURRENT DENSITIES IN MULTILAYER Y.BajCujO,, FILMS 
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In order to build   high temperature superconductor (HTSC) muhchjp modulcsfMCM's). rt is 

necessary to grow several epitaxial layers of YBCO that are separated by dielectnc layers 

without seriously effecting the quality of the YBCO layers.  In this work, we have successfully 

fabneated   YBCO/YSZ/S.O/YSZ/YBCO   on   single   crystal   LaAlO,   substrates   using   a 

combination of pulsed laser deposition for the YBCO layers and ion beam assisted sputtenng 

!."> '»!*ain biaxially aliened YS7. intermediate layers    Ttic boaom YBfO I .-.,.■.• f.jd a T.-89K 

K   :;»'A'c;nJ   at 77K, whe.-cjs die top YBCO layer had a T.-S6K. J,   h/.vaifat 77K   The 

magnetic field and temperature dependence of L in   these multilayer YBCO films has been 

obtained     The results from YBCOA'SZ/SiO/YSZ/YBCO and YBCO YSZ/SiO/YSZ are 

quite similar to that from a single layer YBCO film. 
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FABRICATION OF HIGHLY TEXTURED SUPERCONDUCTING 

THIN FILMS ON POLYCRYSTALLINE SUBSTRATES 

USING ION BEAM ASSISTED DEPOSITION 

lQ. Xiong, lS. Afonso, 'FT. Chan, 'K.Y. Chen, lGJ. Salamo, 2G.Florence, 

J. Cooksey, S. Scott, 2S. Ang, 2W.D. Brown and 2L. Schaper, 

'Physics Department, 2EIectrical Engineering Department / High Density 

Electronics Center, University of Arkansas, Fayetteville, AR 72701 

ABSTRACT 

Tl2Ba2CaCu2Oy(T12212) thin films on ceramic A12Q, substrates with J«(77K) of about 
105 A/cm2 and high quality YBCOA,S27SiCyYSZA^CCVLaA103 mutilayere with 

J/77K) of about 6x10* A/cm2 in the top YBCO layer have been successful deposited for 
the first time. These Mirror-like, highly c-axis oriented films were grown on highly 
textured YSZ buffer layers, which were deposited through Ion Beam-Assisted Laser 
Ablation. The zero resistance temperature is 95-108K for the T12212 films, and 85-90K 
for the multilayer YBCO films. The results suggest that using cheap non-single crystal 
substrates to fabricate good HTS films is possible. 

I. Introduction 

Since   the   discovery   of  high   temperature   superconductors(HTS),   many   possible 

applications of HTS thin films have been design and demonstrated, from very useful fault current 

limiters to the electronic interconnects on multichip module (MCM) substrates.    All of these 

applications would benefit from the use of HTS thin films.   One of the major problems for the 

^application of HTS's is that HTS's can carry only a limited amount of current without resistance. 

.This problem is related to their two dimensional layered structure.  According to earlier studies1'2, 

if the layers do not line up properly, the critical current density will decrease dramatically in the 

misaligned region. One way to overcome this problem is to grow micron-thin layers of the material 

on well  organized  substrates,  epitaxally.     The process  has  the effect of lining up the 

superconducting layers more accurately.   HTS thin films grown on single crystal substrates of 

LaAlOj or SrTiOj have good lattice match between the HTS and substrate, and have critical 

current densities of about ~106 A/cm2, which is large enough for most HTS thin film applications. 

While this effort is impressive, it is far from useful, since the films so developed are much too 

expensive because the single crystal substrates are very expensive and available only in relatively 

small sizes. Moreover, for some electronic applications such as HTS multi-chip rnodules(MCM's), 

**K 167 vi-^Ä^ Auk tiCG&W    (250 
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there are at least two HTS thin films that are separated by thick dielectric layers. Useful dielectric 

layers such as SiQ, have noncrystalline structures. For this reason, HTS thin film layers cannot be 

grown on the dielectric layer with good alignment by conventional methods. Recent studies3"7 have 

shown that highly biaxially aligned YSZ layers can be grown on non-crystalline substrates, which 

are cheaper and easy to get in any size needed by Ion beam-assisted laser deposition(IBAD). Using 

this method, high quality YBa2Cu3Oy (YBCO) films have been deposited on biaxially aligned YSZ 

layers grown on non-crystalline substrates with Je's of up to 8x 105A/cm2 at 75K. 

Here, we report the results from T12212 films fabricated on polycrystalline Al203 

•substrates with an EBAD deposited YSZ buffer layer and YBCO/YSZ/SiO/TSZ/YBCO/LaAlOj 
mutilayers. 

II Experimental 

Fine polished Al203 was used for the substrates of the T12212 films.  Ion-beam assisted 

pulsed laser deposition was used to prepare highly biaxial aligned YSZ buffer layers at room 

temperature. While YSZ was deposited by pulse laser deposition, an Ion-beam (argon ion source) 

bombarded the substrates at an angle of 55° from the substrate normal. The laser used here was an 

ArF excimer laser (wavelength = 193 nm, shot frequency = 5 Hz). The energy density of the laser 

beam, which  was focused on the YSZ target, was set to about 2 - 3 J/cm2.   The ion beam energy 

was typically set at about 250 eV, and the beam current density was about 120 uA/cm2.   The 

oxygen partial pressure was maintained at 3x10"* Torr, and with the ion beam the total pressure in 

the vacuum chamber was about 8x10^ Torr during the deposition of the YSZ layers.    The 

substrate temperature increased to about 100 °C due to the assisting ion beam.  The growth rate 

was about 0.5 A/S. The thickness of the YSZ buffer layers in our experiment was about 5000 Ä. 

For the YBCO multilayer structure, 2000 A thick YBCO layers were deposited by pulsed laser 

ablation at ~ 750 'C. A 4-5 micron thick amorphous SiOj layer was deposited as a dielectric layer 

at room temperature by rf sputtering. For the T12212 films, 2000-3000Ä BajCaCujO,, precursor 

films were deposited on the YSZ-buffer layer at a temperature of 400°C using pulsed laser 

-ablation. The films were then treated in a thallination process at 810°C.   •    :        ; 

The structures of deposited films were characterized by x-ray diffraction. Te and Jc of 

HTS layers were measured by both transport method using the standard four-lead technique and 

the magnetization method using a Quantum Design Magnetometer. 

m. Results and Discussion 

All YSZ films deposited on the polycrystalline AI2Oj substrates for T12212 or on first 

YBCO layer, or on amorphous SiOj layer were (001) oriented with the <001> axis normal to the 

substrate plane. A typical X-ray G-26 diffraction pattern for a YSZ film deposited on a 

polycrystalline AI203 substrate is shown in Fig. I.  Observation of only the YSZ(002) peak in the 
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X-ray 6-29 diffraction pattern indicates that the YSZ was highly (001) oriented. The <{. scan width 
of the {III} peaks is about 25° (FWHM). 

Typical resistance versus 
temperature data for TI22I2 is shown in 

Fig.2.  The zero resistance temperature T€ is 

I05.6K which is comparable with the results 

from the high quality films grown on LaAIOj 

or SrTiOj substrates.   The critical current 

densities  of these films are about 8xI04 

A/cm2 by transport method. Fig.3 shows the 

typical    resistance    as    a    function    of 

temperature for the top YBCO layer in the 

multilayer structures.    The zero resistance 

temperature for this YBCO layer is about 

86K with a transition width "of about 2 K. 

The   Messier  effect  MfT)  for the  same 

mutilayer sample is shown in the inset of 

Fig.3.    As in the inset of Fig.3, the onset 

li 
10 20 30 40 
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Fig. I X-ray diffraction 6-20 s 
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i of YSZ on A1,0, (• A],<>, 

transition of the MfT) curve is at about 89 K, a second transition (indicated by the arrow) in the 

inset of Fig.3 is consistent with die T, of the top YBCO layer measured by the transport method 

(Fig 3). In order to verify this, Tc was remeasured again after die top layer of YBCO was «died 
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Fig.2. ResistMoeviTen^eraturefortheTljBajC^CujO, 
on YSZ/A1.0,. 

