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Abstract Polymers that form a complex with metal
ions from nitrate salts can be used to prepare precur-
sors for the production of high temperature supercon-
ductor (HTSC) ceramics that can be processed using
advantageous polymer processing techniques and then
pyrolyzed. This paper describes the production of
HTSC from a precursor based on m-cresol formalde-
hyde novolak resin (mCFNR) that contains yttrium,
barium and copper nitrate salts in the proportions
needed for the formation of YBa,Cu3;0,_, (YBCO).
The degradation of the precursor and the effects of the
pyrolysis process (temperature, time, environment,
substrate) were studied in detail. The mechanisms of
degradation for mCFNR and for the HTSC precursors
were significantly different with the precursor degra-
dation beginning at significantly lower temperatures.
The optimal pyrolysis begins in an inert atmosphere to
hinder BaCOj; formation and then continues in oxygen
to 950 °C. A dense orthorhombic YBCO film with
preferential [001] orientation results from topotaxial
growth on SrTiOs.

Introduction

High temperature superconducting ceramics (HTSC)
become superconducting at a critical temperature (7.)
above the boiling point of liquid nitrogen (77 K) [1, 2].
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The HTSC-containing yttrium, barium and copper
(YBa,Cu;07_,), known as YBCO, has exhibited a T of
91 K. A polymer solution containing dissolved metal
nitrates with the metal atoms in the ratio needed for a
HTSC can be used as a HTSC precursor. HTSC
precursors provide a relatively simple and rapid
method to produce bulk materials, free-standing thin
films, micrometer-scale fibers and ribbons, and nano-
meter-scale fibers. HTSC precursors can be processed
using advantageous polymer processing techniques
such as film casting, fiber spinning and photolithogra-
phy to produce complex structures that can then be
pyrolyzed to HTSC. HTSC precursor processing can
offer superior uniformity and better control of grain
size and density as compared to processing HTSC
directly from inorganic salts and oxides [3]. Recent
work has shown that the pyrolysis of the HTSC
precursor should first produce an amorphous metal
oxide which then forms the crystalline HTSC phase [3].
Polymers that have been investigated for use in HTSC
precursors include m-cresol formaldehyde novolak
resin (mCFNR) [4-8], poly(methacrylic acid) [3, 5, 6,
9], polyacrylonitrile (PAN) [10, 11], poly(N,N-dicarb-
oxymethyl)allylamine [12, 13], polyimide [14, 15], and
copolymers of acrylic acid and acrylamide [16-18].
LiNbO; and SrTiO3 have been used as substrates for
the production of HTSC from precursor films. The
results with LiNbO3 have been rather inconsistent. The
properties depend strongly on film thickness, reflecting
the ~33% mismatch in the LiNbO3/YBCO lattice
constants [19]. SrTiO;, with a cubic crystal structure
and a lattice constant of 3.905 A, can provide a high
quality topotaxial substrate for YBCO (a = 3.82 A,
b =389 A, ¢/3=3893 A) with a lattice mismatch of
~1% [4, 20]. The high degree of anisotropy in YBCO’s
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structure and properties makes it desirable to produce
highly oriented YBCO films. Topotaxial growth has
yielded the best HTSC films grown to date, as
determined by a multitude of metrics including critical
current density (J.), morphology, and stability over
time [21]. The [001] orientation is important for the
fabrication of HTSC devices and is one of the criteria
for obtaining the highest J. [22, 23].

This paper describes the pyrolysis of HTSC precur-
sors based on mCFNR that contains yttrium, barium
and copper nitrate salts and the formation of YBCO.
mCFNR was chosen as the precursor polymer since it
has hydroxyl groups that should be able to complex
with the metal ions, since it has good film-forming
properties and since it can be patterned using UV
photolithography. Nitrate salts were chosen for poly-
mer/metal complex formation since they have relatively
high solubilities in the solvents for mCFNR [3, 15].

Experimental procedures
Materials

mCFNR was synthesized by condensation using
m-cresol (98% pure, Aldrich), formaldehyde contain-
ing 10-15% methanol as a stabilizer (Aldrich), and
sulfuric acid (98% pure, Merck). The molar ratio of
m-cresol to formaldehyde was 1.2 and the amount of
sulfuric acid catalyst was 1% of the mass of m-cresol.
The polycondensation reaction was conducted at 90 °C
under reduced pressure for 6 h with constant stirring.
The resulting mCFNR was dissolved in acetone,
precipitated in water, filtered, dried under vacuum,
and then ground into a powder.

