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INTRODILJCTION

The basic processes of the so-called BaFz process for the formation of YBaXh07,
YBCO, films as well as its advantages over the in situ formation processes are discussed in
the previous chapter. The process and the properties of YBCO films by this process were
also nicely described in earlier articles by R. Feenstra, et al.1 Here, we will discuss two
pertinent subjects related to fabrication of technologically viable YBCO conductors using
this process. These are (1) the growth of thick (>> 1 p) c-axis-oriented YBCO films and
(2) their growth~rates. Before the detail discussions of these subjects are given, we first
briefly discuss what geometrical structure a YBCO-coated conductor should be. Then, we
will provide examples of simple arguments for how thick the YBCO films and how fast their
growth rates need to be. Then, the discussions in the following two sections are devoted to
(1) the present understanding of the nucleation and the growth process for YBCO, and why
it is so M13cult to grow thick c-axis-oriented films (> 3 yin), and (2) our present
understanding of the YBC~ growth-limiting mechanism and methods to increase the growth
rates. The values of critical-cunent densities JOin these films are of primary importance for
the applications, and t~e above two subjects are intimately related to the control of Jc of the
films. In general, the lower the temperatures of the Y13C0 formation are the higher the
values of JCof the films. 1’2Thus, the present discussion is limited to those films which are
reacted at -735 “C. This is the lowest temperature at which c-axis-oriented YBCO films
(l-3 pm thick) nre comfortably grown. It is also well known that the non-c-axis oriented
Y13C0 platelets are extremely detrimental to the values of Jc such that their effects on J.
dwarf essentially all of other microstructural effects which control J.. Hence, the discussion
given below is mainly focused on how to avoid the growth of these crystallite when the
fiims are thick and/or the growth rates are high.
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The Structure Id the YBCO Conductors

The YBCO conductors are only made in tape shapes since the hi-axially textured YBCO
formation is required for attaining high values of Jc for the films. Hence, we expect the
structure of the completed YBCO conductors to be a similar one to that of the early NbJ3n
tapes which were, used for a 100-m power transmission cable test.3 A sketch of the cross
section of an expected YBCO tape is shown in Fig. 1 following the geometry of the
composite Nl@n conductor. It consists of a central core of a metallic substrate with
appropriate bufifer layers (not shown in the sketch) and a YBCO layer on each side of the
substrate, and then thin (- 25 – 50 pm) Cu sheets are, added for the protection of the
superconductor from its accidental transformation to the norihal state. The thickness of Cu
will depend on the applications and has to be determined for each case. Also, it can be made
dif%erenton each side so that YBCO layers can be placed in compression when the tape is
bent. Additionally, a high strength alloy such as a thin stainless steel tape is added on one
side of the tape for mechanical strengthening. This will not be required if a high-strength
alloy is used for the substrate for the YBCO layers. All of these components will be soldered
to the superconductor after a thin metallic layer such as Ag is deposited on the YBCO
surfaces. The thickness of the unreacted Nb core in the NbaSn was only 10 –15 pm thick yet
it was possible to process the tape through the chemical etching of the sutiace layers and the
soldering Cu and stainless tapes onto it without damaging the brittle NbsSn.3 Thus, one
expects that the thickness of the substrate can be as thin as or less than -25 pm as long as
wide (>> 10 mm) tapes are processed for the YBCO deposition. After these processes are
completed, the composite tapes are slit to desired widths.
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Fig. 1. A schematicsketchof a Y’EK!Oconductorcross section.

