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as a two-dimensional array of superconductor-normal metal 
superconductor Josephson junctions. 
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SUPERCONDUCTOR AND NOBLE METAL 
COMPOSITE FILMS 

The present application is a continuation application of 
US. Ser. No. 08/451,847, ?led May 26, 1995, noW aban 
doned. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a composite material ?lm 
(and/or thin ?lm) and a method of preparation Wherein the 
composite material has a loW critical current density and a 
high critical temperature. The invention particularly relates 
to a composite of a superconductor such as YBa2Cu3O7-6 
(YBCO) or Bi2Sr2Ca2Cu3Ox or Bi2Sr2Ca1Cu2Ox (BSCCO) 
and one or more noble metals such as gold and/or silver 
upon a substrate, each material deposited at a desired 
thickness upon a substrate Wherein magnetic vortices in the. 
superconductor are easily moved. 

DESCRIPTION OF THE RELATED ART 

There is considerable interest in superconducting ?ux 
How and ?uxonic devices. See HohenWater et al., Charac 
teristics of superconducting ?ux-?ow transistors, IEEE 
Trans. Magn., vol. 27, pp. 3297-3300 (Mar. 1991), incor 
porated herein by reference in its entirety and for all pur 
poses. See also Kadin, Duality and ?uxonics in supercon 
ducting devices, J. Appl. Phys., vol. 68, pp. 5741-5749 (Dec. 
1990), incorporated herein by reference in its entirety and 
for all purposes. These devices are based on the motion of 
either Abrikosov or Josephson vortices and require a mate 
rial Whose material properties do not impede the floW of 
magnetic ?ux. The high pinning strengths of YBa2Cu3O7_6 
(YBCO) have made it unsuitable for ?ux ?oW devices 
Without modifying the YBCO in some manner such as 
thinning or taking advantage of naturally occurring defects 
such as the grain boundary junction formed over a substrate 
step. See Martens et al., Sparameter measurements on single 
superconducting thin-?lm three-terminal devices made of 
high TC and loW TC materials, J. Appl. Phys., vol. 65, pp. 
4057—4060 (May 1989), incorporated herein by reference in 
its entirety and for all purposes. See also Martens et al., Flux 
?oW microelectronics, IEEE Trans. Appl. Super., vol. 3, pp. 
2295-2302 (Mar. 1993), incorporated herein by reference in 
its entirety and for all purposes. 

Researchers have sought practical, three terminal, super 
conducting devices for applications in hybrid technologies 
and on-chip integration With passive, superconducting com 
ponents. Such devices included the ?ux-?oW transistor and 
the ?uxonic junction transistor, both of Which require a 
superconducting material in Which vortices can easily move. 

High quality high temperature superconductor (HTS) thin 
?lms having “easily movable vortices” are dif?cult to fab 
ricate. High quality thin ?lms of YBCO generally have Tc’s 
approaching 90 K. (degrees Kelvin) and J C’s at 77 K. greater 
than 1><106 A/cm2 and shoW strong vortex pinning. In such 
materials, vortex motion is dif?cult except very close to TC 
or in very high magnetic ?elds (10’s of Tesla). See Rose 
Innes et al., Introduction to Superconductivity, 2nd Edition, 
International Series in Solid State Physics, Vol. 6, Pergamon 
Press, NeW York, at pp. 186—190 (1978), incorporated herein 
by reference in its entirety and for all purposes. 

Materials having loW vortex pinning (easy vortex motion) 
usually have a reduced TC and J C and are chemically unstable 
in the ambient environment. This is because the material 
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2 
Within or at the grain boundaries often consists of impurities 
or off-stoichiometric material causing a reduced TC, JC and 
chemical stability, respectively. For example, oxygen 
de?cient YBCO ?lms Which have reduced Tc’s and Jc’s as 
Well as Weak pinning have been shoWn to be very suscep 
tible to damage from device processing and exposure to 
Water-based chemicals. See L. H. Allen et al., Tin ?lm 
composites of Au and YBa2Cu2O7_6, Appl. Phys. Lett., vol. 
66(8), pp. 1003—1005 (Feb. 20, 1995), incorporated herein 
by reference in its entirety and for all purposes. Once these 
materials are fabricated into vortex ?oW devices, they 
degrade and change their operating characteristics With age. 
Even materials that Were initially high quality are sus 

ceptible to processing damage. For example, Weak-link 
microbridges fabricated from high-quality materials have 
exhibited “enhanced” vortex motion. HoWever, When made 
and used in ?ux ?oW devices, they are often operated at 
reduced temperatures because the T, of the microbridge is 
degraded by the patterning process. See Miyahara et al., 
Vortex Flow Characteristics of High-TC Flux Flow 
Transistors, J. Appl. Phys, vol 75, pp. 404 (1994), incor 
porated herein by reference in its entirety and for all pur 
poses. Furthermore, the stability With time of these devices 
is uncertain because of the inherent chemical instability 
associated With degraded superconducting material. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide 
a composite material that consists of a random array of 
Josephson junctions in Which Josephson vortices can easily 
move throughout the composite material ?lm. 

It is therefore another object of the present invention to 
provide a composite material that consists of a random array 
of Josephson junctions in Which Josephson vortices can 
easily move throughout the composite material ?lm and the 
composite material Will exhibit variably controlled JC With 
out a marked decrease in the T, of the superconductor and be 
chemically stable. 

