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The preparation of YBCO epitaxial

superconducting films by a chemical
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The utility of a chemical precursor solution for the production of YBa2Cu3O7−x
superconducting films has been investigated. The homogeneous precursor solution made
of metal acetates, 1,3-bis(dimethylamino)-2-propanol, and acetic acid was applied to [1 0 0]
MgO substrates via spin-coating. Subsequent heating and sintering removed the organic
components. The best epitaxial film obtained by this chemical solution deposition method
has a Tc of 78 K. C© 1999 Kluwer Academic Publishers

1. Introduction
Since the discovery of high-temperature ceramic su-
perconductors, there has been a great deal of interest
in manipulating these materials into useful forms for
use in a variety of practical applications [1]. In partic-
ular, there has been a strong demand for the develop-
ment of superconducting films suitable for use in high-
technology electronic devices such as those found in the
microwave communication industry [2]. Several elabo-
rate techniques have been developed for the production
of superconducting films such as molecular vapor depo-
sition [3] and laser ablation [4]. These techniques are
well established and can produce high quality films.
However, these techniques are usually slow and costly
and may never be suitable for large scale industrial pro-
duction. The chemical solution deposition (CSD) pro-
cess, utilizing existing spin or dip-coating techniques
may offer several advantages over other techniques for
preparing superconducting films.

The difficulty in developing a chemical solution ap-
proach to producing superconducting films is the design
of a suitable precursor solution with the characteristics
necessary for film production. One of the major con-
cerns in developing a solution precursor is attaining
homogeneity of the constituent metals in solution. The
constituent metals of a superconductor are chemically
distinct, which results in their complexes having dif-
ferent physical properties such as solubility. For this
reason it is difficult to achieve a homogenous solu-
tion containing all of the required metals. The prob-
lem is amplified by the need to produce a relatively
viscous solution for use in the solution deposition pro-
cess. Our approach to these problems has been to utilize
organic bifunctional ligands capable of binding the con-
stituent metal ions of a superconductor together. Using
this method, the problem of the different solubilities of
the individual metal components can be minimized. In
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addition, when the inevitable precipitation of the pre-
cursor does occur during thermal processing, the metal
components will precipitate together rather than indi-
vidually. In the past we have developed and studied
several heterometallic systems utilizing multi-dentate
ligands. Of those, 1,3-bis(dimethylamino)-2-propanol
(bdmapH) has been found to be particularly useful in
binding to several different metal ions. For example,
we have synthesized several mixed metal complexes,
Ba/Cu and Ln/Cu, where the bdmapH ligand functions
as a cross-linking reagent to the Ba(II) and Cu(II) ions
or Ln(III) (Y(III)) and Cu(II) ions. The major advantage
provided by the bdmapH ligand is that, by binding to
the metal centers, it significantly improves the solubil-
ity of metal compounds in organic solvents [5]. In this
paper, the production of YBa2Cu3O7−x (YBCO) super-
conducting films by using a chemical precursor solution
containing bdmapH and spin coating is described.

2. Experimental procedure
2.1. General procedures
All of the chemicals used were reagent grade and were
used without further purification. Copper acetate and
barium acetate were purchased from BDH, Inc. Yt-
trium acetate was purchased from the Strem Chemical
Company. Since the yttrium and copper acetate starting
materials were hydrated, the amount of water present
was determined by thermogravimetric weight loss un-
der oxygen using a Perking Elmer TGA-7. The com-
pound 1,3-bis(dimethylamino)-2-propanol (bdmapH)
was purchased from the Janssen Chemical Company.
The spin-coating apparatus was a Laurell Technologies
WS-200-4NPP-RV spin-coater. The spin-coating de-
vice was equipped with a small substrate vacuum chuck.
Single crystal substrates of [1 0 0] MgO (10× 10 ×
0.5 mm3) were purchased from Coating and Crystal
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Technology. Prior to being used crystal substrates were
washed with ethanol to remove any contamination. The
box furnace used was a Linburg Blue model 51700.
The furnace was equipped with a Eurotherm model 808
programmable controller. All of the reactions were per-
formed in air in a 10 mL beaker. The morphology of
the film surfaces and the thickness of the films were
investigated using a Jeol JSM-8500-LV or JSM-840
scanning electron microscope (SEM). Prior to making
the thickness measurements the coated substrates were
fractured to expose the central area of the film. Energy-
dispersive X-ray spectroscopy (EDXS) was performed
with a Tracor-Northern TN5500 instrument on the Jeol
JSM-840 SEM. The critical onset temperatures were
determined by magnetic susceptibility measurements
performed on a Quantum Design MPMS SQUID mag-
netometer. X-ray powder diffraction experiments were
performed on a Scintag XI powder diffractometer using
CuKα radiation operating at 45 kV and 40 mA.