Fig.3. Resistance vs temperature for the top YBCO layer 

in «hcYIKXVYSZ/SiCyYSZ/YBCO/UAlO, 
multilayer, faset: Magnetization M as a function 

of temperature for the entire multilayer. 

away by using a dilute EDTA solution, and the ons« transition was found to be at about 89 K 

wtthout the second transition. The critical current density. Jc of the samples were measured by the 
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magnetization method and calculated using Bean's model before and after the top layer of YBCO 

was etched away. The Jc of the bottom YBCO layer is about 7.2x10s A/cm2 at 77 K, and of the 

top YBCO layer is about 6xl05 A/cm2 at 77 K, For comparison, we deposited both YBCO and 

T12212 on ceramic A^C^ substrates. Even though the Te of these films were about the same, Je is 

< 10 A/cm . Which is about two orders of magnitude lower than that of the film on the biaxially 
aligned YSZ layer 

IV. SUMMARY 

T12212 films on ceramic Al203 substrates have been grown for the first time and good 

quality YBCO multilayer structures have been prepared using laser ablation and ion beam assisted 

if sputtering. Our results demonstrate that good quality HTS films can be grown on cheap 

nonsingle crystal substrates though the Ion Beam-assisted deposition technique. 
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Fabrication and characterization of vias for contacting YBa2Cu307.x multilayers 

J. W. Cooksey, S. Afonso, W. D. Brown, L. W. Schaper, S. S. Ang, R. K. Ulrich, G. J. Salamo, and F. T. Chan 

High Density Electronics Center, University of Arkansas, 600 W. 20th Street, Fayetteville, AR 72701 USA 

In order to connect multiple layers of high temperature superconductor (HTS) interconnects, low contact 
resistance vias must be used to maintain high signal propagation speeds and to minimize signal losses. In this work, 
40 urn via contacts through YBa2Cu307.x /SrTiOj/SiO/VSZ/YBazCujO,.,, multilayers utilizing dry etching techniques 
and sputter deposited Au for contacting through the vias have been successfully fabricated and characterized. The 
vias connect two laser ablated YBa2Cu307.x (YBCO) signal lines through thick (4-5 urn) Si02 insulating layers. This 
approach to making multilayer superconductor vias provides a low resistance contact between the YBCO layers 
while maintaining space efficiency and fabrication compatibility with the superconductor. 

1. INTRODUCTION 

Since the discovery of high temperature 
superconductivity (HTS), researchers have utilized 
their low resistance behavior in many applications. 
One such application is that of multichip modules 
(MCMs.) Unlike that of VLSI technologies where 
smaller feature sizes in successive generations allow 
interconnect lengths and power dissipation to be 
reduced, MCMs will not have that same luxury. As 
the complexity of ICs advances, pinout count per IC 
increases, and operating frequencies increase, MCM 
normal metal interconnections will have to grow in 
length and will not be allowed to reduce in cross- 
sectional area. On MCM-D substrates, typical copper 
or aluminum interconnection dimensions are about 2 
to 5 urn in thickness and between 15 and 30 urn wide 
with corresponding via sizes. By cooling the metal to 
77 K (liquid nitrogen temperature), the resistivity of 
copper decreases by a factor of about 7 which allows 
a corresponding decrease in the interconnect's cross- 
sectional area. In order to increase the wiring density 
beyond that of cryo-cooled MCMs and improve the 
chip-to-chip bottleneck at high frequencies, 
alternatives to conventional metal interconnects must 
be considered [1]. 

HTS interconnections, with negligible resistivity at 
operating frequencies of several tens of GHz and 
lower, have great potential to reduce an interconnect's 
cross-sectional area with typical thicknesses of less 
than 1 urn and widths of less than 2 urn for MCM 
applications   with   similar  spacings.      The   main 

challenge for attaining multiple layers of high density, 
high performance HTS interconnects appears to be in 
fabricating compact, low resistance vias. 

The work presented here focuses on this problem 
and describes a method of fabricating noble metal vias 
for use in an HTS MCM prototype. 

2. EXPERIMENTAL DETAILS AND RESULTS 

A cross-section of our multilayer YBCO structure 
utilizing Au vias is shown in Figure 1. 
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-N.    —-N.^N 

Figure!. HTS via process. 



Our research has centered around two layers of laser 
ablated YBa2Cu307.x (YBCO) interconnects separated 
by a multilayer dielectric consisting of 
SrTiOj/SiO/YSZ. We are able to attain critical 
current densities > 5 x 10s A/cm2 in both YBCO 
layers. The SrTiOj (STO) and YSZ (yttria-stabilized 
zirconia) layers being -0.5 um thick while the Si02 

ranges between 4 and 5 urn. 
The via fabrication process is as shown in Figure 1. 

The etching involves a 500 eV ion mill through the 
top YSZ buffer layer, which is followed by a reactive 
ion etch through the Si02 interlevel dielectric 
selectively stopping at the barrier layer of STO. To 
complete the etching process, a 500 eV ion mill is 
done to etch through the STO. The final milling is 
very nonselective and requires close observation to 
keep from overetching through the bottom layer of 
YBCO. When depositing the top layer of YBCO at 
~700° C, whatever material is deposited on the via 
sidewalls is presumably corroded due to interdiffusion 
of Si from Si02 into the YBCO but, presumably, does 
not effect the quality of the via. The subsequent in 
situ deposition of -2000 A of Au by laser ablation 
creates low resistance contacts without having to do a 
high temperature anneal in oxygen as was described 
by Ekin et al. [2]. In similar structures, contact 
resistivities of less than 10'7Q-cm2 have consistently 
been attained. An additional 1.5-2.0 urn of Au is 
deposited over the existing YBCO/Au and then 
patterned using ion milling and photoresist as a mask. 

This type of via structure has several advantages 
over previously demonstrated superconducting vias 
for use in HTS MCMs [3,4]. Since HTS thin films 
need to be deposited on planar surfaces or gradual 
slopes to maintain a reasonable current density, due to 
grain boundary problems, they require gradually 
sloped via holes that take up a wide area. By using a 
noble metal, compact, high-aspect ratio vias can be 
fabricated reliably. 

Ultrasonic Al wire bonds were then made between 
YBCO/Au bond pads on the substrate and a wire 
bondable PC board. Via chain resistance was 
measured using a conventional 4-point contact 
configuration and measuring the Voltage drop across 
the vias while passing DC current through it. The 
resistance vs. temperature of a -0.5 cm long via chain 
structure with ten 40 urn square vias interconnecting 
50 urn wide YBCO lines is shown in Figure 2. The 
room temperature resistance was measured to be about 
515 Q, and upon cooling to 78.5 K, the resistance 
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Figure 2. Temperature transition of a chain often 
40 urn wide vias. 

dropped to about 87 Q. As is shown in Figure 2, 
there are two separate superconducting transitions 
occurring at about 89 K and 80 K which correspond to 
the top and bottom layer YBCO transitions. At 78.5 
K, the interconnects had not yet become fully 
superconducting. 

In summary, 40 urn YBCO/Au via chain structures 
have been characterized. The preliminary work shown 
here is to be improved upon by improving the quality 
of the YBCO layers, lowering the contact resistances, 
and possibly improving the step coverage of Au 
through the via by increasing its thickness. 
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Fabrication techniques and electrical properties of YBazCusO?.* multilayers with 
rf sputtered amorphous SiÜ2 interlayers 

«S. Afonso, «K. Y. Chen, -Q. Xiong, «F. T. Chan, «G. J. Salamo, *>J. W. Cooksey, *S Scott >>S Ane 
*>W. D. Brown, and bL. W. Schaper. '     ' 

»Department of Physics and bDepartment of Electrical Enginneering/High Density Electronics 
Center, University of Arkansas, Fayettevüle, AR 72701, USA 

We have successfully fabricated YBa2Cu307.I/YSZ/Si02/YSZ/YBa2Cu307.x multilayer 
structures on single crystal LaAlOs (100), substrates. The YBa2Cu307.x(YBCO) layers were 
deposited using p-ulsed laser ablation (PLD), the biaxially aligned YSZ ( 250 nm thick) layers 
were deposited using ion beam assisted PLD (IBAD-PLD), and an amorphous SiOz (l-2|im) layer 
fabricated via rf sputtering was sandwiched between the YSZ layers. Fabrication techniques and 
characterization results are reported for patterned layers in this work. 