It is therefore another object of the present invention to 
provide a composite material that consists of a random array 
of Josephson junctions in Which Josephson vortices can 
easily move throughout the composite material Wherein the 
material “as-groWn” Will have the desired property of easy 
?ux motion and avoid extra steps for device processing. 

It is therefore another object of the present invention to 
provide a process for making a composite material that 
consists of a random array of Josephson junctions in Which 
Josephson vortices can easily move throughout the compos 
ite material. 

It is therefore another object of the present invention to 
provide a composite material that consists of a random array 
of Josephson junctions in Which Josephson vortices can 
easily move throughout the composite material (eg ?lm) 
Wherein the composite material can be incorporated into a 
?uxonic junction diode. 

It is therefore another object of the present invention to 
provide a composite material that consists of a random array 
of Josephson junctions in Which Josephson vortices can 
easily move throughout the composite material (eg ?lm) 
Wherein the composite material can be incorporated into a 
?uxonic junction transistor. 

It is therefore another object of the present invention to 
provide a composite material that consists of a random array 
of Josephson junctions in Which Josephson vortices can 
easily move throughout the composite material (eg ?lm) 
Wherein the composite material can be incorporated into a 
?ux-?oW transistor. 
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It is therefore another object of the present invention to 
provide a composite material that consists of a random array 
of Josephson junctions in Which Josephson vortices can 
easily move throughout the composite material (eg ?lm) 
Wherein the composite material can be incorporated into a 
bolometric device. 

These and other objects are accomplished by making a 
composite material according to the process (I) of: 

(a) providing a substrate; 
(b) forming a noble metal layer having a ?rst thickness 
upon said substrate; and 

(c) depositing a superconductor layer having a second 
thickness at a temperature Wherein said metal layer 
forms puddles exposing regions of substrate and said 
superconductor deposits betWeen said puddles on said 
exposed regions of said substrate. 

Alternatively, these and other objects may also be accom 
plished by making a composite material according to the 
process (II) of: 

(a) providing a substrate; 
(b) forming a noble metal layer having a ?rst thickness 
upon said substrate; 

(c) heating said noble metal layer to a suf?cient tempera 
ture to form puddles of noble metal exposing underly 
ing regions of substrate; and 

(d) depositing a superconductor layer having a second 
thickness on said exposed regions of said substrate. 

The composite material formed by the above process com 
prises: 

(a) a substrate layer having puddles of noble metal 
deposited on said substrate Wherein said puddles of said 
noble metal layer have a ?rst thickness; and 

(b) said substrate layer having a superconductor layer 
deposited on said substrate betWeen said puddles 
deposited on said substrate Wherein said superconduc 
tor layer has a second thickness. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete appreciation of the present invention 
and several of the accompanying advantages thereof Will be 
readily obtained by reference to the folloWing detailed 
description When considered in conjunction With the accom 
panying draWings, Wherein: 

FIG. 1 is a schematic of a cross-sectional vieW of an 
exemplary composite material made according to the present 
invention Wherein silver paste (silver paste not shoWn) is 
used to hold substrate 10 on the substrate holder (holder not 
shoWn) and the noble metal puddles of exemplary silver 20 
and exemplary superconductor YBCO 30 are deposited on 
substrate 10. The exemplary silver regions denoted as 20 
have an exemplary ?rst thickness of about 3250 A and 
exemplary YBCO regions denoted as 30 have an exemplary 
second thickness of about 800 Also, MgO is the exem 
plary substrate region denoted as 10. Note the scale of 6 
microns associated With FIG. 1. The exemplary composite 
material of FIG. 1 is made according to Example 3 and 
referred to as OA493, infra. The area denoted as 40 is merely 
a re?ection of an edge of the substrate 10. 

FIG. 2 is a schematic top vieW of another exemplary 
composite material made according to the present invention. 
Regions marked as 20 represent a noble metal (e.g. silver is 
the exemplary metal used in FIG. 2) and regions marked as 
30 represent a superconductor (e.g. YBCO is the exemplary 
superconductor used in FIG. 2). The exemplary silver 
regions denoted as 20 have an exemplary ?rst thickness of 
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4 
about 2000 Aand exemplary YBCO regions denoted as 30 
have an exemplary second thickness of about 850 Though 
not shoWn, the exemplary substrate 10 is MgO. Note the 
scale of 25 microns associated With FIG. 2. The exemplary 
composite material of FIG. 2 is made according to Example 
1 and referred to as OA449, infra. 

FIG. 3(a) depicts a cross-sectional schematic of substrate 
10 coated With a layer of a noble metal 20 (eg silver; gold 
or mixtures thereof). The formation of a layer of noble metal 
20 upon substrate 10 is accomplished according to step (b) 
of the presently claimed process (See Summary of the 
Invention, supra). 

FIG. 3(b) depicts a cross-sectional schematic of substrate 
10 coated With puddles of noble metal 20, the puddles 20 
having a ?rst thickness. The puddles of FIG. 3(b) being 
formed from the layer of the noble metal depicted in FIG. 
3(a). The formation of a layer of noble metal 20 upon 
substrate 10 is accomplished according to step (b) of the 
presently claimed process (See Summary of the 
Invention, supra). 

