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Transient liquid assisted nucleation mechanism of YBa2Cu3O7−𝛿 in
coated conductor films derived by BaF2 process∗
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It is significant for low-cost preparation of YBa2Cu3O7−δ (YBCO) coated conductors to make clear the mechanism
of orientation, copper segregation, and nucleation density in BaF2-derived YBCO crystallization. In the present work,
a distinct nucleation mechanism was proposed based on a transient liquid phase induced by the size effect as well as
near-equilibrium assumption. With this scheme the nucleation of YBCO prepared by metal–organic deposition (MOD) or
the physical vapor deposition BaF2 process was semi-quantitatively analyzed, revealing that the direct driving force for
nucleation is YBCO supersaturation in the liquid phase. The theoretical analysis on the nucleation orientation portion is
evidenced by the experimental result.
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1. Introduction
The BaF2 process including the metallorganic solu-

tion deposition (MOD) and physical vapor deposition has
been demonstrated being successful in manufacturing c-
axis textured YBa2Cu3O7−𝛿 (YBCO) superconducting films.
The growth mechanisms were studied by a number of
groups theoretically and experimentally and the solid–gas
reaction-diffusion model was established and admitted by
researchers.[1–3] For the nucleation mechanisms, however,
there are still issues that remain unclear.

Due to a lack of information about the elementary reac-
tions, the supersaturation (∆µ) for YBCO nucleation was pre-
viously deduced from the overall reaction

BaF2 +Y2O3 +CuO+H2O→ YBCO+HF, (1)

with the form of ∆µ =∆µ0+ykT ln(P2
HF/PH2O), where ∆µ0 re-

flects the free energy difference between the solid phases (i.e.,
precursor and YBCO)

Because the growth is strongly affected by the partial
pressure of hydrogen fluoride (PHF), this reaction was believed
to be highly reversible and the reaction kinetics was thought to
be controlled by HF diffusion on the interface between the pre-
cursor and the gas flow. Assuming that the reactions and the
diffusion in the precursor are in equilibrium, calculation for
the growth rate can be made based on the solid–gas diffusion-
reaction model,[2] which is proportional to the square root of
water partial pressure (PH2O). This calculation fits the experi-
mental data.[4] So we believe this model provides a good de-
scription of the growth rate. However, if we consider the prior

stage for YBCO formation, in other words, the nucleation,
there are unclear issues as addressed below.

First, the overall reaction (1) failed to reflect the interme-
diate phases which were observed and discussed.[2,5,6] Some
of the intermediate phases are involved in the main reaction
path and the others are the products of competing reactions.
Considering that the supersaturation for nucleation should be
defined by the free energy difference between YBCO crystal
and the phases directly producing it, the overall reaction is not
appropriate for the calculation of ∆µ . Therefore, a detailed
reaction path is needed to determine the supersaturation.

Second, the diffusion equilibrium in precursor film gen-
erally requires the following relation:[7]

dJH2O,z

dz
= 0,

dJHF,z

dz
= 0, (2)

where JH2O,z and JHF,z denote the gas flow rates in the nor-
mal direction of the substrate. On the surface of the precur-
sor, water vapor diffuses into the film while HF diffuses out,
it can be inferred from Eq. (2) that PH2O near the substrate
is expected to be lower than on the precursor surface and HF
partial pressure is higher near the substrate. Under this con-
dition, if YBCO is the reactant of a backward reaction, there
should be more YBCO near the upper surface than the sub-
strate to maintain reaction equilibrium, which contradicts with
the experimental fact that YBCO nucleation and growth starts
from the substrate. YBCO being the reactant of the backward
reaction means that the nucleation and growth driving force is
the deviation of gas pressure from reaction equilibrium, but the
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contradiction mentioned above negates it. The overall reaction
(1) is therefore inadequate for nucleation analysis.