1.   INTRODUCTION 

For  high   temperature   superconductor 
multichip   moduIe(HTS-MCM)   applications 
the basic building block is the HTS/Insulator 
(thickness  >Inm)/HTS  structure.     A  HTS- 
MCM can  be  defined  as     a   miniaturized 
version  of a   multilayered   printed   wiring 
board  with  superconducting  interconnects. 
Previously   such   a   HTS-MCM    prototype 
using   a   YBCO/SrTiO3(500nm)/YBCO   has 
been successfully fabricated by Burns et al 
[1J.    Recently the use of ion beam assisted 
deposition to deposit biaxially aligned YSZ 
buffer      layers     on      polycrystaliine      or 
amorphous   substrates   allowed    for   good 
quality YBCO films on these substrates [2-5]. 
Reade et al [6| were able to demonstrate 
using    the    ion    beam    assisted    pulsed 
deposition (IBAD-PLD) technique that it was 
possible    to    fabricate     the    YBCO/YSZ- 
/amorphousYSZ(5fim)/YSZ/YBCO multilayers 
on  oriented YSZ substrates  with   the  top 
YBCO Tc ~ 87 K.   They also fabricated the 
same structure using amorphous S1O2, but 
cracks in the top YBCO layer did not permit 
electrical  measurements  of the   top   layer. 
The   main   advantage   of  S1O2   is   its   low 
dielectric constant (~ 3.89), which makes it 
an ideal insulator material for MCMs. 

In  this paper we briefly  describe  the 
method to fabricate and the results obtained 

from the characterization of the YBCO/YSZ- 
/SiOz/YSZ/YBCO multUayers. 

2.   EXPERIMENTS 

The first YBCO layer (300nm thick) was 
fabricated by pulsed laser deposition using 
standard conditions.   After patterning, part 
of  the   pads   were   masked   to   allow   for 
transport measurements later.   Next a 250 
nm thick YSZ layer was deposited via IB.AD 
PLD using conditions described in [5|. After 
this a 1-2 nm thick Si02 layer was deposited 
by   reactively   sputtering   a   Si   target   in 
oxygen ambient (the details of this process 
are described in [4]).    Following the Si02 
deposition another 250 nm thick biaxially 
aligned   YSZ   buffer/capping    layer   was 
deposited via IBAD PLD. Finally the masks 
were  taken off and  the  top  YBCO  was 
deposited using the same conditions as the 
first   YBCO   except   that   the   deposition 
temperature was kept -<• 20-30° lower. For 
the first set of multilayers the top YBCO 
layer was patterned into bridges over the 
underlying bridge  patterns but shifted  a 
little to the side so that the top bridge goes 
over step edges. The patterning was carried 
out   by   using   photolithography   and   ion 
milling.    For the second set of multilayers 
the  top  YBCO   layer  was  patterned  into 

-, . . /„ / / r<-   7"7 1 



bridges whereas the bottom YBCO layer 
was not patterned. Finally in the third set 
the top YBCO layer was patterned into 
serpentine (meander) lines crossing over the 
patterned bottom YBCO serpentine lines 

3. RESULTS 

The X-ray diffraction pattern for an 
unpatterned multilayer in Fig. 1. shows that 
the films have good c-axis orientation. We 
also measured the top YBCO 0 scan full 
width at half maximum (FWHM) ~ 26° (for 
the (103) peaks), while for YSZ (111) peaks 
the FWHM was ~ 2-3° greater than that of 
the top YBCO. 

For the first set, the bottom 40 um wide 
bridge the Tc ~ 90 K and Jc ~ 2x10s A/cm2 

whereas for the top YBCO bridge 60 pm wide 
(with step edges), the Tc ~ 86-87 K and Jc ~ 
3x 104 A/cm2. In the second set, the top YBCO 
bridge patterns of the same width without 
step edges the Jc ~ 105 A/cm2 with Tc ~ 87-88 
K. Finally in Fig. 2(A) is shown the 
resistance versus temperature plot for 20 (im 
serpentine bottom YBCO line 19 cm long the 
Tc -87 K and Jc ~2xl05 A/cm2, whereas the 
same width serpentine line on the top layer 
showed semiconducting behavior as seen in 
Fig.2(B). 
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Fig. 2 Resistance versus temperature curves for 
(A) 20 um wide bottom YBCO serpentine line, 
(B) 20 urn wide top YBCO serpentine line 

4. CONCLUSIONS 

Good quality YBCO layers separated by 
an amorphous Si02 interlayer have been 
fabricated by using biaxially aligned YSZ 
layers. However if the bottom YBCO is 
densely patterned then planarization is 
necessary to prevent degradation of 
superconducting properties at the step edges. 
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Abstract 

Two different techniques for fabricating high temperature superconducting (HTS) MCM-D substrates have 
been developed and tested. The first unit consists of two digital gallium arsenide bare die connected by YBa2Cu30-.t 

(YBCO) HTS interconnects to form two ring oscillators on a 2.25 cm2 MCM-D substrate. The interconnections consist 
of two wiring layers of YBCO separated by a 4-5 pm silicon dioxide interlevel dielectric. The signal lines are routed 
between power and ground lines which form an interconnected mesh power system (IMPS) and, thereby, the module 
avoids the necessity of having two additional layers for power and ground planes. Connection between the two YBCO 
layers is accomplished with low contact resistance 40 fjm gold vias through the interlevel dielectric layer. The signal 
interconnects have 50 pm linewidths and 75 pm spacings. Electrical connections between the die and the MCM 
substrate and between the substrate and the PC board were made using ultrasonic Al wire bonds to low contact 
resistance gold/YBCO bond pads on the MCM substrate. 

The second module, known as the Flip-Mesh superconducting MCM, provides an alternative to the multilayer 
MCM-D substrate described above. It involves using flip chip bonding techniques to connect multiple single-layer 
substrates, thereby reducing the processing complexity of fabricating multiple layers. X-plane and Y-plane 
interconnects are fabricated on separate substrates and interconnected using solder bumps. The IMPS topology is also 
utilized in this structure so that power, ground, and signals can be fabricated on two planes. The initial Flip-Mesh 
design incorporates 100 pm (4 mil) solder bump vias with similar spacings, which results in a low packing density for 
MCM-D technology, but a high density for I/O technology. 

Key words: High temperature superconductors, MCM-D, Interconnected Mesh Power System (IMPS), YBCO 

Introduction 

Unlike that of VLSI technologies where 
smaller feature sizes in successive generations allow 
interconnect lengths and power dissipation to be 
reduced, multichip modules (MCMs) will not have that 
same luxury. As the complexity of ICs advances, 
pinout count per IC increases, and operating 
frequencies increase, MCM normal metal 
interconnections will have to grow in length and will 
not be allowed to reduce in cross-sectional area. On 
MCM-D substrates, typical copper or aluminum 
interconnection dimensions are about 2 to 5 urn in 
thickness and between 15 and 30 urn wide. The 
resistivity of copper or aluminum decreases by at least 
a factor of 7 when decreasing the temperature from 300 
K. to 77 K (liquid nitrogen temperature), which allows 
smaller cross-section interconnections to be fabricated 

on cryo-cooled MCMs. In order to increase the wiring 
density in MCMs beyond that of cryo-cooled MCMs 
and improve the chip-to-chip bottleneck at high 
frequencies, alternatives to conventional metal 
interconnects must be considered [1]. 