FIG. 3(c) depicts a cross sectional schematic of substrate 
10 With puddles of noble metal 20, and regions of a 
superconductor 30 deposited on regions of substrate 10 not 
occupied by puddles of noble metal 20. The exemplary 
superconductor YBCO refers to regions 30. The deposition 
of a superconductor is accomplished according to step (c) of 
the presently claimed process (See Summary of the 
Invention, supra). 

FIG. 4 is a plot of JC, the critical current density 
(expressed in Amps/cm2 units) versus the thickness (the 
thickness measured prior to forming the puddles ie the 
thickness of the noble metal layer as depicted in FIG. 3(a)) 
of exemplary silver puddles (expressed in Aunits) of an 
exemplary composite material of about 800 A of YBCO and 
various thickness of exemplary Ag. Note that JC is reduced 
With increasing Ag thickness. The substrate is MgQ. 

FIG. 5 is a plot of current, I (expressed in mA units), 
versus voltage (expressed in pV units) for an exemplary 
composite material With 840 A thick Ag and 800 A thick 
YBCO regions at a temperature of 78 Kelvin, the plots being 
made from data taken in the presence of an externally 
applied magnetic ?eld of varying strengths (eg no external 
?eld applied, 50 Gauss external ?eld applied, 125 Gauss 
external ?eld applied, 250 Gauss external applied ?eld). The 
substrate upon Which the Ag and YBCO is deposited is 
MgO. Note that small, applied ?elds cause signi?cant reduc 
tions in JC and an increase in sample voltage at a given 
current. 

FIG. 6 is a plot of resistance, R (expressed in Q units), 
versus temperature (expressed in degrees Kelvin) for each of 
several exemplary composite materials With exemplary Au 
being deposited at varying ?rst thicknesses and YBCO 
deposited at a second thickness of about 2000 A upon a 
MgO substrate. Note that While the superconducting onset 
temperature remains high, the TC is loWered With increasing 
thickness of Au. 

FIG. 7 is a plot of voltage change (expressed in pV units) 
versus current (expressed in mA units) for the Au/YBCO 
composite of FIG. 6 Wherein the voltage variation is mea 
sured due to a 3 Gauss applied external magnetic ?eld at 
selected temperatures (expressed in degrees Kelvin). 

FIG. 8 contains tWo plots: (1) of temperature (expressed 
in degrees Kelvin) versus resistance (expressed in Q units) 
and (2) of temperature (expressed in degrees Kelvin) versus 
photoresponse (expressed in pV units) of a Au/YBCO thin 
?lm bridge Wherein the bias current is as indicated (the bias 
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current being expressed in InA units) ando Wherein the 
composite thin ?lm comprised of about 2000 A thickness of 
YBCO and about 500 A thickness of Au. The results Were 
obtained using a He-Ne 2mW laser as the light source. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The following detailed description of the invention is 
provided to aid those skilled in the art in practicing the 
present invention. HoWever, the folloWing detailed descrip 
tion of the invention should not be construed to unduly limit 
the present invention. Variations and modi?cations in the 
embodiments discussed may be made by those of ordinary 
skill in the art Without departing from the scope of the 
present inventive discovery. 

Please note that throughout this patent application a 
reference to the thickness of the noble metal puddles means 
the thickness of the noble metal layer When the noble metal 
layer is a continuous layer as exemplarily depicted in FIG. 
3(a). The thickness of the puddles refers to the thickness of 
the noble metal layer prior to the noble metal coalescing into 
puddles or islands of noble metal as exemplarily depicted in 
FIGS. 3(b) and 3(c), respectively. Thus, the thickness of the 
noble metal is as indicated by the angstroms of thickness 
assigned to the noble metal layer as stated herein (infra and 
supra). Typically, the thickness of the noble metal after the 
noble metal forms puddles (i.e. thickness of puddles as in 
FIGS. 3(b) and 3(c)), has an average thickness near the 
thickness of the contiguous (unpuddled) noble metal layer 
(i.e. thickness of noble metal as in FIG. 3(a)). 

With respect to superconducting materials, the TC is the 
critical temperature of a material beloW Which temperature 
the superconducting material exhibits no measurable resis 
tance to current ?oW. In addition, a superconducting material 
also has a J C Which is the critical current density. If a current 
is passed through a sample of superconducting material and 
if the current is above IC, the critical current, then the 
superconducting sample exhibits a measurable resistance. 
The value of Jc is proportional to the value of Ic (JC=IC/ 
cross-sectional area of current ?oW). The loWer the value of 
Jc, the loWer the value of IC and, therefore, the loWer the 
threshold current that is required to move (i.e. unpin) 
vortices. 

The purpose of this invention is the fabrication of thin ?lm 
high temperature superconductors (HTS) With the important 
material property of “easily moved” magnetic vortices. This 
property can usually be associated With material having a 
loW critical current density resulting from reduced inter 
granular coupling. Exemplary composite material ?lms of 
exemplary YBCO and a noble metal such as Ag or Au (or 
mixtures thereof) exhibit this property. The superconducting 
onset temperature is not signi?cantly reduced in these com 
posite material ?lms, suggesting that the exemplary YBCO 
grains are of high quality and that the gold or silver form a 
clean interface With the exemplary YBCO. The noble metal 
in these composites segregates from the YBCO and moves 
into the grain boundaries, producing a tWo dimensional 
array of Josephson junctions (i.e. superconductor region— 
normal metal region—superconductor region: see FIGS. 1, 
2, 3(c)). The Josephson junction is an SNS or SIS junction 
Wherein S is a superconductor, N is a normal metal and I is 
an insulator. These composite material ?lms are candidate 
materials for fabricating three terminal HTS devices Which 
rely on vortex interactions for the control of electron trans 
port. These composite material ?lms also have potential 
applications in non-linear superconducting devices, 
bolometers, and non-bolometric photodetectors. 
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The composite material ?lm (or thin ?lm) of a supercon 