The Required Thickness of YBCO
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Now, what would be th; required thickness of YBCO in a tape as shown in Fig. 1? Of
course, it will d,epend,on the particular application, but we can obtain a general idea about
an approximate required thickness by the following example for the requirement in a power
transmission cable. Currently, model cables which have been made and tested for
transmission of electrical power employ four layers of Bi(2223)/Ag tapes. If we want to
replace them with YBCO tapes, we expect to use only two layers of the conductors (as it
was for the Nb& cable) instead of four. The~ in order to achieve the same critical current
Ic in a YBCO cable as for a Bi(2223)/Ag cable, 1. per width of the YBCO tape needs to be
-70 A/mm at 77 K under zero magnetic field and since a recent Bi(2223)/Ag tape can
mrrv -100-.1:20 A for -3.5 mm width for its critical current. We also assume that the
achievable critical-current density, Jc, of a YBCO layer is 10,000 A/mm2 at 77 K and O
Tesla. The% the required total thickness is -7 p.m or -3.5 Urnper side. If one wants to be
conservative or to have an added protection for fault currents, perhaps the thickness should
be -5 ym on each side of a tape. Some other applications require higher critical currents.
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For example, high-energy particle-accelerator applications demand ~ 10 ~m on both sides
while retaining JCof 10,000 A./mm2which is equivalent to -105 A/mm2 at -15 K and 12
T. The above simple example clearly illustrates the necessity that the film thickness be
made significantly greater than those currently fabricated (- 1 ~m or less).

The Y13C0 Growth-Rate Requirement

We estimate the growth rate needed for processing of a YBCO tape with -3.5 ~m
thick YBCO layers within a practical time by assuming that we need a l-km tape and use a
10-m-long fiumace. We also assume a continuous reel-to-reel process. Finally, we also
assume that we need to heat treat this tape for less than a two-week period. This is au
arbitrarily chosen period, but commercial Nb3Sn wires currently require similar periods for
their reaction heat treatment. Under these assumed constraints, the rate of’ the YBCO
growth to meet this heat treatment duration is -0.5 rim/s. For some applications, it is
possible to heat treat the one sided conductors in a batch process, but this will be more
difficult for prc~cessingtapes with YBCO on both sides. However, I believe that with
some efforts it is possible to design a batch-process reactor for the tapes with YBCO on
both sides if the reactor incorporates a subatmospheric pressure process which is described
below. In this case, the growth rates of an order of 0.1 nmls will be sufficient and at this
growth rate a 5 ~m thick film will be heat treated in less than a day. If such reactors are
designed, the requirement for the increased growth rates will be considerably eased.

Fig. 2. A cross sectionalTEM image of a quenchedYBCOfilm on STOillustratingthe gro~
a-axis orientedYECO platelets.

fi of the large

The above “require& thickness and growth rate (excluding a batch processing) are
substantially greater than those which are being currently achieved, and meeting these
requirements simultaneously is a dtilcult challenge for which we have to address our R
and D efforts. Most of the reported thickness and the growth rates are of the order of 1 p.m
or less and - 0.1 rim/s, respectively. The thickest YBCO film, which was made in this
process while retaining Jc > 10,000 A/mmz, was 5-~m-thick films on SrTIOJ, STO,
substrates.2 This was synthesized at atmospheric pressure using a very high partial
pressure (150 Tom) of H20 with a growth rate of -0.2 ruds at 725 “C. However, we feel
the use of such a high water partial pressure and an atmospheric pressure process is
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impractical as a commercial fabrication process. The main difficulty in achieving the
thickness and growth-rate requirements are common, and it is the growth of the non-c-axis-
oriented YBCOI when the thickness of the YBCO is increased beyond 2 – 3 pm a.hd/or the
growth rate exceeds 0.2 -0.3 rim/s in these films. An example of such undesirable growth
of the non-c-axis-oriented YBCO, in this particular case the a-axis crystallite, is shown in
Fig. 2 from a film which was grown at a very high growth rate, -1 rim/s. Here, large
platelets of the a-axis oriented YBCO are grown out of the substrate while the c-axis-
miented Y13C0 exists at the substrate but much thinner than the former. When these non-c
axis platelets OEYBCO grow, the critical currents of the films become disastrously smal
due to the highly anisotmpic nature of the superconducting cument flow in YBCO.

