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Metal organic deposition using trifluoroacetate (TFA-MOD) is one of the most promising approaches to
YBa2Cu3O7�x superconductors. In this process, CuO nanocrystallites in calcined film never cause random orientation,
which is a major problem in the other solution processes. A ‘‘quasi-liquid network’’ created during the firing process sup-
presses the influence of the nanocrystallites on the epitaxial structure. Impurities in the coating solution cause Y, Ba, and
Cu compounds; a long calcining process leads to CuO grain growth in the YBa2Cu3O7�x film. These compounds dete-
riorate superconducting properties in two ways. One is a direct physical obstacle and the other is an indirect chemical
influence. In the latter mode, non-stoichiometric area, which is induced by the compound, breaks up the quasi-liquid
and the quasi-liquid changes into the other phase. Therefore, the actual YBa2Cu3O7�x film is thinner and the supercon-
ducting properties degrade. To reduce the influence of CuO nanocrystallites, excess humidity in the firing gas is effective
because increased quasi-liquid consumes the nanocrystallites. However, the improvement is imperfect. A combination of
highly purified coating solution and optimal calcining process is required to obtain high performance YBa2Cu3O7�x

superconductors. With such a combination, YBa2Cu3O7�x films having critical current density of 5–7 MA/cm2 (77 K,
0 T) are routinely obtained.

Superconductors are divided into two groups: one includes
metal superconductor, which have a relative low critical tem-
perature (Tc) below 39 K; the other includes oxide supercon-
ductors. The metal superconductors require expensive liquid
He to work.1,2 Most oxide superconductors have higher Tc val-
ues than the boiling point of nitrogen, 77 K. Since liquid nitro-
gen is not expensive, these oxide superconductors have been
studied; their applications are eagerly awaited. Among the ox-
ide superconductors including Bi-, Y-, Hg-, and Tl-based com-
pounds,3 the YBa2Cu3O7�x (YBCO) superconductor has the
most excellent properties in critical current density (Jc) at 77
K.4–6 In addition the YBCO superconductor has excellent prop-
erties in high magnetic fields.7,8 This implies strong possibili-
ties for high magnetic field application. Therefore, YBCO coat-
ed conductors have been studied extensively.

Relatively good YBCO films have been prepared by physical
routes.4–6 The most popular method is pulsed laser deposition.
In this process, a target that consists of the final materials is set
on a rotating table. The laser beam is focused on the target
through a lens to form a plume. The substrate must be heated
on the heater to control its temperature strictly and must simul-
taneously be set in a proper position to deposit superconductor
material well. The whole systemmust be kept at a reduced pres-
sure. The expensive laser and the vacuum apparatus disturb the
application of YBCO films by physical routes; in addition, the

difficulties in controlling their deposition conditions lead to low
reproducibility in the superconducting properties.

Thus a low-cost chemical approach of metal organic deposi-
tion (MOD) has been studied as an alternative process to over-
come the above problems.9–11 In MOD, a gel film is formed on
the substrate through dip-coating or by a spin-coating process
with coating solution. The gel film is calcined and fired in am-
bient pressure to give a superconductor. Organic materials are
decomposed to become oxides during the calcining process and
these oxides form epitaxial superconducting layers during the
firing process. Since this MOD process requires no vacuum ap-
paratus, production cost is dramatically reduced. However, if
stable BaCO3 forms in the calcined film, it is difficult to decom-
pose.12 Intrusion of BaCO3 into YBCO structure also degrades
the superconducting properties.13 In addition, if nanocrystal-
lites form during the calcining process, they cause random ori-
entation in the resulting film.14 Rapid heating is required to sup-
press the formation of the nanocrystallites. However, such rapid
heating induces unforeseen chemical reactions and yields a
harmful carbon residue in the calcined film. These phenomena
result in low superconducting properties and low reproducibil-
ity of the properties.15

Among many kinds of MODs, one process avoids BaCO3

formation, expels the carbon contents during the calcining
process and causes no random orientation of the resulting fired
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film. This is metal organic deposition using trifluoroacetates
(TFA-MOD).16 In this process, the long calcining process ac-
tually yields innumerable nanocrystallites in the calcined
film.17,18 Observation by transmission electron microscopy
(TEM) also confirmed the results. A perfectly oriented YBCO
layer is easily obtained through the firing process with extreme-
ly high reproducibility.19 Actually, large-area YBCO films on
50 mm-diameter substrates are easily obtained20 and about 10
m-long YBCO tapes even on buffered metal tapes21 were re-
ported. This TFA-MOD process is regarded as one of the most
promising processes. Thus many scientists in the world have
been studying this TFA-MOD process.22–25