ductor and one or more noble metals (e.g. Ag, Au or 
mixtures thereof) described herein are fabricated by the 
deposition of the superconductor onto a thin ?lm of the 
noble metal(s). Noble metal exemplary thicknesses up to 
about 5000 A Were used in the development of these 
composite materials. If the noble metal is Ag, a thickness (of 
the noble metal layer puddles; see FIGS. 3(a—c), infra)) of up 
to about 5 times the thickness of the superconductor may be 
used. If the noble metal is Ag, a thickness (of the noble metal 
layer puddles; see FIGS. 3(a—c), infra) of doWn to about 1/10 
the thickness of the superconductor may be used. The 
thickness of the superconductor layer can exemplarily be 
varied from about 500 to 5000 Typically, for the exem 
plary Ag metal, the thickness of the puddles is betWeen 
about 200 to about 4,500 More typically, for the exem 
plary Ag metal, the thickness of the puddles is betWeen 
about 300 to about 4000 Most typically, for the exem 
plary Ag metal, the thickness of the puddles is betWeen 
about 400 to about 3500 Preferably, for the exemplary Ag 
metal, the thickness of the puddles is betWeen about 500 to 
about 3000 More preferably, for the exemplary Ag metal, 
the thickness of the puddles is betWeen about 600 to about 
2,500 Most preferably, for the exemplary Ag metal, the 
thickness of the puddles is betWeen about 800 to about 2000 
A. If the noble metal is Au, a thickness (of the noble metal 
layer puddles; see FIGS. 3(a—c), infra)) of up to about 1 
times the thickness of the superconductor may be used. If the 
noble metal is Au, a thickness (of the noble metal layer 
puddles; see FIGS. 3(a—c), infra) of doWn to about 1/ 10 the 
thickness of the superconductor may be used. Typically, for 
the exemplary Au metal, the thickness of the puddles is 
betWeen about 200 to about 2000 More typically, for the 
exemplary Au metal, the thickness of the puddles is betWeen 
about 250 to about 1750 Most typically, for the exem 
plary Au metal, the thickness of the puddles is betWeen 
about 300 to about 1500 Preferably, for the exemplary Au 
metal, the thickness of the puddles is betWeen about 350 to 
about 1000 More preferably, for the exemplary Au metal, 
the thickness of the puddles is betWeen about 375 to about 
750 Most preferably, for the exemplary Au metal, the 
thickness of the puddles is betWeen about 400 to about 600 
A. 

The noble metal is deposited onto a substrate at, for 
example, room temperature by any method onto a substrate 
Which is compatible With the superconductor also to be 
deposited onto the substrate. The exemplary noble metals 
may be Ag or Au or mixtures thereof. The exemplary purity 
of the noble metals used Was about 99.9%; hoWever, any 
purity suf?cient to produce composites With high TC’s and 
loW Jc’s and suf?cient chemical stability may be used. 
Exemplary methods for depositing noble metal(s) onto the 
substrate include sputtering, evaporation, laser ablation, 
chemical vapor deposition. Sputtering may be conventional 
or off-axis sputtering or inverted cylindrical magnetron 
(ICM) sputtering (eg for YBCO deposition). Evaporation 
may be thermal evaporation or electron beam evaporation. 
Chemical vapor deposition may be metal organic chemical 
vapor deposition (MOCVD). Also, the noble metal(s) and 
superconductor may be deposited by any deposition process 
upon the substrate Which does not require a post deposition 
anneal to temperatures above the melting point of the noble 
metal. Other methods of depositing the noble metal(s) (i.e. 
one or more noble metals) are Well knoWn in the art. 
Deposition of the noble metal is typically carried out at 
ambient temperatures or chemical vapor deposition tem 
peratures Wherein the substrate is stable at the noble metal 
deposition temperatures. 
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After deposition of a thin ?lm of one or more noble metals 
upon a substrate, a superconducting material is deposited 
onto the noble metal layer at a temperature sufficient to 
coalesce the contiguous noble metal layer (depicted as 20 in 
FIG. 3(a)) into puddles (depicted as 20 in FIGS. 3(b) and 
3(c), respectively) exposing the underlying substrate 
(depicted as 10 in FIG. 3(b)) and causing the deposition of 
a superconductor onto the exposed regions of the substrate 
10 betWeen the noble metal layer puddles 20 (see FIG. 3(b)) 
to form a composite as depicted in FIG. 3(c). Note that there 
are no regions of the upper substrate surface that remain 
exposed after deposition of both the noble metal and super 
conductor. Typical superconductors include YBCO and 
BSCCO, among others. Any of the yttrium based 
superconductors, bismuth based superconductors and thal 
lium based superconductors may be used in conjunction 
With the present invention. Additionally, any high tempera 
ture superconductor compatible With Ag or Ag may be used 
in place of exemplary YBCO. 