Furthermore, according to the classical theory of nucle-
ation, the nucleation rate is expressed as[8]

dn
dt

= K exp
[
− (∆G∗+q)

kBT

]
, (3)

where K is a coefficient related to temperature and the charac-
teristic of the material, ∆G∗ is the maximum free energy nec-
essary for nucleation formation, q is the energy of activation
for diffusion across the phase boundary, and n is the number
of nucleus per unit volume. If the nucleation occurs in the
solid phase, q would be extremely large. Considering that the
film growth rate in MOD is as high as nanometers per second
which is comparable to the methods with observable liquid
(10 nm/s),[9] we suggest that there should be a state with high
diffusivity such as the liquid phase in the BaF2 process. This
notion was also expressed as “quasi-liquid” by Araki et al.[3]

and Holesinger et al.[10]

2. Methods and experiments
To introduce our description of the process, an oxide eu-

tectic liquid phase “L” should be presented which, we con-
sider, is critical to the nucleation. As the size of a material is
very small, the surface energy plays an important role in phase
transition. Thus small liquid drops can exist when the temper-
ature is lower than the bulk melting temperature. In fact, this
is a general phenomenon called the size effect, having been
demonstrated by several groups for both pure material and eu-
tectics, and the relation between the melting temperature and
particle size can be approximately written as[11,12]

Tm

Tb
= 1− ε

3
√

m/(γρ)
, (4)

where Tm is the melting temperature of a small piece of sub-
stance, Tb is the bulk melting temperature of it, ε is a constant
describing the characteristic of the material, γ is a geometry
factor, ρ is the density, and m is the mass. At a certain temper-
ature point Tm, this effect limits the size of a liquid drop below
a definite value mmax which is deduced from Eq. (4)

mmax =
ε3γρT 3

b

T 3
b −T 3

m
. (5)

In the phase diagram of the Y–Ba–Cu–O eutectic sys-
tem, the lowest eutectic temperature belongs to Ba–Cu–O with
Ba:Cu near 3:5.[13] Considering that this eutectic is often used
as a solvent in the liquid phase epitaxy method and the nucle-
ation temperature in the BaF2 process is low compared with
other preparation methods without BaF2, it is the most possi-
ble liquid phase in the BaF2 process. The experiment results
discussed later further confirm this.

Regarding that the size effect is a surface phenomenon,
the contact between the liquid drop and its environment is im-
portant. It is well known that the wetting of Ba-Cu-O eutectic
liquid on the substrate for a YBCO coated conductor is good,
which means lower surface energy, so at the same temperature,
the size of the liquid drop is larger at the substrate. As a matter
of fact, the transient liquid is not a new concept in the general
theory of sintering.[14] When HF is present in the precursor, a
certain total amount of liquid phase as the product of the reac-
tion can exist under the reaction equilibrium, but each single
liquid drop is transient due to the backward reaction.

On the other hand, we write Ba(OxFy)2 instead of
BaF2 as the starting material in this work, this is based
on other researchers’ experimental results and microscopic
observations.[5,15] Wong et al.[16] demonstrated that when
BaF2-Y film, BaF2-Cu film, and BaF2 film react with H2O gas
respectively, the final products consisted of only Ba(OxFy)2,
Y2O3, BaCuO2, and CuO, and no further reactions occur,
that means that if there is no YBCO produced, F will not be
completely removed by the reaction. This phenomenon sug-
gests that YBCO crystal growth is a product removing pro-
cess rather than being a reactant of backward reaction. That
is to say, in the upper part of the precursor film, higher PH2O

and lower PHF only mean that the amount of the intermediate
phases, with which HF reacts, is larger. So the contradiction
mentioned above no longer exists.

Based on the Ba–Cu–O transient liquid, we propose a re-
action path

Ba(OxFy)2 +H2O↔ BaO+HF, (6)

BaO+CuO→ BaCuO2, (7)

BaCuO2 +CuO→ L, (8)

L+Y2O3→ YBCO (in liquid solution), (9)

YBCO (in liquid solution)→ YBCO (solid). (10)

