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ABSTRACT: Combinatorial and high-throughput experimenta-
tion (HTE) is achieving more relevance in material design,
representing a turning point in the process of accelerated discovery,
development, and optimization of materials based on data-driven
approaches. The versatility of drop-on-demand inkjet printing
(IJP) allows performing combinatorial studies through fabrication
of compositionally graded materials with high spatial precision,
here by mixing superconducting REBCO precursor solutions with
different rare earth (RE) elements. The homogeneity of
combinatorial Y1−xGdxBa2Cu3O7 samples was designed with
computational methods and confirmed by energy-dispersive X-
ray spectroscopy (EDX) and high-resolution X-ray diffraction
(XRD). We reveal the advantages of this strategy in the
optimization of the epitaxial growth of high-temperature REBCO superconducting films using the novel transient liquid-assisted
growth method (TLAG). Advanced characterization methods, such as in situ synchrotron growth experiments, are tailored to suit
the combinatorial approach and demonstrated to be essential for HTE schemes. The experimental strategy presented is key for the
attainment of large datasets for the implementation of machine learning backed material design frameworks.

KEYWORDS: combinatorial chemistry, high-throughput experimentation, superconducting materials, inkjet printing,
transient liquid-assisted growth, cuprate superconductors, chemical solution deposition

■ INTRODUCTION

High temperature superconducting (HTS) materials are
regarded as key players toward an effective renewable energy
transition. The unique properties of superconductors (e.g.,
large current transport without losses) and the development of
novel strategies for high power managing and transportation
based on HTS are foreseen to pave the way toward cutting-
edge and energy-efficient technologies in sectors such as clean
electrical energy (cables, transformers, motors, generators,
fusion reactors), biomedicine and chemistry (magnetic
resonance imaging), scientific instrumentation (ultrahigh
magnetic fields), or transportation (hybrid/electric airplanes
and ships).1−4

Superconducting REBa2Cu3O7 (REBCO, RE = rare earth)
films and coated conductors (CC) possess an inherent
advantage due to the high performances in a significantly
broad spectrum of the magnetic field−temperature (B−T)
diagram, hence showing promising properties for wide market
implementation.5 Due to historical reasons, YBCO has been
the most investigated REBCO superconductor.6 Nevertheless,
a wide range of RE ions that can replace Y are driving the
current research interest. The main motivation is the higher
critical temperature (Tc) for RE such as Gd or Sm as compared

to Y, which contributes to broadening the magnetic field
region for applications (i.e., high irreversibility line),
consequently, enhancing current densities (Jc) and pinning
forces (Fp) at relevant temperatures. For instance, values of Jc >
7 MA cm−2 (77 K, B = self-field, on STO) and maximum Fp ∼
16 GN m−3 (77 K, B = 2 T, on STO) have been reported for
GdBCO and BaHfO3 nanoinclusions

7 or Jc > 6 MA cm−2 (77
K, B = self-field, on LAO) and Fp ∼ 28 GN m−3 (77 K, B = 1.5
T, on LAO) for BaHfO3-doped SmBCO.8 Despite the good
properties exhibited in some cases, the exploration of other RE
is still scarce, sometimes limited by stability or synthesis
complexity of some REBCO phases. The focus has been
shifted in recent years to RE mixing such as Y/Gd,6,9,10 Gd/
Yb,11,12 Y/Sm,13,14 and Dy/Gd,15 aiming to overcome such
predicaments, as well as to shed light on the right combination
that enables best superconducting properties.
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The initial push of the superconductor industry has been
made with several film deposition techniques to achieve
epitaxial growth; mandatory to transport large electric currents
through the material. Among them, chemical solution
deposition (CSD) is demonstrated to be a very promising
low-cost approach for REBCO film growth with high
manufacturing perspective into CC tapes, through the use of
reel-to-reel compatible deposition methodologies, such as
inkjet printing or slot-die coating.16,17 Despite the industrial-
ization process has seen significant advancements, reaching
very attractive total critical currents of ∼700 A/cm width at 77
K, the cost/performance ratio of CC technology is still limited
due to insufficient growth rates (1−10 nm/s).18 Although
liquid phase-assisted fabrication methods have been reported
to allow faster growth rates due to the large diffusivity of atoms
in the liquid,19,20 it has not been until very recently that a novel
CSD strategy, known as transient liquid-assisted growth or
TLAG-CSD, has been reported to greatly boost the growth
rate of epitaxial YBCO films and nanocomposites (∼100 nm/
s) through the use of nonequilibrium growth conditions. A
rapidly induced transient Ba−Cu−O liquid promotes the fast
diffusion of RE ions to the growth front and allows a much
faster epitaxial growth.21 Due to the novelty of the process,
many aspects are still unexplored, such as the processing
parameter window to achieve a high control of epitaxial
nucleation and crystallization, the influence of different rare
earth elements on the PO2