For the deposition of a superconductor onto a substrate 
With an Ag noble metal layer, the deposition is generally 
carried out at a temperature range, typically, betWeen about 
600 to about 800° C. more typically, betWeen about 625 to 
about 775° C., most typically, betWeen about 650 to about 
770° C., preferably, betWeen about 655 to about 765° C., 
more preferably, betWeen about 660 to about 760° C., and 
most preferably, betWeen about 670 to about 750° C. 
HoWever, the temperature range for the deposition of the 
superconductor may be any temperature suitable or suf? 
cient for the groWth of the superconductor onto the surface 
of the substrate and suf?ciently high to cause the metal layer 
to form puddles Without being so high as to destroy the 
composite ?lm of substrate, superconductor and noble 
metal. 

For the deposition of a superconductor onto a substrate 
With an Au noble metal layer, the deposition is generally 
carried out at a temperature range, typically, betWeen about 
725 to about 850° C., more typically, betWeen about 750 to 
about 825° C., most typically, betWeen about 775 to about 
815° C., preferably, betWeen about 785 to about 805° C., 
more preferably, betWeen about 790 to about 803° C., and 
most preferably, betWeen about 795 to about 800° C. 
HoWever, the temperature range for the deposition of the 
superconductor may be any temperature suitable or suf? 
cient for the groWth of the superconductor onto the surface 
of the substrate and suf?ciently high to cause the metal layer 
to form puddles Without being so high as to destroy the 
composite ?lm of substrate, superconductor, and noble 
metal. 

Methods for the deposition of the superconductor include 
sputtering, evaporation, laser ablation, chemical vapor depo 
sition. Sputtering may be conventional or off-axis sputtering 
or inverted cylindrical magnetron (ICM) sputtering. Evapo 
ration may be thermal evaporation or electron beam evapo 
ration. Chemical vapor deposition may be metal organic 
chemical vapor deposition (MOCVD). Other methods of 
depositing the superconductor are Well knoWn in the art. Any 
in situ deposition technique is acceptable for the fabrication 
of the superconductor component of these composite mate 
rial ?lms. Deposition of the superconductor is carried out at 
temperatures noted above or at chemical vapor deposition 
temperatures Wherein the substrate, the noble metal and the 
superconductor is stable (e.g. chemically stable, thermally 
stable etc.) at superconductor deposition temperatures. 
A variety of substrates may be used in conjunction With 

the present invention. Exemplary substrates include MgO, 
SrTiO3 (STO), LaAlO3 (LAO) and yttria stabiliZed Zirconia 
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(YSZ). HoWever, any substrate that is compatible With 
groWth of a superconductors such as YBCO, BSCCO, 
yttrium based superconductor, bismuth based 
superconductor, and thallium based superconductor, 
respectively, and is compatible With Au and/or Ag deposition 
may be used. 

Gold and silver are not very reactive metals. Therefore, 
these noble metals (e.g. Ag and/or Au) do not adhere very 
Well to many substrates. The increased surface mobility at 
high temperatures (eg temperatures at Which superconduc 
tors such as YBCO are groWn) alloWs these metals to 
coalesce into small puddles on the substrate and form a 
discontinuous ?lm. This migration of the noble metal 
together With the deposition of the superconductor (e.g. 
YBCO) results in a composite material ?lm of 
superconductor/noble metal (e.g. YBCO/Ag or YBCO/Au). 
The morphology of the composite material ?lm (e.g. YBCO/ 
Au) is such that the noble metal forms islands (i.e. puddles) 
surrounded by a superconductor (e.g. YBCO) or vice versa 
(i.e. YBCO islands or puddles surrounded by noble metal) 
depending upon the thickness of the noble metal and/or the 
thickness of the superconductor, the substrate used, and 
deposition conditions. Additionally, the noble metal also 
forms along the superconductor grain boundaries (e.g. 
YBCO grain boundaries) creating arrays of SNS Josephson 
junctions. FIGS. 1 and 2 illustrate the morphology of an 
exemplary YBCO/Ag composite material ?lm fabricated 
from 850 A of YBCO onto 2000 A of silver upon an 
exemplary MgO substrate. The exemplary silver forms 
islands (i.e. puddles 20) on the exemplary MgO substrate 10 
surrounded by a background of exemplary Well-connected 
YBCO grains 30. 

The electrical properties of these composite material ?lms 
are strongly dependent on the substrate 10 used and the 
relative amounts of noble metal (n.b. amount of noble metal 
used is proportional to the thickness of the noble metal layer 
formed) and amounts of superconductor (n.b. amount of 
superconductor used is proportional to the thickness of the 
superconductor layer formed). For example, for some of the 
Ag composites, TC is essentially independent of Ag thickness 
beloW approximately 3500 A and rapidly decreases With 
increasing amounts of silver. At 3750 A of Ag, the super 
conducting transition is incomplete. JC is relatively constant 
for silver thicknesses beloW about 2500 A and rapidly 
decreases With further-increase in Ag thickness. For 
example, for a composite material ?lm With 800 A of 
YBCO, the effect of Ag thickness on JC is illustrated in FIG. 
4. JC Was measured at a reduced temperature t=T/TC=0.46. 
The value of TC for the various composite material ?lms 
plotted in FIG. 4 is about 80 degrees Kelvin. The effects of 
an external magnetic ?eld on Jc of these composite material 
?lms is of considerable importance in device applications. 
The presence of the noble metal Within the grain boundaries 
alloWs intergranular Josephson currents to be controlled by 
external magnetic ?elds. Exemplary high quality YBCO 
?lms require applied ?elds of 10’s of Tesla to affect JC’s, but 
practical device operation is limited to several Gauss. The 
reduction in critical current for applied magnetic ?elds of 0 
Gauss, 50 Gauss, 125 Gauss and 250 Gauss, respectively, 
applied to an exemplary YBCO/Ag composite material ?lm 
(eg 800 AYBCO and 840 AAg) is shoWn in the I-V traces 
of FIG. 5. The external applied magnetic ?eld Was applied 
perpendicular to the composite material ?lm sample Which 
consisted of a bar of the composite material ?lm approxi 
mately 2 mm Wide and 1 mm long, held at a temperature of 
about 78 degrees Kelvin. The JC reduction by applied ?elds 
on the order of about 50 to about 250 Gauss indicate that 
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these composite material ?lms are useful for HTS devices 
that are based on “easily moved” magnetic vortices. 

