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ABSTRACT

Keywords: Chemical solution deposition is widely used in the preparation of rare-earth-based cuprate superconducting thin
Supersaturation films, namely RExBa;Cu3O7., (RE rare earth element). The crystallographic orientation of the films is strongly
Textured growth dependent on the degree of supersaturation during crystallization. In this paper, we systematically studied the
Diffusion . . . Lo

Chemical solution deposition crucial factors affecting supersaturation, such as the type and stoichiometry of the rare earth element and the
YBCO sintering temperature. Furthermore, the relationship between c-axis orientation and supersaturation was

established. The results demonstrate that a small RE ionic radius (e.g., RE  Yb) and reduced rE-stoichiometry,
studied on the example of yttrium, are beneficial for the growth of c-axis-oriented films at lower temperatures. In
addition, a Y-O/Ba-Cu-O stacked-layer structure was proposed to regulate the diffusion distance to the reaction
site. Compared with a Y-Ba-Cu-O single-layer, a c-axis orientation percentage of more than 40 % is achieved in
the Y-O/Ba-Cu-O stacked-layer at even lower sintering temperatures. The results suggest that a low supersatu-
ration is favorable to promote the growth of c-axis-oriented nuclei and therefore suppresses the growth of
random orientations. This paper provides a new strategy to realize orientation modulation of rare-earth-based

cuprate superconducting thin films by controlled chemical solution method.

1. Introduction

Chemical solution deposition (CSD) has been extensively studied in
the field of functional thin films for many years [1-4]. A common feature
of the CSD process is that the deposited film transforms from an amor-
phous intermediate/precursor to the desired crystalline state. It is well
understood that the driving force of the transformation process depends
on the supersaturation, which is closely related to the complex physical
and chemical changes that occur during nucleation and film growth
[5-7]. Therefore, fine-modulation of the supersaturation allows a better
understanding of the amorphous-crystalline transformation in the CSD
process.

With better mechanical [8,9] and magnetic [10-12] properties, rare-
earth-based cuprate RE,BayCu3Oy., (, RE = rare earth) superconducting
tapes have been widely used [13-17]. Control of supersaturation has
been successfully realized in the CSD route for the preparation of REBCO
superconducting films [18-20]. As previous studies demonstrated, the

reaction path of the YBCO transformation varies with the solution
chemistry. For example, in the trifluoroacetate-based metal-organic
decomposition route (TFA-MOD), where the precursor solution and
intermediary species in the film contain fluorine, the supersaturation is
influenced by several key factors, such as the partial pressure of HF and
H50, pyr and puso, the temperature, additives, etc. [21-28]. In the
preparation of YBCO films by CSD, lower supersaturation was found to
be favorable for c-axis nucleation [23,24], while the opposite was found
for liquid phase epitaxy [29-31].

Due to increased environmental awareness, the use of fluorine has
been questioned to some extent. Moreover, the slow growth rate (less
than 10 nm/s) [32] of the TFA-MOD process is a pressing issue. An
alternative, fluorine-free (FF) MOD process is attracting more and more
attention in the field [33-36]. Compared to the conventional TFA-MOD
method, the FF-MOD approach could be considered a “green” process,
which even allows much higher growth rates up to 100 nm/s [37].

So far, the mechanisms of nucleation and growth of REBCO
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superconducting films by FF-MOD is not fully understood, though. A
liquid phase of Ba-Cu-O is believed to form initially, followed by Y203
dissolving into the liquid phase [35,37]. Eventually, the REBCO phase
crystallizes with a preferred orientation on the substrate. Due to the
completely different chemical reaction path, it is still unclear how to
control supersaturation in the FF-MOD route. Therefore, a systematic
study on the effect of supersaturation on nucleation and growth of
REBCO is very important, also for further understanding and optimiza-
tion of the whole process.

