
Processing Techniques for the 93 I< 
Superconductor BazYCu3O7 

Superconductivity above the temperature of liquid nitro- 
gen in copper oxide-based systems has led to optimism 
that superconductors may at last find wide application. 
The critical temperature, however, is just one of the 
required parameters. The materials must be made into 
usable forms such as wire, thick films, thin films, and bulk 
ceramics. In addition, the critical current in these various 
forms is a crucial test of their utility. This article reviews 
the processing techniques used to fabricate potentially 
useful forms and assesses remaining problems. Consider- 
able improvement in critical current density is necessary 
in bulk materials, and thin films need to be made compati- 
ble with other thin-film technology. 

T HE DISCOVERY OF SUPERCONDUCTIVITY IN COPPER OX- 
ide-based ternary and quaternary systems by J. G. Bednorz 
and K. A. Miiller (1) has led to superconductivity at 

unprecedented high temperatures and rekindled a long-standing 
hope that superconductors might form the basis of a new age of 
technology. As remarkable as the advances have been, considerable 
improvement in many areas will be required before the new 
superconductors affect commercial technology. As is the case for any 
technology based on materials, one of the most crucial areas is high 
quality sinthesis and processing. The popular press has suggested 
that the new superconductors are so easy to make that a high school 
student with a few chemicals and a microwave oven can easily 
prepare them. Indeed, much of the enthusiasm and progress in the 
field has been the result of the relatively easy synthesis of material 
that exhibits zero resistance and some magnetic flu exclusion above 
liquid nitrogen temperature (77 K). s oh ever, the preparation of 
material with high critical currents and in forms, such as wires and 
thin films on semiconductors, that are suitable for applications -. 

remains a formidable challenge. " 
To date there are four main classes of high transition temperature 

( Tc) copper oxide superconductors, designated by La2Cu04 ( Tc 
= 40 K) (I-3), Ba2YCu307 (Tc = 93 K) (4-5), Bi-Sr-Ca-Cu-0 
(T, = 80 to 110 K) ( 6 ) ,  and T1-Ba-Ca-Cu-0 (T, = 80 to 125 K) 
(7, 8). In this article we present an overview of processing tech- 
niques for Ba2(RE)C~307-x (RE = La, Y, Nd, Sm, ELI, Gd, Dy, 
Ho, Er, Tm, Yb, Lu), concentrating on Ba2YCu307 as a prototype. 
Although this material is popularly known as "1-2-3" on the basis of 
the formula Y1Ba2Cu307, we use the accepted chemical nomencla- 
ture, Ba2YCu307. We review Ba2YCu307 here because it has been 

D. W. Murphy, D. W. Johnson, Jr., and S. Jin are at AT&T Bell Laboratories, 600 
Mountain Avenue, Murray Hill, NJ 07974. R. E. Howard is at AT&T Bell Labora- 
tories, Crawfords Corner Road, Holmdel, NJ 07733. 

the most thoroughly studied of these materials to date. Processing of 
the other classes of high Tc copper oxide systems shares many of the 
general features described here, but there are also important differ- 
ences between each of the classes. 

The superconducting Ba2(RE)Cu307-, phases have been pre- 
pared in many forms including polycrystdine powders, single 
crystals, ceramic objects, composites, wires, and thin films. Several 
of these forms and the methods used to prepare them will be 
described in this article, but several other very promising approaches 
will not be included for lack of space. With over 3000 papers 
published in a single year it is impossible for this account to be 
comprehensive. Before discussing the processing, some of the 
fimdamental superconducting properties and materials chemistry 
important to all the processing methods are outlined. 

Superconducting Properties of Ba2YCu307 
There is no generally accepted microscopic theory that explains 

the occurrence of superconductivity in these materials. Phenomeno- 
logically, however, once the cuprates become superconducting they 
behave like other type I1 superconductors and Ginzburg-Landau 
theory is applicable (9) .  Some relevant parameters for BazYCu307 
are compared with those of Nb3Sn in Table 1. Both the Tc and the 
critical magnetic field (H,,) are high, as required for many applica- 
tions. 

The critical current density (Ic), is also a crucial parameter for 
applications, but is not listed in Table 1 because it is not an intrinsic 
property and is strongly affected by structural features (defects, grain 
boundaries, impurities, and so forth) on the scale of both the 
coherence length (5) and the penetration depth (A). Structural 
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cause it occurs on the size scale of 5. Several other types of defects Table 1. Comparison of superconducting properties of Ba2YCu307 and 
Nb3Sn. Symbols (I) and ( I  I )  refer to values perpendicular and parallel to the 
a-b plane, respectively. Temperatures at which critical fields were measured 
are in parentheses. 

-- - -- - 

Coherence Penetration 
Material TC HCZ 

(K) (TI 
length length 
S (-4 x (4 

features on the order of 5 can lead to pinning centers beneficial to],, 
but control is necessary to avoid large regions that do not supercon- 
duct. Little is known about pinning centers in Ba2YCu307, but 5 is 
extremely short and anisotropic in this material (10-13). Values of 5 
as small as 2 A (12) have been reported, suggesting that even single 
atom defects could be important. 