The morphology and electrical characteristics of the 
exemplary YBCO/Au composite material ?lms are similar 
to those of the exemplary Ag composite material ?lms. For 
example, the morphology of an exemplary YBCO/Au com 
posite material ?lm Wherein 200 A of Au and 2000 A of 
YBCO are deposited at 800° C. by ICM sputtering on an 
exemplary MgO substrate is similar to the morphology 
depicted in FIGS. 1 and 2. FIG. 6 illustrates the T, depen 
dence on Au thickness for the exemplary YBCO/Au com 
posite material ?lms deposited on exemplary MgO sub 
strates. Similar results Were obtained for exemplary 
substrates such as STO and LAO, but With less gold required 
to completely suppress T. The Jc Was observed to system 
atically decrease With increasing Au thickness. Note that in 
FIG. 6, TS=800° C., Wherein TS is the YBCO deposition 
temperature (i.e. deposition of YBCO on the substrate). TC 
is the critical temperature of the composite material ?lm 
Wherein measurement of TCWas made by direct electrical 
contact to the sample. Pm=400 pm of total pressure of the 
argon/oxygen gas mixture used (eg 50 parts argon and 50 
parts oxygen) during YBCO deposition. See L.H. Allen et 
al., Thin ?lm composites of Au and YBa2Cu3O7_6, Appl. 
Phys. Lett., vol. 66(8), pp. 1003—1005 (Feb. 20, 1995), 
incorporated herein by reference in its entirety and for all 
purposes. See E.J. Cukauskas et al., Role of hydrogen in the 
groWth of Y1Ba2Cu3O7-6, on MgO substrates by off-axis 
magnetron sputtering, Appl. Phys. Lett., vol. 61(3), pp. 
1125—1127 (Aug. 31, 1992), incorporated herein by refer 
ence in its entirety and for all purposes. See L.H. Allen et al., 
Thin Film Composites of Au and YBa2Cu3O7_6, IEEE 
Transactions on Applied Superconductivity (to be published 
in 1995— incorporated herein), incorporated herein by 
reference in its entirety and for all purposes. See M.A 
Fisher et al., Thin Film Y-Ba-Cu-O/Ag Composites for 
Fluxonic Devices, IEEE Transactions on Applied Supercon 
ductivity (to be published 1995—incorporated herein), 
incorporated herein by reference in its entirety and for all 
purposes. Note that the T, is measured for exemplary YBCO/ 
Au composite material ?lms Wherein the thickness of the Au 
puddles is 0 A, 200 A, 500 A, 1000 A, and 2000 A, 
respectively, for the ?ve plots of resistance versus tempera 
ture depicted in FIG. 6. 

FIG. 7 illustrates the change in voltage as a function of 
current due to an external applied magnetic ?eld of 3 Gauss 
for an exemplary YBCO/Au composite material ?lm at 
selected temperatures of 19 degrees Kelvin, 31 degrees 
Kelvin, 41 degrees Kelvin and 50 degrees Kelvin, respec 
tively. The differential voltage plotted in FIG. 7 represents 
the I-V curve modulation due to an external control mag 
netic ?eld. The magnitude of this voltage per unit change of 
magnetic ?eld is a measure of the potential usefulness of the 
composite material ?lm in the fabrication of three terminal 
and non-linear superconducting devices. The voltage modu 
lation must be suf?ciently above the background noise level 
for use in such devices. Of equal importance is the vortex 
velocity. Its origin must not be thermal in nature but related 
to electronic forces or redistribution of circulating currents 
such as is the case for Josephson vortices. The 
superconductor/noble metal composites such as YBCO/Au 
and YBCO/Ag have characteristics useful in photodetector 
applications. There is a correlation betWeen photoresponse 
and resistivity near TC. Initially, there is a large drop in 
resistance as the exemplary YBCO grains of the exemplary 
YBCO/Au composites (see FIGS. 6 and 8) become super 
conducting and the photoresponse is predominantly bolom 
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10 
etric in this resistive transition region. At loWer temperatures 
(FIG. 6), a resistive foot or tail appears as the intergranular 
coupling becomes stronger With decreasing temperature. In 
this foot or tail of the resistivity, the photoresponse is due to 
bolometric and non-bolometric components. Finally, the 
resistance vanishes at the superconducting transition tem 
perature and a Zero resistance critical current develops With 
further reduction of temperature. These three regions corre 
spond to distinctively different photoresponse characteristics 
of the composite material ?lms. 
The photoresponse of an exemplary YBCO/Au composite 

material ?lm under several temperature and bias conditions 
Was measured to demonstrate the responsiveness of these 
composite materials for photodetector applications. Opera 
tion in the superconducting region is non-thermal and may 
be used for high speed operation. These results are illus 
trated in FIG. 8 along With the resistance versus temperature 
characteristics of a 1 mm Wide bridge by 1 mm long 
exemplary YBCO/Au composite material ?lm. The ?lm 
consisted of 500 A of gold and 2000 A of YBCO. The results 
Were obtained using a He-Ne 2mW laser as the light source. 