TFA-MOD was initially proposed as an alternative
process to the electron-beam process. Prior to the proposal,
Mankiewich et al. prepared a precursor film with BaF2 to avoid
stable BaCO3 formation by the electron-beam process.26

Through the firing process under humidified gas, the precursor
film changes into an excellent superconducting layer. This elec-
tron-beam process is also a kind of vacuum process. To prepare
a similar precursor (calcined) film by a low-cost chemical
route, Gupta et al. prepared a film by TFA-MOD process.16

The resulting superconductors did not have such excellent
properties as those of the electron-beam process,26–28 because
their starting materials inevitably increase the total amount of
impurities in the coating solution. No one reported any special
schemes in the TFA-MOD process, so TFA-MOD was regard-
ed as one of the conventional MOD processes. McIntyre et al.
improved the properties of TFA-MOD derived films.17,29,30

Finally, Smith et al. reported that they obtained a 1 mm-thick
YBCO film,31 which is an extraordinary thickness in this field.
Afterward, we reported that a highly purified coating solution
could be obtained by Solvent-Into-Gel (SIG) method. With this
solution, we prepared 50 mm-diameter YBCO films on single
crystal substrates20 and reported high-Jc results. Siegal et al. re-
ported high-Jc film on metal tape obtained by an all-solution
process,32 where they prepared the intermediate layer by a
low-cost MOD process. Furthermore, we reported a carbon-ex-
pelling scheme during the calcining process33 and a growth
mechanism of YBCO layer during the firing process.18 These
two schemes imply that TFA-MOD intrinsically yields excel-
lent superconductors with extremely high reproducibility.

As described above, during the calcining process of TFA-
MOD, harmful carbon contents are entirely expelled and an
amorphous layer of Ba–O–F forms instead of BaCO3. We re-
port the detailed reason with thermodynamical studies and
chemical background. Details of this scheme are described in
an article published elsewhere.33 During the firing process,
nanocrystallites have no influence on the resulting structure.
So the growth-limiting stage of the firing process is not the dif-
fusion of generated HF gas between growth front and film sur-
face, but the diffusion from the film surface. In TFA-MOD, the
required firing time is simply proportional to the film thickness,
while the time is proportional to the square of the thickness in
conventional MOD.34 The quasi-liquid network model solved
all these unsolved problems.18,19

To obtain high-Jc YBCO film by TFA-MOD, one must use a
purified coating solution.20 However, such a purified coating
solution for TFA-MOD is difficult to obtain. Since the most
electronegative fluorine atom in trifluoroacetates forms strong

hydrogen bonds with water, large amounts of impurities remain
through the purifying process in water solvent. On the other
hand, in alcohol solvent, esterification fatally decomposes the
trifluoroacetates35 and the non-stoichiometric coating solution
never yields excellent superconductors.

In this Award Account, the detailed preparation processes
used to obtain purified coating solutions are explained. The de-
tailed growth scheme during the firing process is also ex-
plained.

Preparation Process for Purified Coating Solution

1. Difficulty in Purifying Trifluoroacetates. It is difficult
to purify trifluoroacetates because the most electronegative flu-
orine atoms form strong hydrogen bonds with hydrogen atoms
in water solvent. On the other hand, the salts esterify with alco-
hol solvent even at a calm condition.35 As a result, one of the
biggest vendors in the world does not provide the pure raw ma-
terials listed in Table 1. In this TFA-MOD process, we need,
not the pure salts themselves, but alcohol solutions of the salts
to prepare high-Jc YBCO films.20,36 As an alternative way to
obtain the purified coating solution, we have developed a
three-step process to obtain the purified coating solution: firstly,
we obtain the salts with impurities in non-alcohol solvent; sec-
ondly we expel the impurities to obtain the purified material
with a method; and finally the purified coating solution is ob-
tained by dissolving the material into alcohol. The process is
a base-exchanging route. The weight ratio of the impurities
trapped in the blue gel is about 10–12 wt % in Fig. 1. To expel
the impurities effectively, we should know the main impurity
and its trapping scheme.

2. Trapping Scheme ofMain Impurity. In this preparation
route, the only impurities are water and acetic acid. A flask
including the materials is kept at 40–60 �C during the first pu-
rifying process. Partial pressures of the impurities are listed in
Table 2. The partial pressure of acetic acid is calculated with
the help of Antoine’s equation, described by

logð760=1013� PÞ ¼ A� B=ðC þ tÞ: ð1Þ

Here P (hPa) and t (�C) represent partial pressure of a material
and its temperature, respectively. In Eq. 1, A, B, and C are con-
stants. Their values for acetic acid are 7.42728, 1558.03, and
224.79, respectively, at 0–100 �C.37 P(H2O) is higher than
P(CH3COOH) at all temperatures during the preparation proc-
ess. This purifying process requires a relatively long time of
about 10 hours. This is enough time to separate water from ace-
tic acid, with the difference listed in Table 2. From this point of
view, the main impurity in the blue gel with impurities should
be acetic acid. We synthesized the coating solution three times.