Different forms of Ba2YCu307 have different critical currents 
(Fig. 1). Each of these forms will be described in more detail later, 
but it is important to point out here the widely varying values of], 
and the dependence of ], on field. Oriented thin films have been 
made with ], - 4 X lo6 A/cm2 (measured at 77 K at zero field) (15, 
16) whereas for bulk, sintered ceramics], is generally less than 1000 
A/cm2. Because most applications require operation in high magnet- 
ic fields, the dependence of ], on field is crucial. At 77 K, transport 
measurements of ], show a decrease with applied field. Further- 
more, the lower the zero-field],, the more rapid the decrease. The 
rapid drop in], with field is typical of "weak link" superconductors 
and arises from tunneling of the supercurrent between isolated 
regions of superconductivity separated by a thin, nonsuperconduct- 
ing barrier. Many of the large-scale applications of superconductiv- 
ity require large currents at high fields as shown in Fig. 2. Also 
shown in Fig. 2 are the present capabilities of Nb-Ti and Nb3Sn 
wires at 4.2 K (TIT, = 0.45 and 0.23, respectively) compared to 
extrapolated behavior of the best bulk Ba2YCu307 at 77 K 
(TIT, = 0.85). At a comparable TIT, (20 K, TIT, = 0.21) Ba2Y- 
Cu3O7 thin films can carry more than 5 X 10' A/cm2 at 15 T (17), 
which is significantly better than Nb3Sn at 4.2 K (18). However, 
equivalent behavior at 77 K will require a much higher T,. 

Materials Chemistry 
Stwctuve. Several different levels of structure are im~ortant to 

superconductivity, ranging from the ideal crystallographic structure 
to defects and the nature of grain boundaries. The crystal structures 
of Ba2YCu307 and many of its substitutional analogs have been 
determined by both x-ray (19) and neutron diffraction (20-23). The 
structure is a defect ( 0  atoms) perovskite superstructure (resulting 
from ordering of Y and Ba). The oxygen ordering results in the 
coexistence of both two-dimensional [CuOz], layers and [Cu03], 
chains. The two-dimensional [CuOz], layers are common to all of 
the known copper oxide superconductors. The presence of layers 
and chains makes the structure highly anisotropic. Anisotropy is 
evident in transport properties (24) such as the normal state 
conductivity, as well as Hc2 and], in the superconducting state (25). 
The anisotropy in the conductivity just above T, measured on single 
crystals is =lo0 with the highest conductivity in the plane of the 
layers. Anisotropy attributable to the chains has not been measured 
because twinning (26-28) along the [110] direction interconverts 
the chain direction between twins. Twinning is an example of a 
structural defect that may be important to superconductivity be- 

such as extra layers and anti-phase boundaries have also been 
observed. 

Phase equilibvia. A detailed phase diagram is an invaluable guide to 
materials synthesis. It is of course possible and often important to 
prepare materials that are not thermodynamically stable (such as a 
thin film stabilized by epitaxy or strain), but knowledge of the phase 
diagram is an excellent guide even in these cases. Even though 
superconductivity can be observed when only a small portion of the 
sample is superconducting, it is critical that phase-pure material be 
used for meaningful scientific measurements and for most practical 
applications. 

When superconductivity was discovered in the Y-Ba-Cu-0 sys- 
tem, the only previously known compound that contained each of 
these elements was BaY2Cu05 (29), a green, insulating material. The 
superconducting phase was quickly identified as Ba2YC~307-x (-5). 
Several preliminary phase diagrams have now been published (3G 
32) and are in general agreement. The diagram in Fig. 3 represents 
an isothermal cut at 950" to 1000°C in air. The amount of oxygen in 
each phase is fixed by the ambient. Two of the salient features of the 
phas; diagram are &e narrow compositional range of the supercon- 
ducting phase in Y, Ba, and Cu and the region of partial melting. 
Phase diagrams have not been determined for other rare earths, but 
there are indications that most are similar, for example, Ba(RE)2Cu05 
(29) and Ba2(RE)Cu307 (33-35) compounds exist for most rare 
earths. However, the larger rare earths have a wider stability range 
for Ba2-y(RE)1+yCu30x (0 < y < 0.5) (36). 

Single crystals as large as 1 cm x 1 cm x 200 pm have been 
grown from the region of partial melting close to Ba2YCu307 (37- 
39). Numerous physical property measurements on these crystals 
have formed the basis for much of our understanding of these 
materials. 

Substitutions on the Cu sites by Al, Ni, Fe, Co, Zn, and other 
metals have been reported (40-43). In contrast to substitutions for 
Y, these all lead to marked decreases in T,. 