The process can be described as follows and illustrated in
Fig. 1. Ba(OxFy)2 reacts with H2O producing BaO and HF,
BaO, and CuO produce small-size eutectic liquid drops, then
Y2O3 contacts and reacts with the liquid phase to produce
YBCO as a solute which dissolves into the liquid. When the
YBCO concentration is high enough, it precipitates on the sub-
strate. The oxide eutectic liquid reacts with HF at the same
time, which is the inverse of the process, this is the reason why
the YBCO growth is sensitive to HF, but reactions (9) and (10)
suggest that the direct nucleation driving force is the supersat-
uration of YBCO in the liquid drops instead of fluctuation of
HF partial pressure. Noticing that there is a liquid phase in this
model, the diffusivity needed for textured crystallization is sat-
isfied, and the shrinkage at relatively low temperature (973 K)
and accompanied by F removal can be partly explained.[6]
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H2O+BaOF→BaO+HF

Y2O3

BaOF

BaO

CuO

CuO+BaO→L

Fe2O3+L→YBCO (solution)

nucleation

Fig. 1. (color online) Schematic diagram of reaction and nucleation pro-
cess.

In order to analyze the thermodynamics of nucleation,
we divided the system into three subsystems, i.e., precursor
and gas, intermediate oxide eutectic, and then solid YBCO.
The nucleation occurs in the liquid phase. Considering that
the forward reaction produces the liquid while both the nucle-
ation and the backward reactions consume it, the total mass of
the oxide liquid drops is in dynamic equilibrium. Because the
liquid drops are small, the thermodynamic relaxation time is
short, so every liquid drop is expected to be in statistical equi-
librium at any moment. Considering each single liquid drop
is transient, we should notice that nucleation of YBCO cannot
occur unless the liquid drop’s life is longer than the character
time of nucleation.

Classical solution model was applied to approximately
describe the liquid drops. To simplify the calculation, we as-
sumed that the shape of the liquid drop on the substrate is a
spherical crown, setting r to be the bottom radius, θ to be the
wetting angle, the surface area of the spherical crown is

S = 2π

(
1

sin2
θ
− 1

sinθ

)
r2 = αr2. (11)

The volume is

v =
1
3

π

(
2

sinθ
+1
)(

1
sinθ

−1
)2

r3 = β r3. (12)

The amount of HF reacting with liquid drop per unit time on
unit area is

k− = k2P2
HF. (13)

The dependence between r and time can be represented as

3β r2 dr
dt

=− (bk−/3+4kY/3)Mαr2

ρ
, (14)

where M is the formula weight of Ba–Cu–O eutectic, ρ is the
density of the liquid phase, kY is the amount of Y2O3 contact-
ing and reacting with liquid drop per unit time on unit area,
and b is the balancing coefficient of BaO in reaction (6).

Solve Eq. (14), set

H =
(bk−+4kY)Mα

9βρ
,

and r0 to be the maximum radius at a certain temperature, we
obtain

r = r0−Ht. (15)

Therefore, the life of a single liquid drop is

∆t =
r0

H
. (16)

While the character time of nucleation can be approximately
expressed as

τ =
1

v(dn/dt)
. (17)

Here, ∆t should be larger than τ . For the liquid drop far from
the substrate, where ∆G∗ is much larger, this condition can
hardly be satisfied in common treatment condition, so nucle-
ation mostly occurs on the substrate where the liquid drop is
large enough and ∆G∗ is relatively small.

According to the calculation and experiments performed
by Granozio et al., pure c-axis nucleation occurs at lower
supersaturation.[17] On the contrary, at higher supersaturation,
a-axis nucleation begins and then surpasses c-axis nucleation.
In solution, the superaturation of solute can be written as

∆µ = kT ln
c− c∗

c∗
, (18)

where c∗ is the solubility of YBCO in Ba–Cu–O oxide eutectic
in the unit of mole per volume.