High temperature superconductor (HTS) 
interconnections, with negligible resistivity at operating 
frequencies of several tens of GHz and lower, have 
great potential to reduce the interconnection line cross- 
section even further with typical thicknesses being less 
than I urn and widths could be reduced to less than 2 
Urn for MCM applications. The critical current density 
of HTS interconnects, which limits the line's minimum 
cross-section, is similar in value to the maximum 
current density allowed in Al interconnects to inhibit 
electromigration.       These   small,   low   resistance 
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interconnects offer significant performance advantages 
over normal metal interconnects for MCM-D 
technology using CMOS or GaAs integrated circuits 
which have enhanced chip level performance at liquid 
nitrogen temperatures (77 K). An added benefit of HTS 
lines is the reduced capacitive coupling between 
adjacent interconnections (due to their reduced 
thickness) which allows the lines to be spaced more 
closely together. The reduced cross-section of HTS 
interconnects should allow a significant increase in 
packing density and a corresponding decrease in the 
number of interconnect layers required to achieve the 
same functionality with normal metal interconnects. 

We have been developing two separate HTS 
MCM prototypes. One is to be the first planar HTS 
MCM utilizing a thick layer of silicon dioxide as an 
interlevel dielectric and is based on MCM-D 
technology. The second prototype is based on 
interconnecting two layers of HTS interconnects on 
separate substrates via solder bumps and flip chip 
techniques. Our development has centered around the 
HTS material YBa,Cu307.ä (YBCO) which has a 
transition temperature of about 91 K (well above the 
boiling point of liquid nitrogen, 77 K) and critical 
current densities typically greater than 5 x 105 A/cm2. 

I. HTS MCM-D Prototype 

A cross-section of our proposed HTS MCM is 
shown in Fisure 1. 
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Figure 1. HTS MCM cross-section. 

This novel structure has several key features that 
provide advantages over previously demonstrated HTS 
MCMs [2,3]. These advantages are: 
(1) the utilization of an Interconnected Mesh 

Power System (IMPS) topology that is ideal 
for HTS multilayer fabrication because it 

allows an MCM to be constructed with only 
two layers of interconnects as opposed to the 
four that are traditionally used: x-signal, y- 
signal, and ground and power planes; 

(2) a thick (~ 5 urn) layer of Si02 that is 
sandwiched between a thin buffer layer 
dielectric and a thin diffusion barrier layer 
dielectric to form a composite interlevel 
dielectric that is compatible with multilayer 
YBCO processing while allowing controlled 
impedance (Z0 = 50 Q) lines to be fabricated, 
which are necessary for high speed signal 
propagation; 

(3) chemical-mechanical polishing to create a 
planar SiO, surface for deposition of a high 
quality top level superconductor/buffer layer; 

(4) high-aspect ratio, low contact resistance vias 
that utilize noble metals to form contacts 
between the two layers of YBCO 
interconnects, as opposed to large area, low- 
aspect ratio superconducting vias that have 
been fabricated with marginal success 
previously. 

Due to the grain boundary problems associated with 
making very wide, sloping superconducting vias 
through a thick dielectric layer, alternative methods 
have to be explored to create the compact, high-aspect 
ratio vias necessary for fast, high density HTS MCMs. 

Yttria stabilized zirconia (YSZ) was chosen as 
the material for providing a diffusion barrier/buffer 
layer between the superconductor and the interlevel 
dielectric material, silicon dioxide, because of its 
diffusion barrier properties as well as having a close 
lattice spacing and coefficient of thermal expansion 
(CTE) match to YBCO. Silicon dioxide was chosen as 
the interlevel dielectric material because of its low 
dielectric constant and well developed deposition and 
etching processes. 

Experimental Details 

Our MCM-D substrate was constructed of two 
layers of laser-ablated YBCO interconnects separated 
by a multilayer dielectric consisting of 
SrTi03/Si02A'SZ. We are able to attain critical current 
densities > 5 x I05 A/cm2 in both YBCO layers. The 
laser-ablated SrTi03 (STO) and ion beam assisted 
laser-ablation deposited (IBAD) YSZ (yttria-stabilized 
zirconia) layers were -0.5 urn thick while the 
reactively-sputtered Si02 ranges between 4 and 5 urn 
thick. The multilayered thin film structure is fabricated 
on 15 mm x 15 mm LaAI03 and YSZ substrates. 

The HTS MCM was layed out as shown in 
Figure 2 on the following page. 
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Figure 2.      Layout of a 2 layer 15 mm x 15 mm 
HTS MCM-D substrate. 

The 2.25 cm2 substrate consists of two separate ring 
oscillators built using YBCO interconnects between 
two digital GaAs bare die (4.4 mm x 3.5 mm). The 
first ring oscillator is connected using the smallest 
possible interconnection, whereas, the second is 
connected by a much longer interconnect. A 
performance comparison between the two oscillators is 
planned for future work. There are also bond pads on 
the substrate for mounting various sizes of surface 
mount decoupling capacitors and terminating resistors. 
A prototype of our ring oscillator using one of the 
GaAs bare die wirebonded to 20 mil wide copper traces 
on a PC board was tested at liquid nitrogen temperature 
and was found to oscillate at ~250 MHz. Based on this 
result, our HTS MCM ring oscillator is estimated to 
operate at about the same frequency. 

The via fabrication process is shown in Figure 
3. The etching involves a 500 eV ion mill through the 
top YSZ buffer layer, which is followed by a reactive 
ion etch (RIE) through the SiO, interlevel dielectric 
selectively stopping at the barrier layer of STO. To 
complete the etching process, a 500 eV ion mill is done 
to etch through the STO and into the underlying 
YBCO. The final milling is very nonselective and 
requires close observation to keep from overetching 
through the bottom layer of YBCO. When depositing 
the top layer of YBCO at -700° C, whatever material is 
deposited on the via sidewalls is presumably corroded 
due to interdiffusion of Si from SiO, into the YBCO 
but, presumably, does not affect the quality of the via. 
The subsequent in situ deposition of-2000 Ä of Au by 
laser ablation creates low resistance contacts without 
having to do a high temperature anneal in oxygen as 

was described by Ekin et al. [4]. This Au capping layer 
also acts as a passivation layer for the YBCO. in 
similar structures, contact resistivities of less than 10"7 

n-cm2 have consistently been attained. An additional 
1.5-2.0 urn of Au is deposited over the existing 
YBCO/Au and then patterned using ion milling and 
photoresist as a mask. 
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Figure 3. HTS via fabrication process. 

This type of via structure has several advantages over 
previously demonstrated superconducting vias for use 
in HTS MCMs [2,3]. Since HTS thin films have to be 
deposited on planar surfaces or gradual slopes to 
maintain a reasonable current density, due to grain 
boundary problems, they require gradually sloped via 
holes that take up a wide area. By using a noble metal, 
compact, high-aspect ratio vias can be fabricated 
reliably. 

Ultrasonic Al wire bonds were then made 
between YBCO/Au bond pads on the substrate and a 
wire bondable PC board. Via chain resistance was 
measured using a conventional 4-point contact 
configuration and measuring the voltage drop across 
the vias while passing DC current through it. The 
resistance vs. temperature of a ~0.5 cm long via chain 
structure with ten 40 urn square vias interconnecting 50 
Urn wide YBCO lines is shown in Figure 4. The room 
temperature resistance was measured to be about 515 
Q, and upon cooling to 78.5 K, the resistance dropped 
to about 87 Cl. As is shown in this figure, there are two 
separate superconducting transitions occurring at about 
89 K and 80 K, which correspond to the top and bottom 
layer YBCO transitions. At 78.5 K, the interconnects 
had not yet become fully superconducting. 
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Figure 4. Temperature transition of a chain of 
ten 40 fim wide vias. 