The metal nitrates were yttrium nitrate pentahy-
drate (Y(NO3)3-5H,0, Y-N, 99% pure, Aldrich),
barium nitrate (Ba(NOs),, Ba-N, 99% pure, Merck)
and copper nitrate 2.5 hydrate (Cu(NO3),2.5H,0,
Cu-N, 99% pure, Riedel de Haén). The solvent used
for mCFNR was dimethylformamide (DMF, 99.8%
pure, Aldrich). The substrates used were (300) lithium
niobate (LiNbOs) single crystal wafers (SOI Wafers)
and (100) strontium titanate (SrTiOj;) single crystal
wafers (Photox). All materials were used as received.

HTSC precursor

Previous work has shown that a 2/1 mass ratio of
polymer to metal nitrates is high enough in metal
nitrates to produce uniform films on pyrolysis and low
enough in metal nitrates to prevent recrystallization on
casting [24]. The HTSC precursor was produced by

mixing a polymer solution with a solution of metal
nitrates. The polymer solution was prepared by mixing
mCFNR and DMF in a mCFNR/DMF mass ratio of 1/4
at 25 °C. The three metal nitrates with Y:Ba:Cu in a
1:2:3 atomic ratio ((Y,Ba,Cu)-N) were dissolved at room
temperature in DMF. This solution of metal salts was
then added dropwise into the polymer solution to
produce the HTSC precursor. The HTSC precursor
powders and films with a mCFNR/(Y,Ba,Cu)-N mass
ratio of 2/1 will be termed henceforth 2/1°.

Precursor powders were obtained by casting a
precursor solution on a Teflon plate and drying in
a circulating air oven at 150 °C for 2 h and then in a
vacuum oven at 25 °C for 24 h. The film was then
ground using a mortar and pestle and dried in a
vacuum oven at 100 °C until the weight remained
constant. Precursor films were obtained by spin-casting
precursor solutions on LiNbO; or SrTiO;5 substrates at
a speed of 2,000 rpm. The resulting precursor films
were dried by heating at 150 °C for 2 h in a circulating
air oven.

Thermal analysis

The degradation process was characterized using dif-
ferential scanning calorimetry (DSC, Mettler DSC-821
calorimeter) and thermogravimetric analysis (TGA,
Setaram 92-16.18 TGA). The DSC samples were dry
powders (4-6 mg) in an open pan with an empty
aluminum pan as the reference. The samples were
heated from 25 °C to 450 °C at 10 °C/min in flowing
nitrogen (4 ml/min). The TGA samples were dry
powders (20 mg). The samples were heated from
25°C to 1,000 °C at 5°C/min in flowing argon
(30 ml/min). The differential thermal gravimetry
(DTG) thermograms were derived from the TGA
thermograms using the supplied software.

Structural analysis

The changes in the molecular structure on exposure to
high temperatures were investigated by Fourier trans-
form-infrared spectroscopy (FT-IR, Brucker Equinox
55 spectrophotometer). The samples were exposed to
high temperatures by heating in the DSC at 10 °C/min
in nitrogen. FTIR spectra from 500 cm™ to 4,000 cm™
at a resolution of 2 cm™' were taken in transmission
using KBr pellets containing 1% of the sample by
weight.

The crystalline structure and the identity of the
phases were determined using X-ray powder diffrac-
tion (XRD, Philips PW 1840 X-ray) with a Ni-filtered
Cu-Koa X-ray beam excited at 40 kV and 40 mA. The

@ Springer



8204

J Mater Sci (2006) 41:8202-8210

thicker films needed for XRD were produced by
repeating the spin-casting and drying cycle five times.
XRD was carried out using both a grazing angle stage
(6 = 3°) and a Bragg-Brentano stage (626, in the 20°-
80° 20 range). Step scans were made with a 0.02° (26)
step size and 12 s exposure per step.

The grain size, the grain morphology and the
microstructure of the ceramic following pyrolysis were
characterized using high-resolution scanning electron
microscopy (HRSEM, LEO high-resolution SEM 982,
Zeiss, equipped with an SE in-lens detector). The
chemical composition was characterized using X-ray
energy dispersive spectrometry (EDS) in the HRSEM.
Quantitative elemental analysis was performed on
selected areas using a matrix correction program
(ZAF, LINK OPAL). The final result was normalized
to 100% and averaged over a large number (at least 20)
of measurements.