-T conditions or the liquid
composition. The optimization of such a large number of
parameters requires fast screening methods for high-
throughput sample fabrication, combined with smart solutions
in characterization and data analysis.
Two decades ago, Evans et al. described the philosophy

behind the combinatorial chemistry approach to push forward
the development of inorganic materials.22 This strategy relies
on the fabrication of large arrays of microsamples that are
treated together or individually and characterized using
adequate techniques that allow a fast evaluation of the
processing parameters. The produced data is stored on large
relational databases that can be later analyzed using computa-
tional methods to find the optimal compositions and
processing conditions. Eventually, this allows researchers to
focus on the interpretation of results and is prospected to
speed up the discovery of materials. Nowadays, this strategy is
starting to flourish, thanks to the development of data-driven
methods based on big data analysis tools, machine learning
algorithms, and other computational methods.23−28 High-
throughput experimentation (HTE) strategies, based on the
combinatorial chemistry approach, are currently being
researched in many diverse fields such as solar cells,29−31

lithium-ion batteries,32−34 electronics,35−37 water splitting,38,39

and superconductivity.40,41

From several deposition techniques available for the
assembly of combinatorial test pieces,40−44 drop-on-demand
inkjet printing (DoD IJP) appears as an ideal technique since it
allows the fabrication of complex-shaped samples suitable for
high-throughput measurement procedures and also achieves
locally uniform and graded compositions. In this work, we
propose a strategy based on a combinatorial chemistry
approach by working with a DoD IJP for the mixing of
different REBCO inks. This approach will contribute to the full
disclosure of optimal ultrafast TLAG-CSD processing con-
ditions through the exploration of the PO2-T nonequilibrium

kinetic phase diagram of REBCO films, contributing to the
understanding of the kinetic influence of the growth process
for the different compositions and, eventually, leading to the
optimal growth rates and functional properties of super-
conducting coated conductors.

■ EXPERIMENTAL SECTION
Ink Formulation and Characterization. Metalorganic precursor

REBCO (RE = Y and Gd) inks with a stoichiometry REBa2Cu4.66Ox
and a final concentration of 0.75 M were used to prepare
combinatorial samples. Commercial Cu(ac)2 salts (Merck KGaA)
and in-house synthesized Y/Gd and Ba propionate were employed.
The selected ink stoichiometry correlates with the Ba−Cu−O eutectic
liquid composition (3BaCuO2-4CuO), which enables the crystal-
lization of REBCO films at lower temperatures.21 First, a solvent
mixture of propionic acid (PPA) and butanol (BuOH) in a 50:50
ratio was added into a flask.16 Different %v/v ethanolamine (EA) were
added to the solvent mixture. EA acts as a complexing agent for
Cu(ac)2, improves ink solubility and homogeneity, and provides
enough viscosity to avoid excessive liquid movement during inkjet
deposition. Subsequently, Ba(prop)2 and Cu(ac)2 salts were slowly
added under continuous stirring and kept for approximately 30 min.34

Finally, Y(prop)3 or Gd(prop)3 were added to the mixture and left
stirring at 30 °C until a homogeneous and transparent solution was
obtained, i.e., typically 30−60 min. The precursor solutions were
filtered through a polytetrafluoroethylene (PTFE) membrane filter
(pore size ∼0.2 μm).