In our previous studies, we synthesized stable, fluorine-free precur-
sor solutions with different rare earth elements (RE = Yb, Y, Dy, Gd, Eu,
and Sm) and good superconducting performance of the resulting REBCO
films [38]. In this paper, the first motivation is to understand how the
degree of supersaturation affects the orientation of REBCO deposited on
CeOq-buffered substrates. Moreover, we propose a multi-layer archi-
tecture of Ba-Cu-O and Y-O as a new strategy to regulate the distance of
yttrium diffusion to the growth front. The a- and c-axis nuclei in the films
were characterized by X-ray diffraction (XRD), Raman spectroscopy,
and transmission electron microscopy (TEM). The diffusion behavior of
yttrium in the liquid phase was investigated by TEM and time-of-flight
secondary ion mass spectrometry (TOF-SIMS).

2. Experimental
2.1. Precursor synthesis

The precursor solutions of REBCO, Ba-Cu-O and Y-O were synthe-
sized using a fluorine-free propionate-based route, the details of which
were reported in Refs [39,40]. For the Ba-Cu-O precursor, Ba- and Cu-
acetates were dissolved in propionic acid in the ratio Ba:Cu = 2:3 with
a total cation concentration of 0.2 mol/L, and for the Y-O precursor, Y-
acetate is dissolved also in propionic acid with a cation concentration of
0.1 mol/L.

2.2. Film preparation

The films were deposited using a typical CSD process consisting of
three main steps, namely dip coating, low-temperature pyrolysis, and
high-temperature crystallization [38]. Flexible textured templates with
an architecture of CeOy/LaMnQ3/IBAD-MgO/Y>03/Al5,03/C276 (pro-
vided by Shanghai Superconductor Technology) were used as substrate
[41]. The respective precursor solutions were deposited on the substrate
by dip-coating at a withdrawal speed of 1000 pm/s. Whereas the REBCO
precursor layer was deposited in the typical coating and pyrolysis pro-
cedure [38,42], for the composite film with the Y-O/Ba-Cu-O stacked-
layer, dip-coating and pyrolysis were repeated several times to obtain
the desired multilayer structure: First, Ba-Cu-O precursor solution was
deposited, followed by a pyrolysis process at 500 °C, which was repeated
five times to increase the Ba-Cu-O layer thickness. Then, the Y-O pre-
cursor solution was deposited on the pyrolyzed Ba-Cu-O layer followed
by a similar coating and pyrolysis procedure. Eventually, the architec-
ture of the composite film consists of 2 x (Y-0)/5 x (Ba-Cu-O). For
comparison, both the Y-Ba-Cu-O single layer and the Y-O/Ba-Cu-O
stacked layer were sintered at high temperatures in the range
740-860 °C with an oxygen partial pressure pO, of 50 ppm at 1 bar total
pressure.

2.3. Structural characterization

Phase composition and crystallographic orientation of the films were
characterized by a four-circle X-ray diffractometer equipped with a two-
dimensional detector (Bruker D8 Advance, Cu-Ka radiation, A = 1.5406
A). The texture was also characterized by Raman spectroscopy
(Renishaw inVia Qontor, Nd-YAG laser, A = 532 nm). The TEM cross-
sectional sample was prepared by conventional mechanical polishing
and grinding, followed by ion milling. The TEM imaging and energy

Table 1
The RE ionic radii and peritectic temperatures of REBCO for BaO:CuO of 3:5
[43].

RE element Yb Y Dy Gd Eu Sm

ionic radius (A) 0.985 1.019 1.027 1.053 1.066 1.079

peritectic temperature 900 1000 1010 1030 1050 1060
[§9)]

dispersive X-ray spectroscopy (EDXS) were performed using an
aberration-corrected scanning transmission electron microscope (STEM,
FEI Talos F200 X) with a double-tilt holder and a cold field emission
source operated at 200 kV. A time-of-flight secondary ion mass spec-
trometer (TOF-SIMS, GAIA3) was operated under a 5 kV focused ion
beam (FIB), and a 50 pA detector was used to measure the distribution of
Y and Ba along the thickness of the film. Depth distribution information
is obtained by combining TOF-SIMS measurements with FIB (milling/
sputtering) to characterize a thin film structure. TOF-SIMS Explorer was
used for the acquisition and analysis of the secondary ion signals. The
data were acquired from 10 x 10 pm? scan areas in the positive ion
detection mode. In order to avoid crater edge artifacts, the data analysis
regions of interest were limited to the central 5 x 5 pm? areas.

