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A controllable process has been developed for chemical vapor
deposition of superconducting YBa"Cu"Ox. The process relies on
feeding and transport of a finely ground powder mixture of Y. Ba,
and Cu tetramethylheptanedionates into a CYD furnace. X-ray
diffraction, scanning electron microscopy, analytical electron micros-
copy, resistance versus temperature, and critical current measurements
have been used to characterize the films. The optimum processing
parameters were determined using parametric studies involving
temperature, pressure, reagent feed rate and composition, and coaling
time. Extensive c-axis orientation was observed using x-ray diffrac-
tion and transmission electron microscopy. The presence of impurity
phases and substrate/coating interaction layers were observed.
YBa-CulOx coatings on MgO (100) single crystal substrates exhibited
critical currents of 2 x 10* A cml at 77 K, 0 Tesla, with critical
temperatures (Resistance=0) of S6 K. Deposition of the YBa"“Cu.Ox
material onto several fibrous substrates has been achieved, and a con-
tinuous fiber coating furnace is in operation.

INTRODUCTION

Chemical vapor deposition (CYD) of ceramic superconductors has recently
received attention by several researchers. CYD offers unique advantages over other
processing methods, including higher quality, more adherent films, with the specific
advantage of coating irregularly shaped objects, including infiltration and coating
of multi filament fiber tows. Over a dozen investigators have reported on the CYD
of superconducting YBazC"Ox (1-23): a summary of these results is presented” in
Table I. Some of these films have very high critical current densities (105 A.'cm) at
0 Tesla, 77 K) even in strong magnetic fields (104 A/cml at 27 Tesla, 77 K) (17,19).

Most of the studies summarized in Table | used metal complexes of various
5-diketonate ligands. These solids slowly sublime when heated to 100-300CC, and
are carried into the furnace using an optimal flow rate of a carrier gas (usually
argon). This is the conventional vaporizer approach used in CYD. To obtain the
desired YBa£Cu3Ox molar ratio, precise control of vaporizer temperature, pressure,
and carrier gas flow rate for each reagent solid is required. The deposition is
further complicated by the very low vapor pressures of the Y, Ba. and Cu precursor
reagents and their strong temperature dependence. Thermally induced decomposi-
tion of the barium reagents has been reported as a specific processing problem with
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In the powder feeding process described here (24), a mixture of the three solid
reacents is fed directly into the coaling furnace where the reagents vaporize and
subsequently undergo the deposition reaction(s). This method reduces the process
control variables and results in a faster, potentially more economical CVD process.
Process repeatability is enhanced, and the growth rates have been increased nearly
two orders of magnitude over conventional vaporizer processing (200 -m h vs 1-10
/Jm/h). The extension of this deposition technology to continuous lengths of flexible
ceramic fibers is being studied in order to fabricate a prototype high temperature
superconducting magnet.

EXPERIMENTAL PROCEDURE

The deposition of YBa£Cu;Ox thin films was accomplished in a low pressure,
hot walled CVD reactor as shown in Figure 1. The precursors were the 5-diketonate
complexes Y (tmhd)3, Ba(tmhd)3, and Cu(tmhd)2. The yttrium and copper complexes
were prepared by minor modifications of literature procedures (25.26) and were
recrystallized from hexane before use. The barium complex was prepared by
reaction of 2,2,6,6-tetrameth\T-3,5-heptanedione with barium metal at 100:C. followed
by dissolution in toluene and precipitation with acetonitrile at room temperature.
The solid reagents were premixed and ground in air using a Spex model S000
Mixer/Mill; the particles were subsequently screened below 44 um.

A powder feeder was used to slowly introduce the powder reagent mixture
into the CYD furnace. Ultra High Purity argon was used to pneumatically transport
the mixture to the furnace where it vaporized and then reacted to deposit on the hot
substrate. Ultra High Purity oxygen, which was pretreated with CuO at 500:C,
Ascarite, and Drierite to reduce the COj and H;0 impurities, w:as added to the inlet
gas stream near the furnace. Gas flow rates were controlled using MKS mass flow
controllers; the temperature was monitored using an Inconel sheathed Type K thermo-
couple. Immediately following deposition, the samples were furnace cooled to 300:C
in | atm O] flowing at | U'min. Coalings were deposited on several flat substrates
including single crystals of MgO. SrTiO,. and stabilized ZrOl and polycrystals of
Al20:. Ag, and stabilized Zr0O2. Fibrous substrates evaluated were Sumitomo, Nicalon.
Nextel, Ag, Saphikon (single crystal Al203) and FP Alumina.