Surface tension and viscosity measurements were carried out with a
HAAKE RheoStress RS600 from Thermo Electron Corp, while
contact angles were evaluated with a Drop Shape Analyzer DSA 100
from KRÜSS. The water content of the solutions is also critical for the
deposition and final properties of the samples; therefore, it was
evaluated using the Karl-Fischer titration method.45 All solutions have
water percentages after the synthesis of ∼0.7% wt.

Drop-on-Demand Inkjet Printing of REBCO Inks. Drop-on-
demand piezoelectric inkjet printing (DoD IJP) from Microdrop
Technologies GmbH was used to fabricate combinatorial test pieces
on single-crystal (001) SrTiO3 (STO) substrates. Prior to deposition,
the substrates were thermally treated at 900 °C for 5 h to develop a
flat-terraced surface and thoroughly cleaned with acetone and
methanol to remove any residues.

The IJP system possesses a 96-well plastic plate array that serves as
solution containers. Each of the nozzles takes the solution from one of
these vessels, which in our case contained YBCO and GdBCO
precursor solutions. A multinozzle head was used to load each
solution on separated nozzles (Figure 1a), and the ejection
parameters (voltage and pulse length) were adjusted to achieve a
stable drop formation, a drop diameter of ∼70 μm, and a drop volume
of ∼180 pl (Figure 1b). Throughout this article, only two nozzles/
inks were used to fabricate the combinatorial samples. The specific

Figure 1. (a) DoD IJP setup, consisting of a 96-well plate array, a
multinozzle head with four independent nozzles, a stroboscopic light/
camera for drop inspection, and a camera for surface inspection. (b)
Captured in-flight image drop after the adjustment of the deposition
parameters from the camera used for drop inspection.
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printing positions were automatically generated through a Python
interface that outputs an (x,y)-coordinate file with the desired pattern
dimensions and drop/line pitches.
Sample Drying, Pyrolysis, and High-Temperature Anneal-

ing. After the deposition of the desired patterns, samples were dried
at 60 °C to partially evaporate solvent leftovers and avoid further
liquid movement. Subsequently, a pyrolysis procedure is performed in
a tubular furnace at a heating rate of 5 °C/min up to 240 °C and 3
°C/min up to 500 °C in a humid oxygen flow of 0.12 l O2/min for 5
min.21 After pyrolysis, all of the organic materials have been removed
from the sample and only amorphous/nanocrystalline phases remain.
Finally, the combinatorial samples were treated at high temperatures
under various conditions using a rapid thermal annealing furnace
(Annealsys AS Micro) to grow the REBCO phases.
Sample Characterization. The characterization of combinatorial

samples was performed using different techniques. Surface morphol-
ogy of the as-deposited and pyrolyzed samples was evaluated by
means of optical microscopy (OM) (Leica DM1750 M), as well as
profilometry (P16+ profilometer from KLA Tencor), while scanning
electron microscopy (SEM) with a QUANTA FEI 200 FEG-ESEM
was employed to evaluate the surface morphology of grown samples.
Energy-dispersive X-ray (EDX) spectroscopy measurements were

carried out on each stripe to verify the deposited composition and
ensure an adequate merging of the REBCO inks.
The structural characterization was conducted by high-resolution

X-ray diffraction (XRD) with a Bruker D8 Discover system (Cu Kα,
X-ray energy = 8.049 keV) equipped with a Lynxeye XE energy-
dispersive one-dimensional (1D) detector. The quantification of the
amount of epitaxial material on each stripe was performed using a
Bruker-AXS D8 Advance diffractometer (Cu Kα) equipped with a
general area detector diffraction system (GADDS).
The spatial distribution, size, and crystalline state of precursor

phases in pyrolyzed films were probed via high-resolution trans-
mission electron microscopy (HR-TEM) and high-angle annular
dark-field scanning transmission electron microscopy (STEM-
HAADF). For this purpose, an FEI Tecnai F20 (S)TEM was
operated at 200 kV. For transmission electron microscopy (TEM)
studies, cross-sectional specimens were prepared by conventional
methods: slicing, gluing, tripod mechanical polishing, and finally Ar+
ion milling using Gatan PIPS.
In Situ XRD Synchrotron Measurements. In situ XRD growth