The vole of oxygen stoichiometvy. A remarkable feature of Ba2Y- 
Cu30, is that the stoichiometry in oxygen is readily variable over the 
range 6.0 5 x 5 7.0 (44-48). The stoichiometry as a function of 
temperature and ambient are shown in Fig. 4. The effect of oxygen 
stoichiometry on the electronic properties is dramatic. At x = 7.0 
the superconducting T, is maximized and for x = 6.0 the material is 
a semiconductor. The structure at x = 6 is related to that at x = 7 
by the total absence of the oxygen atoms connecting copper atoms 
along the chains (49,50). The activation energy for oxygen diffusion 
has been estimated at 1.1 eV (47, 48, 51), and the kinetics are slow at 
room temperature, allowing stability of samples over the entire 
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range 6.0 5 x I 7.0. Materials prepared or sintered in excess of 
900°C have x = 6.3 and must be annealed at 400" to 500°C in 
oxygen to obtain the highest oxygen content and T,. Films, 
powders, and porous ceramic samples readily equilibrate with 
oxygen at 400" to 500°C, but dense ceramics and large single crystals 
require longer times, increasing as the square of the distance over 
which oxygen must diffise. 

The structural and electronic properties at intermediate oxygen 
stoichiometry are dependent on the conditions of preparation in 
addition to the total oxygen stoichiometry. Quenching from high 
temperature maintains the tetragonal structure for x < 6.6 (52), 
whereas removal of oxygen at-low temperatures maintains the 
orthorhombic structure at least to x = 6.3 (53). A T,  of 60 K is 
obtained for materials in which oxygen is removed at low tempera- 
tures by gettering (53) or by vacuum annealing (54). Several studies 
indicate that the oxygen in these intermediate T, samples is ordered 
to give superstructures (55-57). It is fortunate that the optimum 
superconducting properties in this system are attained with a 
relatively simple anneal. 

Chemical reactivity. In addition to the reversible reaction with 
oxygen, Ba2YCu307 is degraded by reaction with atmospheric H 2 0  
and C02.  The reaction with H 2 0  liberates 0 2  and leads to 
formation of Ba(OH)2, Y2BaCu05, and CuO (58-60). The rate of 
deterioration in liquid or atmospheric H 2 0  is strongly dependent 
on temperature and surface area. In most forms, Ba2YCu307 may be 
handled in air without significant changes in properties, but long- 
term stability will require protection. The stability of BaC03 is a 
strong driving force for the reaction of Ba2YCu307 with COz. 
Carbon at grain boundaries (61) (most likely as a carbonate) has 
been implicated in ceramic material and may contribute to the weak- 
link behavior. The effects of both H 2 0  and C 0 2  may be reversed at 
high temperature. 

At synthesis temperatures (800" to 950°C) Ba2YCu307 is reactive 
toward most common ceramic or metallic crucible materials and 
potential thin-film substrate materials. The only materials we have 
found to be inert are silver and, to a lesser extent, gold. The 
reactivity toward crucible materials increases with temperature and 
extent of contact. For shaped ceramics it is best to place the object 
on a bed of powder of the same composition. For thin-film 
processing, reactivity with substrates is a severe problem because of 
the intimate contact and short diffision distances. This greatly 
restricts the choice of substrates and mandates the shortest possible 
processing times at the lowest possible temperatures. 

Processing of Bulk Materials 
Processing methods common to ceramic technologies have been 

used to synthesize and form Ba2YCu307 into bulk shapes. This is 
accomplished by first shaping an assemblage of particles and then 
densifying them into a solid part by sintering at high temperature. 
The driving force for densification is the reduction of the excess free 
energy associated with the surfaces of the particles. Therefore, 
ceramic materials are generally processed from finely divided pow- 
ders to maximize this surface free energy. 

Processing of bulk objects can be subdivided into the steps of 
powder preparation, forming, and sintering. These will be addressed 
in turn for Ba2YCu307. We will then discuss the technologically 
important areas of wire processing and methods for increasing J,. 

Powder preparation. Conventional ceramic powder preparation 
methods may be used for BazYCu3O7. Generally, this consists of 
mixing the appropriate ratios of the constituent oxides or oxide 
precursors such as carbonates or nitrates. For Ba2YCu307, typical 
starting materials are BaC03, Y2O3, and CuO. For small batches 
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Ibr better homogeneity and phase purity. Although ;he raw materi- 
als suggested here successfully produce the superconducting phase, 
many others can be used. For instance, Ba(OH)2, Ba(N03)2, BaO2, 
BaF2, Y2(C03)3, CuC03, and Cu(N03)2 can all be used as source 
materials. Although BaC03 has the advantage of having a stable 
composition, it is somewhat difficult to decompose at the tempera- 
tures used for calcination and thus care must be exercised in large " 
batches to assure that the C 0 2  is continually removed with either 
flowing air or oxygen during calcination. 

A broad spectrum of other powder preparation techniques have 
also been applied to oxide superconductors. These include sol-gel 
(62-66), coprecipitation (64, 67, 68), nitrate precursors (69), and 
freeze drying (70). These methods have the goal of obtaining 
powders with high chemical homogeneity and very fine particles, 
which may lead to low temperature phase formation and sintering. 
In addition, some methods bEer spehfic advantages for 
of material in a particular form or batch size. 