Table 1. List of Raw Materials from Vendors

Material Purity/% Number of hydrates

(CF3COO)3Y 99 x (�4)
(CF3COO)2Ba not for sale —
(CF3COO)2Cu unknown 1

(CH3COO)3Y 99.999 x (�4)
(CH3COO)2Ba 99.999 0
(CH3COO)2Cu 99:99þ 1
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Each time, we measured water and acetic acid contents; the re-
sults are summarized in Table 3.38 These results were measured
as amounts of impurities in coating solution. To compare the
ratios of 10–12 wt % of impurities in glassy blue gel, we should
know the density of trifluoroacetates for the calculation. The
density is 2.37 g/cm2 at 25 �C, calculated by comparing two
kinds of coating solution with different concentrations. We
use an experimental datum of 10.9 wt % as a ratio in the glassy
gel to calculate the corresponding ratio in coating solution. Ig-
noring the slight volume decrease that occur on mixing materi-

als, the ideal weight of trifluoroacetates in 1.50 mol/L of ionic
concentration in 100 mL is 50.77 g, as listed in Table 4. Using
the above impurities ratio, one can estimate the sweight of the
impurities to be 5.53 g. The density of acetic acid is 1.049 g/
cm3, which is similar to that of water. The volume of the impur-
ities is estimated to be 5.27 cm3 in the case of pure acetic acid
and to be 5.53 cm3 in the case of pure water. The difference of
the two data is only 0.26 cm3, which is negligible compared
with the total volume of 100 cm3. Here, we use 1.000 g/cm3

as the density of the impurities. Substituting the volume of tri-
fluoroacetates and impurities, we identify a volume of methanol
solution. Based on the data, an equivalent ratio of impurities to
coating solution is estimated to be 4.85 wt %, as listed in
Table 4. Compared with the datum of 4.85 wt %, the total
amount of impurities listed in Table 3 is lower by approximate-
ly 20%. However, we conclude that the data are reliable enough
to identify a major impurity in the blue gel with impurities.

Fig. 1. Process for preparing purified coating solution in TFA-MOD. Metal trifluoroacetates are synthesized with metal acetates and
trifluoroacetic acid in water. Sticky gel intrinsically confines impurities during the refining process. The impurities can be replaced
with alcohol solvent. Avoiding esterification between trifluoroacetates and the alcohol solvent, the impurities can be mostly expel-
led with the Solvent-Into-Gel (SIG) method.

Table 2. List of Partial Pressures of Acetic Acid and Water

Temperature P(CH3COOH) P(H2O)
/�C /hPa /hPa

30 27.4 42.4
35 35.9 56.2
40 46.6 73.7
45 59.9 95.8
50 76.2 123.4
55 96.3 157.4
60 120.6 199.2
65 149.9 250.1
70 184.9 311.6
75 226.5 385.4
80 275.6 473.5

Table 3. List of Impurities in Primary Solution

Solution CH3COOH H2O
/wt % /wt %

A 0.82 3.4
B 0.93 3.1
C 0.85 3.2
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3. Impurity Trapping Scheme. The results in Table 3 pro-
vided us a surprising fact: that the main impurity was not acetic
acid but volatile water. Such a result implied the existence of an
unforeseen impurities-trapping scheme. In this scheme, acetic
acid vaporized during the purifying process instead of water.
Then we considered a scheme of hydrogen bonds between wa-
ter and yttrium(III) trifluoroacetate, as shown in Scheme 1.38 Y
is surrounded by three chelating-type bidentate acetate groups
with open spaces for chemicals to access the central metal of
Y.39 A relatively small molecule of water is considered to be
easily trapped nearby the central metal, with Coulomb’s force
between O�� (H2O) and Y�þ and two hydrogen bonds of O��

(CF3COO–)–H
�þ (H2O). In Scheme 1, primary alcohol is also

preferable to replace the impurities. However, secondary or ter-
tiary alcohol is not usable because the steric hindrance between
carbon chains of alcohol and trifluoroacetates will prevent co-
ordination of O�� (–OH) to Y�þ.