In the following sections, we summarize the results of our studies to the present in
the effort to gai~ understanding of the kinetics of the YBCO nucleation and growth in thick
films as well as under the enhanced growth rates. This discussion will be limited to the
growth of YBCO on STO ftoqI the precursor films which were prepared using electron-
beam-evaporation techniques.4 The early stages of the growth of YBCO on CeOz have
been previously described5 and will not be included here. Also, growing thick YBCO films
is a major dficulty in the precursor films which are derived from sol gel processes such as
the so-called trifluoroacetates (TFA) process. As will be discussed in another chapter, the
nature of the difficulty about the growth of the non-c-axis YBCO is similar to what is
discussed here. However, there are a number of important differences which exist in the
growth processes for YBCO films form the TFA and the physical vapor deposition derived
precursors.

T13MXNESS: NUCLEATION KINETIC’S FOR THICK YBCO FILMS

In this sectio~ we will describe our current understanding of the nucleation processes
of YBCO from thick precursor films which were deposited onto STO by the electron-
beam-evaporaticm technique.4 As described eailier,5 an as-deposited precursor film
consists of fine (- 10 run) grains of Y, Cu, and Ba.% Upon heating, the precursor film
quickly turns tcl a mixture of CUZOand a (Y,Ba) oxy-fluoride, and then ilom this mixture
the c-axis oriented YBCO is grown on a substrate. The approximate composition of the
my-fluoride, which plays a key role in the formation of YBCO as well as its nucleation, is
(yO.3B~.7)(o0.l!iFO.85)2. It is important to note that this phase’s crystal structure is identical
with BaFz and its lattice parameter is very close to that of BaFz. Thus, when only the
standard 0-20 x-ray diffractio~ XRD, measurements are used to study the films, it is often
mistakenly reported as Bali Only the combined measurements of its chemical
composition and its stru~ral properties by transmission electron microscopy, TEU
techniques can properly Identi$ this new phase. This new oxy-fluoride is clemly
identifiable in ‘113~ ,particularly in the EDX compositional analysis. However, it is still
puzzling how the replacement of Ba and F by Y and O in BaFz is accomplished without
changing its lattice parameter snd crystal structure when the atomic sizes of Y and Ba are
significantly different. Thus, the clarification of this puzzle is one of the current subjects of
our studies. The mechanism for the c-axis growth of YBCO layers is shown to be the
epitaxial precipitation of YBCO onto the existing c-axis-oriented YBCO layer horn a thin
liquid layer containing Y, B% Cu, and 0.536 The Y-Ba oxy-fluoride decomposes through
the reaction with HzO-at its interface with the liquid releasing F and H to the process gas.
At the same time, CUZOor CUO,depending on the duration of heat treatment, decomposes
into the liquid although the exact mechanism for this is not clear. These decomposition
processes provide the necessary cations and oxygen to the liquid and then to the growth of
YBCO. Note that this liquid layer only forms on an existing c-axis YBCO layer after a thin
(a few tens of nm) layer of YBCO nucleates and covers the substrate, while the growth of
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the non-c-axis-oriented YBCO is not associated with this liquid layer. This liquid does not
form on the ncln-c+.xis-oriented grains. The details of the growth process are discussed
elsewhere.5 Here, in order to illustrate such a growth process taking place, a cross-
sectional TEM image, which was taken from a quenched 3-~m-thick film, is shown in Fig.
3. This shows a thin c-axis-oriented YBCO film on STO and a very thin (- 7 mu) liquid
layer separating the YBCO and the as-yet unreacted precursor. This type of growth is
observed when there is no large lateral HF gradients over the film. When large HI?
gradients exist, the YBCO films appear to grow laterally. This can be seen by purposely
desigting such gradients over the films~ or at the edges of the precursor films.8 It is still
unknown whether the liquid is present in these Gases.

Fig. 3. A cross sectional TEM image showing the liquid (amorphous) layer between the existing YBCO
layer and the umwcted precursor iiom a 3-~-thick quenched film. The inset image is the enlarge section
of the region containingthe liquid layer.