Forming. To make ceramic objects useful for experimentation or 
devices the Ba2YCu307 powder must be formed into shapes before 
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sintering. The most widely used technique is dry pressing, which 
consists of filling a die body with powder and pressing at 50 to 500 
MPa into a com~acted sha~e. The wwder can also be loaded in a 
sealed elastorneck endoauk and in a chamber under high 
fluid pressure to isostatically press a shape. Frequently 1 to 3% by 
weight of an organic binder such as polyvinyl alcohol is added to the 
poGder to enhance the strength of-the pre&d pact. 

Addition of 10 to 20% by weight of organic binder gives a stiff 
paste that can be used to extrude shapes. Here, the mix is loaded into 
a screw or ram artruder that forces the material throueh a die orifice 
yielding a continuous part having the cross section 2 the die. This 
has been used for Ba2YCu3@ yielding thin, flexible, wire-shaped 
strands of the ceramic powder in the organic bider (7). 

Screen printing us& a slurry conta&ng powder, binder, and 
solvent with a consistency similar to that of toothpaste. The slurry is 
forced through a fine mesh patterned stainless steel screen with a 
rubber bar leaving a 10- to 20-pm-thick layer of the slurry on a 
substrate. Similar technology is used in multilayer ceramic capaci- 
tors, ceramic packages, and thick film hybrid integrated circuits. 
Some patterns of Ba2YCu3& formed by meen printing are shown 
in Fig. 5. For the large plates, the substrates are presintered A1203. 
Critical current densities of these screen-printed thick films at 77 K 
are 5200 Nan2. 

Tape casting uses a similar slurry with the viscosity of heavy paint. 
This technology is currently used to form ceramic substrates, the 
dielecaic layers in multilayer ceramic capacitors, and the main body 
material for ceramic packages. The slurry is spread in an even layer 
over a carrier film. Evaporation of solvent leaves a tape 0.02 to 1 
mm thick that can be separated h m  the carrier. Because this 
unsintered tape still contains organic binders, it is flexible and can be 
cut, punched, rolled, or laminated. After shaping, the tape is 
sinteced to give good interpartide contact and is no longer flexible. 
Figure 6 shows unsintered tape of Ba2YCu307 illustrating its 
flexibility and a sheet of sinteced tape about 10 an on edge and 150 
pm thick, The properties of Ba2YCu307 sintmd h m  tapes are 
comparable to those made by dry pressing (72) with jc on the order 
of 1000 Nanz (73). 

There ace m i y  &her conventional methods of shaping ceramics, 
and several have been applied to high-temperature superconductors. 
One example is a b t a n d i n g  helical shape of Ba2YCu3@ made by 
injection molding (74). 

Sintering. Because Ba2YCu307 melts incongruently at about 
980°C, sintering by solid-state transport mechanisms is limited to 
the range of 900" to 975°C. An oxygen flow during sinering is used 
to facilitate the removal of the organic binders, to aid in the removal 
of C02 from residual carbonates, and to maximize the oxygen 
content of the final sintered bodv. 

Before sintering the binder i i  burned off by slowly heating to 
300°C. The heating rate to the sintering temperature can then be 
rapid, except that above 900°C a slower rate (20°C per hour) is used 
to facilitate decomposition of any carbonate and prevent excessive 
trapped porosity. Typical sintering times are several hours. After 
sintering, a final annealing in oxygen at 400" to 600°C maximizes 
incorpoiation of oxygen. The airieal temperature is a compromise 
between higher temperatures where oxygen difhsion rates are 
higher and lower temperatures where the thermodynamic quilibri- 
I& favors higher oxygen contents (46). The anneal-time dep&ds on 
the sinteced density and thickness of the part. For dense ceramics 
with thicknesses on the order of 1 an, the anneal time at 500°C may 
be 1 to 2 davs. 

A novel t&nique for forming and densifying superconducting 
powder in one step is explosive compaction (75). Here the powder is 
placed in a shaped cavity between copper plates and densiiied by 
detonation of an explosive charge. The temperature of the sample 

ranains low, allowing the formation of shapes without loss of 
OxYgcn. 

Wire fobriution. Exisdng high power superconductivity applica- 
tions (electromagnets) use multifdamentaxy composite wires con- 
taining both the superconductor and a normal metal. This design 
serves several important functions: (i) minhhtion of energy 
dissipation by magnetic flux instabilities, (ii) ac loss reduction, (iii) a 
parallel elecaical conduction path to carry current in case of local 
loss of superconductivity, (iv) thermal stabilization (heat sinlung) to 
minimize local heating and prevent catastrophic loss of supercon- 
ductivity, and (v) mechanical protection of the superconducting 
core against the Lorentz force during operation and other stresses of 
fabrication, handling, or use. In the case of Ba2YCu3&, a normal 
metal dadding could also provide environmental protection. 

Brittleness is a commonly cited problem in the fabrication of 
oxide superconductors, but it is also a problem with Nb$n and has 
prevented its greater use compared to the more ductile Nb-Ti even 
though the former has a higher Tc and Hc2. In the case of Nb3Sn, 
goad superconducting wire with reasonable flexibility can be ob- 
tained by reaction of thin Nb wire with a Cu-Sn matrix, leaving a 
thin film of W S n  embedded between Nb and the Cu-Sn matrix 
(76). 