It is difficult to confirm the trapping scheme 1 by X-ray dif-
fraction or nuclear magnetic resonance, because of the strong
deliquence of the hard and blue gel. As an alternative way,
we directly replace the impurities with chemicals and measure
the resulting impurities during an additional purifying process.
We chose 1-propanol and 2-propanol as replacing materials and
obtained two blue gels through common final purifying condi-
tions of 75 �C and 10–20 hPa (vaporization of the higher alco-
hol made the pressure unstable). By dissolving these blue gels
into methanol, we obtain coating solutions D and E, respective-
ly. Amounts of acetic acid, water, 1-propanol, and 2-propanol
in D and E are summarized in Table 5.38 We could not identify
the reason why the total amount of acetic acid was larger than
the results in Table 3. However, when primary alcohol was used

for a replacing material, the water content was lower than that
from secondary alcohol. Such results confirm the presumed
trapping scheme. Gas chromatography/mass spectroscopy re-
sults also revealed the existence of a large amount of higher al-
cohol; the materials are shown to change into a harmful carbol-
ic group to the YBCO films.13 Therefore, these replacing mate-
rials should not be used for the actual preparation process as far
as possible.

4. Purified Coating Solution. These results provide clues
for new candidates as replacing materials. The materials should
have no steric hindrance to access the central metal and should
be able to form hydrogen bonds with the salt. In addition, a ma-
terial of small molecular weight is desirable because such ma-
terial is more active for replacing the impurities than a heavy
one. According to the above discussion, we concluded that
methanol must be the best material as the replacing material.
Fortunately, the material is the solvent in the resulting coating
solution and therefore never increases the total amount of im-
purities. Consequently, the SIG method20 with methanol is con-
cluded to be the ideal method to obtain a purified coating solu-
tion. With this method, we can reduce the total amount of the
impurities in the coating solution. The purified coating solution
has only 0.20 and 0.98 wt % of water and acetic acid, respec-
tively. Figure 2 shows a schematic illustration of TFA-MOD.
Gel films prepared by the coating process are calcined and fired
to become superconducting YBCO films. Figures 3 and 4 show
typical calcining and firing processes, respectively. With the
obtained coating solution, we can routinely prepare high-Jc
YBCO films having Jc of 5–7 MA/cm2 (77 K, 0 T) and thick-
ness of 150–230 nm.18,20

Table 4. List for Calculated Equivalent Impurities Ratio in
a Coating Solution

Content Amount Unit

ideal blue gel weight 50.77 g
ratio of impurities 10.9 wt %
weight of impurities 5.534 g

density of trifluoroacetates 2.37 g cm�3

density of acetic acid 1.049 g cm�3

density of water 1.000 g cm�3

density of methanol 0.79142 g cm�3

volume of the gel 21.42 cm3

volume of impurities 5.27 cm3

volume of solvent 73.04 cm3

total weight of solution 114.11 g

impurities ratio of solution 4.85 wt %

Scheme 1. A presumption of trapping scheme of impurities
to Y trifluoroacetates. A yttrium atom is surrounded by
three chelating-type bidentateacetate groups and there are
open spaces for chemicals to access the yttrium.

Table 5. List of Impurities and Replacing Materials in
Coating Solution

Solution CH3COOH H2O 1-Propanol 2-Propanol
/wt % /wt % /wt % /wt %

D 1.70 0.26 7.0 0.0
E 1.77 0.39 0.0 9.8
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Growth Scheme of YBa2Cu3O7�x during
the Firing Process

1. Unsolved Phenomena in TFA-MOD. In TFA-MOD,
there are two major phenomena that occur during the firing
process, which remain unsolved. Firstly, CuO nanocrystallites
in calcined film have no influence on the resulting YBCO struc-
ture. Such nanocrystallites induce fatal disorder of the resulting
structure in the other MOD processes.14 Consequently, YBCO
film with such disorder has a low-Jc value and its reproducibil-
ity is not enough for its application. Secondly, the required fir-

ing time is simply proportional to the film thickness. The fact
implies that the growth limiting process during the firing proc-
ess is not diffusion of HF gas in the film between growth front
and film surface, but the diffusion from the film surface. Since
the content of calcined film in TFA-MOD is similar to the con-
tent in the electron beam process, similar chemical reactions
during the firing process are expected. In this electron beam
process, Solovyov et al. reported the above phenomena.40,41

Some groups attempted to solve the phenomena by introducing

Fig. 2. Schematic illustration of TFA-MOD for fabricating YBCO superconductors. Highly purified coating solution is deposited to
give gel film on the substrate by spin-coating. The gel film is calcined to become a precursor film, which consists of CuO nano-
crystallites and Y–Ba–O–F amorphous matrix. The precursor film is fired to give YBCO superconductor. All these processes
are achieved in ambient pressure.

Fig. 3. A typical calcining profile for TFA-MOD. Dry gas is
introduced below 100 �C to avoid absorption of water va-
por into gel film. Humidified gas above 100 �C partially hy-
drolyzes Cu trifluoroacetate to avoid its sublimation. All
metal trifluoroacetates are decomposed at 200–250 �C to
become CuO nanocrystallites and Y–Ba–O–F amorphous
matrix. Decomposed harmful residues are expelled above
250 �C.

