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CONTRACT FUNDS STATUS REPORT (DD FORM 1586) 
CONTRACT NUMBER F30602-88-D-0025 

QUARTER: MAY-JUN '88 

CURRENT QUARTER FUNDING 
	

$0.00 

CURRENT QUARTER EXPENDITURES $0.00 

CONTRACT CEILING 
FUNDING TO DATE 

* PENDING COMMITMENTS 

$4,200,000.00 
$0.00 

$766,000.00 

AVAILABLE FUNDING 

FUNDING TO DATE 
YTD EXPENDITURES 

$3,434,000.00 

$0.00 
$0.00 

OUTSTANDING EXPENDITURES $0.00 

* C-8-2120 
C-8-2129 
E-8-7066 
E-8-7124 
E-8-7125 
E-8-7126 
A-8-1631 
B-8-3617 
B-8-3618 
C-8-2492 
A-8-1203 

WESTINGHOUSE/BEAUDET 
RENSSELAER/DAS 
UNIV OF PENN/STEINBERG 
BOSTON COLLEGE/McFADDEN 
BRANDEIS UNIV/HENCHMAN 
PENN STATE/CASTLEMAN 
UNIV OF PENN/STEINBERG 
GA WASHINGTON UNIV/MELTZER 
GA WASHINGTON UNIV/BERKOVICH 
GA TECH/SMITH 
GA TECH/HUGHES 

$56,000.00 
$100,000.00 
$100,000.00 
$35,000.00 
$23,000.00 
$22,000.00 

$100,000.00 
$100,000.00 
$100,000.00 
$50,000.00 
$80,000.00 

TOTAL PENDING 	 $766,000.00 



CONTRACT FUNDS STATUS REPORT (DD FORM 1586) 
CONTRACT NUMBER F30602-88-D-0025 

QUARTER: JUL-SEPT '88 

CURRENT QUARTER FUNDING 

	

DO # 0001 	$56,000 

	

0002 	$95,141 

	

0003 	$78,854 

	

0004 	$230,000 

	

0005 	$45,561 

	

0006 	$25,000 

	

0007 	$20,000 

	

0008 	$98,374 

	

0009 	$29,403 

	

0010 	$19,701 

$698,034.00 

$698,034 

CURRENT QUARTER EXPENDITURES 	 $0.00 

CONTRACT CEILING 
	

$4,200,000.00 
FUNDING TO DATE 	

- 	

$698,034.00 
* PENDING COMMITMENTS 	

- 	

$426,563.00 

AVAILABLE FUNDING 	 $3,075,403.00 

FUNDING TO DATE 	 $698,034.00 
YTD EXPENDITURES 	 $0.00 

OUTSTANDING EXPENDITURES 	 $698,034.00 

* DO # 0001 	INCREMENTAL FUNDING 	 $90,729.00 

	

0002 	INCREMENTAL FUNDING 	 $66,680.00 

	

0003 	INCREMENTAL FUNDING 	 $54,154.00 

	

0004 	INCREMENTAL FUNDING 	 $20,000.00 

	

C-8-2400 	STATE UNIV OF NY/FAM 	 $95,000.00 

	

C-8-2402 	RENSSELAER/SAULNER 	 $100,000.00 

TOTAL PENDING 	 $426,563.00 



CONTRACT FUNDS STATUS REPORT (DD FORM 1586) 
CONTRACT NUMBER F30602-88-D-0025 

QUARTER: OCT-DEC '88 

CURRENT QUARTER FUNDING 

	

DO # 0004 	$66,680 

	

0006 	$54,154 

$120,834 

CURRENT QUARTER EXPENDITURES 

CONTRACT CEILING 
FUNDING TO DATE 

* PENDING COMMITMENTS 

AVAILABLE FUNDING 

FUNDING TO DATE 
YTD EXPENDITURES 

OUTSTANDING EXPENDITURES 

$120,834.00 

$28,740.82 

$4,200,000.00 
- $818,868.00 
- $784,729.00 

$2,596,403.00 

$818,868.00 
$28,740.82 

$790,127.18 

* DO # 0001 
0007 

C-8-2400 
C-8-2402 
B-9-3592 
N-9-5514 
C-9-2015 
A-9-1120 
E-9-7057 
E-9-7093 
S-9-7552 
C-9-2404 

INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
STATE UNIV OF NY/FAM 
RENSSELAER/SAULNER 
UNIV OF CA/DAVIS/LEVITT 
SOHAR INC./HECHT 
NCS/O'NEAL 
HITEC, INC./KAZAKOS 
UNIV OF TX/ARLINGTON/FUNG 
MONTANA STATE/JOHNSON 
ALFRED UNIV/SYNDER 
STANFORD UNIV/WIDROW 