Fig. 5. Examples of screen-printed Ba2YCu3G on alumina substrates. - 

Fig. 6. A roll of tapcast Ba2YCu307 befbrc sintccing and a s i n d  sheet 
(10 an x 10 an). 
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Several different approaches to single filament Ba2YCu307 metal 
composite wire have been reported. one  example is the drawing of a 
preform consisting of a nonreactive tube (such as silver or silver- 
coated metal) packed with finely pulverized Ba2YCu307 supercon- 
ductor powder (77). During drawing the superconducting powder 
conforms to the overall wire geometry. The final metal-clad compos- 
ite wire (Fig. 7), is then wound over a mandrel into a coil geometry, 
sintered. and annealed. Altemativelv a commsite wire in which 
Ba2YCu307 envelopes a normal metal wire core may be obtained by 
coating the normal wire with a Ba2YCu307 slurry followed by 
sintering (78). This configuration does not offer environmental 
protection of the superconductor as does the metal-clad version, but 
it improves the control of oxygen stoichiometry. Wires have also 
been produced from melt-spun molten oxide (78) and from precur- 
sor metal allow (79). 

The extrusibn he;hod described earlier has been used to fabricate 
continuous, wire-like strands of Ba2YCu307 (71). As extruded, the 
strand contains a binder that must be removed and the wire sintered 
to make a connected superconducting path. This approach can also 
use strips of the tape described earlier, which could be laminated 
with a normal metal. The flexible nature of the unsintered material 
aids in shaping the wire before sintering, but does not lead to a 
ductile superconducting wire. 

Most of these wires have Jc less than 1000 Nun2 in zero field, but 
2000 Nun2 has been reported in thin, silver clad ribbons made by 
wire drawing and cold rolling (80). 

It is too early to predict an eventual practical wire fabrication 
method, but it is clear that substantial progress is required. 

Processingfor high J,. The techniques described above all lead to 
bulk materials with J, below = 2000 A/cm2 at 77 K in zero field 
with a rapid drop at high fields as shown in Fig. 1. These values are 
far too low to be useful. In contrast, measurements of J, on single 
crystals and thin films demonstrate that significant improvements 
are possible. The field dependence is attributed to low Jc weak links 
(81) between high J, gra&s. These weak links are attribut- 
ed to the presence of nonsuperconducting impurities, poor mechan- 
ical connectivity between grains, structural or compositional devi- 
ation at interfaces, and crystal lattice effects. 

Recent work by Jin et al. (82, 83) indicates that the weak link 
problem can be greatly reduced by a new processing technique 
called melt-textured-growth (MTG) . Unlike the conventional meth- 
od of sintering, this new technique employs partial or complete 
melting of Ba2YCu307 followed by controlled recrystallization. The 
MTG technique transforms the granular, random microstructure of 
the sintered precursor (Fig. 8 ) t o  a dense structure consisting of 
long, needle-like grains aligned predominantly with the high J, 
basal plane along the needle axis. This microstructure leads to 
dramaticallv imvroved 1, (1.7 x lo4 A/cm2 at 77 K and H = 0). 
Even mori signLificant ;&e much reduced field dependence of jc 
( ~ 4 0 0 0  A/cm2 at H = 1 T) as shown in Fig. 1. Although additional 
improvement inJ, of one to two orders of magnitude is still needed 
at &en higher magnetic fields, these results &e very encouraging, 
and offer hope for continued improvement in], of bulk materials. 
To date the MTG process has been used only on short laboratory 
samples. Its use on large pieces or long wires will be necessary to 
make it useful. 

Thin-Film Fabrication 
A variety of electronic applications have been proposed for the 

new superconductors including high-speed chip interconnections 
(84, 85) or even active devices (86, 87). Much of the excitement in 
this area comes fiom the fact that for the first time superconductivity 

occurs at temperatures where it is practical to operate semiconductor 
devices. In fact, because of factors like mobility, thermal conductiv- 
ity, and noise, liquid nitrogen temperature is almost optimal for the 
operation of either silicon or gallium arsenide field effect transistor 
(FET) circuits. In the past, superconducting electronics at liquid 
helium temperature required a completely new technology; now at 
higher temperatures the opportunity to blend incrementally with 
existing semiconductor electronics appears possible. Such a merger, 
though, will require a well-controlled superconducting thin-film 
technology before experiments can begin to determine where signif- 
icant applications can be made. This technology must encompass a 
range of processing techniques including the formation of thin films 
(0.1 to 2.0 pm), patterning and etching of the films, and interfacing 
them to other circuitry. 

