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Part A. Outline

This project was supported by the U.S. Air Force Rome Air Defense Cen-
ter. Additional fundings were provided by the New York State Institute on
Superconductivity, and the Center for Advanced Ceramic Technology at Alfred
University.

Superconductive films have been deposited by the RF plasma aerosol tech-
nique at atmospheric pressure. The zero resistance temperature of an as de-
posited film in 93K, with critical current of 0.8 x 10' A cm 2 at 77K. The detailed
experimental results are reported in Part B.

There have been two U.S. Patents allowed, three papers to be published,
including one paper in Applied Physics Letters.
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Part B. Main Body
ABSTRACT

Superconducting YBa2Cu 3 O7 -6 films were produced by a radio frequency
(RF) plasma aerosol evaporation technique at atmospheric pressure without
post-annealing. Aqueous solutions containing Y, Ba, and Cu were generated
as an aerosol which was then injected into the plasma region. The ionized
species were deposited onto substrates outside of both the plasma and flame
regions. The substiate temperature was 400-600'C. The deposition rate is 0.01-
100 tIm/(min cm 2 ), and the film thickness is 1-200 ,Im. For an "as deposited"
film on a single crystalline MgO substrate (100) with substrate temperature of
600'C, the onset temperature of the superconducting transition is 100K, with
a transition width (10% - 90%) of 3K, and zero resistance at 93K. The critical
current density of the film is 0.8 x 10 A/cm 2 at 77K. An optimum substrate
temperature for this technique is discussed. The as-deposited films are com-
pared with other post-annealed films (850'C, 1 hour). Since this technique does
not require a vacuum environment it has potential for large scale production of
thin films.

I. Introduction

Since the discovery of high T, superconductivity[l], dozens of techniques
have been developed to make films either inside of a vacuum chamber[2,3,4,5]
or under normal atmosphere(6,7]. To-date, the best superconducting films are
thin films with a thickness less than 10 Mum, obtained by evaporation or sput-
tering methods in vacuum.[2,3] However, all of the vacuum technologies are
limited in that they .'an produce only small film sizes and vacuum is ill suited
for mass production procedures. Large scale production of films may rely on
the development of non-vacuum techniques, such as tape casting(8, plasma
spraying[6,71, or plasma vapor deposition. During the plasma vapor deposition
of films 4,51, powder (or solution aerosol) is injected into the plasma (or flame)
region, and the vapor is deposited onto a. substrate to form a film thicker than
10 pm. Plasma spraying on the other hand, deposits the liquid or partially
melted solid onto the substrate.

Our previous work9 i injected a fine powder into the plasma and, depending
on conditions. sometimes produced plasma vapor deposited films but more often
produced plasma sprayed films due to partial vaporization. We have modified
this plasma technique. and obtained superconductive films with a solution mist
injection method. 10

II. Experiments

The starting powders were Y(NO3 )., Ba(NO 3 )2 and Cu(NO 3 )2 with purity



of 99.9% or higher. These powders were mixed according to the stoichiometric
ratio of Y:Ba:Cu in 1:2:3, and then dissolved in distilled (or deionized) water
with a concentration of 150 gi1 or less. The aqueous solution was then stirred
thoroughly and poured into a plastic bowl, see Fig. 1.

A DeVilbiss Ultrasonic Nebulizer Model Ultra-Neb 99, normally used in
hospital respiratory therapy, was used as an aerosol generator, to produce a
mist in the space above the aqueous solution. Under the pressure of an argon
or oxygen carrier gas, the mist is fed into the 0 2/Ar plasma region. After
travelling through the flame region, the ionized vapor is deposited onto a sub-
strate. The substrate temperature is maintained at a fixed temperature during
deposition. Between the plasma and flame regions, additional oxygen can be
supplied through two auxiliary gas inlets. At the beginning of an experiment,
the plasma oscillation and/or the mist injection may be unstable. A shutter
is placed above the flame region to block unwanted vapor from the substrate.
Depending on the concentration of the solution, the deposition rate varies from
0.01-100pm/(min cm 2 ). Depending on the deposition rate and the deposition
time. the film thickness varies from I to 200m. Other experimental conditions
are summarized in Table 1.

III. Results

Each film was formed on a substrate at a fixed substrate temperature during
deposition. The substrate varied from 400°C to 600'C with the temperature
accuracy of -10°C. The "as deposited" films were black, and examined a- de-
scribed next.

1. Substrate temperature of 600'C.
Film resistances were measured by a standard 4-probe method. For an

as-deposited film on a single crystalline MgO (100) substrate, the resistivity
vs. temperature curve is shown in Fig. 2. The onset temperature is 100K,
with a transition width (10%-90%) of 3K, and zero resistance at 93K. (The
temperature accuracy is =0.5K.) The critical current density of the film is 0.8
x 10 A/cm2 at 77K. The thickness of this film is about 15 Itm. Figure 3(A)
is the x-ray diffraction pattern of an "as-deposited" superconductive film on a
single crystalline MgO (100) substrate. As compared with a standard powder
diffraction pattern of pure Y 1Ba 2 Cu 3 0 7 -_ in Fig. 3(C), the film shows a pure
123 phase. The scanning electron microscope (SEM) reveals that grains of
the "as-deposited" films are uniformly distributed, and grain sizes are smaller
than I /.sm 3. Energy dispersive x-ray analysis (EDAX) shows uniform grain
compositions containing the three desired metals.