3. Results and discussion
3.1. Rare-earth species, supersaturation and orientation

In contrast to the conventional TFA-MOD method, a transient Ba-Cu-
O liquid phase is supposed to be present during the FF-MOD route. It
plays an essential role for the YBCO phase evolution: it accelerates the
crystallization and therefore enables an enhanced growth rate of the
films. Our previous studies found that Y503 nano-particles form in the
intermediate state after decomposition [35]. Y203 is very stable and has
a high melting point. During high-temperature crystallization, Y203
tends to migrate toward the surface layer of the film. As the reaction
proceeds, however, yttrium re-diffuses into the Ba-Cu-O liquid phase,
according to reaction scheme 1, and consequently YBCO is formed by
epitaxial nucleation and growth at the interface.

Y,05 (s) +liquid (Ba Cu 0O)—YBa,Cu;07_5 (s) + O,(g)t (@D

In this diffusion-controlled process, reaction parameters such as the
diffusion distance to the reaction site, D, and the concentration, C, of
yttrium in the Ba-Cu-O liquid phase determine the supersaturation, §, at
the nucleation site, which is most likely close to the film-substrate
interface. § is the main driving force for the formation of YBCO. How-
ever, due to the fast growth rate and limited diffusion time, a certain
enrichment of yttrium is still present in the upper layers of the YBCO film
even after the reaction is complete [35]. Since yttrium segregation and
re-dissolution are the forward and reverse directions of an equilibrium
reaction, they occur simultaneously; their respective reaction rates,
though, depend on the reaction conditions. For REBCO films with
different rare earth elements, the chemical reaction paths governed by
this segregation/re-diffusion process are very similar in principle.
However, type and stoichiometry of RE and the sintering temperature
affect 6 during the REBCO phase formation and ultimately have a strong
influence on the crystalline orientation.

For REBCO bulk materials, the peritectic temperature of REBCO was
found to increase with the ionic radius of RE, as shown in Table 1 for a
ratio BaO:CuO of 3:5 [43]. For thin films, the growth mode may be
different, but the results on bulk samples may serve as guideline to
understand the relationship between the RE element and supersatura-
tion. For this study, we selected six rare earth elements (Yb, Y, Dy, Gd,
Eu, and Sm), with small to large ionic radii of RE.

To shed light on the effect of rare earth type and stoichiometry on §, a
series of REBCO films were was prepared by the FF-MOD method. We
analyzed the degree of c-axis orientation in fully reacted REBCO films
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Fig. 1. Contour plot of the influence of RE ionic size and sintering temperature
on fx (Eq. (3)).

based on 2D XRD frames. According to our previous research, there are
three texture components {006}, {103} and {200} in YBCO films,
which we took into consideration for the evaluation, cf. Fig. 3. More-
over, the c-axis orientation represents the biaxial texture component
[35,44]. According to literature reports [20], the epitaxy fraction is
calculated by integrating the results of (005) REBCO reflection at y =
o exp E . . . .
0'(I;7) and y # 0'(I;7) in two-dimensional (2D) XRD 26 — y scans:
Landom L ® (360/Ay) @ 47
AL @
epitaxial 8 o Iepi

Therefore, we simply evaluated the trend coefficient of epitaxy
orientation, fy, using the integration results of (103) REBCO reflection
at y # 0 (Lo3) and (006) REBCO reflection at y = 0" (Ips) in two-
dimensional (2D) XRD 20  yx scans:

8 @ Iy

" Beloe + s @ (360/Ay) o 4n ®

_ Iepiraxial
fx=

I epitaxial + 1, random

The fx values of various REBCO films as a function of the sintering
temperature and ionic radius of RE, Fig. 1, reveal that both parameters
have a significant influence on the formation of c-axis-oriented REBCO.
In YbBCO films with a small RE ionic radius, fy reaches values higher
than 40 % at medium sintering temperatures between 770 °C and

810 °C. These are the lowest temperatures among all REBCO films
investigated in this study. Considerably higher sintering temperatures
above 850 °C are required to obtain similarly high fx values in SmBCO
films. This comparison indicates that c-axis textured growth tends to
decrease with increasing rare earth ion radius at a certain temperature.
Furthermore, in the high temperature region (i.e., above 820 °C), the
appearance of BaCeOs is clearly evident from the XRD results, indicating
serious interfacial reactions. As a result, a part of the well-oriented
REBCO is consumed, seemingly reducing the fx values.