From the above description of the YBCO formation process, the basic chemical
reaction for the formation of YBCO in the BaFQprocess can be expressed as follows: 5’6

Y + CU+ BaFz + Oz + H20 ~ CUZO + (Y,Ba) oxy-fluoride + 02 + H20 (la)
“= YBazCu30-6.l + E@ (lb)

Also, as will be discussed below, the basic growth-rate-limiti~g process is determined by
the removal rate of the reaction product E@ in Eq. (lb) from the surface of the film into the
reaction atmosphere. [7] Furthermore, this reaction is nearly in equilibrium. This is
demonstrated in the reversal of the reaction by controlling the partial pressure of HF in the
atmosphere. (This was determined by the in situ measurements of the film’s conductance
during the reaction process.)[9] Hence, the general process for the YBCO growth in the
13aF2is well understood. However, the precise mechanism of the nucleation of YBCO at
the substrate surface is yet unknown. Thus, understanding this nucleation process and
finding the means to minimize the non-c-axis-oriented YBCO are particularly impor&antfor
the fabrication of technologically viable thick YBCO film conductors. This is because the
growth of the non-c-axis YBCO becomes prevalent as the thickness of the films increase
beyond - 2 - 3 ~m, and is very detrimental to keeping high values of superconducting
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current densities. Thus, in this section, we will summarize the results of our recent study
toward the clarification of the mechanism of YBCO nucleation in the BaF2 process.

In order to understand the nucleation mechanism of YBCO in this process, we heat
treated and quenched a set of the precursor films with thicknesses ranging from 1 to 5
~m. 10 All of the specimens were heated in a flowing processing-gas mixture of 100 mTorr
of 02, 25 Torr of HzO, and N2”at atmospheric pressure. Afler 10 min. none of the films
showed any indication of YBCO formation by XRD and TEM. At this time, only the Y-Ba
my-fluoride and CUZOwas observed and some of the oxy-fluoride grains’ (111) planes
were aligned with the STO’S (001) plane on its surface as shown earlier. 5 The heating
duration required for the initiation of the epitaxial nucleation of YBCO at the buried
interface, a precursor film and STO, turned out to depend on the film thickness. In a l-~m-
thick film, a thin layer of c-axis oriented YBCO was observed by XRD after 20 min. at 735
‘C. However, it took an additional 20 min. of heat treatment for a 3- and 5-~m-thick film
to develop a clearly detectable indication of YBCO being present by XRD. However, in
the 5-~m film tihe strong difllaction lines were those belonging to the (h 0 O)planes, or the
a-axis-oriented grains, while the diffraction lines for a 3-~m film was mostly from the (Q 0
1)planes as shown earlier.5

Fig. 4. A cross sectionalTEM images showingthe YBCO nucleation at STO surface after 20 d at 735 “C!:
the (001)- and the (111)-plaue-alignedYBCO and the oxy-fluoride,respectively.

A cross-sectional TEM study of the above l–~m-thick film revealed that the thin (-
60 nm) c-axis-dignecl YBCO layer covered a good tlaction of the surfiace of the substrate,
and the remaining areas were occupied by the (111)-plane-aligned oxy-fluoride. In Fig. 4,
the alignment of theoxy-fluoride’s(111) with STO’S (OO 1) plane is shown adjacent to a c-
taxis aligned YBCO nucleus. The dimensions of YBCO nuclei in the basal plane were fm
greater than along the c-direction. This is in accordance with the highly anisotropic growth
rates of YBCO:, i.e., once it nucleates, its growth in the basal plane was much faster than in
the c-axis direction. Energy-dispersive spectroscopy analysis, 13DX, shows that the YBCO
layers at this stage were still deficient in Cu, and the amount varied significantly from one
location to another. The nuclei’s composition was in the range ofYBazCu~.s-zOx.