2.2. Synthesis and deposition
of the precursor solution

The precursor solution for film 1 was prepared by
dissolving Y(O2C2H3)3 · 2H2O (50 mg, 0.17 mmol),
Ba(O2C2H3)2 (85 mg, 0.33 mmol), Cu(O2C2H3)2 ·H2O
(100 mg, 0.50 mmol) and bdmapH (146 mg, 0.66 mmol)
in a 1 : 2 : 3 : 4ratio in approximately 5 mL of acetic
acid. The solution was stirred and heated until all of the
metal salts were dissolved. The solution was then con-
centrated to approximately 0.3M (based on Cu). The
precursor solutions for films 2 and 3 were prepared in
the same manner except that half of the acetic acid sol-
vent was replaced with ethanol. In all cases, the dark
blue solution was found to be stable for several weeks
provided that stirring was continued and the flask was
covered. The precursor solution was coated to the sub-
strate via spin coating. The solution was applied to the
surfaces of the [1 0 0] MgO substrates dropwise with
a pipette. The substrates were then accelerated to 1500
r.p.m. in approximately 30 s. The spinning was con-
tinued for an additional 30 s. The initial precursor films
were light blue in color and transparent. Once removed
from the spin-coater the films were placed on a flat and
level quartz plate.

2.3. Thermal processing of film 1
The plate containing the precursor-coated substrate was
placed in the 400◦C preheated furnace. The film was
then heated in air at 25◦C min−1 to 870◦C. The film
was held at this temperature for approximately 1 h be-
fore being cooled to 400◦C at a rate of 10◦C min−1.
Shortly after being placed in the furnace the film be-
came light brown in color. At this stage much of the
volatile precursor had decomposed. The color of the
film after high-temperature processing is dark blue or
black and appears somewhat metallic. This coating and
thermal processing was repeated an additional nine
times to achieve the desired thickness. A final annealing
was carried out in oxygen. This was achieved by placing
the film under a quartz hood and flowing oxygen over
the film. The rate of oxygen flow was measured to be ap-
proximately 20 cm3 min−1. During the final annealing

the film was heated at a rate of 15◦C min−1 to 930◦C
for 30 min. Following this the film was cooled at a rate
of 10◦C min−1 to room temperature under oxygen.

2.4. Thermal processing of film 2
The precursor-coated substrate was placed in a 400◦C
preheated furnace. The temperature was increased at a
rate of 25◦C min−1 to 870◦C. The film was soaked
at this temperature for approximately 1 h. Cooling
was done at 10◦C min−1 to 400◦C. The coating and
thermal processing was repeated an additional nine
times. Annealing was performed by heating the film at
15◦C min−1 in flowing oxygen to 930◦C. The film
was held at 930◦C for approximately 6 h before being
cooled very slowly at the rate of 2◦C min−1 to room
temperature under oxygen.

2.5. Thermal processing of film 3
The coated substrate was placed in the furnace at 25◦C
and heated in air at 25◦C min−1 to 930◦C. The film
was held at this temperature for approximately 30 min.
The furnace was then cooled to 25◦C at a rate of
20◦C min−1 under oxygen. This process was repeated
an additional 20 times to achieve the desired thickness.
Annealing was performed by heating the film in flow-
ing oxygen at 15◦C min−1 to 930◦C. The film was held
at 930◦C for approximately 6 h before being cooled to
room temperature at a slow rate of 2◦C min−1. During
this cooling the film was soaked at 400◦C and 300◦C
for 6 h inoxygen.