CHARACTERIZATION

X-ray diffraction (XRD) of the films was performed using a Philips PW-1S00
Automated Powder Diffractometer equipped with a rotating sample stage. The
samples were analyzed using monochromatic copper Ka radiation, at tube vol-
tage/current settings of 40 kV/30 mA. The samples were scanned from 10 to 70°
29, which encompassed most of the major peaks of interest. Lattice parameter
estimations of the YBa2Cu3Ox unit cell were determined by using an interactive
computer program which calculates precise lattice parameters of a known phase using
a set of reflections and a good initial estimate of the lattice parameters.

Chemical and microstructural analyses of the coatings were performed using
a CVIIKSCAN Model 104 scanning electron microscope equipped with a KEVEX
Model 7500 energy-dispersive x-ray (EDS) analyzer. All quantitative chemical
analyses were accomplished on flat substrates in the as-annealed condition and were
compared to a bulk YBa2Cu3Ox standard.

Cross-sections of the films were prepared for transmission electron microscopy
(TEM) by gluing two coatings face-to-face and subsequently cutting slices from this



"sandwich." Each specimen was then subjected to mechanical thinning to 75 -m.
dimplinc, and ion milling using 6 kV argon ions. Ion milling was performed using
a liquid nitrogen cooled stage to minimize damage to the superconducting film.
Samples were examined in a JEOL 2000FX operated at 200 kV. High resolution
images were recorded in a JEOL 4000X operated at 400 kV. All photographs were
taken near Scherzer defocus (-50 nm) and a convergence of | mr.

Resistance versus temperature measurements were made utilizing the four
point probe method. Silver contacts were evaporated onto the specimens which were
subsequently annealed in one atmosphere of oxygen for one hour at 500:C. Thin
copper wires were attached with conductive epoxy. Specimens were mounted on a
cold finger capable of temperatures as low as 10 K. Specimen temperatures were
monitored with a silicon diode. Both AC and DC techniques were used with currents
as low as 10 uAd. Critical current densities were measured on flat substrates by
physically “etching" the coating to form a current constricting path between the inner
pair of silver contacts. The constrictions were about 0.5 mm wide by about 5 mm
long. The samples were immersed in liquid nitrogen (77 K) at 0 Tesla. The critical

current density was defined by that current density required to produce an electric
field of 1.0 u\/cm.

RESULTS

Optimization studies included over 200 coating runs where the major
processing variables were adjusted over the ranges given in Table II. The preferred
conditions selected were the result of statistically designed experiments which studied
the effects of temperature, pressure, reagent concentration and feed rate, and oxygen
and argon flow rates on the film structure, composition, and electrical properties.
The unique reagent introduction system resulted in deposition rates approaching two
orders of magnitude greater than those achieved using the conventional CVD
technique (eg., 200 /Jm, h vs 1-10 um/h). A maximum deposition rate of 240 um.h
was achieved.

The coatings were smooth, black, uniform, and adherent to the substrate. Most
coatings on planar substrates showed extensive preferred orientation, with the c-axis
of the YBazCu;Ox coating perpendicular to the substrate surface. A typical x-ray
diffraction pattern and SEM micrograph of the surface morphology of an YBatCu:0x
film deposited on MgO are shown in Figures 2 and 3, respectively. The surface of
the samples appeared flat, with some indication of plate-like c-axis oriented grains.
The x-ray patterns were typically strongly (00£) oriented, however, impurity phases
including CuO, BaCuOj, and the 211 phase (YzBaCuOx) were present at lower inten-
sities. The EDS analysis of the films consistently agreed with the XRD patterns;
samples with low Y contained some CuO and BaCu62. Lattice parameter calcula-
tions indicated that a highly oxygenated orthorhombic structure was achieved.
Typical lattice parameter values were a = 3.823 A, b = 3.8S7 A, and ¢ = 11.6S3 A