The crystallographic orientation was determined
using electron backscattering diffraction (EBSD) in
the HRSEM (LINK OPAL, Oxford Instruments,
England). The Kossel pattern was generated at a
working distance of 21 mm using an acceleration
voltage of 20 kV and a probe diameter of about
40 nm. The bands of the Kossel pattern were auto-
matically indexed and analyzed by the software.

Results and discussion
Precursor molecular structure

The FT-IR spectrum from as-cast mCFNR is presented
in Fig. 1la. The molecular groups associated with the
major absorption bands are listed in Table 1. The
mCFNR spectrum exhibits: a very broad and strong
phenolic O-H stretching band at 3,383 cm™; m-creso-
lic CHj3 stretching, aliphatic CH, stretching and
aromatic CH doublets bands between 2,857 cm™ and
3,019 cm™; a strong ring stretching band doublet at
1,600 cm™'; a weak band associated with CHj; stretch-
ing at 1,378 cm™!; a strong phenolic OH in-plane
deformation band at 1,276 cm™'; a group of bands
associated with 3-alkyl-phenol C-OH stretching
between 1,230 cm™ and 1,100 cm™'; medium bands
from aromatic CH in-plane deformation and from out-
of-plane ring deformation at 1,050 cm™'. The presence
of residual DMF yields bands at about 1,654 cm™" and
665 cm™! [25-27].

The FT-IR spectrum from as-cast 2/1 mCFNR/
(Y,Ba,Cu)-N exhibits the typical mCFNR and residual
DMF absorption bands described previously (Fig. 1b).
In addition, the spectrum from 2/1 exhibits some bands
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Fig. 1 FT-IR spectra of: (a) mCFNR, as-cast; (b) 2/1, as-cast; (c)
2/1, exposed to 240 °C; (d) 2/1, exposed to 450 °C

associated with metal nitrates including: the NOj3
asymmetric stretch from Ba-N at 1,362 cm™' and the
NO; stretch from Y-N and Cu-N at 1,383 cm™ [28, 29].
The formation of a phenoxy metallic complex is

Table 1 The FT-IR bands and their assignments

Group Band (cm™)
C=0 665

NOs3 in-plane bend 729

Out-of plane ring deformation 780

NOj3 out-of plane bend 816
3-alkyl-phenol C-O stretch 1,100-1,230
Phenolic OH in-plane deformation 1,277

CHj5 stretch 1,378-1,415
Cu-N and Y-N: NOj;™ asymmetric stretch 1,383
Ba-N: NO;™ symmetric stretch 1,415
BaCO; 1,442
Aliphatic CH, stretch 1,453
Aromatic CH stretch 1,500
Quadrant ring stretch 1,587-1,613
COO stretch 1,616, 1,740
Phenoxy-metal complex CO™ stretch 1,650
O=C-NH, (DMF) 1,654
m-cresolic CHz symmetric stretch 2,857
Aliphatic CH, asymmetric stretch 2,920
Aromatic CH stretch 3,017
Phenolic OH stretch 3,384
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indicated by the presence of a band at 1,650 cm™
attributed to CO" stretching. This band is only found in
the HTSC precursor and is not present in neat mCFNR
or the neat nitrates [4].

The influence of the (Y,Ba,Cu)-N content on the
FT-IR spectrum was determined by comparing nor-
malized band heights. The band heights were normal-
ized by dividing the band height by the height of the
CH band at 2,857 cm™!. The variation of selected
normalized FT-IR band intensities with the nitrate
content is seen in Fig. 2. The normalized intensity of
C-OH stretching at 1,230 cm™" decreases as the nitrate
content increases since some of the C—-OH groups are
expected to complex with the metal ions. The normal-
ized heights of the bands associated with NO3 and
CO™M" both increase with increasing nitrate content,
as expected.

Precursor degradation

The DSC thermogram from as-synthesized mCFNR in
nitrogen is presented in Fig. 3. The DSC thermogram
exhibits two endothermic peaks (77 °C and 198 °C)
and an exothermic peak (340 °C). The endothermic
peak at 77 °C and the shoulder at about 100 °C can be
associated with the evaporation of residual methanol
and water, respectively. The endothermic peak at
198 °C can be associated with the evaporation of
residual DMF. The small exothermic peak at 340 °C
reflects the formation of a crosslinked structure [27].
The exothermic behavior above 350 °C reflects degra-
dation of the polymer. The TGA and DTG for
mCFNR in argon is seen in Fig. 4. mCFNR degrades
in a series of small overlapping steps yielding a
relatively continuous weight loss curve and multiple
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DTG peaks. The DTG thermogram of mCFNR
exhibits five peaks (Table 2). The DTG peaks at
195 °C and 350 °C correspond to the DSC peaks at
198 °C and 340 °C, respectively. The peaks at 115 °C
and 195 °C are attributed to the evaporation of water
and residual DMF, respectively. The DTG peaks at
273 °C, 350 °C and 452 °C correspond to the three
main stages of mCFNR decomposition described in the
literature: (1) evolution of unreacted oligomers and
formation of diphenyl ether linkages from residual
methylol groups; (2) formation of a crosslinked struc-
ture; (3) auto-oxidation and formation of benzophe-
none and carboxylic acid [26, 27, 30]. Pyrolysis of
mCFNR in argon yields a carbonaceous residue and a
residual mass, mp, of 26.7%.