$90,729.00 
$20,000.00 
$95,000.00 

$100,000.00 
$60,000.00 
$50,000.00 

$100,000.00 
$75,000.00 
$40,000.00 
$34,000.00 
$20,000.00 

$100,000.00 

TOTAL PENDING 	 $784,729.00 



CONTRACT FUNDS STATUS REPORT (DD FORM 1586) 
CONTRACT NUMBER F30602-88-D-0025 

QUARTER: JAN-MAR '89 

CURRENT QUARTER FUNDING 

	

DO # 0001 	$90,729 

	

0011 	$75,000 

	

0012 	$75,000 

	

0013 	$59,989 

	

0014 	$49,989 

	

0015 	$70,000 

	

0016 	$43,750 

	

0017 	$30,000 

	

0018 	$22,000 

	

0019 	$38,000 

	

0020 	$20,000 

$574,457 

CURRENT QUARTER EXPENDITURES 

AVAILABLE FUNDING 

FUNDING TO DATE 
YTD EXPENDITURES 

OUTSTANDING EXPENDITURES 

$574,457.00 

$86,324.15 

$4,200,000.00 
- $1,393,325.00 
- $594,651.00 

$2,212,024.00 

$1,393,325.00 
- $115,064.97 

$1,278,260.03 

CONTRACT CEILING 
FUNDING TO DATE 

* PENDING COMMITMENTS 

* DO # 0007 
0011 
0012 
0015 
0016 
0017 
0018 
0019 

C-8-2404 
N-9-5732 
A-9-1476 
E-9-7110 
S-9-7559 
B-9-3621 
N-9-5308 
E-9-7119 

INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
STANFORD UNIV/WIDROW 
GRIFFIN 
BOWDOIN COLLEGE/CHONACKY 
UNIV OF LOWELL/SALES 
UNIV OF MICHIGAN/ROBINSON 
SRI/LUNT 
KAMAN SCIENCES 
DARTMOUTH COLLEGE/CRANE 

$20,000.00 
$19,568.00 
$24,700.00 
$29,783.00 
$31,250.00 
$10,000.00 
$12,000.00 
$12,000.00 

$100,000.00 
$25,000.00 
$20,350.00 
$50,000.00 
$20,000.00 
$20,000.00 

$100,000.00 
$100,000.00 

TOTAL PENDING 	 $594,651.00 



CONTRACT FUNDS STATUS REPORT (DD FORM 1586) 
CONTRACT NUMBER F30602-88-D-0025 

QUARTER: APR-JUN '89 

CURRENT QUARTER FUNDING 

	

DO # 0021 	$25,000 

	

0022 	$45,000 

	

0023 	$20,350 

	

0024 	$50,000 

	

0025 	$20,000 

  

$160,350.00 

   

 

$160,350 

   

CURRENT QUARTER EXPENDITURES 

 

$318,963.82 

CONTRACT CEILING 
FUNDING TO DATE 

* PENDING COMMITMENTS 

 

$4,200,000.00 
- $1,553,675.00 
- $718,994.00 

AVAILABLE FUNDING 

  

$1,927,331.00 

FUNDING TO DATE 
YTD EXPENDITURES 

 

$1,553,675.00 
- $434,028.79 

   

OUTSTANDING EXPENDITURES 
	

$1,119,646.21 

* DO # 0007 
0011 
0012 
0015 
0016 
0017 
0018 
0019 
0022 

B-9-3621 
N-9-5308 
E-9-7119 
N-9-5740 
N-9-5317 
S-9-7625 
N-9-5314 
N-9-5315 

INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
INCREMENTAL FUNDING 
SRI/LUNT 
KAMAN SCIENCES 
DARTMOUTH COLLEGE/CRANE 
CHRISTIANSON 
UNIV OF CO/NORGARD 
UNIV OF CA/DAVIS/KOWELL 
KAMAN SCIENCES 
KAMAN SCIENCES 