When the 5–~m-thick specimen was heated for 30 minutes, the unordered and the
ordered oxy-fluorides were observed as before.s’g The ordered oxy-fiuoride has a lattice
parameter which is three times that of the unordered one along its c-axis. In addition, what
was new in this specimen was the ~bservation of two types of YBCO nuclei which were
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oriented with their c-axis perpendicular and parallel to the STO surface, i.e., the c-axis and
the a-axis grains, respectively, as shown in Fig. 5 a and b. The amount of these nuclei was
so small that lil~ measurements did not detect the presence of YBCO. At this moment it
is not clear how these two differently oriented nuclei form. After an additional 10 min. of
the heat treatment, the a-axis platelets were grown to exhibit strong intensities for the (h O
O)planes as observed in x-ray diffractograrns. Thus, this indicated that once nucleated, the
a-axis-oriented nuclei grew extremely rapidly along their alb- as well as c-directions while
the c-axis-oriented grains grew slowly fi-omthe substrate along the c-axis as shown in Fig.
2.
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Fig. 5..High resolution TEM images for (a) c-axis ad (b) a-axis oriented YBCO nuclei tlom a .$pm-thick
fihn heatedfor 30 min.
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The import~mt question, which we need to answer, is what difference in the local
condhions at th~ intefiace caused the nucleation of differently oriented YBCO nuclei. In
attemp@ to answer this, it is often mentioned that in the thick films the difision of H@
into and of F and H out of the interface region become more difficult as the thickness
increases. It is possibly true that the slower difision of these species in thick films will
delay the nucleation process, but it does not clari& why two types of the nuclei formed.
Also, since it was found that the growth rates of the c-axis YBCO are independent of the
precursor thickness, it is doubtfi.d that the diflhsion rates for H20 and F and H are
significantly different for thin and thick films. As mentioned above, the presence of the
non-c-axis YBCO platelets, in the films are so detrimental that fincbg the mechanism for
and the means to prevent this type of the nucleation is extremely important for the
successfid fabrication ‘ofcommercially viable YBCO conductors.

GROWTH KINETICS: ATMOSPHERIC AND SUBATMOSPHERIC PRESSURE
PROCESSES

In order to develop a fabrication process for YBCO-coated conductors, it is very
important to understand the basic kinetic mechanism(s) for the growth-limiting process in
the Bal?z process. This understanding will help to guide us in developing the required
manufacturing process or the reactor designs. In order to accomplish this, we will first treat
the growth of M3C0 for the process gas flow at atmospheric pressure. Also, we choose a
particular set of the conditions, i.e., a small specimen size and a slow gas flow for which an
analytical solution is derivable. lo Then, with similar simplifications, the analysis is



‘r

1
. .

extended for the reaction of a long conductor. Some of the implications horn such analyses
are discussed relative to processing long lengths of the tapes. We will also discuss a
processing method where the heat treatment is carried out in partial vacuum (or
subatmospheric pressures) .~’ll It was shown that not only the growth rates could be greatly
enhanced in such a processing condhion, but also the designs of the reactor operating at
subatmospheric pressures could be significantly simplified in comparison with the,.
atmospheric reactor. These findings are very important since in the atmospheric pressure. . . .
reaction (1) the growth rate of YBCO will be very slow, -0.1 rim/s, unless the gas flow is
greatly increased to such high levels that it becomes impractical, and (2) the reactors can be
very complicated for long tape fabrications due to the length of the tape, which can be

,~j uniformly reacted, is very limited, e.g., a few tens of mm. The advantages in the use of the
subatmospheric pressure processing are described in the second part of this section.