There are three main components to the formation of high quality 
thin films of Ba2YCu307: stoichiometry, crystallinity, and substrate 
interaction. The first requirement is to provide the relevant atoms in 
a precise stoichiometric ratio. As in the bulk material, even small 

Fig. 7. Photomicrographs of Ag/Ba2YCu307 composite superconductor 
wire in (a) cross section and (b) a longitudinal section (77). 
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variations in composition can result in formation of undesirable 
phases at the grain boundaries and result in a degradation of 
elecaical properties. Next, the correct phase must be formed by 
proper heat treatment and oriented with the substrate so as to take 
the best advantage of the highly anisotropic current-canying capaci- 
ty (25, 88). The heat treatment may be done either during deposi- 
tion or after the film is fbrmed The oxygen stoichiometry is 
controlled by the oxygen concentration in the ambient gas. Films 
prepared by using BaF2 also require some water to hydrolyze the 
fluoride (94). Finally, chemical reaction between the superconductor 
and the substrate during annealing must be limited to prevent 
contamination of the film or changes in stoichiometry by inter&- 
sion. To date, a variety of film-forming techniques have been tried in 
an attempt to satisfy these requirements, but none yet solve all of 
these problems satisfactorily. 

Evaporation. One of the most direct techniques for making films is 
simply to evaporate the constituents in vacuum and let them 
condense on an appropriate substrate. Much of the work has been 
based on awaporating the metallic elements (15,89-93) or Cu and 
Y together with BaF2 (94,95) in the presence of a modest pressure 
of oxygen, usually supplied from a jet directed at the substrate 
during deposition, to encourage formation of the oxides. If a heated 
substrate is used, the superconducting phase can be formed in situ 
(93,96), but the highest transition temperatures are usually obtained 
by subsequent annealing in an atmospheric pressure oxygen ambi- 
ent. This is necessary because the equilibrium pressure of oxygen 
above the superconductor is about 0.2 tom, much higher than the 
practical operating pressure of most evaporation systems. A varia- 
tion of this process is to evaporate layers of the elements (97) or their 
oxides (98) and then tbrm the compound by interdifhsion during 
the annealing process. 

Most of these techniques can produce films with the onset of 
superconductivity at temperatures near or above 90 K, but often 
zero resistance is reached onlv at a much lower temperature, 

AS-SINTERED (5, = 400 A/cm2) MELT-TEXTURED (J, = 17000 A / C I ~ ~ J  

Fig. 8. A comparison of the mi- and critical current densities of 
as-sintered (M) and MTG (right) Ba2YCu307 (83). 
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matched substrate t6 produce epitaxial or strongly textured films. 
Early work showed that single crystal SrTi03 was such a substrate 
(89). In addition, SrTi03 has minimal intediflbion with the 
superconductor. Zero resistance T,'s above 90 K on SrTi03 are 
easily obtained and 1,'s fiom 1OSA/cm2 (89) to above 106A/an2 (90, 
94) at 77 K have been reported. Crystdine films can be formed in 
situ by heating the substrate to 500" to 700°C during evaporation. 
Post-deposition annealing in oxygen at a similar temperature results 
in films with Jc of nearly 4 x lo6 Nan2 at 77 K (15). Lowering 
processing temperatures will be crucial to compatibility with semi- 
conductor processing techniques. 

Although interesting for basic research, SrTi03 is an expensive 
material with undesirable dc and rf dielectric properties that render 
it useless fbr most practical applications. Much of the recent work is 
directed toward finding alternative substrates or suitable barrier 
materials to use between the superconductor and more conventional 
substrates like semiconductors. To date, evaporated films on poly- 
crystalline MgO and Zr02 have been made with zero resistance near 
90 K, and deposited ZrO, have had some success as a barrier 
material on Si, SiO, and N203 giving T,'s above 80 K (95, 99, 
100). Because these substrates tend not to produce epitaxial films, 
the 1,'s are usually much lower (-104/an2) than on SrTi03 and a 
new approach to the problem may be necessary to get high-quality 
films with high aitical currents on a variety of u d d  substrates. The 
recent success in making epitaxial films with Jc > 4 X lo6 Alan2 on 
MgO by sputtering offers hope that this problem may have a 
solution (16). 

Sputtering. The other standard thin-film vacuum-deposition tech- 

Fig. 9. Schematic of the process for making a supermnductor-gold-super- 
conductor microbridge. A resist stencil is formed on the substrate by 
elccaon-beam lithography (a), hUowed by evaporation of the superconduc- 
tor (b) and liftoff of the mist (c). Afkr annealing the superconductor, the 
process is repeated to form a gold film bridgmg the gap between the 
superconductors (d to 9. A final anneal assures good contact between the 
gold and the superconductor. The device is used by running current between 
contacts as indicated. 

nique is sputtering. This is a well-established commercial practice fbr 
other materials, and is a promising candidate for making the 
perovskite superconductors. As for evaporation, Ba2YCu307 can be 
made by cosputtering (101-103) or layering, (104,105) but the most 
attractive technique would be sputtering from a single composite 
target (16, 88, 106-109). In principle, this latter technique offers 
simplified stoichiometry control and greater uniformity over a large 
area than deposition from multiple sources. Unfortunately, the 
different elements in the target have differing sputtering rates and 
sticking probabilities, necessitating the use of an off-stoichiometric 
target (16, 106, 110, 111). In such a system, the film stoichiometty 
changes as the target is consumed, greatly reducing the utility of the 
process. It is possible to overcome this limitation (1 10, 11 I), but the 
best sputtered films have been made with compensated targets (16). 
In addition, it is difEcult to use single source sputtering as a research 
tool because each different film composition requires the fibrication 
of a new target. 