$20,000.00 
$19,568.00 
$24,700.00 
$29,783.00 
$31,250.00 
$10,000.00 
$12,000.00 
$12,000.00 
$54,693.00 
$20,000.00 

$100,000.00 
$100,000.00 
$15,000.00 
$50,000.00 
$20,000.00 

$100,000.00 
$100,000.00 

TOTAL PENDING 	 $718,994.00 



g-07-1 — 1 c7-41 

CONTRACT FUNDS STATUS REPORT (DD FORM 1586) 
CONTRACT NUMBER F30602-88-D-0025 

CURRENT QUARTER 
DO # 0017 

0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0035 

QUARTER: 

FUNDING 
$10,000 
$15,000 
$20,000 
$50,000 
$40,000 
$30,000 
$20,000 
$66,000 
$70,000 
$85,000 
$70,000 

$476,000 

JUL-SEP '89 

$476,000.00 

CURRENT QUARTER EXPENDITURES $415,422.69 

CONTRACT CEILING $4,200,000.00 
FUNDING TO DATE - 	$2,029,675.00 

* PENDING COMMITMENTS $253,994.00 

AVAILABLE FUNDING $1,916,331.00 

FUNDING TO DATE $2,029,675.00 
YTD EXPENDITURES $849,451.48 

OUTSTANDING EXPENDITURES $1,180,223.52 

* DO # 0007 	INCREMENTAL FUNDING $20,000.00 
0011 	INCREMENTAL FUNDING $19,568.00 
0012 	INCREMENTAL FUNDING $24,700.00 
0015 	INCREMENTAL FUNDING $29,783.00 
0016 	INCREMENTAL FUNDING $31,250.00 
0018 	INCREMENTAL FUNDING $12,000.00 
0019 	INCREMENTAL FUNDING $12,000.00 
0022 	INCREMENTAL FUNDING $54,693.00 

N-0-5703 	UNIV OF SOUTHERN FLA/WILSON $50,000.00 

TOTAL PENDING $253,994.00 



* 

CONTRACT FUNDS STATUS REPORT (DD FORM 
CONTRACT NUMBER F30602-88-D-0025 

QUARTER: 	OCT-DEC '89 

1586) 

CURRENT QUARTER FUNDING $292,994.00 
DO # 0001 $9,000 C-8-2129 

0011 $19,568 C-8-2400 
0012 $24,700 C-8-2402 
0015 $29,783 C-9-2015 
0016 $31,250 A-9-1120 
0018 $12,000 E-9-7093 
0019 $62,000 C-9-2109 
0022 $54,693 C-9-2404 
0028 $50,000 N-9-5308 

$292,994 

CURRENT QUARTER EXPENDITURES $286,691.16 

CONTRACT CEILING $4,200,000.00 
FUNDING TO DATE - 	$2,322,669.00 
PENDING COMMITMENTS $595,000.00 

AVAILABLE FUNDING $1,282,331.00 

FUNDING TO DATE $2,322,669.00 
YTD EXPENDITURES - 	$1,136,142.64 

OUTSTANDING EXPENDITURES $1,186,526.36 

DO # 0007 	S-8-7592 	INCREMENTAL FUNDING $20,000.00 
0029 	E-9-7119 	INCREMENTAL FUNDING $60,000.00 
0030 	N-9-5317 	INCREMENTAL FUNDING $20,000.00 
0034 	N-9-5314 	INCREMENTAL FUNDING $15,000.00 
0016 	N-9-5315 	INCREMENTAL FUNDING $30,000.00 

N-0-5703 	UNIV OF SOUTHERN FLA/WILSON $50,000.00 
A-0-1102 	UNIV OF CA/SMOOT, BARBER, GT $100,000.00 
P-0-6011 	NCSU/VANDERLUGT $100,000.00 
C-0-2456 	NEW JERSEY INST/BAR-NESS $100,000.00 
P-0-6014 	STEVENS INST/ZMUDA $100,000.00 

TOTAL PENDING $595,000.00 

WAITING FOR PROPOSALS: P-0-6018 UAH/CAULFIELD 
P-0-6021 GT/SUMNERS 
P-0-6022 CORNELL UNIV/TANG 
B-0-3353 ROCHESTER INST/LASKY 
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EXPERT SCANCf: AND ENGINEEi•,1;-• 23 PROCKAIr 