,,},, :,.,,l’.......... ,, .,,
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AtmospIieric-Pressure Process

As described previously, in the atmospheric pressure reactor a mixture of an inert gas,
e.g., Nz, and oxygen is humidified and then passed into the reactor at atmospheric pressure.
Such a simple design is sufilcient to achieve good properties for YBCO films on short
buffered tapes or single-crystalline substrates. In order to model the growth kinetics in
such a syste~ we initially assumed that the difision of HzO and/or HF througli the)
unreacted precursor film was the growth-rate-limiting process.b However, the analysis of
the growth rate based on such an assumption did not yield the linear growth rate with
heating time which was experimentally observed.2 This result and the observations by
others (the attempts to process -0.5 m long tapes in the atmospheric reactor resulted in a
very inhomogeneous growth fi-om one end of the tape to the otherlz) lead us to seek other
rate-limiting causes. One possibility for the occurrence of such an inhomogeniety is due to
water vapor starvation of the growing tape. A simple estimate shows that due to very high
water vapor pressure and low growth rates, typically found in an atmospheric reactor, the
supply of water vapor by difision only is more than enough to support stable growth. It is
more likely that removal of HF, which is produced as a result of the (Y,Ba) oxy-fluoride
decomposition as a part of, reaction in Eq. (lb), causes problems with growth
inhomogeneity. Thus, with the following simplifying assumptions, we derived an analytical
expression for the YBCO growth rate which predicts correctly all of the experimental
observations on the growth rate with the heating time, the HzO partial pressure, and the size
of the specimen as variables.l”

The assumptions used in the model are
1) The reaction, Eq. (lb), is in a state of dynamic equilibrium at the growth tlont. If we

neglect the spatial variations of g@320) due to high p@120) values, the partial pressure of
HF, ~i(HF), at the YBCO-~recursor interface is related to the water-vapor partial pressure,
P(.ILO), by the equilib~ium condition

Pow l-P@llo)r’2=K (2)

where K is the equilibrium constant of the reaction Eq. (lb). If the growth rate is limited
by HF removal from the film sufiace, a simple argument shows that G cc pj(HF) but from
Eq. (2) G m p(H20)l’2 in agreement with the experimental observation.3 Our estimates
show that the ecpilibrium constant K is quite small, for instance the equilibrium E@ partial
pressure is only about 10 mTorr at a typical value ofp(HzO) = 20 Torr.

2) The rate of HF removal is limited by gaseous difl%sion in the processing
atmosphere. As a consequence Ill pressure at the film sutiace, P,(HF), can replace the
partial pressure at the growth intetiace, p@Il?), in Eq, (2). We believe that this is true, at
least for films t!hinner than 5 pm. The most compelling evidence is that the growth rate
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does not depend on the precursor film thickness, but depends on lateral width W of the
film, that is G L-CMW Our interpretation of this observation is that I-IF flow is determined
by the pressure gradient in the gas phase which is approximately P@lT)/W The% the
kinetics of growth in the E3aF2process is reduced to a classic problem of mass transfer fi-om
a stiace by diffhsion and convection of the carrier gas. We treat the case where the gas
velocity is quite low. Then, flow is Iaminar and diffision is the predominant mechanism of
the HF transport from the film sufiace.

Using the above assumptions, the average YBCO growth rate of a square precursor film
with small width W can be expressed as follows: 10

where V= 10-21:cm3 is the volume of the YBCO unit cell, k is Boltzmann’s constant, T the
processing temperature (= 735 “C) and D is the diilbsion constant of HF in the processing
atmosphere (= 2.5 cm21s at T = 735 “C and pt = 760 Torr, the total pressure ). S is a
tabulated sample shape factor which also depends on the gas flow rate 1? It can be shown
that for the case of a small sample, F’ >> WD, S x W. Note that Eq. (3) appears to predict
the growth rate being inversely proportional to temperature contrary to a general intuition
about the growth rates. However, since the equilibrium constant K is exponential depends
on temperature exponentially, Eq.(3) predicts the temperature dependence correctly, i.e.,
the higher the temperature the faster the growth.