Sputtering has demonstrated its potential by producing some of 
the best films. On SrTi03 substrates, single source sputtering of 
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Fig. 10. Micrograph of a completed superconductor-gold-superconductor 
microbridge. The dimensions are scaled such that 45 rnm on the ruler 
corresponds to 10 pm on the device. 

Ba2YCu307 has produced epitaxial films with current densities above 
lo6 Alan2 at 77 K and transition temperatures at or above 90 K (88). 
As with evaporated films, low-temp;rature in situ growth is possi- 
ble, even on MgO. High T, films of the Y, Er, Eu, and Ho analogs 
have been made with substrate temperatures as low as 650°C (16, 
108). The best J,'s, however, still require a 920°C post-deposition 
anneal. If composition can be controlled with high precision, this 
may be an excellent method for fabricating large areas of supercon- - - 
du&z films. 

0th;fi lm techniques. A promising technique that has also been 
used to make thin films is ablation of a composite target by means of 
a high-speed, high-energy laser pulse (112-114). In principle, this 
has many of the advantages of single source sputtering with the 
additional advantages that deposition without a vacuum system is 
possible and no specially shaped target is necessary. Films have been 
made on SrTiOs with transition temperatures of about 90 K. usuallv 
slightly lower than the starting material. In principle, th;: 
high-speed heating will simpllfy stoichiometry control by evaporat- 
ing all elements equally, even though the vapor pressures may differ 
greatly. In practice, though, there is evidence that the target 
composition does change because of differential evaporation and 
more work is needed in this area to understand these effects (115). 
There is also a problem of obtaining uniform film thickness from a 
point source evaporation; some combination of multiple-beam 
ablation and substrate or laser scanning may be necessary. 

Another novel technique employs spin-coating of solution or sol- 
gel precursors on a substrate followed by pyrolysis (1 16, 117). To 
date, these materials have reasonable onset temperatures near 90 K 
and show good epitaxy on SrTi03, but the zero resistance tempera- 
tures are less than 80 K, perhaps because the films are not as dense as 
those produced by other techniques. The low cost and simplicity of 
this technique makes it worthy of further investigation. 

Patterningfor thin-jilm devices. In order to apply thin superconduct- 
ing films to electronic applications, technologies must be developed 
to combine them with other materials, l i e  dielectrics or semicon- 
ductors, in the intricate patterns required by devices and circuits. A 
vast array of such techniques have been developed in conjunction 
with the semiconductor industry (1 18) and some of these processes 
are now being investigated for k e  with the new superconductors. 
As the tools become available to process these films, a major effort 
will have to focus on the difficult problems of making the well- 
controlled structures necessary for electronic devices. The extremely 

short coherence length, combined with the highly reactive inter- 
faces, makes implementation of conventional devices difficult. 

The most straightforward technique for patterning is simply to 
coat a superconducting film with a conventional resist material, 
expose and develop a pattern, and then etch the film. Because of the 
reactivity of the material, a weak acid is usually sdticient for wet 
etching, though high-resolution patterns are difficult to obtain 
because of undercutting of the resist and preferential etching of 
grain boundaries or second-phase material. 

Because of the low resolution and the possibility of moisture 
damagq the rest of the film, there have been a number of attempts 
to apply dry etching or patterning techniques to these materials. 
Reactive ion-beam etching with C12 has been demonstrated as an 
effective means for removing material (119), and ion implantation 
can be used to pattern the films by creating normal regions through 
damage (120). This latter technique has been used to make some of 
the first thin-film electronic devices in these materials (87). 

An alternative dry aching technique that removes all possibility of 
film damage through reaction with the chemicals used in resist 
processing is direct laser ablation. Both continuous (121) and pulsed 
lasers (122, 123) have been used with a demonstrated resolution of a 
few micrometers. Since it is a direct-write process, it is particularly 
usefid for research applications where flexibility and fast processing 
of simple patterns is essential. 

Rather than etching the superconducting film, it is also possible 
to form patterns by depositing the film through a photoresist stencil 
onto the substrate. The resist can be removed with the appropriate 
solvent, leaving behind the film with a pattern complementary to 
that in the original resist. The film can then be annealed to form the 
superconducting phase with the desired pattern. Normally, this 
process would be difficult because of the highly reactive nature of 
barium and barium oxide in the pre-annealed film. The use of BaF2 
instead of Ba, though, results in an inert film that is easily processed 
and can be stored indefinitely without degradation of the properties 
of the post-annealed material (94, 95). Application of this lift-off 
process to the fabrication of an electronic device, a superconductor- 
normal-superconductor microbridge is shown schematically in Fig. 
9. Rather than an oxide barrier as in a Josephson tunnel junction, 
this device consists of a normal metal link between ~ W O  supercon- 
ducting films (124). Gold was chosen as the normal metal because it 
has a long proximity effect coherence length (125) and is known to 
form good interfaces with Ba2YCu30, (126,127). When the bridge 
is short enough, the normal metal can carry a weak supercurrent by 
proximity effect. Such devices made with conventional superconduc- 
tors have a variety of electronic applications including magnetome- 
try and microwave detection. A device with a gold bridge about one 
micrometer long made by this method is shown in Fig. 10. 
Preliminary electrical measurements indicate that this device has the 
microwave and magnetic field behavior expected for a proximity 
effect microbridge (128). Extending this process to even shorter 
bridge lengths and better interfaces may lead to high-temperature 
superconducting devices with practical applications. 