The DSC thermogram from 2/1 in nitrogen in Fig. 3
is strikingly different from the DSC thermogram from
neat mCFNR. There are two relatively large exother-
mal peaks in the DSC thermogram of 2/1: the first at
170 °C and the second at 400 °C. The TGA and DTG
results from the decomposition of 2/1 in argon are
presented in Fig. 4 and summarized in Table 2. The
initial degradation temperature is reduced from 350 °C
to 150 °C on adding the metal nitrates to mCFNR. The
degradation of 2/1 takes place in three stages, as
opposed to the multiple stages seen for mCFNR. The
first degradation stage for 2/1 is characterized by a
mass loss of 26.6% that corresponds to the DSC peak
at 170 °C (Table 2). The decomposition of Cu-N and
Y-N takes place between 138 °C and 370 °C [10, 17,
31-36]. The oxidative degradation of the polymer is
catalyzed by the presence of copper ions and nitrate
ions and by the decomposition of the nitrate [10, 11, 17,
27]. The second degradation stage for 2/1, at about
400 °C, is characterized by a mass loss of 20.8% and is
related to the elimination of almost all the organic

Table 2 Thermal analysis of mCFNR and of 2/1: summary

Stage Onset DTG peak  Mass loss  DSC peak
number (°C) (°0) (%) (°C)
mCFNR
Ia 25 115 1.1 77, endo
Ib 177 195 6.1 198, endo
Ic 251 273 8.2 -
ITa 300 350 30.0 340, exo
1Ib 400 418 252 -
111 500 596 2.7 -
Total - - 73.3 -
211
I 25 150 26.6 170, exo
I 325 418 20.8 400, exo
111 600 726 72 -
Total - - 54.6 -

@ Springer

matter (Table 2). The third degradation stage of 2/1 is
characterized by a DTG peak at 726 °C and a mass loss
of 7.2% that is associated with the decomposition of
Ba-N. A constant residual mass of 45.4% was reached
at 832 °C. This residual mass is greater than the
residual mass of 31.7% that was calculated by assuming
that the mCFNR produces a residual mass of 26.7%
and that Y,0j3, BaO and CuO are formed. The higher
than expected residual mass may indicate that carbon-
ates are formed during the pyrolysis of 2/1 in Ar. XRD,
EDS and FT-IR will be used to confirm this conclusion
(below).

The changes in polymer molecular structure follow-
ing the reactions described by the DTG peaks were
determined by observing the changes in the FT-IR
spectra following exposure of 2/1 to 180 °C, 240 °C or
450 °C. Following exposure of 2/1 to 180 °C (not
shown), the FT-IR band at 1,650 cm™! becomes more
prominent and a new band 1,734 cm™' appears as a
shoulder on the band at 1,650 cm™" [24]. These changes
are related to the formation of COO™ groups and are
indicative of the oxidative degradation of mCFNR. No
such changes are observed in the FT-IR spectrum of
neat mCFNR following exposure to 180 °C (not
shown) [24]. Similar changes occur in neat mCFNR
only following exposure to 450 °C (not shown) [24]. In
2/1, the oxidative degradation is catalyzed by the
presence of copper ions and nitrate ions and occurs at
significantly lower temperatures than it occurs in neat
mCFNR.

The NO3 bands dominate the spectrum for as-cast 2/1,
but these bands become less dominant following expo-
sure to 240 °C (Fig. 1c). The spectrum from 2/1 following
exposure to 450 °C (Fig. 1d) still exhibits a small
absorption at 1,384 cm™'. The nitrate ion from the more
thermally stable Ba-N is still present at this temperature.
The appearance of a band at 1,442 cm™" in 2/1 following
exposure to 450 °C most likely indicates the formation of
carbonate groups, as will be confirmed through XRD and
EDS (below) [4, 12, 13].