The novel composite material ?lms have the essential 
properties required by several superconducting devices. The 
incorporation of a noble metal along the superconductor 
grain boundaries during deposition of the superconductor 
forms SNS junctions betWeen the superconducting grains. 
By controlling the relative amounts (i.e. thickness) of the 
noble metal and superconductor, the intergranular coupling 
is controlled. The thickness control results in Weak vortex 
pinning and greater vortex mobility With the application of 
an external magnetic ?eld but Without sacri?cing high 
operating temperatures for devices. Additionally, the novel 
composite material ?lms have high quality superconducting 
grains and clean interfaces at the boundary betWeen the 
noble metal and superconductor as indicated by the high T, 
of these materials (i.e. the TC of the pure superconductor is 
not signi?cantly decreased after formation of the 
superconductor/noble metal composite material ?lm). These 
novel composite material ?lms (i.e. of superconductor/noble 
metal) are ready, as deposited, for the fabrication of 
superconducting, three terminal, ?ux ?oW devices, as Well 
as photodetectors and non linear, tWo terminal devices. See 
A.M. Kadin, Duality of ?uxonics in superconducting 
devices, J. Appl. Phys., vol. 68(11), pp. 5741—5749 (Dec. 1, 
1990), incorporated herein by reference in its entirety and 
for all purposes. See J.S. Martens et al., Flux FloW 
Microelectronics, IEEE Trans. Appl. Superconductivity, vol. 
3, No. 1, pp. 2295—2302 (1993), incorporated herein by 
reference in its entirety and for all purposes. See Y.H. Kao 
et al., Effects of silver doping in the high-T, superconductor 
system Y-Ba-Cu-O, J. Appl. Phys., vol. 67(1), pp. 353—361 
(Jan. 1, 1990), incorporated herein by reference in its 
entirety and- for all purposes. See F. Raissi et al., Josephson 
?axonic diode, Appl. Phys. Lett., vol. 65(4), pp. 1—3 (Oct. 3, 
1994), incorporated herein by reference in its entirety and 
for all purposes. 

Having described the invention, the folloWing examples 
are given to illustrate speci?c applications of the invention, 
including the best mode noW knoWn to perform the inven 
tion. These speci?c examples are not intended to limit the 
scope of the invention described in this application. 

EXAMPLES 

Substrates such as MgO Which are hygroscopic in nature, 
the substrates (e.g. MgO) are stored in mineral oil. Prior to 
the use of an exemplary MgO substrate, the substrate must 
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be cleaned to remove mineral oil and any particulate matter 
present upon the substrate. For removing the mineral oil and 
removing particulate matter the substrate may be cleaned 
according to the folloWing procedure (I): 

(1) clean substrate for 5 minutes in a trichloroethane 
(TCA) ultrasonic bath; 

(2) then clean substrate again for another 5 minutes in a 
fresh TCA ultrasonic bath; 

(3) then clean substrate for 5 minutes in a fresh methanol 
ultrasonic bath; 

(4) then clean substrate for 30 minutes in a fresh methanol 
ultrasonic bath; 

(5) then bloW dry the substrate under nitrogen gas; 
(6) then heat the substrate to about 1000° C. in pure 

oxygen for 12 hours at 1 atmosphere pressure of 
oxygen; 

(7) then alloW substrate to cool to ambient (e.g. room 
temperature) temperature. 

For substrates that are not hygroscopic or not stored in 
mineral oil, the substrates may be cleaned according to the 
folloWing procedure (II): 

(1) clean substrate in boiling methanol for 2 minutes; 
(2) then clean substrate in boiling isopropyl alcohol for 2 

minutes; 
(3) then bloW dry the substrate in nitrogen gas. 

Procedure (I) Was used to clean MgO substrates and proce 
dure (II) Was used to clean STO substrates. In procedure (I), 
TCE (trichloroethylene) may be used instead of TCA; 
hoWever, TCE is believed to be more toxic than TCA. Thus, 
use of TCA in procedure (I) is preferred. 

EXAMPLE 1 

We prepared sample OA-449 by ?rst cleaning an MgO 
substrate. We attached the substrate onto a substrate holder 
(a stainless steel disk of 3 inches in diameter and 1A1 inch in 
thickness) by the use of an exemplary silver paste (e.g. 
“Silver Paste Plus” from SPI Supplies, Inc., West Chester, 
Pennsylvania) betWeen the substrate and the substrate holder 
and loaded the sample into our off-axis sputter system. We 
then sputtered (using conventional on-axis geometry) a 2000 
A thick Ag layer at ambient temperature. We heated the Ag 
sample to the optimal off-axis sputtering groWth temperature 
for YBCO (670° C.) and annealed at 670° C. for 90 minutes, 
and the Ag ?lm coalesced into islands. We then deposited an 
850 A thick ?lm of YBCO onto the sample by off-axis 
sputtering. The YBCO Was deposited in a chamber contain 
ing a Pwt=250 pm total pressure of argon gas, oxygen gas 
and hydrogen gas (ie 62 parts argon, 38 parts oxygen and 
12 parts hydrogen). The sample Was cooled and removed 
from the vacuum chamber. 