3. Results and discussion
It has been reported previously that metallorganic pre-
cursor compounds can be used in the production of
high-temperature superconducting films via a solution-
deposition process [6]. The ligands used in these sys-
tems typically bond to a single metal center. While
these ligands to improve the solubility of some of the
metal compounds in solution, they do not address the
problem of the solubility difference of different metal
compounds. Therefore, non-homogenous precipitation
of the different metal compounds often occur in these
systems. While in the production of bulk powder sam-
ples this problem may be corrected by good mechanical
mixing, in the production of film samples it will re-
sult in a loss of stoichiometry. The use of cross-linking
reagents may address this problem since precipitation
of the metal complexes containing more than one metal
ion will retain stoichiometry during precipitation. The
morphology of the films produced should also improve,
since less rearrangement will be necessary in the solid
state. Several examples of mixed metal compounds
linked by bridging ligands, which may be useful as com-
ponents in precursors for high-temperature supercon-
ductors are known [7]; however, few of them have been
applied to produce superconducting materials [8]. We
have investigated several ligands for their ability to form
heteronuclear complexes with the constituent metals of
the high temperature superconductor oxides. To date we
believe the ligand 1,3-bis-dimethylamino-2-propanol
(bdmapH) is the best. In independent syntheses we
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have isolated several mixed metal compounds us-
ing bdmap and acetate as cross-linking reagents.
Although we have not been able to isolate any crys-
talline mixed-metal compounds directly from the dark
blue solution, we believe that it is likely that some of
the complexes formed in solution may be similar to
those we obtained by independent syntheses, reported
elsewhere [5].

Another advantage of cross-linking reagents is the
enhanced solubility they bring to the precursor solu-
tion. In our studies we have found that1 : 2 : 3mixtures
of Y(O2CCH3)3, Ba(O2CCH3)2 and Cu(O2CCH3)2 are
soluble in acetic acid provided the solution is kept very
dilute or at high temperature. If the solution is concen-
trated or cooled to ambient temperature the result is the
precipitation of one or more of the metal compounds.
We have found that the addition of a small amount of
bdmapH to a mixture of these acetates greatly enhances
the solubility of the individual metal components. This
ability to control the concentration of the precursor so-
lution is important in the application of the precursor
using either the spin-coating or dip-coating techniques.
With these techniques the thickness of the film is largely
controlled by the viscosity of the solution used. The vis-
cosity of the precursor solution made with the bdmapH
ligand can be easily adjusted by controlling the amount
of solvent present. This allows the precursor solution
to be coated easily using common solution-deposition
techniques.

The substrates used in our work are [1 0 0] MgO
and [1 0 0] LaAlO3. The tetragonal lattice constants for
MgO and LaAlO3 area = 0.4203 nm and 0.3790 nm,
respectively [9]. Since the lattice constants for the or-
thorhombic YBCO superconductor area = 0.32 nm
and b = 0.389 nm, a closer lattice match is ex-
pected for LaAlO3 [10]. The thermal lattice expan-
sion characteristics of LaAlO3 and MgO are similar,
having expansion coefficients of 10× 10−6 ◦C−1 and
8 × 10−6 ◦C−1 respectively. Both are therefore suit-
able as substrates for YBCO which has an expansion
coefficient of 11–12× 10−6 ◦C−1 [11(b)]. One of the
principal uses for high Tc superconducting films is in
high-frequency applications such as those found in the
microwave communication industry [2]. For these ap-
plications the dielectric constant of the substrate should
be as low as possible. The dielectric constants for MgO
and LaAlO3 are 10 and 25 respectively. Although MgO
may be slightly better, both substrates are acceptable
as substrates for use in microwave applications which
require dielectric constants less than 100 [11]. We have
observed that films produced on LaAlO3 have very poor
surface and superconducting properties. For this reason
the work presented here involves only MgO substrates.