CONTRACT NO. F306:.:2-8,-D-C.C)25 

R & D STATUS REPORT 

PERIODCOVERED: 3/31/89 to 6/30/89 

TASK NUMBER: 	S-9-7552 

TITLE: Fabrienti= cf 1-!1.o 	 S..:pe_-::lc,n2zt .ir14 Thin f -.1.1nL5 

PRINCIPAL INVESTIGATOR: Robert 	Snydt- ; -  

INSTITUTION: 	 si a ne ;;;;;L:_ec of Ct r r 4 s , inst;_t ,..1te fcr 
Cerainc SLIpercontiviL- y 

OTHER PARTICIPANTS AND TITLES: 
One ( 1 ) Pasrdcc - Sour. Sirnr..ins 

A. TECHNICAL PROGRESS ACHIEVED ON EFFORT: 

It has been established that use of nickel substrates is 
detrimental to the devel-opment of supercch.du:.-tivity in both Ea-
and Bi-based 	Bi-based tilms have be e n deoosi ted on 
magnesia and 15 mole% yttria stablize 	 we have shown 
that the film thickness definitely affects the time required for 
complete reactior cf the film with the suts:rate. Sufficiently 
thick films were required to prevent substantial film-substrate 
reaction and to provide long neat treatment period, which is 
probably a mandate for developing the superconducting phases. 
X - ra• diffraction indicated the presence cf the superconducting 
221; and the semiconducting 21:1_ phases in most of the films. The 
amount of these phases varied according tc the post-depcsition 
annealing conditions. However, resistivity measurement showed 
no evidence for a supercOnduccing behavior jmplying a 
non-continuous dispersion of the superconducting phases. Most of 
the films showed a semiconducting behavior indicating a 
continuous pathway of the semiconducting 2111 phase. 

The main drawback with using Ba-based compositions has been 
the low degree of vaporization. An aerosol spray technique is 
being implemented as a possible solution to achieve complete 
vaporization of the feed. 

Continued next sheet 



atomization unit has just heen ptrchasel which will enable the use 
of metal ion solutions instead of powders, as input to the plasma 
flame. 

Deposition, using powderE as feed material to the plasma, 
on an unheated sub,•t:ate ris produced all::rphous films of the 
correct stoichiometry. Various heat tredtment temperature-time 
schedules were tried in an attempt to c:ystallize the 
superconducting phases after film deposition. The temperatures 
ranged from 79C to 900°C fcE times ranging from 2 to 30 minutes 
Sometimes two annealinc schedules were used_ However, hest 
treatment to develnp the superonoucting pr-Aoerties in the 
deposited films has not yet proved fruitful. This problem has 
been solved by most other wo:'keis by he:ItInc.: the suostrate 
during deposition. We had hoped to avoA this step in order to 
make the process more amena.Lle to a T.ES prduorion environmehr, 
however, it appears that substrate heatin:? will be required. 
At the moment we will :Jse resistive .1e6tihc .J, hcowever in the 
future we plan to used high in -iensity r:Alant .r.ating to 
for film deposition onto a coEicin ,_;ousl; mcv;:lg subs late. 



PAGE TWO 
R & D STATUS REPORT 

B. TRAVEL: 

Two (2) trir.s.. to Buffric. 	S5L7e.:-.7 	..se testing- 
equipment. 

C. PRESENTATIONS AND PUBLICATIONS: 
I. 	T. K. Vethanayagam, W. A. Schl.:17c, :. A. T. Ta'•lcf, zInd P. L. 

Snyder, "Indutance Tech irve .473r Nea l ,_.. Ing 
Temperaturt,f!. of Se..:perf7crlde ,:tir. 	Pc -.:des s'', International 
Journal of Modern Pysics ', 	:99, pv763-772. 

2. T. K. vethanayagalt, R. L. Snycler, and 	A. T. Taylc-r, 
"Atmospheric Piasnw Vap..)r DepositioT, cf Ba-Y-Cu-•Aide and 
Bi-St-Ca-C11-0...idf,- Thin 	ilms", Thel- aL 3:7ray Techno]ogy - New 
Idea5• and Pro ,:esse:: : 	Devil L. iicA;ck, ASr: Interntional, 
Ohio, 1989, pp233-218. 