Some other films were deposited at the substrate temperature of 600'C, and
then post-annealed at 850 ± i0°C for I hour, with a flow of oxygen at a pres-
sure of about I bar in the oven. The resistivity vs. temperature curve of a
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post-annealed film on MgO (100) substrate is shown in reference 10. The onset
temperature is 105K, with a transition width of 6K, and zero resistance at 91K.
The thickness of this film is about 20im. Figure 3(B) is the x-ray diffraction
pattern of the post annealed superconductive film, and shows L pronounced
(00f) orientation. The SEM reveals that grains of the post-annealed films are
uniformly distributed, and grain sizes are 1 x 1 x 10 pm 3 . The surface morphol-
ogy of the film is very similar to that of other post annealed films.i11 1 EDAX
also shows uniform grain compositions containing the three desired metals.

2. Substrate temperatures of 500'C and 400'C
A film was formed at 500°C on a MgO (100) substrate. The X-ray diffraction

pattern of the as-deposited film is plotted in Fig. 4(B). As compared with the
standard 123 pattern shown in Fig. 4(C), the film shows a pure 123 phase. The
film was then post-annealed at 850'C for I hour. The diffraction pattern of
the post-annealed film is plotted in Fig. 4(A) and shows a pure 123 phase as
compared with the standard 123 pattern of Fig. 4(C).

Another film was formed at 4000 C on MgO (100). The diffraction pattern
of the as-deposited film is plotted in Fig. 5(B). The major phase in the film is
123, as compared with the standard 123 pattern in Fig. 5(C). Another minor
phase is barium copper oxide. A strong diffraction peak around 43 degrees is
due to the substrate NMgO. The film was post-annealed at 850'C for I hour.
The pattern of the annealed film is plotted in Fig. 5(A). The dominant phase
in the film is 123, and a minor phase is barium copper oxide.

3. Substrate temperature of 450'C
Films were formed at 450'C on MgO (100), or yttrium stabilized zirconia

(YSZ) single crystal, i.e. ZrO 2 (100). These films were post-annealed at 850'C
for 1 hour. The x-ray diffraction patterns of post-annealed films on MgO (100)
and ZrO2 (100) are shown in Fig. 6(A) and 6(B) respectively. The dominant
phase in each film is 123 as compared with the standard pattern in Fig. 6(C).
Another minor phase is barium copper oxide.

A graph of resistivity vs. temperature is shown in Fig. 7 for a film formed on
a MgO (100) substrate. The onset temperature of superconduictive transition is
102K, zero resistance temperature is 92K. and transition width is 3K. The criti-
cal current density is 1.3 x 103 A cm 2 at 77K. The film thickness is about 15tim.

IV. Conclusions

It has been shown that the aerosol mist injcction method can be used to pro-
duct: oxide-superconductive films in ambient atmosphere by RF plasma evap-
oration. Besides the experimental set up shown in Fig. 1. we also have tried
,other configurations. i.e. mist or powder injection in the flame region, and pow-
der injection in the RF plasma region. It is observed that films deposited by



the mist injection methods are more uniform than that of the powder methods
which are usually a hybrid plasma spray procedure. It is observed that films
deposited by the ionized vapor from the plasma region are more homogeneous
than that from the flame region. It is believed that oxygen is ionized into
the O' state in the plasma region. The positive oxygen ion may be helpful
in the formation of the superconductive Y1Ba 2Cu 3 O_ 6 structure[3]. It is also
observed that when the substrate holder is ground electrically, the as-deposited
film is superconductive. The optimum substrate temperature is 600'C for this
non-vacuum technique.
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Table 1 Deposition Conditions

Unit Parameters Value

Ultrasonic Power 70W
nebulizer

Frequency 1.63MHz

Mist carrier Flow rate 100-150 mI/min
gas, Ar or 0,

Solution Misting rate 2 ml/.imin

RF plasma Power 30KW
generator

Frequency 4MHz

Plasma gas Ar flow rate 15 1min

0. flow rate 40 1/min

Auxiliary gas, 0. Flow rate 5 1/min

Film formation Deposition rate 0.01-100 P'm(min cm)
thickness 1-200 um

Distance Between substrate 7.5-12.5 cm
and top of plasma
torch

Film area 30-40 cm
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Rome Laboratory plans and executes an interdisciplinary program in re-

search, development, test, and technology transition in support of Air

Force Command, Control, Communications and Intelligence (C 3 1) activities

for all Air Force platforms. It also executes selected acquisition programs

in several areas of expertise. Technical and engineering support within

areas of competence is provided to ESD Program Offices (POs) and other

ESD elements to perform effective acquisition of C 3 1 systems. In addition,

Rome Laboratory's technology supports other AFSC Product Divisions, the

Air Force user community, and other DOD and non-DOD agencies. Rome

Laboratory maintains technical competence and research programs in areas

including, but not limited to, communications, command and control, battle

management, intelligence information processing, computational sciences

and software producibility, wide area surveillance/sensors, signal proces-

sing, solid state sciences, photonics, electromagnetic technology, super-

conductivity, and electronic reliability/maintainability and testability.