The nature of the solvent in a precursor solution is the
other principal controlling factor in the substrate pre-
cursor interactions [12]. A precursor solution intended
for use in film production must bind to the substrate
material as well as the superconductor oxide. If the
precursor does not coat evenly, forming droplets or is-
lands, the production of high-quality oxide films will
not be possible. Since the substrates commonly used to
produce epiaxial microcrystalline films of YBCO are

oxide materials, the initial solvent chosen for our pre-
cursor system was acetic acid. Acetic acid is an ideal
polar solvent because it binds well with the polar oxide
substrates and also allows for the formation of a vis-
cous precursor solution. Unfortunately, acetic acid is
corrosive and can slowly dissolve YBCO. This creates
the problem of the previously coated layers of oxide
being partially dissolved during the application of ad-
ditional layers. The resulting film will be porous and
thin. This problem has been observed in our first attempt
to produce the YBCO film 1. The solvent used in the
experiment for film 1 was glacial acetic acid. A SEM
micrograph of a randomly selected area of this film
is shown in Fig. 1. The black regions, comprising ap-
proximately 15% of the film, are the MgO substrate as
confirmed by EDX and are evidence of incomplete cov-
erage due to the corrosive nature of the solvent. The film
consists of uniform round platelets measuring laterally
2–3µm which lie parallel to the substrate surface. The
microstructures observed in other similar metallorganic
or sol-gel processes using spin coating have shown less
uniform microstructures and often smaller grain sizes
[6(a), 6(c), 6(g), 13]. The thickness of this film was mea-
sured to be approximately 0.5µm by cross-sectional
SEM. Film 1 does show an excellent X-ray powder
diffraction pattern with only the YBa2Cu3O7−x peaks
and substrate peaks appearing. Since only [0 0`] lines
were observed in the diffraction scan, it can be con-
cluded that the film shows a preferred epitaxial align-
ment along the c axis of the substrate. There is no evi-
dence of other misaligned phases or impurities present,
since, except for the MgO [2 0 0] reflection, no other
reflections were observed Fig. 3. Despite the thin and
porous nature of this film, the sample was found to be
superconducting. The superconducting characteristics
of the films were investigated by variable-temperature
magnetic susceptibility measurements using a SQUID
magnetometer. This was accomplished by cooling the
films to 2 K in theabsence of a magnetic field before
warming the film to 300 K in a field of 100 G, which
showed that film 1 has an onset critical temperature of
approximately 60 K (curve A, Fig. 2).

The porous appearance of the film can be minimized
by diluting the acetic acid solution. In the precursor
solution used for film 2, approximately half of the
acetic acid solvent was replaced by ethanol. Further
dilution of the acetic acid solvent with ethanol resulted
in the precipitation of a white powder. The results of
diluting the acetic acid solvent dramatically improved
the morphology of the film. This can be seen clearly
from the randomly selected area of the film shown
in the SEM micrograph of film 2 (Fig. 4). The film
is denser, in comparison to film 1, and covers nearly
the entire surface area of the substrate, although a few
very small holes (less than 1µm) are still present,
which appear black on the micrograph. The entire film
area is similar to the region shown except for some
small cracks very close to the substrate edges. The film
again consists of uniform round platelets; however, the
platelets in this film are larger than those in film 1 with
diameters ranging from 3 to 5µm. A uniform and com-
plete coverage of the materal with large grains is highly
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Figure 1 a SEM micrograph of film 1.

Figure 2 Magnetic susceptibility data for film 1 (A), 2 (B and C), and film 3 (D).
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Figure 3 X-ray powder diffraction diagram for film 1. (The X-ray diffraction diagrams for films 2 and 3 are identical to that of film 1, except that the
relative intensities of the MgO peaks decrease substantially.)

Figure 4 a SEM micrograph of film 2.
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desirable in superconducting films, since grain bound-
aries are minimized [14, 1(a)]. We believe the high-
quality microstructure observed in this film is directly
related to the presence of the bdmapH cross-linking
reagent in the precursor solution, since systems in-
volving only metal acetates do not show this type
of high-quality microstructure [6(e)]. The X-ray pow-
der diffraction pattern of this film is again consistent
with YBCO superconductor with an epitaxial align-
ment along the c axis on the substrate. Unfortunately,
the critical temperature for this film is still only 68 K
(curve B, Fig. 2). The optimal critical temperature for
YBCO superconductor oxide is approximately 96 K.
Several factors can contribute to a low critical temper-
ature in ceramic superconductor films. Two of the most
common contributing factors are oxygen deficiency and
non-homogenous surfaces [15]. In an effort to improve
the critical temperature of the films, a second annealing
was performed on film 2. In this process the film was
held at a 930◦C for approximately 6 h. The purpose
of this extended high-temperature heating was to al-
low further crystallization to occur, thus improving the
homogeneity of the surface. The film was then cooled
very slowly (2◦C min−1) to room temperature with 6 h
delays at 300◦C and 400◦C in the hope that the oxygen
content of the superconductor could be maximized. At
high temperatures oxygen is lost in YBCO supercon-
ductor, and therefore annealing at a lower temperature
in an oxygen-enriched atmosphere is necessary. This
can be accomplished by either slowly cooling the film
or soaking the film at a relatively low temperature [16].
The results of this second annealing did improve the