II. Flip-Mesh HTS MCM 

The Flip-Mesh Superconducting Multi Chip 
Module (MCM) is an alternative to the conventional 
multi-layer superconducting MCM. It is desired that a 
superconducting MCM be fabricated using High- 
Temperature Superconductor (HTS) materials, with 
which such an MCM can be cooled using liquid 
nitrogen. However, many difficulties arise in the 
formation of multiple superconducting planes separated 
by dielectric layers on a single substrate. The 
crystalline nature of HTS materials such as Yttrium- 
Barium-Copper-Oxide (YBCO) requires that the 
deposition surface be closely matched to the HTS 
material in crystalline structure. 

The high temperatures needed to form HTS 
materials requires that the other HTS MCM materials 
be matched with the superconductor in coefficient of 
thermal expansion (CTE), and not crack or delaminate 
at such high temperatures. These requirements lead to 
a complex stack of materials in order to create a 
multiple-superconducting-plane MCM interconnect 
structure. This combination of materials also 
complicates selective patterning processes with respect 
to the HTS material. 

Flip-Mesh Basics 

The fundamental concept of Flip-Mesh is that 
instead of depositing multiple HTS layers on a single 
substrate and connecting the layers by vias, single HTS 
layers are deposited on multiple substrates, and 
opposing superconducting layers on separate substrates 

are connected by flip-chip technology. This reduces 
the number of high-temperature processing steps to 
one, eliminating most of the difficulties in the multi- 
layer structure. However, the use of I/O technology to 
form vias limits the ultimate density of the Flip-Mesh 
Superconducting MCM. 

In the multilayer MCM, Ion Beam Assisted 
Deposition (IBAD) [5] is used to form an oriented 
buffer layer so that an HTS film can be grown on an 
amorphous surface. This also allows the use of an 
amorphous substrate. Since Flip-Mesh requires only 
one superconducting plane per substrate, it is an ideal 
application for depositing HTS films on amorphous 
substrates. Amorphous substrates are considerably less 
costly than single-crystal substrates. 

Flip-Mesh Substrate Arrangement 

There are three substrates in a Flip-Mesh 
module. The main substrate contains x-plane 
interconnect and bonding sites for chips. Two smaller 
secondary substrates contain _y-plane interconnect, and 
are "flipped" onto the main substrate. The chip 
bonding sites are between the secondary substrates. 
I/O pads are located on the outside edges of the main 
substrate. The Flip-Mesh substrate configuration is 
shown in Figure 5. As with the multilayer MCM, the 
Interconnected Mesh Power System (IMPS) topology 
[6] allows complete power, ground, and signals to be 
formed in two conducting planes. The term "Flip- 
Mesh" is derived from the flipping of IMPS-mesh 
interconnect planes to form an MCM interconnect 
structure. 
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Flip-Mesh Substrate Processing 

YBCO films are formed by laser ablation [7] 
on 1/2" or 1" square single-crystal yttria-stabiIized 
zirconia (YSZ) or IBAD YSZ-buffered alumina 
substrates. The YBCO films are then patterned by 
argon ion milling [8] using conventional photoresist as 
a mask. The fact that ion milling is non-selective is not 
important in Flip-Mesh, since the underlying layer is 
always the substrate, which can be over-etched. The 
ion milling system is equipped with a water cooled 
sample stage to prevent YBCO or photoresist damage 
due to excessive heating from the ion milling. 

Gold pads are then formed where electrical 
contact to YBCO is desired. A lift-off process is 
employed in which 2 ^m of gold is sputter deposited 
onto a patterned photoresist layer. The Flip-Mesh 
substrates are exposed to a brief low-energy ion 
milling, which serves to prime the exposed YBCO 
surface for the gold deposition. After deposition, the 
photoresist layer is lifted off in an ultrasonic bath of 
acetone, leaving the gold pads on the YBCO. The lift- 
off process again avoids selective etching with respect 
to the YBCO. The Flip-Mesh substrates are then 
annealed at 600 °C for 1 hour in 500 Torr of oxygen to 
form a sturdy low-resistance contact. 

The critical element of Flip-Mesh is the 
material used for the vias and the method used to form 
the interconnection. Figure 6 shows a cross-section of 
a Flip-Mesh via bump. 
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«^interconnect 
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Figure 6. Flip-Mesh via cross-section. 

The initial approach was to form gold balls 
using a ball bonding machine, and then press the 
substrates together while heating. Ball placement was 
found to be tedious, but workable. It was discovered, 
however, that the ball bonding process would often 
damage the underlying YBCO. This was not obvious 
unless the gold bail detached from the bonding pad. 
Ball detachment can be avoided by attaching to a 
bonding pad that is at least 1.5 times the size of the 
ball, but it is believed that this only disguises the 
damage. 

Typical gold ball sizes range from 70 um to 
100 ^m in diameter. The size of the Flip-Mesh 
bonding pad is 100 £tm. Since density is already a 
limiting factor in the Flip-Mesh approach, increasing 
the via size is not desirable. It was also found that the 
extreme heat and pressure required to make an 
acceptable contact between the Flip-Mesh substrates 
caused the YBCO to become non-superconducting. 
The YBCO could be repaired by annealing, but the 
substrates would detach in the process. 

The second assembly method attempted was 
to individually place preformed indium spheres. 
Indium was chosen because of its decent conductivity 
and low melting point. It was quickly discovered, 
however, that indium is far too soft to be handled 
mechanically, and no modules could be formed using 
this method. Stencil printing was then determined to be 
the ideal method for placing Flip-Mesh via bumps. A 
batch process would certainly be desirable, but the 
small via size (4 mil) and pitch (8 mil) puts severe 
limitations on this technology. 

The first material to be screen printed was 
conductive epoxy, but this material was unable to meet 
the density requirement. The epoxy bumps would 
flatten and create shorts. Further work with the 
viscosity of the epoxy may lead to a useful application. 

The next stencil printing material used was 
tin/lead solder. A special high-density solder was 
acquired, and worked nicely, but standard tin/lead 
solder has a leaching problem with the gold contact 
pads. Modules fabricated in this process detached 
within hours due to the leaching. Another solder paste 
was then acquired, which contained an additional 2% 
silver to prevent gold leaching. 

After screen printing solder pads to the main 
substrate, the secondary substrates are aligned to the 
main substrate, and the solder is reflowed. The current 
Flip-Mesh material components are laser-ablated 
YBCO on single-crystal YSZ substrates with gold 
contact pads interconnected by screen printed 
tin/lead/silver solder bumps. 

Initial Flip-Mesh Circuit 

The initial Flip-Mesh circuit is a ring oscillator 
formed from 2 quad-XOR HCMOS chips. The first 
XOR gate has one input tied high, which turns it into an 
inverter. The other gates have one input tied low. 
which makes them buffers. This arrangement permits 
the number of gates in the loop to be adjusted from 2 to 
8, allowing different speeds of oscillation. 

The IMPS power and ground stripes are 250 
^m wide, the signals are 50 ^m wide, and the spacing 
between the two is 50 urn.  The main substrate is 10 



mm x 10 mm, and the secondary substrates are 2.5 mm 
x 10 mm. As was discussed previously, the contact 
pads are 100 ^m x 100 ^m. The XOR chips are 
approximately 1mm x 1mm each. 

Flip-Mesh Assembly and Testing 

After a Flip-Mesh substrate module is 
completed, the XOR chips are attached using 
thermoplastic tape. The leads of the chips are then 
aluminum wire bonded to the main substrate. The 
number of gates in the oscillator loop is selected by a 
wire bond in the center of the main substrate. The 
assembled Flip-Mesh module is then attached to a test 
board using thermoplastic tape. The I/O pads of the 
module are then aluminum wire bonded to the test 
board. 

When complete, the test board is attached to 
an oscilloscope and power supply, measuring the 
output signal of the first XOR gate. The module is then 
slowly immersed in a small dewar of liquid nitrogen. 