Since the concentration of YBCO can be calculated as

c =
2kYα

3βH

[
r3

0
(r0−Ht)3 −1

]
,

suppose interval [c1,c2] to be the pure c-axis nucleation re-
gion, then the corresponding time interval will be

Intervalt =

[
1
H

r0

(
1− 1

(3c1βH/(2kY)+1)1/3

)
,

1
H

r0

(
1− 1

(3c2βH/(2kY)+1)1/3

)]
. (19)

The possibility of nucleation in this interval is

Pc =
∫ t2

t1
v

dn
dt

dt, (20)

where

t1 =
1
H

r0

(
1− 1

(3c1βH/(2kY)+1)1/3

)
,

t2 =
1
H

r0

(
1− 1

(3c2βH/(2kY)+1)1/3

)
.
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Substituting Eqs. (3), (12), and (15) into Eq. (20), we obtain

Pc =
∫ t2

t1
β

3(r0−Ht)3K exp
[
− (∆G∗+q)

kBT

]
dt. (21)

We can also rewrite Eq. (21) in the form of

Pc =
∫ c2

c1

β 4r4
0

2kY

(
3cβH
2kY

+1
)−7/3

K

×exp
[
− (∆G∗+q)

kBT

]
dc. (22)

In Eq. (22), for certain YBCO concentration c, ∆G∗ is definite

because it only depends on c, the other part of the integral will

decrease with increasing H. That is to say, the possibility of

pure c-axis nucleation reduces with increasing PHF.

To demonstrate this result, we prepared a 10-cm long

YBCO tape by the metal–organic method. Pyrolyzed film was

heated from room temperature sharply up to 770 ◦C and H2O

was not provided before 770 ◦C to avoid low temperature nu-

cleation. The gas flow direction was along the tape length as

illustrated in Fig. 2(b) making PHF downstream higher while

other parameters were nearly the same. In Fig. 2(b), the θ–2θ

scan result is shown. Since the θ–2θ scan result is comprehen-

sive which can be influenced by many factors like grain size, O

content, etc., we chose the χ scan to manifest the grain orien-

tation for clarity. Figure 3 shows the normalized χ scan result

of the YBCO (102) plane at different locations. The peak at

about 33◦ presents a-axis nucleation while the peak at about

57◦ presents c-axis nucleation. The portion of a-axis can be

calculated by[17]

Percentage(a) =
2sin(χa)Ia

2sin(χa)Ia + sin(χc)Ic
×100%. (23)

Figure 3 shows that the a-axis portion downstream is

higher than upstream even though the reaction rate down-

stream is low, this supports our conclusion.

Up to now, we have proposed our model for nucleation in

the BaF2 process. As applications and checks of validity, we

will analyze the effects of processing parameters such as the

temperature ramp and oxygen partial pressure on nucleation,

as well as the secondary phase segregation and nucleation den-

sity. All these phenomena are commonly observed and impor-

tant for manufacturing of the YBCO coated conductor.
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Fig. 2. (color online) (a) Gas flow and the location measured; (b) θ–2θ

scan result of four points.
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Fig. 3. (color online) Normalized χ scan intensities at different locations
for the tape treated with sharp temperature ramp. The insert shows α-axis
peak for clarity.

3. Discussion
3.1. Thermal treatment

The actual treatment condition is more sophisticated with
a relatively slow ramp of temperature. Low temperature will
increase the supersaturation degree,[17] if PHF is reduced, the
total amount of the liquid phase is larger so that a higher
amount of nucleus is formed at low temperature favoring a-
axis nucleation. However, at the same time, low PHF itself ben-
efits c-axis nucleation. These factors are combined together
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and compete with each other making the dependence of the
a-axis portion on PHF not monotonic when low temperature
nucleation is considered. There will be a maximum value of a-
axis portion because both very low and very high PHF will ben-
efit c-axis nucleation through the different mechanisms men-
tioned above. The experimental work about dependence of the
a-axis portion on the gas flow rate by Chen et al. confirmed
this.[18] To demonstrate this conclusion, we prepared a 7-cm
long tape through a procedure with a slow temperature ramp
and χ scan was made in the way similar to Fig. 2. The re-
sult is shown in Fig. 4. One can notice that the tendency of
the a-axis portion is opposite to Fig. 3 which means relatively
high PHF upstream compared with downstream suppressed the
low temperature nucleation. Meanwhile, we should notice that
the overall a-axis portion is much lower than in Fig. 3. This
is attributed to supplying H2O before nucleation begins which
decreases the total amount of HF when nucleation occurs, and
is consistent with the conclusion demonstrated by Fig. 3.
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Fig. 4. (color online) Normalized χ scan intensities at different locations
for the tape treated with slow temperature ramp. The insert shows the
a-axis peak for clarity.