EXAMPLE 2 

We prepared sample OA-465 exactly as sample OA-449, 
except We used a 30 minute anneal and deposited 2132 A of 
YBCO. 

EXAMPLE 3 

We prepared sample OA-493 exactly as sample OA-449 
except 3250 A of Ag Was deposited and 800 A of YBCO Was 
deposited. 

EXAMPLE 4 

We prepared sample ICM-161C by cleaning an MgO 
substrate. We thermally evaporated a 500 A thick layer of Au 
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at ambient temperature in a separate evaporator vacuum 
chamber. We then attached the substrate to a substrate holder 
(using silver paste—“Silver Paste Plus” from SPI, Inc., West 
Chester, Pennsylvania) and loaded the sample into our 
inverted cylindrical magnetron (ICM) sputtering system. 
The Au sample Was heated to the optimal groWth tempera 
ture for ICM sputtering, 800° C., and annealed for 15 
minutes at 800° C. We then deposited a 2000 A thick layer 
of YBCO by ICM sputtering. The sample Was cooled and 
removed from the chamber. 

We claim: 
1. A composite material ?lm, said composite material 

comprising: 

(a) a substrate layer having puddles of noble metal 
deposited thereon, Wherein said puddles of said noble 
metal layer de?ne a discontinuous ?lm of noble metal 
puddles in physical contact With said substrate layer, 
said discontinuous ?lm having a ?rst average thick 
ness; and 

(b) a superconductor layer comprising superconducting 
grains and having a second thickness of about 500 A to 
about 5000 A deposited on said substrate layer betWeen 
said paddles such that: 
(1) said puddles form islands of noble metal that are in 

physical contact With said substrate layer and pro 
trude from said substrate through an upper surface of 
said superconductor layer; and 

(2) said noble metal also accumulates betWeen said 
superconducting grains to form a tWo-dimensional 
array of superconductor-normal metal 
superconductor Josephson junctions. 

2. The composite of claim 1 Wherein said substrate is 
selected from the group consisting of MgO, STO, LAO, and 
YSZ. 

3. The composite of claim 1 Wherein said substrate is any 
substrate Which is suitable for deposition of said noble metal 
layer and deposition of said superconductor layer. 

4. The composite of claim 1, Wherein said noble metal is 
selected from the group consisting of Ag, Au, or mixtures 
thereof. 

5. The composite of claim 4 Wherein said noble metal is 
Ag and said superconductor is YBCO. 

6. The composite of claim 4, Wherein said ?rst average 
thickness is betWeen about 200 to 4500 

7. The composite of claim 4, Wherein said ?rst average 
thickness is betWeen about 800 to 2000 

8. The composite of claim 4 Wherein said noble metal is 
Au and said superconductor is YBCO. 

9. The composite of claim 4, Wherein said ?rst average 
thickness is betWeen about 1/1oth of said second thickness 
about 1 times said second thickness. 

10. The composite of claim 4, Wherein said ?rst average 
thickness is betWeen about 200 to 2000 

11. The composite of claim 4, Wherein said ?rst average 
thickness is betWeen about 400 to 600 

12. The composite of claim 1 Wherein said superconduc 
tor is selected from the group consisting of YBCO, BSCCO, 
and thallium based superconductor. 

13. The composite of claim 1 Wherein said superconduc 
tor is a yttrium based superconductor. 

14. The composite of claim 1 Wherein said superconduc 
tor is a bismuth based superconductor. 

15. A composite material ?lm made by a process com 
prising the steps of: 
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(a) providing a substrate; 
(b) forming a noble metal layer having a ?rst thickness 
upon said substrate; and 

(c) depositing a superconductor layer including supercon 
ducting grains and having a second thickness of about 
500 A to about 5000 A, at a temperature Wherein said 
metal layer forms puddles eXposing regions of substrate 
and said superconductor deposits betWeen said puddles 
on said eXposed regions of said substrate such that: 
(1) said puddles forrn islands of noble metal that are in 

physical contact With said substrate and protrude 
from said substrate through an upper surface of said 
superconductor layer; and 

(2) said noble metal also accurnulates betWeen said 
superconducting grains to form a two-dimensional 
array of superconductor-norrnal rnetal 
superconductor Josephson junctions. 

16. A composite material ?lm made by a process corn 
prising the steps of: 

5 

1O 

15 

14 
(a) providing a substrate; 
(b) forming a noble metal layer having a ?rst thickness 

upon said substrate; 
(c) heating said noble metal layer to a suf?cient tempera 

ture to form puddles of noble metal eXposing underly 
ing regions of substrate; and 

(d) depositing a superconductor layer having a second 
thickness, and comprising superconducting grains, on 
said eXposed regions of said substrate such that: 
(1) said puddles forrn islands of noble metal that are in 

physical contact With said substrate and protrude 
from said substrate through said superconductor 
layer; and 

(2) said noble metal also accurnulates betWeen said 
superconducting grains to form a two-dimensional 
array of superconductor-norrnal rnetal 
superconductor Josephson junctions. 

* * * * * 