Conclusions 

In summary, 40 (im YBCO/Au via chain 
structures have been characterized for use in an MCM- 
D substrate. The preliminary work shown here is to be 
improved upon by improving the quality of the YBCO 
layers, lowering the contact resistances, and possibly 
improving the step coverage of Au through the via by 
increasing its thickness. We are hoping to have an 
HTS MCM-D substrate fabricated in the near future. 
The performance of this MCM will be compared to that 
of a nearly identical Al interconnect module operating 
at liquid nitrogen temperature. 

Thus far, functional Flip-Mesh modules have 
been fabricated only with metal interconnects. These 
modules were built on glass substrates with 
gold/titanium-tungsten metallization, and the substrates 
were interconnected with gold balls formed by a ball 
bonder. These units were tested both at room 
temperature and while immersed in liquid nitrogen with 
2 to 8 gates in the oscillator loop. As would be 
expected, the modules ran faster at cryogenic 
temperature. While the gold ball vias worked 
adequately for a metal module, they were found to be 

incompatible with YBCO due to damage caused by the 
attachment process. The stencil printing processes 
discussed are under investigation to find a YBCO- 
compatible process. It will be interesting to compare 
the performance of the HTS Flip-Mesh to the cryogenic 
metal Flip-Mesh. 

Despite the great processing complexity 
involved with fabricating an HTS MCM, great progress 
is being made toward achieving practical MCM 
substrates utilizing these novel materials. 
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High Density Electronics Center/Department of Electrical Engineering, 
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600 W. 20th Street, Fayetteville, AR 72701 
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A1 process for fabricating high temperature superconducting 
(HTS) multichip module - deposited (MCM-D) substrates has been 
developed and tested. The module consists of two digital gallium 
arsenide bare die connected by YBa2Cu307.6 (YBCO) HTS 
interconnects to form two ring oscillators on a 2.25 cm2 MCM-D 
substrate. The interconnections consist of two wiring layers of YBCO 
separated by a 4-5 urn silicon dioxide interlevel dielectric. The 50 urn 
wide signal lines are routed between 150 |im power and ground lines 
with 75 jim spacings to form an interconnected mesh power system 
(IMPS). Connection between the two YBCO layers is accomplished 
with low contact resistance 40 urn gold vias through the interlevel 
dielectric layer. Ultrasonic Al wire bonds serve as electrical 
connections to gold/YBCO bond pads on the MCM substrate. 

INTRODUCTION 

One of the most promising applications for high temperature superconductors 
(HTSs) is as signal interconnects between integrated circuits (ICs) on multichip module 
(MCM) substrates. Unlike that of VLSI technologies where smaller feature sizes in 
successive generations allow interconnect lengths and power dissipation to be reduced, 
MCMs will not have that same luxury. As the complexity of ICs advances, both the pinout 
count per IC and the operating frequency will increase. However, MCM normal metal 
interconnections will be required to grow in length and will not be allowed to reduce in 
cross-sectional area. On MCM-D substrates, typical copper or aluminum interconnection 
dimensions are about 2 to 5 urn in thickness and between 15 and 30 urn wide. The resistivity 
of copper or aluminum decreases by at least a factor of 7 when decreasing the temperature 
from 300 K to 77 K (liquid nitrogen temperature), which allows smaller cross-s'ection 
interconnects to be fabricated on cryogenically cooled MCMs.   In order to increase the 



wiring density in MCMs beyond that of cryo-cooled MCMs and improve the chip-to-chip 
bottleneck at high frequencies, alternatives to conventional metal interconnects must be 
considered [1]. 

HTS interconnections with negligible resistivity at operating frequencies of several 
tens of GHz and lower have great potential to reduce the interconnection line cross-section 
further with typical thicknesses being less than 1 urn and widths less than 2 urn for MCM 
applications. The critical current density of HTS interconnects, which limits the line's 
minimum cross-section, is similar in value to the maximum current density allowed in Al 
interconnects to inhibit electromigration. These small, low resistance interconnects offer 
significant performance advantages over normal metal interconnects for MCM-D technology 
using CMOS or GaAs integrated circuits which have enhanced chip level performance at 
liquid nitrogen temperatures (77 K). An added benefit of HTS lines is the reduced capacitive 
coupling between adjacent interconnections (due to their reduced thickness) which allows 
the lines to be spaced more closely together. The reduced cross-section of HTS interconnects 
should allow a significant increase in packing density and a corresponding decrease in the 
number of interconnect layers required to achieve the same functionality with normal metal 
interconnects. 

HTS MCM DESCRIPTION 

Our development has centered around the HTS material YBa2Cu307.6 (YBCO) 
which has a transition temperature of about 91 K (well above the boiling point of liquid 
nitrogen, 77 K) and critical current densities typically greater than 5 x 105 A/cm2. A cross- 
section of our proposed HTS MCM is shown in Figure 1. 

Au Bond Wire 
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STO Barrier 
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Figure 1: HTS MCM cross-section. 



This novel structure has several key features that provide advantages over previously 
demonstrated HTS MCMs [2,3]. These advantages are: 
(1) the utilization of an Interconnected Mesh Power System (IMPS) topology [4] that 

is ideal for HTS multilayer fabrication because it allows an MCM to be constructed 
with only two layers of interconnects as opposed to the four that are traditionally 
used: x-signal, y-signal and ground and power planes; 

(2) a thick (~ 5 urn) layer of Si02 that is sandwiched between a thin buffer layer 
dielectric and a thin diffusion barrier layer dielectric to form a composite interlevel 
dielectric that is compatible with multilayer YBCO processing while allowing 
controlled impedance (Z0 = 50 0) lines to be fabricated, which are necessary for 
high speed signal propagation; 

(3) chemical-mechanical polishing to create a planar Si02 surface for deposition of a 
high quality top level superconductor/buffer layer; 

(4) high-aspect ratio, low contact resistance vias that utilize noble metals to form 
contacts between the two layers of YBCO interconnects, as opposed to large area, 
low-aspect ratio superconducting vias that have been fabricated with marginal 
success previously. 

Due to the grain boundary problems associated with making very wide, sloping 
superconducting vias through a thick dielectric layer, alternative methods have to be explored 
to create the compact, high-aspect ratio vias necessary for fast, high density HTS MCMs. 

Yttria stabilized zirconia (YSZ) was chosen as the material to provide a diffusion 
barrier/buffer layer between the superconductor and the interlevel dielectric material, silicon 
dioxide, because of its diffusion barrier properties as well as its close lattice spacing 
and coefficient of thermal expansion (CTE) match to YBCO. Silicon dioxide was 
chosen as the interlevel dielectric material because of its low dielectric constant and well 
developed deposition and etching processes. 

EXPERIMENTAL DETAILS AND RESULTS 

The HTS MCM-D substrate was layed out as shown in Figure 2. The 2.25 cm2 

substrate consists of two separate ring oscillators built using YBCO interconnects to connect 
two digital GaAs bare die (4.4 mm x 3.5 mm). The first ring oscillator is connected using 
the shortest possible signal line, whereas the second is connected by a much longer 
interconnect. A performance comparison between the two oscillators is planned for future 
work. There are also bond pads on the substrate for mounting various size surface mount 
decoupling capacitors and terminating resistors. A prototype of our ring oscillator using one 
of the GaAs bare die wirebonded to 20 mil wide copper traces on a PC board was tested at 
liquid nitrogen temperature and was found to oscillate at -250 MHz. Based on this result, 
our HTS MCM ring oscillator is estimated to operate at about the same frequency. 
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Figure 2: Layout of a 2 layer 15 mm x 15 mm HTS 
MCM-D substrate. 