Formation of YBCO

The ‘S1’ pyrolysis process was used to synthesize
YBCO powders from 2/1. The ‘S1’ process includes: (1)
pyrolysis from 25 °C to 450 °C at 5 °C/min and holding
at 450 °C for 2 h, heating to 950 °C at 5 °C/min (all in
nitrogen); (2) sintering in air at 950 °C for 1 h. The first
step was used to prevent the formation of metal oxides
and BaCO; and the second step was used to com-
pletely decompose the organic compounds and to
provide the oxygen needed for the formation of
YBa,Cu307_,. The powder from the “S1” process
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was characterized using XRD. All the reflections in
Fig. Sa corresponded to highly pure, randomly ori-
ented, orthorhombic YBa,Cu;O;,. The resulting
YBCO nano-crystals, about 90 nm in thickness and
500 nm in length, are seen in the HRSEM micrographs
in Fig. 6.

The pyrolysis of 2/1 films on LiNbOj using the “S1”
process yielded poor results, individual grains of
YBCO distributed among other phases (Cu,Y;0Os,
BaCuO, and Y,O;, not shown) [24]. Although the
“S1” process was successful in producing YBCO
powder from the precursor powder, it was not success-
ful in producing YBCO films from precursor films. The
differences between the pyrolyzed powder and film
may reflect the greater surface area in the powder
which would promote the formation of YBCO by
enhancing the diffusion of oxygen inwards and pyro-
lysis products outwards. In order to enhance YBCO
formation in films, the pyrolysis process was modified
by increasing the annealing time for enhanced diffu-
sion. An additional difference between the pyrolysis of
powders and films is the presence of a substrate. The
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S00nm

Fig. 6 HRSEM micrographs of a powder prepared from a 2/1
powder using the ‘S1’ process. (a) Lower magnification and (b)
Higher magnification

substrate can exert considerable influence on the
microstructure of the film through: a reaction with
the film; a coefficient of thermal expansion mismatch; a
lattice parameter mismatch; the surface roughness,
homogeneity and cleanliness [21, 37, 38].

Pyrolysis processes ‘S2a’ and ‘S2b’ include: (1)
heating from 25 °C to 450 °C at 5 °C/min, holding at
450 °C for 2 h, heating to 700 °C at 5 °C/min (all in
nitrogen); (2) heating to 950 °C at 10 °C/min, holding
at 950 °C (for either 1.5h (‘S2a’) or 3 h (‘S2b”)),
cooling to 450 °C at 3 °C/min, holding at 450 °C for
3 h, cooling to room temperature at 3 °C/min (all in
oxygen). Process ‘S2a’ for 2/1 on LiNbOj; yielded a
randomly oriented, porous YBa,Cu;O;_, film that
contained some contaminant phases (BaCuO, and
Cu,Y,0s, not shown) [24]. These results were a
substantial improvement over ‘S1’ with respect to the
yield of YBCO. The yield of YBCO was enhanced
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even further by using the ‘S2a’ process for 2/1 on
SrTiO;. ‘S2a’ for 2/1 on SrTiO; (Fig. 5b) produced a
randomly oriented YBa,;Cuz;O7_, film with a relatively
small BaCuO, contaminant content. The reduction in
the concentration of contaminant phases on using
SrTiO3; demonstrates the importance of the substrate
for the nucleation and growth of particular phases.
‘S2a’ on SrTiOj; yields YBCO that consists of densely
packed small grains of about 250 nm in size (Fig. 7).
The YBCO film on SrTiOj; from 2/1 using the ‘S2b’
process (Fig. 8a) consists of spherical grains that are
extensively interconnected. It is difficult to gauge the
actual grain size from the HRSEM micrographs owing
to the extensive grain intergrowth. A spiral grain
growth mechanism is clearly visible in Fig. 8b. The
grain size has increased markedly with the increase in
time at 950 °C. These changes are similar to the grain
growth in thermodynamically controlled recrystalliza-
tion [3]. The atomic compositions of several grains seen
in Fig. 8 were determined using EDS in the HRSEM.
The grains exhibit a Y:Ba:Cu:O ratio of 0.9:2.0:3.0:6.9

. ‘__-5._
1

S00nn

Fig. 7 HRSEM micrographs of a film prepared from 2/1 on
SrTiO; using the ‘S2a’ process. (a) Lower magnification and (b)
Higher magnification
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Fig. 8 HRSEM micrographs of a film prepared from 2/1 on
SrTiO; using the ‘S2b’ process. (a) Lower magnification and (b)
Higher magnification

(Table 3). The differences between the measured
atomic composition and the expected atomic compo-
sition are within the experimental error of the tech-
nique.