Fig. 4. A firing profile for TFA-MOD. Humidified gas is in-
troduced at 100 �C. Fluorides react with water vapor to
generate hydrogen fluoride above 650 �C. YBCO structure
forms above 725 �C. An optimal oxygen partial pressure
depends on the maximum firing temperature. 1000-ppm
oxygen mixed Ar gas is used in the firing profile with a
maximum temperature of 800 �C. YBCO film is annealed
below 525 �C to become YBCO superconductor.

T. Araki Bull. Chem. Soc. Jpn., 77, No. 6 (2004) 1055



new models. However, no new model could explain all these
phenomena without inconsistency. Prior to our establishing a
new model, the reasons why CuO nanocrystallites have no in-
fluence on the resulting YBCO structure were studied.

2. CuO Grain Growth. A TEM cross-sectional image of a
calcined film that had been calcined for 16h40m at the decom-
posing temperature of 200–250 �C is shown in Fig. 5.18 The
TEM observation showed CuO nanocrystallites and amorphous
matrix. The amorphous matrix consisted of Y, Ba, O, and F
atoms and partial Cu content, as detected by energy dispersive
X-ray spectrometry. If the diameter depends on the calcining
process, it will be natural to think about the grain growth
against the time. To detect the CuO nanocrystallites easily,
we calcined gel films with four-time duration time at the de-
composing temperature. TEM observations of the calcined film
are shown in Fig. 6.18 The average diameter of the CuO nano-
crystallite of Fig. 6 seems to be larger than that of Fig. 5. De-
scription of the diameter with an equation is important to pre-
dict its growth behavior. Although measuring the real diameter
of the CuO nanocrystallite is difficult, a width in a direction has
a certain relationship to the diameter. 20 nanocrystallites were
measured in both images of Figs. 5 and 6. The obtained average
and standard deviation data are summarized in Table 6. The
Ostwald ripening scheme predicts the average diameter of
grown grain under a condition where only one kind of grain
merges with the other to become larger. According to the def-
inition, the time zero must be located in 6h15m at 200–250 �C,

when all trifluoroacetates are entirely decomposed to yield ox-
ides.18 Besides, the scheme requires a fixed temperature during
the grain growth. In TFA-MOD, temperature of the calcining
process gradually increases so as to decompose the salts effec-
tively. This is only one different condition to apply the Ostwald
ripening scheme. Including this one different condition, the di-
ameter follows the equation well. According to the Ostwald rip-
ening scheme,42 the diameter of a growing grain depends on the
heating time described by

at
3 � ai

3 ¼ kt: ð2Þ

Here, at, ai, t, and k represent the diameter of the growing
grain (m), the initial diameter (m), the time (s), and a constant,
respectively. From Eq. 2 and the results in Table 6, we calculate
k to be 6:12� 10�29 m3/s. Even if the initial average diameter
of CuO nanocrystallites at 6h15m of the decomposing time in
the calcined film were 3 nm at relative large estimation, k is es-
timated to be 6:11� 10�29 m3/s. We can estimate the average
size of sample A in Table 6 as 13.2 nm from the datum of sam-
ple B. This estimation coincides reasonably well with the result
of A shown in the Table 6. The diameter of the CuO nanocrys-
tallite increases with the decomposing time during the calcining
process, according to Eq. 2.

3. Indirect Chemical Influence on Superconducting
Properties. To study the influence of nanocrystallites on the
resulting YBCO structure, we observed some cross-sectional
TEM images of the fired film. However, only tightly connected
epitaxial layers were observed, when the nanocrystallites grew
enough and the diameter of grown nanocrystallite was up to
film thickness. Such a result also means that the possibility
for capturing the image of the grown grain with cross-sectional

Fig. 5. Cross-sectional TEM observation of precursor film
in TFA-MOD. The high spinning rate in spin-coating and
solvent vaporization caused the pores on the substrate. In
the precursor film, small particles were CuO nanocrystal-
lites and other areas consisted of Y–Ba–O–F amorphous
matrix. This figure is reproduced from Fig. 7 of Ref. 18.

Fig. 6. Cross-sectional TEM observation of YBCO films
that were calcined for 66h40m at 200–250 �C during the
calcining process. CuO nanocrystallites ripened and grew
compared to the film calcined for 16h40m (Fig. 5). This fig-
ure is reproduced from Fig. 8 of Ref. 18.