According to the chemical reaction scheme 1 for the FF-MOD
method, the relative proportion of RE in the Ba-Cu-O liquid phase
should also have an effect on 6 and thus on the preferential orientation of
the films. Therefore, we investigated the relationship between rE-stoi-
chiometry, x, the sintering temperature and the c-axis fraction, fx, in
RE,BayCu30y7., films on the example of YBCO in order to establish a
correlation between x and 6. The ratio of Ba:Cu was fixed to 2:3, while
the Y content x in Y,Ba;Cu30y7., was varied, with x = 0.8, 1.0, 1.2 and
1.4. Fig. 2a shows the color-coded fx values obtained for the four
different levels of x in YBCO films sintered between 760 °C and 860 °C.
At a temperature of 790 °C, the fx value of the yttrium-poor film is
already about 30 %. Larger concentrations of yttrium in the film require
increasing temperatures for similarly high degrees of the preferential c-
axis orientation. According to Fig. 2b [45], § increases as the proportion
of yttrium increases. Combined with our results, lower degrees of § are
therefore beneficial for the growth of c-axis oriented films.

A closer look at the raw data underlying Fig. 2 (a) shows that at low
yttrium concentration and therefore low &, a strong YBCO (006) peak
appears, Fig. 3b, while the YBCO (103) peak is almost negligible,
Fig. 3c. This indicates that low § is favorable to promote the growth of c-
axis orientated nuclei and suppress the growth of random orientation.
With increasing yttrium content and 6, the intensity of the YBCO (006)
peak decreases, Fig. 3e, while the intensity of the YBCO (103) peak
increases, Fig. 3f. This means that random alignment has a competitive
advantage over c-axis-oriented nuclei with increasing 5. At even higher
levels of x and 5, the YBCO (006) peak, Fig. 3h, does not weaken any
further, but the YBCO (200) peak, which represents a-axis-oriented
grains, appears in addition to YBCO (103), Fig. 3h and i. This implies
that REBCO films with a specific crystallographic orientation can be
obtained by modulating &.

3.2. Effect of diffusion distance to the reaction site

The yttrium concentration in the Ba-Cu-O liquid phase obviously
plays an important role for the orientation of the growing YBCO film,
Figs. 2a and 3. During phase evolution in the FF-MOD route, yttrium
segregates from the matrix as Y203 prior to the actual YBCO formation,
but also re-dissolves when the yttrium concentration or solubility
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Fig. 2. (a) Contour plot of the influence of Y stoichiometry and sintering temperature on the fx (color-coded in the bar to the right), (b) temperature phase diagram
[45] of BaCuO»-Y503. The phases in coexistence regions are labeled as follows: 200-Y503, 001-CuO, 011-BaCuO,, 211-Y,BaCuOs, 123-YBa,Cu3Oy, 210-Y,BaO,.
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Fig. 4. Schematic diagram of the effect of different concentrations on the D of
yttrium at the reaction interface, where C,, C and § represent the equilibrium
concentration, the concentration of yttrium at the reaction interface and the
supersaturation, respectively.

changes; the former affected e.g., by the beginning YBCO formation, the
latter depends on external conditions such as temperature. Under spe-
cific conditions, however, the equilibrium concentration, i.e., the
maximum possible concentration of yttrium, Ce, in Ba-Cu-O is a con-
stant. Therefore, § at the reaction site depends immediately on C. Be-
sides, D also depends on C, Fig. 4, which shows a connection between D

and 6. When the D increases from D; to D, § decreases to &, which
means that larger D values can be considered equivalentto a lower
yttrium concentration. Therefore, regulation of D offers another possi-
bility for the modulation of §. In our experiment, we increased D arti-
ficially by a special Y-O/Ba-Cu-O stacked-layer architecture, Fig. 5b,
which we compared to a standard Y-Ba-Cu-O single-layer, Fig. 5a. Both
types of samples were prepared via the same pyrolysis process. D is much
smaller in the Y-Ba-Cu-O single-layer than in the Y-O/Ba-Cu-O stacked-
layer architecture.