3. J. L. Porter, T. K. VeLhar.ayaga, R_
-7. 	

L. Snyeer, and J. A. T. 
Taylor, "Reactivity cf. 	erm:;c t,urfcc.let,::s with Palladium 
AlloyEu 	sub,71itt€d for publcatioh. 

D. LEVEL OF EFFORT BY EACH CONTRiPt2TOR (lr- MA', - MONTHS OR MAN - HOURS 

Robert L. Snyder - 34 hours 

Postdoc - 	320 hours 
John Simmins) 
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Institute for Ceramic Superconductivity 

New York State College of Ceramics 
Alfred University 

Alfred, New York 14802 

Dr. Robert L. Snyder 	 (607) 871-2438 

November 7, 1990 

.t- 11- 

Cc°41- 	— 	
r9 

1D(..),) 

Georgia Institute of Technology 
ATTN: Brian J. Lindberg 
Office of Contract Administration 
Centennial Research Building 
Atlanta, GA 30332-0420 

RE: Subcontract # E-21-T20-S1 

Dear Mr.Lindberg: 

Enclosed please find the final report for our work on the atmospheric 
pressure plasma vapor deposition technique for making superconducting thin 
films. I have also enclosed our latest paper on the subject in Appi. Phys. Lett. 
This paper was featured in last week's edition of the Nikkei Superconductors 
newsletter. The Japanese clearly appreciate the importance of this technique 
which has now produced a large number of superconducting films. Our first 
experiment on making a Thallium film in collaboration with Allen Hermann (their 
discoverer) was successful in producing a superconducting film with a Tc of 
about 90K. 

Sincerely, 

Robert L. Snyder 

R LS/rs 

 



Final Report to U. S. Air Force RADC 

RF Plasma Aerosol Deposition of 

Superconductive YBaCuO Films at 

Atmospheric Pressure 

Prepared by R.L. Snyder and X.W. Wang 

Institute for Ceramic Superconductivity, NYSCC 

Alfred University, Alfred, NY 14802. 

September 1990 



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 4  A/cm2  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. 



Part B. Main Body 
ABSTRACT 

Superconducting Y 1 Ba2 Cu3 0 7_,s 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 substrate temperature was 400-600°C. The deposition rate is 0.01-
100 Am/(min cm2 ), and the film thickness is 1-200 Am. 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 4  A/cm2  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 e  superconductivity[1], 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 iLm, obtained by evaporation or sput-
tering methods in vacuum.[2,3] However, all of the vacuum technologies are 
limited in that they can 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[6,7], or plasma vapor deposition. During the plasma vapor deposition 
of films[4,5], 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 Am. Plasma spraying on the other hand, deposits the liquid or partially 
melted solid onto the substrate. 

Our previous work[9] 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(NO 3 )3 , Ba(NO3 ) 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 g/1 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 O z /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 cm2 ). Depending on the deposition rate and the deposition 
time, the film thickness varies from 1 to 200pm. 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 as 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 104  A/cm2  at 77K. The thickness of this film is about 15 pm. 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 Y1Ba2Cu 307_6 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 1 pm'. 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 ± 10°C for 1 hour, with a flow of oxygen at a pres-
sure of about 1 bar in the oven. The resistivity vs. temperature curve of a 



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 20pm. Figure 3(B) is the x-ray diffraction 
pattern of the post annealed superconductive film, and shows a pronounced 
(00/) orientation. The SEM reveals that grains of the post-annealed films are 
uniformly distributed, and grain sizes are 1 x 1 x 10 pm'. The surface morphol-
ogy of the film is very similar to that of other post annealed films.[11] 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 1 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 400°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 MgO. The film was post-annealed at 850°C for 1 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 ZrO 2  (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 superconductive transition is 
102K, zero resistance temperature is 92K, and transition width is 3K. The criti-
cal current density is 1.3 x 10 3  A/cm2  at 77K. The film thickness is about 15pm. 