Transmission electron microscopy also showed the strong c-axis orientation
with respect to the substrate, as shown in Figure 4. Inset on Figure 4 is an electron
diffraction pattern which indicates the c-axis direction. A high magnification TEM
micrograph showing the c-axis orientation of the films is presented in Figure 5.
Transmission electron microscopy and EDS were both used to identify impurity
phases in the films, as shown in Figure 6. Both CuO and 211 grains, surrounded by
the YBa2Cu,.Ox compound, were present in the films; Figure 6 shows several 211
grains surrounded by YBalCu3Ox. Interaction layers were also observed at the
film/substrate interface for samples prepared on Al£O3 and stabilized ZrO) substrates.
A barium aluminate phase and a barium zirconate phase were present at each



respective interface in Figures 7 and S. No substrate coating interaction was
observed by TEM for samples grown on MgO substrates.

Figure 9 shows six resistance versus temperature curves (solid lines) for early
trials using the powder feeding method, and four curves (dashed lines) for runs
conducted with optimized parameters. Critical temperatures of SO K or above were
achieved at the optimum conditions. The highest critical temperature and critical
current density (zero field at 77 K) found on MgO have been S6 K and 2 x 10
A/cml, respectively. Figure 10 presents the critical current measurement for a
YBa;CusOx film on single crystal yttria stabilized ZrO2 At | uV/cm, the film had
a current density of 3.6 x 10* A/cm2. The critical temperature was S7 K.

Fibers were also coated in the horizontal furnace along with flat substrates.
Both tows and monofilaments were found to contain YBa:Cu,.Ox by XRD. A coated

Saphikon (single crystal alumina) fiber had a critical temperature of 82 K as shown
in Figure 11.

The coating of continuous flexible ceramic fibers has been initiated. The
coating furnace is shown in Figure 12. Fibrous tows are introduced at the bottom
of the furnace from a supply spool, and are slowly pulled through the furnace and
are wound on a takeup spool at the top. Figure 13 shows three fibers from a FP
Alumina fiber tow (200 individual filaments) which were coated in the continuous
fiber coating furnace. The coating appears uniform and adherent to the fiber; EDS
analysis indicated the presence of Y, Ba, and Cu in the coating. Further work on
optimization of the powder feed rate, fiber pull rate, and coating composition is
underway.

DISCUSSION

The powder feeding of a mixture of Y, Ba, and Cu organometallic reagents
has resulted in a CYD process which allows rapid deposition of superconducting
YBa*CusOx. Our experience was that it w'as much easier to repeatedly achieve
superconducting YBa:Cu:Ox with this technique than with the conventional vaporizer
method as a result of a reduction in the processing variables and the elimination of
thermal degradation of the precursors previously reported (6.16).

Several factors indicate the films were deposited by a vapor deposition
mechanism, as opposed to powder spraying. First, we were able to infiltrate and
uniformly coat individual fibers in a multi filament tow. Second, the films are very-
dense and smooth; imperfections such as film roughness and uneven coatings occurred
only when the sample was placed too close to the inlet of the furnace. Finally, when
coating multiple substrates placed behind one another, there were no appreciable
differences in the coating, i.e., there was no shadowing effect.

Characterization of the films has shown the high c-axis orientation with
respect to the substrate which is typical of other CVD efforts. Films deposited on
both single crystal and polycrystalline materials have been shown to be superconduc-
ting. Transmission electron microscopy analysis has been useful in analyzing
interfacial layers and showing the presence of impurity phases in the films. Of the
two interaction layers observed, only the barium aluminate interface detrimentally-
affected the properties of the superconductor. This problem was overcome by
depositing thicker coatings which the powder feeding process allows. The values of
critical temperatures and critical current densities are acceptable; however, these
properties must be increased through further process development.