The case fbr a long tape can be treated in a similar manner with some additional
simpli~ing assumptions. For example, we have assumed the conductor being a cylinder
coated with the precursor film so that an analytical solution for the growth rate can be
found. However, an essential parameter in the long-tape case is the HF background
pressure, p@lF). Since the local growth rate is proportional to the pressure gradient, G -

~s@) - Pb(HF)]>the gro~h slows down considerably whefl PJ@?) = pb@) in do~
stream. 10

Three factors contribute to the spatial distribution of ~b~) along the reactor (a) HI?
production by the tape, (b) convection due to carrier gas flow, and (c) gaseous diffusion. In
order to simpli~ the problem the HF concentration gradients in the radial dkection were
neglected. Combining the three factors above we obtained the following one-dimensional
equation

D dnddk= – vdnijkk + D (n, - i’%)/s?.= O (4)

where nb~) = Pb@)/kT is the background HF concentration at a dktance x from the
“upstream” end of the tapp, S, is the reactor cross-sectio~ v = F/S, is the carrier gas
velocity, F’ is the gas flow rate, and nJ&F) = p&lF) /kT is the equilibrium HF
concentration at the thpe stiace, defined by Eq. (2). An analytical solution of Eq. (4) gives
the following fictional dependence of the growth rate on distance, x

G (x) = G(x=O)e-da (5)

where G(x = Q)is the growth rate at the upstream end of the cylinder. The parameter A in
Eq. (5) defines the approximate reactor capacity, or maximum tape length which can be
processed in the reactor. 2 values depend on the reactor geometry and the gas flow. As
assumed in this approximation, if the gas flow is slow, F << DS,l’2, then 1 = S,1’2,i.e., -?is

equal to the reactor radius. An estimate of 1. demonstrates that a simple tubular
atmospheric-pr!essure reactor is not suitable for large-scale processing of coated tapes. For
example, for our reactor F = 0.20 l/rein and 2.= 70 mm. To react a long tape, much faster
gas flow rates are needed, and an exact numerical solution of the corresponding mass
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transfer equatio~l is required. However, this simple analysis clearly points out the difficulty . .

of the use of a standard linear-gas-flow reactor for heat treating the long tapes. Such
considerations lead to a design of the reactor where the closely spaced in- and out-lets for
the gases are needed and these are placed perpendicular to the length of the tape. For a
large-scale production facility, this type of the reactor design not only leads to a
undesirable complication%but also has other flaws such as a shadowing effect, and requires
sn excessive amount of the gases needed for the process. Shadowing can be caused by
slight local curvatures in the tape or the tape not lying truly parallel to the gas flow. Since
the shadowing effect results in nonuniform flow of the gas, it causes nonuniform reactions
in some parts of the tape due to nonuniform HF removal rates. If the gas flow is increased
to gain high growth rates, an excessive amount of the gases may be needed for the
processing long tapes. As described below, in addition to the advantage of having the
increased growth rates, the subatmospheric-pressure process can eliminate some of these
difficulties by the nature of its process.

Subatmospheric-Pressure Process

In a subatmaspheric-pressure reactor a pump is used to force gas transport through the
reactor tube. The balance between pumping speed and gas-flow rate defines the absolute
pressure in the reactor. The HF difision constant in the processing atmosphere depends on
the total pressure, p~, as D m l/p~. It follows from Eq. (3) that the growth rate, G, should
depend onp, andp(HzO) as:’

G= A[p@zO)]2’2/’pt (6)

where A is a canstant which can be easily infemed from Eq. (3). We carried out a set of
growth runs in a wide range of condition~ total pressure was varied from 0.2 to760 Torr
and water-vapor pressure from 10-3to 300 Tom. The samples in each case were l-~m thick
precursor films on 3 x 10 mm2 substrates, and the processing temperature was 735 “C. The

...............,

104 10-2 10-’ 10° 10’ 102 103
p(li20), water vapor partial pressure (Torr)

Fig. 6. The growthrates as a fnnetion of the partial pressure of HZOfor various total reactor pressnresare
plotted for the sub-atmosphericBaF2proqxs for 1pm thick films.
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results m-esummarized in Fig. 6 where the growth rate, G, is plotted versus the water-vapor
pressure, p(H2C)), for various total-pressure values. Data for the atmospheric reactor are
also presented as the curve corresponding to p~ = 760 Tom. Approximations to Eq. (6),
where A = 12 and the pressures are in T’err, are shown as solid lines in the figure. It is clear
that Eq. (6) well describes the growth kinetics.