Future Prospects 
We have attempted to summarize the factors that must be 

considered in processing the 93 K superconductor Ba2YCu307 and 
the current status of those efforts in the two key areas of bulk 
materials and thin films. Considerable accomplishments have been 
made in both areas, but major improvements are still needed before 
any significant practical applications are possible. For bulk materials 
dramatic improvement in], is the major challenge. For thin films 
the major challenges are transferring technology to practical sub- 
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strates while maintaining the reproducibility and good supercon­
ducting properties (Tc andjc) demonstrated on SrTiOs and MgO. 

Most of the processing techniques applicable to thin films are 
quite different from those of bulk materials. However, a merging of 
techniques may be beneficial in efforts to obtain high-Jc wire. The 
eventual use of the new superconductors may require new processing 
techniques as innovative as the discovery of the materials themselves. 

It is not clear at the moment whether Ba2YCu307 will be the 
material of choice for continued development or whether Bi-Sr-Ca-
Cu-O or Tl-Ba-Ca-Cu-O with Tcs as high as 110 K and 125 K, 
respectively, or some other new system will eventually be the most 
attractive. It is also not clear which processing considerations will be 
transferable to other systems. Although oxygen processing is critical 
for Ba2YCu307, it appears to be less important for the other 
systems. However, in (La, Sr)2Cu04 the La/Sr ratio is critical. The 
critical processing parameters for the Bi-Sr-Ca-Cu-O and Tl-Ba-Ca-
Cu-O systems remain to be defined but appear to require careful 
control of crystallographic stacking sequences. 
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Svnthesis of Buried Oxide and 
~hicide Lavers with Ion Beams 

Ion implantation, because it is inherently a strongly 
nonequilibrium process, can add a new dimension to 
materials studies. A large variety of chemical elements 
may be readily introduced into a target substrate by ion 
bombardment at concentrations considerably greater 
than the normal solid solubilities. In addition, the interac- 
tion of the accelerated ions with the target produces 
lattice defects. Both effects have been studied extensively 
in experiments directed at understanding the mechanisms 
of formation of buried oxide and silicide layers in silicon 
with high-dose ion implantation. These layers have prop- 
erties that are diflicult to attain with conventional tech- 
niques. 

XPERIMENTS IN ION IMPLANTATION WERE FIRST PER- 

formed almost 40 years ago by nuclear physicists (1) .  More 
recently, ion implanters have become permanent fixtures on 

the processing lines of integrated circuits. Manufacture of the more 
complex chips may involve as many as ten different ion implantation 
steps. Implantation is used primarily at fluences of 1012 to loi3 
ions/cm2 to tailor the electrical properties of a semiconductor 
substrate. Figure 1A shows a crbss-sectional view of a tvpical " , . 
complimentary metal-oxide-semiconductor (CMOS) device struc- 
ture consisting of both n- and p-channel MOSFETs (MOS field 
effect transistors) (2, 3). Other conventional uses of implantation in 
semiconductors include amorphization for isolation [particularly in 

gallium arsenide (GaAs) circuits] (4) and for fundamental solid-state 
studies (5)  and mixing of multilayer films for phase formation (6). 
Implantation of nitrogen into metals has been used since the early 
1970s to improve the corrosion and wear resistance of base metals 
such as steel (7) and has been exploited in the manufacture of 
bearings, artificial joints, and stamping punches and dies. In the 
past, applications of implantation were limited by the small beam 
currents that were available, but recently a new generation of high- 
current implanters has entered the market. This high current 
capability allows us to implant the extremely large concentrations 
required for our work on compound synthesis-in some cases five 
orders of magnitude higher than those required for doping. 

The small fluences required by most conventional applications of 
implantation represent an almost negligible perturbation in the 
composition of the target (<1 atomic %). In general, the concentra- 
tions of implanted ions are so small that they are hard to detect 
directly with most analysis techniques, and the damage to the 
crystalline lattice may be used as the earmark of the implant. In this 
article, we consider implantation that significantly alters the compo- 
sition of the target, specifically implantation of enough ions to 
create a compound. Typical solids have densities of -5 x 
atoms/cm3, so formation of a compound AB, where B is the 
substrate material, would require a fluence of -2.5 X 10" ions/cm2 
for a 1000-A layer. If the doping implantations take about 1 min to 
complete, these implantations would take 2 months at the usual 
implanter beam current. Higher currents are therefore essential. 
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