N. Conclusions 

It has been shown that the aerosol mist injection method can be used to pro-
duce 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 OZ state in the plasma region. The positive oxygen ion may be helpful 
in the formation of the superconductive Y 1 Ba2 Cu3 07_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 
nebulizer 

Mist carrier 
gas, Ar or 02  

Power 

Frequency 

Flow rate 

70W 

1.63MHz 

100-150 ml/min 

Solution 

RF plasma 
generator 

Plasma gas 

Auxiliary gas, 0 2  

Film formation 

Distance 

Film area 

Misting rate 	2 ml/min 

Powe r 	 30KW 

Frequency 	 4MHz 

Ar flow rate 	15 1/min 
02 flow rate 	40 1/Min 

Flow rate 	 5 1/min 

Deposition rate 	0.01-100 gm/(min am 2 
) 

thickness 	 1-200 gm 

Between substrate 7.5-12.5 cm 
and top of plasma 
torch 

30-40 cne 
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Auxiliary 
gas (02 ) 

'111■■■=1  

RF Coil Plasma 

C 
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C 

	Mist 

Ultrasonic 
7//// 	 vibrator 

Fig. 1 Experimental set up. 
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Fig. 2 Resistivity vs. temperature for an as-deposited film on a MgO (100) 
substrate. The substrate temperature during deposition was 600°C. 
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Fig. 3 X-ray diffraction 
patterns of films with 
substrate temperature of 
600°C, (A) as deposited 
film on Mg0 (100), (B) post-
annealed film on MgO (100), 
(C) Y 1 l3a2 Cu3 07_6 standard 
powder diffraction pattern. 
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Fig. 4 X-ray diffraction 
patterns of films with 
substrate temperature of 
500°C, (A) post- 
annealed film on MgO (100), 
(B) as-deposited film on 
MgO (100), (C) Y 1 Ba2 Cu3 0 7 _6 
standard powder diffraction 
pattern. 
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Fig. 5 X-ray diffraction 
patterns of films with 
substrate temperature of 
400°C, (A) post- 
annealed film on MgO (100), 
(B) as-deposited film on 
MgO (100), (C) Y i Ba2 Cu307_6 
standard powder diffraction 
pattern. 
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Fig. 6 X-ray diffraction 
patterns of films with 
substrate temperature of 
450°C, (A) post- 
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standard powder diffraction 
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Fig. 7 Resistivity vs. temperature for a post-annealed film on a MgO (100) 
substrate. The substrate temperature during deposition was 450°C. 
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rf plasma aerosol deposition of superconductive Y 1 Ba2Cu307_,5  films 
at atmospheric pressure 
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Superconducting films of Y i Ba2Cu307 _ 6 were produced by a radio frequency (if) plasma 
aerosol evaporation technique at atmospheric pressure. Aqueous solutions of the ions 
were generated as an aerosol and the mist was injected into the plasma region, and then 
deposited onto substrates outside of both the plasma and flame regions. The substrate 
temperature was about 600 °C. The deposition rate is 0.01-100 Am/(min cm 2 ) and the film 
thickness is 1-200 gm. For an "as-deposited" film on a single-crystalline MgO 
substrate (100), the onset temperature of the superconducting transition is 100 K, with a 
transition width (10-90%) of 3 K, and zero resistance at 91 K. For another film post 
annealed at 850± 10 °C for 1 h, the onset temperature is 105 K, with a width of 6 K, and 
zero resistance at 91 K. Since this technique does not require a vacuum environment, 
it has potential for large scale production of thin films  

Since the discovery of high T, superconductivity,' doz-
ens of techniques have been developed to make films either 
inside of a vacuum chamber2-5  or under normal 
atmosphere. 6'7  To date, the best superconducting films are 
thin films with a thickness less than 10 Am, obtained by 
evaporation or sputtering methods in vacuum. 23  However, 
all of the vacuum technologies are limited in that they can 
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 nonvacuum tech-
niques, such as tape casting, 8  plasma spraying, 6• 7  or plasma 
vapor deposition." During the plasma vapor deposition of 
films, 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 Am. Plasma 
spraying, on the other hand, deposits the liquid or partially 
melted solid onto the substrate. 

Our previous work9  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 only partial vaporization. We 
have modified this plasma technique, and obtained super-
conductive films with a solution mist injection method. 