Figure 5 a SEM micrograph of film 3.

morphology slightly, since the film showed less vacant
areas. The superconducting property of the film did not
however improve much, with the critical onset temper-
ature still being only 74 K (curve C, Fig. 2). It has
also been shown that very high-temperature treatments
can partially fuse the grains of YBCO, which reduces
boundaries and produces more homogenous films [6(a),
6(e), 17]. It should be noted, however, that prolonged
exposure to very high temperatures may be damaging
to the film, since melting of individual components of
the superconductor may occur [18]. In an article by
S. I. Shaw, eutectic melting was shown to occur at tem-
peratures as low as 850◦C [19]. It has been commonly
found, however, that much higher temperatures are of-
ten needed to attain high-quality materials [6(a), 6(d),
6(e), 6(f), 6(g), 13(a), 13(c), 17, 20]. In our work we
have found that temperatures less than 930◦C produce
non-superconducting films. Further high-temperature
treatments were attempted at 970◦C, 980◦C and 990◦C
for short periods of time (2 min) and prolonged low-
temperature heating was attempted but no improvement
in the films Tc was observed.

The thickness of film 2 was measured by cross-
sectional SEM measurements which showed the film
had a thickness of approximately 0.8µm. It has been
shown that very thin films can lead to low Tc values
[6(e), 20]. Efforts were therefore made to produce a
thicker film by applying additional coats. Further im-
provements in the film morphology were also desired.
The thermal processing rate below the decomposition
temperature should have a large effect on the morphol-
ogy of the final film produced. Thermogravimetric
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analysis of the dried precursor material has shown that
approximately 95% of the precursor decomposition
occur at temperatures below 412◦C. It was therefore
thought that gradual heating from room temperature
would result in an improvement in the morphology of
the films. The techniques used in previously described
metallorganic systems to decompose precursor films
vary. In many cases the films were heated very
rapidly [6(a), 6(c), 6(f)]. One possible explanation
for this choice of processing method is that in these
systems non-stoichiometric precipitation occurs if
a slow heating process is used. We anticipated that
a loss of stoichiometry by premature precipitation
of individual metal ions during this gradual heating
would not be a problem in our system due to the
presence of the bdmapH cross-linking reagent. The
resulting film 3 obtained after 20 coats indeed showed
improved superconducting characteristics with a
critical temperature of 78 K (curve D, Fig. 2). From
the SEM image for this film it can be seen that film 3 is
much more densely coated than films 1 and 2 with no
observable uncovered areas. A few small (0.1–0.5µm)
particles of unknown composition also appear on the
film surface. The nature of these unknown particles is
being investigated. The film appears to be comprised
of several stacked layers of platelets lying parallel to
the substrate surface (Fig. 5). The platelets in the top
layers appear smaller (1–2µm) than those of the lower
layers (3–4µm). With the exception of a few small
defects at the substrate edge, no cracking was observed
in the film. The thickness of this film was found to be
1.2µm. We have not been able to produce the YBCO
film with a Tc above 80 K. Oxygen deficiency may be
still a factor. However, it is also possible that the low
Tc of our films were caused by carbon contamination,
which is being examined in our laboratory.

4. Conclusions
The bdmapH precursor solution system has been shown
to produce highly uniform superconducting films of
YBCO using the spin-coating method via a relatively
easy and inexpensive process. The principle factors re-
sponsible for the quality of the films produced are the
presence of the bdmapH cross-linking reagent, the sol-
vents, the thermal processing conditions, and the num-
ber of coats applied to the film. Future efforts will focus
on improving the quality and Tc of the YBCO films as
well as the application of the bdmapH precursor system
to other copper-oxide-based superconducting films.
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