CONCLUSIONS

A rapid, controllable CVD process has been developed which has been used

to deposit superconducting YBa:Cu;0x on several single crystal, polycrystal, and fiber
substrates. Process development has led to improvements in the electrical properties
of the films, with critical temperatures as high as 87 K and critical currents of 3.6
x 104 A/cml at 77 K, 0 Tesla. Microstructural characterization has shown a smooth
surface morphology, with a highly c-axis oriented structure. TEM analysis has shown
impurity phases including 211 and CuO grains, and interfacial layers between the
substrate and coaling. The process is currently being developed in conjunction with
a continuous fiber coating furnace, in order to deposit the superconducting
YBajCu;Ox material onto long lengths of fiber lows for potential magnet, motor,
antennae, and other applications.
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Table I. Summary of prior CVD of 7171,011,0"

REFERENCE  GROUP REAGENTS* SUBSTRATE ~ TEMP("C) RATE(pm/h) Tc(ONSET) (K) T«(R-0) (Ki ANNEAL CONDITIONS
1. NRL Y.,Da-tmhd AOO 0.40 00 20 090-9200C 20 min, 920"™-
Cu-acac 10 min, 0.03',C/min In Qj
2. TOIIOKU tmhd YSZ 900 0.0 43 — 10 torr Oz
03 33 400°C, Oj, 8 h
90 02 30nC/min, 1 atm 02
09 00 3”C/mint 1 atm 02
3. BATTELLE Cu-acac YSZ 900
Y-tmhd
Ba-hfa
4. OKI tmhd MRO 000 24 -0 76 60 950”C 30 min, 2"C/mln
In O;
5. WESTING- Y,Ba-hfa Sapphire 5 90 65 H70/Ar 035"C 30 min, 9000C-
HOUSE Cu-acac SrT10j 90 70 10 min Ar, 0.3',C/mln to-
ATT03 65 400°C, 400"C 30 min,-
0.3°C/min to 200°C
6. NISSAN Y -tmhd SrT10j 000 0.33 03 65 030"C 2 h, 2"C/mln to-
Ba,Cu-hfa 500”C, 5000C 2 h,-
2°C/mln to RT (all in air)
7. NORTH- Y-tmhd MRO 700 0.0 - 1.0 90 66.2 600°C 10 h, 900°C 1.5 h-
WESTERN Cu-acac 960°C 10 min in Oz
Ba-fod
0. TOIIOKU tmhd SrT10j 900 2 00 04 13°C/mln, | atm 0O?
9. GEORGIA tmhd YSZ 030 10 93 04 950"C 30 min, 4"C/mln
TECH Sapphire 10 095°C 15 min, 4°C/min
in O7
10. TOIIOKU tmhd SrTiO, 030 1 - 91.5 90"C/mln, | atm O7
09
11. TOKYO IT/ Cu-acac Sapphlre 500 0.3 - 09
MUSASIII Y.,Ba-hfa /00
SI 500
12. OKI tmhd SrTiO, 000 00 03 100°C/min In atm O]
75 60 quenched to RT in 59
92.,
13. UPPSALA YCJj CSz 0/0-910 00 40 —
Bal, CSz 00 70 473°C 40 h In O7

CuCl



Table I. Summary of prior
REFERENCE REAGENTS*
1'i. TOIIOKU tmhd
15. ASEA Cu-acac
BROWN Y ,Ba-tmhd
BAVF.RIA
16. STANFORD/ tmhd
SR1/COLO
17. TOIIOKU tmhd
18. OKLAHOMA tmhd
19. TOILIOKU tmhd
20. HITACHI Y (tmhd)j
Ba(tmhd)2
Cu(tmhd)z
21. UNIV WASH YClj
(theoret- BaClj
ical) CuCl
22. NAGOYA Y (dpm)j
Ba(dpm)’
Cu(dpm)
23. FUJIKARA Y (tmhd),

Ba(tmhd)j Hastelloy C-2/6
Hastelloy C-2/6- SrTiO,

Cu(tmhd)j

CVD of YBa"CUjOj (continued).