The ‘S2b’ process on SrTiOj; yields only orthorhom-
bic YBCO (Fig. 5¢). The essential difference between
‘S2a’ and ‘S2b’ is the extra sintering time in oxygen at
950 °C which yields the dense YBCO in Fig. 8. The
intensities of the (003) and (005) reflections in Fig. 5c
(marked with asterisks) are more predominant than
those seen from the randomly oriented materials in
Fig. 5a,b and are more predominant than those from a
YBCO powder in the literature [39]. The relatively

Table 3 EDS from a 2/1 film on SrTiO; pyrolyzed using the
‘S2b’ process

Y Ba Cu O Y:Ba:Cu:O
(at%) (at%) (at%) (at%)
Calculated 7.7 154 23.1 53.8 1:2:3:6.8

Measured 7.2+0.5 15.7+1.9 23.2+1.3 53.9+3.8 0.9:2:3:6.9
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high intensities of the (003) and (005) peaks indicate
that the ‘S2b’ process for 2/1 on SrTiO5 has produced
an oriented YBCO structure.

The formation of oriented YBCO from 2/1 on SrTiO;
using the ‘S2b’ process was confirmed using X-ray
diffraction with a Bragg-Brentano geometry 60-20
(Fig. 5d). Most of the strong intensities in the Bragg—
Brentano (0-260) X-ray spectrum (Fig. 5d) belong to the
set of (001) reflections with /in (/4 k [) ranging from 1 to
9. In addition, there are the (013) and (103)/(110)
doublet reflections at 20 of 32.5° and 32.8°, respectively.
The relative heights of the (100) and (200) reflections
are much smaller than those found in the JCPDS data
for randomly ordered powder, again emphasizing the
high degree of orientation in the film. The predomi-
nance of the (001) reflections indicates that the c-axis of
the orthorhombic YBCO is orientated preferentially
perpendicular to the substrate surface. This orientation
is consistent with the spiral grain growth morphology
seen in the HRSEM micrographs (Fig. 8). The step
height on the spiral corresponds to the unit cell (c-axis)
of crystalline YBCO. The intensity ratio (005)/
1(103,110) is called the ‘orientation index’ (OI) and is
used to estimate the degree of orientation [15]. The
YBCO film in Fig. 5d has an OI of 18.8, while a powder,
having a completely random orientation, has an OI of
0.11 (from the JCPDS data) [39].

The high degree of orientation in this film was also
confirmed by EBSD. EBSD analysis of thin films
produces crystallographic information that is difficult
to acquire by other techniques. The Kikuchi-like
Kossel pattern generated by the EBSD of an HTSC
film from 2/1 on SrTiO;3 using the ‘S2b’ process is seen
in Fig. 9a. The set of indices from orthorhombic
YBCO that overlays the experimental pattern in
Fig. 9b indicates that [001] is the dominant direction,
confirming that the YBCO is highly oriented, with the
c-axis perpendicular to the substrate. The highly
oriented YBCO suggests that there has been topotaxial
growth from the SrTiOs.

Conclusions

The thermal degradation of an HTSC precursor based
on mCFNR and the results of precursor pyrolysis were
investigated. Polymer—-metal ion complexes were
formed in the precursor film. There were significant
differences between the thermal degradation of
mCFNR and the thermal degradation of the precursor.
The thermal degradation of the precursor in argon,
catalyzed by the presence of copper ions and nitrate
ions, began at a relatively low temperature and

Fig. 9 EBSD from a film prepared from 2/1 on SrTiOj; using the
‘S2b’ process: (a) The measured patterns and (b) The measured
patterns with indexing of the planes

occurred in three distinct stages. The relatively high
residual mass of 45.4% from the degradation of the
precursor in argon indicates that carbonates were
formed. YBCO formation was appreciably affected
by the pyrolysis process (temperature, time, environ-
ment, substrate). Pyrolysis of the precursor powder,
beginning in nitrogen and continuing in air, yielded a
highly pure, orthorhombic YBCO powder. This pro-
cess, however, did not produce high quality YBCO
films. Pyrolysis of the precursor on SrTiO5 at 950 °C in
oxygen for longer times produced a highly oriented,
high purity, orthorhombic YBCO film with a [001]
c-axis orientation perpendicular to the substrate sur-
face from topotaxial growth and with no detectable
contaminant phases.
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