To investigate the effect of D, a comparative study was carried out on
the two sets of films schematically depicted in Fig. 5a and b. In the Y-Ba-
Cu-O single-layer, Y203 nanoparticles are mixed with other intermediate
phases just after pyrolysis. During crystallization, the D of yttrium to the
reaction site is extremely small within the Ba-Cu-O liquid phase in this
case, practically negligible. In the early stage of the high-temperature
process, nucleation at the interface is dominant, i.e., the Gibbs free en-
ergy at the interface is low compared to that in the film body. Y203 close
to the interface dissolves into Ba-Cu-O, and YBCO starts crystallizing. In
contrast, in the case of the Y-O/Ba-Cu-O stacked-layer, the yttrium
source is far away from the interface. Hence, yttrium must diffuse
through the entire Ba-Cu-O layer before nucleation can begin at the
interface. Compared to the Y-Ba-Cu-O single-layer, the Y-O/Ba-Cu-O
stacked-layer precursor therefore allows to play with the D of yttrium by
adjusting the thickness of the Ba-Cu-O layer. It provides a new angle to
study the effect of the D on the orientation of YBCO superconducting
films.

To further investigate the effect of § on the c-axis orientation of
YBCO, XRD and Raman spectroscopy, were used to characterize the
orientation quality of the sintered films. Raman spectroscopy makes it
easy to analyze the homogeneity of the films by determining the
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distribution of a- and c-axis orientations. XRD with a two-dimensional
detector allows the simultaneous observation of a- and c-axis orienta-
tions and other texture components of YBCO.

We first investigated the orientation at different sintering tempera-
tures for both Y-Ba-Cu-O single-layer and Y-O/Ba-Cu-O stacked-layer
films. As shown in Fig. 6a, the fx values in both types of films gradu-
ally increase with temperature. Thereby, the Y-Ba-Cu-O single-layer
ranges at a significantly lower level, but shows a steeper rise towards
higher temperatures and reaches fx values of just over 40 % at 820 °C.
The curve of the Y-O/Ba-Cu-O stacked-layer flattens out at higher tem-
peratures and approaches fx values of 100 % at 820 °C. Above all,
however, it is over 75 % in the entire temperature range studied and
therefore considerably higher than in the Y-Ba-Cu-O single-layer films.

Fig. 6b shows the Raman spectra of the Y-Ba-Cu-O single-layer and Y-
0O/Ba-Cu-O0 stacked-layer films. Two distinct peaks at the Raman shift of
~336 cm ! and ~500 cm ! correspond to the vibrational modes of
oxygen at the CuO5 planes (O (2,3) out-of-phase) and into apical sites
(04) of orthorhombic YBayCu3O; ,, respectively. The wavenumber and
the intensity ratio are consistent with a sharp c-axis crystal orientation
[46-48]. The c-axis oriented grain fraction can be calculated from the
following equation [49]:

Ig = fale + (1 fo)la (C))

- IBlg 7fRICB1L, + (1 fR)IﬂBu,

"l Jiloy (U fil, ©

where Iy, and I, are the Raman intensity of the O (2,3)-B;, and O
(4)-A, modes, respectively.