The starting powders were Y(NO 3 ) 3, Ba(NO3 ) 2„ and 
Cu (NO3 ) 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 de-
ionized) water with a concentration of 150 g/eor 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 an aerosol 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 traveling through the flame region, 
the ionized vapor is deposited onto a substrate. The sub-
strate temperature is maintained at 600± 10 °C during dep-
osition. 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 aerosold 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 to 100 pm/ 
(min cm2 ). Depending on the deposition rate and the dep-
osition time, the film thickness varies from 1 to 200 Am. 
Other experimental conditions are summarized in Table L 
Both films "as-deposited" and films "post-annealed" at 
850± 10 °C for 1 h were examined as described next. 

The "as-deposited" films were black, and their film 
resistances were measured by a standard four-probe 
method. For a film on a single crystalline MgO (100) sub-
strate, the resistivity versus temperature curve is shown in 
Fig. 2 (a). The onset temperature is 100 K, with a transi- 

FIG. 1. Experimental setup. 
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TABLE I. Deposition conditions. 

Item Unit Parameiers Value 

Ultrasonic 
nebulizer 

Power 70 W 

Frequency 1.63 MHz 
2 Mist camer 

gas, Ar or 02 

Flow rate 100-150 mf/min 

3 Solution Misting rate 2 mOmin 
4 rf plasma 

generator 
Power 30 kW 

Frequency 4 MHz 
5 Plasma gas Ar flow rate 15 E/min 

02 flow rate 40 e7tnin 
6 Auxiliary gas, 02 Flow rate 5 Omin 
7 Film formation Deposition rate 0.01-100 pm/ 

thickness 
(min cm2 ) 
1-200 izm 

8 Distance Between substrate and 
top of plasma torch 

7.5-12.5 cm 

9 Film area 30-40 cm2  

tion width (10-90%) of 3 K, and zero resistance at 91 K. 
(The temperature accuracy is ±0.5 K.) The thickness of 
this film is about 45 yrn. For another film on a MgO (100) 
substrate post annealed at 850± 10 °C for 1 h, the resistiv-
ity versus temperature curve is shown in Fig. 2(b). The 
onset temperature is 105 K, with a transition width of 6 K, 
and zero resistance at 91 K. The thickness of this film is 
about 20 ,um. 

Figure 3(a) is the x-ray diffraction pattern of the "as-
deposited" superconductive film (45 p.m) on a single-
crystalline MgO (100) substrate. As compared with a 
standard powder diffraction pattern of pure 
Y 1 Ba2Cu307 _ in Fig. 3(c), the film shows a pure 123 
phase. Figure 3(b) is the pattern of a post-annealed super-
conductive film (20 urn, 850 °C, 1 h) on a MgO (100) 
substrate, and shows a pronounced (001) orientation. 

The scanning electron microscope (SEM) reveals that 
grains of the films are uniformly distributed, and grain 
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 8 	
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8 
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. 
r 	
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o
) 	
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FIG. 3. X-ray diffraction patterns: (a) as-deposited film on MgO (ICC), 
(b) post-annealed film on Mg0 (100), (c) Y t Ba 2Cu,07 _ 6 standard pow-
der diffraction pattern. 

sizes are smaller than 1 ,urn 3 ; see Fig. 4. Energy dispersive 
x-ray analysis shows uniform grain compositions contain-
ing the three desired metals. 

It has been shown that the aerosol injection method 
can be used to produce oxide-superconductive films in am-
bient atmosphere by rf plasma evaporation. Besides the 
experimental setup shown in Fig. 1, we also have tried 
other configurations, i.e., mist or powder injection in the 
flame region, and powder injection in the rf plasma region. 
It is observed that films deposited by aerosol injection 
methods are more uniform than that of the powder meth-
ods 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 02-' state in the plasma region. The positive oxygen ion 
may be helpful in the formation of the superconductive 

0 
5 

FIG. 2. Resistivity vs temperature for films on Mg0 (100) substrates: (a) 
as-deposited film: (b) post-annealed film. 

FIG. 4. SEM (second electron mode) photo of the "as-deposited" 
Y I Ba 2Cu .30,_ j  film. (Length of the photo is 22 pm.) 
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Y 1 Ba;Cu 307  _ s structure. 3  It is also observed that when 
, the substrate holder is electrically grounded, the 

as-deposited film is superconductive. 
Currently, we are working on the optimization of the 

deposition conditions. Critical current measurements are 
also under way. 
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