Table 6. Average and Standard Deviation of Nanocrystallite Size in Precursors

Duration timeaÞ Standard deviation
Sample at 200 to 250 �C Average grain size of grain size

/h /nm /nm

A 10.4 14.0 1.33
B 60.4 23.7 6.56

a) Calculated by subtracting the decomposed time (6.3 h) from the calcining time.
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images is small. Based on this idea, a plan-view TEM image of
the film derived from a long-calcined one was observed. The
plan-view observation is shown in Fig. 7.19 The film shows
tightly connected c-axis-oriented YBCO grains as a matrix,
a/b-axis-oriented YBCO grains, and large CuO grains from
chemical microanalysis by energy dispersive X-ray spectrome-
try. The content of areas except CuO grains was stoichiometric.
Dark areas, where no material exists, derived from the sample
preparation process or from the rough surface of the fired film.
Therefore, the total content of the observed area is non-stoi-
chiometric. At that time, the reason was not clear. However,
the reason why we could not find the CuO grains when we used
some cross-sectional images was clear: the film has only a few
gigantic CuO grains within one observed area. These gigantic
grains physically disturb the superconducting current. In addi-
tion, YBCO film on LaAlO3 intrinsically has a large amount of
a/b-axis-oriented YBCO grains, which never carry supercon-
ducting current. Such obstacles enhance the influence of the
CuO grain as a physical obstacle in the fired film. To study
the influence, Jc dependence on the decomposing time during
the calcining process was studied; the result is summarized in
Fig. 8. However, the influence was much stronger than the
above assumption. Figure 7 shows that Jc of the film with the
CuO grain decreases by 30% at maximum estimation even if
a/b-axis-oriented grains enhanced the influence of the grown
CuO obstacles. Results in Fig. 8 imply an unforeseen phenom-
enon. The result of Fig. 7 also implies undiscovered Y and Ba
compounds because of the stoichiometric content. From the
other cross-sectional images of the fired film, perfectly epitaxial
growth on the substrate is always observed. From such a view-
point, we conclude that Y and Ba compounds exist on the YB-
CO layer and near the surface, because stoichiometric layer and

CuO grains exist on the substrate. To confirm the existence of Y
and Ba compounds, we observed a cross-sectional TEM image
including both substrate and rough surface of a fired film. The
image shown in Fig. 9 showed epitaxial growth of c-axis-ori-

Fig. 7. Plan-view TEM observation of the fired film, which
was calcined for 66h40m. c-Axis-oriented YBa2Cu3O7�x

grains grew perfectly around CuO grains. The observed mi-
crostructure supports the high reproducibility in high-Jc of
the films prepared by TFA-MOD. This figure is reproduced
from Fig. 2 of Ref. 19.

Fig. 8. Dependence of Jc of the resulting films on the calcin-
ing time at 200–250 �C. Jc increased with calcining time
below 9h43m and then decreased with longer calcining
times above 9h43m. This result does not agree with the de-
composition of metal trifluoroacetates. Some undetected
residues might cause the deterioration of Jc. The Jc of
the long-calcined film, fired with 12.2% humidified gas,
was slightly improved but not perfectly restored. An appro-
priate calcining time is indispensable in obtaining high-Jc
YBCO films. This figure is reproduced from Fig. 1 of
Ref. 19.

Fig. 9. Cross-sectional TEM observation of YBCO film by
TFA-MOD. The film was prepared with the highly purified
coating solution by the SIG method. On the substrate, per-
fectly c-axis-oriented YBCO grains were observed. a/b-
Axis-oriented grains were also observed on the c-axis-ori-
ented grains. The other phases were observed near the sur-
face and these phases derived from non-stoichiometric
quasi-liquid during firing. This figure is reproduced from
Fig. 13 of Ref. 18.
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ented YBCO grains on the surface, and the figure also shows a/
b-axis-oriented YBCO grains and the other phases, which are Y
and Ba compounds, on the layer. In this figure, although CuO
grains were not observed, stoichiometric content also implies
their existence in the other area. Such indirect chemical influ-
ence of CuO grains mainly degrades Jc values of the fired film.

4. Growth Scheme of Epitaxial YBCO in TFA-MOD.
TFA-MOD has some characteristic growth modes of YBCO
layer. YBCO layer formed near the substrate without any prob-
lem, but did not form near the surface. YBCO layer began to
form on the substrate toward the top of the film. These results
provided me with important clues to discover the characteristic
growth scheme. Some groups considered that an intermediate
state appears only near the growth front of the YBCO grains.
Their assumption was quite natural. On the growth front, new
grains can easily form because of Coulomb’s force. However,
according to this growth mode, the possibility for formation
of the other phase must be uniform within the film. Yet actual
results revealed no other phases near the substrate. Based on
such results, we conclude that the intermediate layer must form
in all the film during the firing process, so Coulomb’s force near
the growth front is not dominant enough to form a new layer.
The intermediate state is called a quasi-liquid. During the firing
process, YBCO growth requires water vapor and HF gas is si-

multaneously released. Moreover, fluorine ion sensor studies
suggest that fluoride is generated above a certain temperature.
Therefore, I could presume that the formation of the quasi-liq-
uid requires six kinds of atoms, which are Y, Ba, Cu, O, F, and
H, at higher temperatures. Each atom has a range in the concen-
tration to form the quasi-liquid. Since a group reported that the
chemical reactions during the firing process are in equilibri-
um,28 formation of the quasi-liquid must be in equilibrium from
the raw material to the YBCO grain. The expected chemical re-
actions are described below:

CuOþmatrix (Y, Ba, O, and F)þ H2O

$ quasi-liquid (Y, Ba, Cu, O, H, and F) ð3aÞ

quasi-liquid (Y, Ba, Cu, O, H, and F)

$ YBCOþ HF": ð3bÞ

A quasi-liquid network forms in the film during the firing proc-
ess, based on the above presumption, as shown in Scheme
2(a).19 This quasi-liquid network helps transportation of water
and HF in the film, as shown in Eqs. 3a and 3b. The quasi-liquid
only releases YBCO grains on lattice-matched areas because of
Coulomb’s force. This growth scheme permits both c-axis-ori-
ented and a/b-axis-oriented grains on the substrate. The growth

Scheme 2. Growth mechanism of YBa2Cu3O7�x grains prepared by TFA-MOD during firing. Precursor films calcined for (a) a suit-
able time and (b) a long time. Precursor (b) has many large CuO nanocrystallites but few amorphous regions, which are Cu-rich
compared to precursor (a). During the firing process, quasi-liquid forms in the Cu-rich amorphous region and CuO/amorphous in-
terface. The diameter of the CuO nanocrystallites decreases to form the quasi-liquid. The quasi-liquid releases YBCO grains and HF
gas only on the YBCO growth front because of energetic stability. The quasi-liquid also supports the transportation of HF and H2O
between the precursor’s surface and YBCO growth front. The resulting YBCO film has almost perfectly c-axis-oriented YBCO
grains and permits the existence of isolated CuO grains. This structure leads to high Jc of the YBCO film with high reproducibility.
This scheme is reproduced from Fig. 3 of Ref. 19.
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rate in the vertical direction of the a/b-axis-oriented grains is
much faster than that in the horizontal direction. Since the
growth of a/b-axis-oriented grains reached a maximum before
a large volume reduction of the film during the firing process,
the surface of the film becomes always rough, as shown in
Fig. 9. An optimally calcined film shown in Scheme 2(a) yields
a small number of gigantic CuO grains in the fired film. On the
other hand, the film in Scheme 2(b) calcined for a long time
yields a relative large number of CuO grains; thus, the resulting
YBCO film has a low-Jc result. Decomposition of trifluoroace-
tates and vaporization of the resulting harmful resides requires
at least about 10 hours, as we reported.18 During this time, CuO
nanocrystallites inevitably merge with each other to make larg-
er ones. Such larger CuO nanocrystallites have an influence on
YBCO thickness. Scheme 3 shows that the non-stoichimetric
area has indirect influence on YBCO layer because the other
phases can form on it. Schemes 3(a) and (b) show the growth
mode of a properly calcined film. At the beginning of the firing
process, a small nanocrystallite has no influence, because a
small difference to the stoichiometry is permitted to form the
quasi-liquid. Nevertheless, around the end of the film growth,
increased concentration of Cu content by the small CuO nano-
crystallite breaks the condition for the quasi-liquid. Conse-
quently, a properly calcined film has small other phases on it.
In the case of a film calcined for a long time, a large amount
of the other phases forms, as illustrated in Schemes 3(c) and
3(d). The thickness of the YBCO layer decreases and the Jc
of the YBCO film degrades. The explanation with the quasi-liq-
uid network model is entirely consistent with the actual results.

High-Jc film shows strong YBCO peaks when studied by XRD.
5. Conditions Required to Obtain High-Jc YBCO Film.

This study revealed that Jc of the YBCO film depends on the
decomposing time during the calcining process. On this issue,
two groups have reported no influence of the calcining proc-
ess.43,44 Only in our group, impurities are reduced, as shown
in the former section. To investigate the reason, I dared to pre-
pare a non-purified coating solution without SIG method and
fired a YBCO film with the coating solution. Figure 10 shows
a cross-sectional image of the film obtained. The YBCO film
has Y and Ba compounds in the film. The intermediate loca-
tions of these compounds meant that these compounds derived,
not from non-stoichiometric contents in the quasi-liquid as
shown in Scheme 3, but from impurities in the coating solution.
This film must have a large amount of the other phase on the
film due to indirect chemical influence. Even if CuO nanocrys-
tallites were reduced by the optimal calcining process, the other
particles of Y and Ba compounds remain in the film, as shown
in Fig. 10. The effect of only the CuO reduction by the optimal
process is subtle. Two groups could not find any effect because
of the Y and Ba compounds.43,44 A combination of coating so-
lution highly purified by SIG method and the optimal calcining
process is required to obtain high-Jc YBCO film.33