It is evident from Fig. 6 that the partial-vacuum reactor allows the achievement of very
high growth rates at low total pressures. However, there are important limitations on the
utilization of the high growth rates achieved in this process as far as the superconducting
current densities are concerned. For 1 ~m thick films, we found that for G > 0.5 nmh,
YBCO nucleated as a mixture of random and c-axis oriented phases. Stable c-axis growth
was observed at G <0.2 – 0.3 nds with J.(O T) s 10,000 A/&mz and J. (IT, HIIc) s 1 to
2X103 A/mm2 at 77 K. Higher values of Jc were measured at lower growth rates. An
obvious way to slow down the growth rate is to decrease P(HzO) and increase pt. It turns
out, however, that p(H20) values much less than 10 Torr are detrimental to c-oriented
growth in the films much thicker than 1 ~m. On the other hand, a partial-vacuum reactor
operated at high total pressure is converging towards an atmospheric pressure reactor with
all the associated problems outlined in the previous section. Thus, a set of compromise
pressures is needed to be determined where a reasonable growth rate G and lengths .2 for
the uniform YBCO formation, e.g., G- 0.3 -0.5 rim/s and 1-20-40 m, respec~ively, are
attainable. One of the possible methods to accomplish this is to grade the total pressure
along the reactor tube. For example, for a reel-to-reel system the growth rates at the front
end of the tube is made slow by having high HzO partial and total pressures, but growth
rates will be macle higher by decreasing the pressures toward the tail end of the reactor. In
this way, the c-axis-oriented YBCO is nucleated while the growth rate is controlled to
small values at the initial stage of the moving tape. Then, as it moves along the reactor, the
pressures are gradually decreased such that the desired higher growth rates are achieved
while retaining the c-axis orientation in the YBCO films. Such a reactor requires a carefil
design of the structure of the tube by a comprehensive study of the gas flow dynamics in
the tube. This is one possible approach to solve this difficult problem of the avoidance of
the non-c-axis crystallite growth. However, unfortunately, this may require undesirably
complicated reactors, and may result in the increased cost for the fabrication of the YBCO
conductors. An alternative approach to avoid this complication is to design a tape-holdlng
fixture such that the tapes with YBCO on both sides can be reacted in a batch process. If a
such fixture is made the required growth rate can be reduced significantly to more
attainable values (e.g. -0.1 nrds or less). In both cases, some carefhl engineering reactor
designs are needed;

The BaF2 process is a very attractive fabrication process for YBCO conductors since it
allows the deposition and the formation steps of Y13C0 films to be separately performed,
and it has been demonstrated that the films with high critical current densities can be
fabricated on the buffered metallic substrates. However, we still face one major challenge
for this process to be made as a commercially viable fabrication method. This is the
avoidance of non-c-axis-oriented growth of YBCO when the thickness and the growth rates
for the films are increased significantly beyond what are currently achieved. Meeting both
the thickness and the growth-rate requirements simultaneously is extremely difficult. One
possible way to make the rate requirement reduced is to find winding methods of the tapes
in such ways that the both-sided tapes can bg reacted in a batch process. Although the
winding fixture will be more complicated than a simple draw I believe that there are ways
to construct such fixtures if the subatmospheric-pressure processing is incorporated in the



design for reacting the wide precursor tapes. The~ we are only faced with the problem of
growing the c-axis-oriented thick YBCO films. In order to overcome the latter diff~culty,
we need a detailed understanding of the YBCO nucleation kinetics in thick films under
various atmoshperic conditions. Such an understanding is likely to lead to the development
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of new or modified precursor-deposition methods and/or
procedures to facilitate the growth of the thick YBCO layers
oriented YBCO growth.
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