According to the Raman tensor elements reported in the literature
[501, fr can also be expressed by the following equation from a simple
transformation of equation (5):

U (35, +33,) + (1 /03, +3,)
Se(8, +93) + (U S04, +3,)

(6)

where the Raman tensor elements X3 =y; =2, x5 =y =85,
zig = 100, and zf,lg ~ 0. Therefore, equation (6) can be simplified and
rearranged to:

(@ +%) %, 102er 85
V(Zfzx,, x/zqg)'*‘x%;,” 98er+8.5

fr= @)

Calculations based on the Raman spectra, Fig. 6b, give fz values of
fr—singe = 0.82 and fr_gqckea = 0.93 for the Y-Ba-Cu-O single-layer and the
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Fig. 7. TOF-SIMS 2D elemental images representing the distribution of Y and Ba signals. Top views of (a) Y-Ba-Cu-O single-layer film and (b) Y-O/Ba-Cu-O stacked-
layer film, side views of (c) and (e) Y-Ba-Cu-O single-layer film, side views of (d) and (f) Y-O/Ba-Cu-O stacked-layer film. The region of interest is restricted to the

black rectangular box.

Y-O/Ba-Cu-O stacked-layer film, respectively. From both the XRD and
Raman spectra results, it is concluded that the Y-O/Ba-Cu-O stacked-
layer structure of the precursor film can effectively increase D of
yttrium in the Ba-Cu-O liquid phase, therefore suppressing random
orientations, which is beneficial for the growth of c-axis orientated
YBCO.

3.3. Elemental diffusion behaviors and crystallization

In order to understand the elemental distribution along the film
thickness direction during the reaction-diffusion process, we analyzed

films sintered from a Y-Ba-Cu-O single-layer and a Y-O/Ba-Cu-O stacked-
layer by TOF-SIMS, as shown in Figs. 7 and 8. Both films were obtained
by quenching at 780 °C. It can be clearly seen that yttrium is enriched on
the surface layer, while barium is rather uniformly distributed, which
agrees with our previous results of YBCO studied by TEM and SIMS. In
the Y-O/Ba-Cu-O stacked-layer film, the concentration of yttrium
(Fig. 7d and Fig. 8b) decreases gradually from the film surface to the
reaction site at the interface, indicating that the Ba-Cu-O precursor
indeed increases D and thus reduces 6 of the reaction. Besides, barium is
mainly concentrated near the interface (Fig. 7f and Fig. 8b), which is
consistent with our precursor structure. Therefore, TOF-SIMS results
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again confirm the increase of D in Y-O/Ba-Cu-O stacked-layer films.

To further understand the interfacial nucleation behavior of the Y-O/
Ba-Cu-O stacked-layer film, TEM and EDS analyses were carried out,
Fig. 9. A small and well crystallized YBCO grain is visible at the inter-
face, which has an epitaxial relationship to the CeOy buffer layer un-
derneath. A few tens of nanometers above the YBCO crystal nucleus, a
large number of spherical particles are detected, which tend to increase
in size, the closer they appear to the YBCO growth front. These particles
have average diameters of ~5 nm and can be identified as Y203, Fig. 9a
inset. The EDS results along the film thickness direction, Fig. 9b, show
that a Y-rich region is present just above the YBCO growth front. These
results suggest that YoOj3 particles dissolve in the Ba-Cu-O liquid phase
and preferentially form YBCO nuclei at the interface, which is consistent
with our previous results.

4. Conclusion

We systematically studied the effect of supersaturation on the
orientation in FF-MOD derived REBCO films. According to the RE>Os-
Ba-Cu-O phase diagram, different rare earth elements, sintering tem-
peratures as well as concentrations of RE;O3 were adjusted to modulate
supersaturation. The results reveal that low supersaturation is favorable
to grow c-axis oriented REBCO films by the FF-MOD method. Moreover,
a stacked-layer architecture of Y-O/Ba-Cu-O was designed to modulate
the diffusion distance to the reaction site D of yttrium through the Ba-
Cu-O liquid phase to the reaction site at the interface. Cross-sectional

TEM analysis shows that the diffusion of yttrium indeed could pass
through the Y-O/Ba-Cu-O stacked-layer. Combined XRD and Raman
spectroscopy analyses suggest that large D values of yttrium allow to
significantly reduce supersaturation, therefore, enhancing the c-axis
orientation growth. This work sheds light on the reaction mechanism of
YBCO derived from the FF-MOD route, and demonstrates the influence
of supersaturation control on the growth of films with preferential
orientations.
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