6. Suppression of Influence of CuONanocrystallites. The
quasi-liquid network model explained all unsolved problems in
TFA-MOD discussed above. To improve the Jc value of the
film and to confirm the model, we performed an additional ex-
periment. A calcined film that was calcined for a long time at
the decomposing temperature has relative large CuO nanocrys-

Scheme 3. Schematic illustration of YBCO growth from precursor film with small CuO nanocrystallites (a), (b) and large ones (c),
(d). In the precursor film with small nanocrystallites (a), YBCO grows to the substrate surface without problems. However, non-
stoichiometric quasi-liquid, derived from CuO nanocrystallites, near the surface leads to non-superconducting phases (b). In the
precursor with large nanocrystallites (c), Y- and Ba-rich quasi-liquid forms during the firing process. Consequently in (d), thicker
non-YBCO layer forms on the YBCO layer compared with the case for small nanocrystallites. CuO grains in the fired film indirectly
degrade its Jc. This scheme is reproduced from Fig. 12 of Ref. 18.
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tallites and the nanocrystallites merge with each other into larg-
er CuO grains during the firing process. With an effective way
to decrease the CuO nanocrystallites during the firing process,
Jc of the resulting YBCO film must be improved. Since the
chemical reaction is in equilibrium, Eq. 3a has an equilibrium
constant. Although the constant depends on the firing tempera-
ture, the dependence is unclear. On the other hand, CuO nano-
crystallites are converted to become a quasi-liquid by increas-
ing reacting materials at a certain temperature. Among the start-
ing materials, only water content can easily be increased. A
long-calcined film was fired under very humidified atmosphere
based on this idea. The result is also shown in Fig. 8 using filled
triangles. Jc improvement confirmed the quasi-liquid network
model, but the improvement was imperfect compared with
the maximum value. Consequently, the optimal calcining proc-
ess is indispensable to obtain high-Jc results.

Conclusions

When one plans to prepare purified coating solution for
TFA-MOD, a base-exchanging route is one of the best ways be-
cause trifluoroacetates esterify with alcohol solvent. During the
purifying process, 10–12 wt % impurities of water and acetic
acid remain in the glassy blue gel. The main impurity is not ace-
tic acid but volatile water. Water is presumed to be collected
around the central metal of trifluoroacetate with hydrogen
bonds. The conditions required for replacing material include

the absence of any steric hindrance which would prevent access
the central metal of trifluoroacetate and hydrogen bonds. Meth-
anol fulfills such conditions; furthermore the material is the fi-
nal solvent, so it will never increase the total amount of impur-
ities. With this replacing material, water content was reduced
from 3.4 to 0.20 wt %. With the purified coating solution,
YBCO films having Jc of 5–7 MA/cm2 (77 K, 0 T) are
routinely obtained.

During the firing process of TFA-MOD, a quasi-liquid net-
work plays important roles. The network helps transportation
of water and HF gas, suppresses the influence of small CuO
nanocrystallites on Jc of the resulting YBCO film, and helps ep-
itaxial growth of YBCO layer. Large nanocrystallites in cal-
cined film merge with each other to become gigantic CuO
grains in the fired film. The diameter of the CuO grains was
up to 150 nm, as large as the YBCO film thickness. The CuO
nanocrystallites in the calcined film deteriorate the Jc value
of the resulting YBCO film in two modes: one is creating phys-
ical obstacles and the other is indirect chemical influence. In the
latter mode, non-stoichiometric quasi-liquid derived from the
CuO changes into the other phases of YBCO near the surface.
YBCO film derived from coating solution without purifying
process has Y and Ba compounds far from the surface in the
YBCO structure. The optimal calcining process improves the
Jc of the above film very little, because indirect chemical influ-
ence from Y and Ba compounds is predominant. The conditions
required to obtain high-Jc YBCO film are a combination of
highly purified coating solution and the optimal calcining proc-
ess. Excess humidity during the firing process is effective to re-
duce the influence of CuO nanocrystallites. However, the effect
is inadequate. To obtain high-Jc YBCO film, an optimal calcin-
ing process is indispensable.

The author is grateful for discussions on CuO ripening
schemes and YBCO growth models with Dr. Izumi
Hirabayashi. This work was partially supported by the New
Energy and Industrial Technology Development Organization
(NEDO) as Collaborative Research and Development of Fun-
damental Technologies for Superconductivity Applications.
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