3.2. Influence of PO2PO2PO2

The O2 influences the nucleation orientation too. In
our model, it is explained by the fact that O2 partial pres-
sure changes the bulk melting temperature of the eutectic
system,[19] with the consequence of changing r0 in Eq. (22).
In the phase diagram, the eutectic temperature is raised in a
higher O2 environment. If O2 partial pressure is so high that
the liquid drop is too small for pure c-axis nucleation, a-axis
orientation will be evident. Furthermore, once the O2 partial
pressure is higher than a certain value, pure c-axis orientation
will not be realized under common treatment condition. That
is why the BaF2 process always requires low O2 partial pres-
sure. On the other hand, if PO2 is too low, random nucleation
and segregation of secondary phases appear. In this model,
this is attributed to an excessive amount of liquid phase. The
excessive amount of liquid phase will increase the possibility
of merging of the liquid drops, this merging will produce large

drops whose size exceeds the mmax, so unwanted solidification
occurs resulting in random nucleation and segregation of sec-
ondary phases. This discussion consists with the experimental
results that texture at low PO2 requires low temperature.[20]

3.3. Phase segregation

Segregation of cooper oxide and other secondary phases
is another phenomenon that the previous model fails to ex-
plain. In our model, it can be caused by two reasons. First, in
the Ba–Cu–O eutectic liquid, the mole ratio of Ba and Cu is
3:5 while in YBCO it is 2:3, when YBCO precipitates, CuO
will also precipitates to maintain the eutectic structure. This
origin is not evitable. Second, the solidification in merged liq-
uid drops produces a Cu-rich secondary phase. This solidifi-
cation happens when merging liquid drops form larger drops
which exceed the size limit at a certain temperature. The bi-
layer structure observed in thick film[1] is caused by the sec-
ond reason, in the upper layer of the structure, more secondary
phase and random orientation are observed which is in agree-
ment with the discussion above. For a thick layer, avoiding an
excessive liquid phase to reduce the merging should be con-
sidered, the treatment condition is advised to be changed with
time.

3.4. Nucleation density

Nucleation density is also an important issue in the BaF2

process. We consider gas diffusion parallel to the substrate.
Set location a where nucleation occurs and location b near it.
At point a, nucleation and growth of YBCO, as mentioned
above, is a product removal process, therefore, the forward re-
action is promoted, and the gas diffusion along the substrate is
influenced as illustrated in Fig. 5. The HF gas diffuses from a
to b and H2O diffuses from b to a, so the gas environment at b
will suppress the liquid drop formation which means lower nu-
cleation possibility because of reduction of solution volume.
In other words, because of the gas diffusion along the sub-
strate there is a kind of “repellant” among the nucleus, once
nucleation occurs, the nucleation near it will be suppressed.
So the nucleation density will increase if we promote the z-
direction diffusion, low total pressure and high gas flow rate is
preferable. This conclusion is in agreement with the research
performed by Solovyov et al.[21] However, concluded from
the discussion above, this treatment condition has side effects
such as random orientation nucleation and secondary phase
segregation, which are caused by excessive liquid phase. We
suggest a possibility that if the diffusion coefficient Dz is much
larger than Dxy, the nucleation density will be optimized with-
out these side effects. More detailed consideration is needed
in this topic.
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Fig. 5. (color online) Anisotropic gas diffusion in the film induced by
nucleation and reaction.

4. Conclusion
Based on previous researches on the growth rate of

YBCO in the BaF2 process, near equilibrium assumption is
reliable because of the fact that the kinetic is controlled by
external gas diffusion. The present work emphasizes the in-
termediate phases for nucleation and proposes a reaction path
based on transient liquid origin from low temperature melting
caused by the size effect. The nucleation driving force is re-
considered and is related to the YBCO supersaturation in the
intermediate phases. Our description and calculation provide
explanations of some important phenomena occurring in nu-
cleation by taking into account the derived expression of the c-
axis nucleation portion. The conclusions and explanations we
obtained are in agreement with previous experimental works
and will be helpful in coated conductor manufacturing.
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