The HTS substrate was constructed of two layers of laser-ablated YBCO 
interconnects separated by a multilayer dielectric consisting of SrTi03/Si02/YSZ. The 
details of this technique will be described elsewhere [5]. The first layer of YBCO was 
deposited on a 15 mm x 15 mm single crystal substrate of LaA103 or YSZ at a temperature 
of-750° C to a thickness of 3000-3500 A using a Lambda Physik LPX300 ArF excimer laser 
(A = 193 nm) focused onto a rotating 1" diameter stoichiometric YBCO target. For thin film 
YBCO deposition, a pulse energy density of ~3-4 J/cm2 at a 6 Hz repetition rate was used 
in a deposition chamber maintained at an oxygen pressure of 150-200 mTorr. We are able 
to attain critical current densities > 5 x 105 A/cm2 in both YBCO layers. The YBCO was 
patterned using photolithography and 500 eV ion milling with a 30 mA beam current. The 
3000-4000 A thick SrTi03 (STO) diffusion barrier layer was laser-ablated at a pulse energy 
density of ~3-4 J/cm2 with an 8 Hz repitition rate at a substrate temperature of ~650° C. The 
Si02 interlevel dielectric was deposited to a thickness of 4-5 urn by reactively sputtering a 
3" diameter pure silicon target at an RF power of 180 W in a gas mixture of 83% argon/27% 
oxygen at a deposition pressure of 16 mTorr. The films were deposited at room temperature 
at a deposition rate of-0.55 um/hr. 

After the Si02 deposition, the sharp step edges at the surface of the dielectric from 
nonconformal coating of the patterned bottom layer of YBCO must be smoothed out or 
planarized. This process is necessary to minimize the YBCO grain boundary dislocations 



that would occur at 90° step edges and thereby to insure good quality layers of IB AD YSZ 
and YBCO are formed in the top interconnect layer [6]. To accomplish the Si02 step edge 
reduction, a chemical-mechanical polishing (CMP) process is performed using an alkaline 
(pH ~11) slurry consisting of -1.00 nm silica particles in a mixture of potassium hydroxide 
and DI water [7]. The solution is dispersed onto a Rodel IC1000 porous, urethane polishing 
pad spinning at a rate of 50 rpm. The samples are mounted to a holder and rotated at a rate 
of 65-70 rpm opposite the direction of the polishing pad. Polishing at a force of 10 lb for 3 
minutes results in a reduction of a 935 nm tall spike and a sharp 284 nm step edge to a 27 nm 
hump as shown in Figure 3. 
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Figure 3- Step height reduction using silicon dioxide chemical-mechanical polishing (CMP) 
process. 

Following planarization and cleanup, a layer of YSZ was deposited using an ion 
beam assisted deposition (IBAD) technique along with laser-ablation to attain a textured film 
at room temperature [8]. Briefly, the technique involves positioning an ion gun at a distance 
of-14 cm from the substrate and at an angle of 55° from the substrate normal. Argon gas 
is flowed through the ion gun at a rate of 20 seem and directed at the sample at a beam 



energy of 250 eV and beam current of 15 mA while the laser deposition is occuring. The 
final thickness of the YSZ film was -3000-4000 A. 

The via fabrication process is shown in Figure 4. 
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Figure 4: HTS via fabrication process. 

The etching involves a 500 eV ion mill with a beam current of 30 mA through the top YSZ 
buffer layer, which is followed by a reactive ion etch (RIE) using a gas mixture of 85% 
CF4/15% 02 through the Si02 interlevel dielectric selectively stopping at the barrier layer of 
STO. To complete the etching process, a 500 eV ion mill at a beam current of 30 mA is done 
to etch through the STO and into the underlying YBCO. The final milling is very 
nonselective and requires close observation to keep from etching through the bottom layer 
of YBCO. When depositing the top layer of YBCO at -700° C, whatever material is 
deposited on the via sidewalls is presumably corroded due to interdiffusion of Si from Si02 

into the YBCO [9] but, presumably, does not affect the quality of the via. The subsequent 
in situ deposition of ~2000 A of Au by laser ablation creates low resistance contacts without 
having to do a high temperature anneal in oxygen as was described by Ekin et al. [10]. This 



Au capping layer also acts as a passivation layer for the YBCO. In similar structures, contact 
resistivities of less than 10"7 Q-cm2 have consistently been attained. An additional 1.5-2.0 
um of Au is deposited over the existing YBCO/Au and then patterned using ion milling and 
photoresist as a mask. This type of via structure has several advantages over previously 
demonstrated superconducting vias for use in HTS MCMs [2,3]. Since HTS thin films have 
to be deposited on planar surfaces or gradual slopes to maintain a reasonable current density, 
due to grain boundary problems, they require gradually sloped via holes that take up a wide 
area. By using a noble metal, compact, high-aspect ratio vias can be fabricated reliably. The 
additional resistance in the vias (series resistance and contact resistance) will be very small 
and will not give rise to unwanted RC delay provided there are not an excessive number of 
vias in the signal path. 

Ultrasonic Al wire bonds were then made between YBCO/Au bond pads on the 
substrate and a wire bondable PC board. The via chain resistance was measured using a 
conventional 4-point contact configuration by measuring the voltage drop across the vias 
while passing DC current through it. The resistance vs. temperature of a -0.5 cm long via 
chain structure with ten 40 urn square vias interconnecting 50 urn wide YBCO lines is 
shown in Figure 5. The room temperature resistance was measured to be about 515 Q, and 
upon cooling to 78.5 K, the resistance dropped to about 87 Q. As shown in this figure, there 
are two separate superconducting transitions occurring at about 89 K and 80 K which 
correspond to the top and bottom layer YBCO transitions. At 78.5 K, the interconnects had 
not yet become fully superconducting. 
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Figure 5: Temperature transition of a chain often 40 urn wide vias. 



CONCLUSIONS 

In summary, 40 (im YBCO/Au via chain structures have been characterized for use 
in an MCM-D substrate. The preliminary work shown here is to be improved upon by 
improving the quality of the YBCO layers, lowering the contact resistances, and possibly 
improving the step coverage of Au through the via by increasing its thickness. We are 
hoping to have an HTS MCM-D substrate fabricated in the near future. The performance of 
this MCM will be compared to that of a nearly identical Al interconnect module operating 
at liquid nitrogen temperature. 

Despite the processing complexity involved with fabricating an HTS MCM, great 
progress is being made toward achieving practical MCM substrates utilizing these novel 
materials. 
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THE FLIP-MESH SUPERCONDUCTING MCM 

S. S. Scott, S. S. Ang, W.D. Brown, L. W. Schaper, S. Afonso 
High Density Electronics Center 

University of Arkansas, Fayetteville AR 72701 

One of the many possible applications of high-temperature 
superconducting (HTS) thin films is as interconnect in a hybrid multi- 
chip module (MCM). Such a module would consist of a substrate 
containing superconducting interconnect and conventional CMOS 
circuitry chips. Since HTS thin films are crystalline in nature and 
deposited at high temperatures, many difficulties arise in the formation 
of epitaxial multi-layer superconducting structures. The Flip-Mesh 
Superconducting MCM provides an alternative to a multi-layer 
substrate by interfacing multiple single-layer substrates, thereby 
reducing the epitaxy requirement to one layer per substrate. This 
substrate interfacing is accomplished by forming X-plane interconnect 
on one substrate and Y-plane interconnect on another, and connecting 
them using I/O technology. The reduced epitaxy requirement of Flip- 
Mesh also makes the implementation of amorphous substrates more 
feasible. The Interconnected Mesh Power System (IMPS) topology 
used so that power, ground, and signals can be fabricated on two 
planes. 

FLIP-MESH BASICS 

The Flip-Mesh Superconducting MCM is an alternative to the conventional multi- 
layer superconducting MCM. It is desired that a superconducting MCM be fabricated 
using HTS materials, with which such an MCM can be cooled using liquid nitrogen. 
However, many difficulties arise in the formation of multiple superconducting planes 
separated by dielectric layers on a single substrate. The crystalline nature of HTS 
materials such as yttrium-barium-copper-oxide (YBCO) requires that the deposition 
surface be closely matched to the HTS material in crystalline structure. 

The high temperatures needed to form HTS materials requires that the other HTS 
MCM materials be matched with the superconductor in coefficient of thermal expansion 
(CTE), and not crack or delaminate at such high temperatures. These requirements lead 
to a complex stack of materials in order to create a multiple-superconducting-plane MCM 
interconnect structure. This combination of materials also complicates selective 
patterning processes with respect to the HTS material. 