SUBSTRATE

YSZ

SrT10j
YSZ

SrT10j

YSzZ

SrTIOj

YSZ(BaF,)
YSZ
YSZ
A1703
Sapphire
MgO/SrTiO,
MRO/SrT10j
SrTiO,
Mp.o
MRO/SrTiO,
HRO

MRO

SrTiO,

tmhd- tetrnmethyllioptanedlonntc

acac- acetylacetonate

dpm- dlpiraloyImethanate

BOO

900
950

000
900

900

050
000
700

900

000
730
700
700
650
02/

663
715
760
750

0.0 -

0.6

1.3
0.92
0.03
0.03
0.55

71.0

39

13-30

TEMPI "O  RATE(jim/h)

1

(ONSET)(K)

60
00
03
96
96

90
0/
70
60
90

90
90

06
03
06
06

<60K
09
09
92
92
92

%

T,-(R-0) (K)

10
30
63
00
06

70
717
66
07
06
93
91
00
50

02
70
60
66

<60K
3/
09
01
06

ANNEAL CONDITIONS

10 torr O7

A50°C, 1 atm Oz, 1 It
1 atm Ol

20 min cool 1 atm O7
550°C 2 h

15"C/mln, 10 torr Oj
150C/min, 1 atm O,

3.3¢C/mln Ar/07 to /i00"C,-
2.5"C/mln to 100'.C
20”C/miln, 1 atm O02-

t.o 300"C, quench

In situ conlinp,
1 atm 02, 20"C/min

in nltu cooling, 3"C/min
to '100"C. 0.2 torr OZ. to
RT. 2 torr O7

cooled to 300"C, 10 torr
07, 500"C 3 h. | atm O7

hi a- hexafluoroacetylacetonale
iod- heptafinorod linethy locI lined Iona te



Table II. Range of processing parameters investigated and preferred deposition
conditions.

RANGE PREFERRED
INVESTIGATED ~ CONDITIONS
TOTAL PRESSURE ]gtorr)r 10-760 20
DEPOSITION TEMPERATURE (°C)  500-970 900
ARGON FLOW RATE (£/min) 0-3 )
OXYGEN FLOW RATE (f/min) [-9 1
DEPOSITION TIME (min) 5-35 30
INPUT REAGENT MOLE RATIO
Y(tmhd)3:Ba(tmhd)-: 1:81.58-2.55): 1:1.75:2.25
uét d)l%/I (2.24-3.80)

TOTAL REAGENT MASS (g) [-10 175

NI-BASE ALLOY TUBE
(HAYNES 214)

O - PRESSURE GAUGE

T.C. - THERMOCOUPLE

Figure 1 Schematic diagram of the CVD system.
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Figure 2. X-ray diffraction pattern for a YBa:Cu:Ox film on MgO de; sited at the
preferred conditions.

Figure 3. Typical YBa:Cu2Ox film morphology on MgO shows a flat surface with
some plate-like features.
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211 GRAIN

C-AXIS
ORIENTED
VD32Cu-0*

MgO
SUBSTRATE

Figure 6. Impurity 211 grains "eere present in the films as shown by TEM and
verified by EDS. CuO crams were seen in other films.

Ficure 7. A barium aluminate interfacial la\er was present in films deposited on
Al-O;.



Figure 8. High resolution TEM was used to identify a barium zirco te interl
between the YBa£Cu;Ox film and single crystal partially s ’abe.l.m;rza }(I)er
Electron diffractcgrams (inset) were used to verify each gh;;:e oz

T C(R-O) VALLES <)
INITIAL
CONI%HONS
71
4

7
80

TEMPERATURE (K)

Resistance versus temperature curves for YBajCujOx coatings on MgO
substrates. The solid lines represent films deposited prior to the
parametric studies, the dashed lines represent films deposited at the
preferred conditions.

Figure 9.



| —

10 ——

ELECTRIC 7 -
FIELD
(MICROVOLTS/CM) 6 _

2x10 3x10 4x10
CURRENT DENSITY (VSQ.CM.)

Figure 10. Electric field (E) versus current density (J) data of a film on single
crystal stabilized Zr0O2. The crosses indicate a curve fit to the data
where Ec = | “V/cm and Jc = 3.6 x 10° A/em*. The squares represent
the actual data.

TEMPERATURE (K)

Figure 11. Resistance versus temperature curve for a YBaaCu3Ox coated filament
of Saphikon (single crystal AljOs). This sample was coated with a flat
MgO substrate, which was also superconducting at S2 K.
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Schematic of the continuous fiber coating furnace.



Figure 13.  Micrograph of 3 individual filaments from a 200 filament fibrous tow
of FP Alumina (Du Pont). EDS confirmed the presence of Y, Ba, and
Cu in the coating.