The fundamental concept of Flip-Mesh is that instead of depositing multiple HTS 
layers on a single substrate and connecting the layers by vias, single HTS layers are 
deposited on multiple substrates, and opposing superconducting layers on the separate 
substrates are connected by flip-chip technology. This reduces the number of high- 
temperature processing steps to one, eliminating most of the difficulties in the multi-layer 
structure. However, the use of I/O technology to form vias limits the ultimate density of 
the Flip-Mesh Superconducting MCM. 

In the multilayer MCM, ion beam assisted deposition (IBAD) [1] is used to form 
an oriented buffer layer so that an HTS film can be grown on an amorphous surface. This 
also allows the use of an amorphous substrate. Since Flip-Mesh requires only one 
superconducting plane per substrate, it is an ideal application for depositing HTS films on 
amorphous substrates. Amorphous substrates are considerably less costly than single- 
crystal substrates. 

FLIP-MESH SUBSTRATE ARRANGEMENT 

There are three substrates in a Flip-Mesh module. The main substrate contains x- 
plane interconnect and bonding sites for chips. Two smaller secondary substrates contain 
v-plane interconnect, and are "flipped" onto the main substrate. The chip bonding sites 
are between the secondary substrates. I/O pads are located on the outside edges of the 
main substrate. The Flip-Mesh substrate configuration is shown in Figure 1. As with the 
multilayer MCM, the IMPS topology [2] allows complete power, ground, and signals to 
be formed in two conducting planes. The term "Flip-Mesh" is derived from the flipping 
of IMPS-mesh interconnect planes to form an MCM interconnect structure. 

CD co 
CO CD 
L O 

Chip 
o 
3 

3 
CO 

Q. 
CD 

2? •2 
CO CO 

c 
c 
o Chip cr 

en 
o 
0} CO 

CO 
Main 
Sub- 
strate 

CD 

Figure 1: Flip-Mesh Substrate Configuration 



FLIP-MESH SUBSTRATE PROCESSING 

YBCO films are formed by laser ablation [3] on 1/2" or 1" square single-crystal 
yttria-stabilized zirconia (YSZ) or IBAD YSZ-buffered alumina substrates. The YBCO 
films are then patterned by argon ion milling [4] using conventional photoresist as a 
mask. The fact that ion milling is non-selective is not important in Flip-Mesh, since the 
underlying layer is always the substrate, which can be over-etched. The ion milling 
system is equipped with a water cooled sample stage to prevent YBCO or photoresist 
damage due to excessive heating from the ion milling. 

Gold pads are then formed where electrical contact to YBCO is desired. A lift-off 
process is employed, where 2 urn of gold is sputter deposited on a patterned photoresist 
layer. The Flip-Mesh substrates are exposed to a brief low-energy ion milling, which 
serves to prime the exposed YBCO surface for the gold deposition. After deposition, the 
photoresist layer is lifted off in an ultrasonic bath of acetone, leaving the gold pads on 
YBCO. The lift-off process again avoids selective etching with respect to YBCO. The 
Flip-Mesh substrates are then annealed at 600 °C for 1 hour in 500 torr of oxygen to form 
a sturdy low-resistance contact. 

The critical element of Flip-Mesh is the material used for the vias and the method 
used to form the interconnection. Figure 2 shows a cross-section of Flip-Mesh via 
bumps. 

Secondary Substrate 
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Figure 2: Flip-Mesh Via Cross-Section 

The initial approach was to form gold balls using a ball bonding machine, and 
then press the substrates together while heating. Ball placement was found to be tedious, 
but workable. It was discovered, however, that the ball bonding process would often 
damage the underlying YBCO. This was not obvious unless the gold ball detached from 



the bonding pad. Ball detachment can be avoided by attaching to a bonding pad that is at 
least 1.5 times the size of the ball, but it is believed that this only disguises the damage. 

Typical gold ball sizes range from 70 um to 100 urn in diameter. The size of the 
Flip-Mesh bonding pad is 100 urn. Since density is already a limiting factor in the Flip- 
Mesh approach, increasing the via size is not desirable. It was also found that the 
extreme heat and pressure required to make an acceptable contact between the Flip-Mesh 
substrates caused the YBCO to become non-superconducting. The YBCO could be 
repaired by annealing, but the substrates would detach in the process. 

The second assembly method attempted was to individually place preformed 
indium spheres. Indium was chosen because of its decent conductivity and low melting 
point. It was quickly discovered, however, that indium is far too soft to be handled 
mechanically, and no modules could be formed using this method. Stencil printing was 
then determined to be the ideal method for placing Flip-Mesh via bumps. A batch 
process would certainly be desirable, but the small via size (4 mil) and pitch (8 mil) puts 
severe limitations on this technology. 

The first material to be screen printed was conductive epoxy, but this material was 
unable to meet the density requirement. The epoxy bumps would flatten and create 
shorts. Further work with the viscosity of the epoxy may lead to a useful application. 

The next stencil printing material used was tin/lead solder. A special high-density 
solder was acquired, and worked nicely, but standard tin/lead solder has a leaching 
problem with the gold contact pads. Modules fabricated in this process detached within 
hours due to the leaching. Another solder paste was then acquired, which contained an 
additional 2% silver to prevent gold leaching. 

After screen printing solder pads to the main substrate, the secondary substrates 
are aligned to the main substrate, and the solder is reflowed. The current Flip-Mesh 
material components are laser-ablated YBCO on single-crystal YSZ substrates with gold 
contact pads interconnected by screen printed tin/lead/silver solder bumps. 

INITIAL FLIP-MESH CIRCUIT 

The initial Flip-Mesh circuit is a ring oscillator formed from 2 quad-XOR 
HCMOS chips. The first XOR gate has one input tied high, which turns it into an 
inverter. The other gates have one input tied low, which makes them buffers. This 
arrangement allows the number of gates in the loop to be adjusted from 2 to 8, allowing 
different speeds of oscillation. The IMPS power and ground stripes are 250 urn wide, the 
signals are 50 urn wide, and the spacing between the two is 50 urn. The main substrate is 
10 mm x 10 mm, and the secondary substrates are 2.5 mm x 10 mm.  As was discussed 



before, the contact pads are 100 urn x 100 urn. The XOR chips are approximately 1mm x 
lmm each. 

FLIP-MESH ASSEMBLY AND TESTING 

After a Flip-Mesh substrate module is completed, the XOR chips are attached 
using thermoplastic tape. The leads of the chips are then aluminum wire bonded to the 
main substrate. The number of gates in the oscillator loop is selected by a wire bond in 
the center of the main substrate. The assembled Flip-Mesh module is then attached to a 
test board using thermoplastic tape. The I/O pads of the module are then aluminum wire 
bonded to the test board. Figure 3 shows an assembled Flip-Mesh module connected to a 
test board. When complete, the test board is attached to an oscilloscope and power 
supply, measuring the output signal of the first XOR gate. The module is then slowly 
immersed in a small dewar of liquid nitrogen. 

Figure 3: Assembled Flip-Mesh Module 

CONCLUSION 

Functional Flip-Mesh modules have been fabricated only with metal interconnect. 
These modules were built on glass substrates with gold/titanium-tungsten metallization, 
and the substrates were interconnected with gold balls formed by a ball bonder. These 
modules were tested both at room temperature and while immersed in liquid nitrogen 
with 2 to 8 gates in the oscillator loop.  As would be expected, the modules ran faster at 



cryogenic temperature. While the gold ball vias worked adequately for a metal module, 
they were found to be incompatible with YBCO due to damage caused by the attachment 
process. The stencil printing processes discussed are under investigation to find a 
YBCO-compatible process. It will be interesting to compare the performance of the 
cryogenic YBCO Flip-Mesh to the cryogenic metal Flip-Mesh. 
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