experiments were performed at the DiffAbs beamline, SOLEIL
synchrotron facilities (France), using an X-ray beam energy of 18 keV
and an XPAD (X-ray hybrid pixel area detector)46,47 area detector
with acquisition times per image of 100 ms. The obtained images can
be converted into intensity vs 2θ diffractograms considering the
experimental geometry (sample and detector angular positioning) and
using a home-written Python code. The samples were heat treated in
an Anton Paar DHS 1100 domed heating stage at rates of 25 °C/min,
1 bar of total pressure and 1 mbar of oxygen partial pressure. An X-ray
transparent Kapton dome, equipped with a double connection to the
vacuum pumps and gas inlet/outlet systems, was utilized to seal the
heating stage. The total pressure control was achieved through
electrovalves, while an oxygen sensor was used to preset PO2 at the
desired value. Pressure values were tracked via the LabVIEW interface
using a remote connection to a pressure meter. Synchrotron
experiments were employed for the in situ analysis of the growth of
combinatorial samples, as it will be described in the In Situ XRD
Synchrotron Analysis section.

■ RESULTS AND DISCUSSION

The combinatorial chemistry approach aims to improve and
speed up the fabrication of materials using high-throughput
deposition and characterization techniques, as well as
incorporating computational methods for the automation of
data acquisition and processing. In this manuscript, we have
studied the combinatorial approach through gradual composi-
tional changes of the rare earth (RE = Y, Gd) in the REBCO
phase. It is worth noting that we will refer to the final
Y1−xGdxBCO composition throughout the manuscript even
when talking about precursor inks and deposited stripes to
classify the different compositions. Three stages have been
considered in the combinatorial DoD IJP approach for the
investigation of these REBCO superconductors: (1) determi-
nation of ink and deposition parameters for the deposition of
combinatorial test pieces, (2) validation of the compositional
homogeneity needed for combinatorial tests, and (3)
identification of high-throughput characterization and data
analysis of combinatorial test samples to extract valuable
information of growth mechanisms.

Inkjet Printing Deposition Requirements. The use of
DoD IJP to deposit combinatorial samples requires control of
process parameters to ensure a uniform deposition, especially
when combining several inks and nozzles. First of all, ink
formulation, drop formation, jetting parameters, and drop
pitches (spacing along the x- and y-directions) need to be
optimized. These variables are largely influenced by ink
stability, as well as its physicochemical properties. Figure S1
shows the viscosity and surface tension measurements for the
REBCO ink with 3.66% vol EA. The inverse Ohnesorge
number (Z) is often used as an indication of ink ejectability
factor and is expressed as

ρ γ
η

=Z
l

(1)

ρ is the density of the liquid, η is the viscosity, γ is the surface
tension, and l is the nozzle diameter (50 μm). Typical Z values
ensuring good ejectability range from minimum values of 1−4
and maximum ones of 10−14.48,49 Typical values for the tested
REBCO inks are summarized in Table 1. The inks employed in
this work could be ejected for Z > 3.1.
The optimized parameters employed in this work to achieve

stable drop formation are summarized in Table 2. Typically, an
increase in the % vol EA required higher voltages to achieve a
stable drop formation. Liu et al. mentioned that drop
formation is achieved when the velocity is high enough to
overcome the surface tension and viscous forces,50 which
supports our observations for both types of inks.
The combinatorial test samples under the present study are

composed of several stripes of different compositions
deposited in one single sample. This geometry has enabled
us to verify the methodology employed, as described below,
and will allow us to extend it to more complex schemes (i.e.,
graded samples) in the future. To define the combinatorial
chemistry strategy for inkjet printing, two precursor inks for

Table 1. Physicochemical Parameters of the REBCO Inks

% vol EA viscosity (cP) contact angle (deg) density (g/cm3) surface tension (mN/m) Z ejectability

0 5.0 ± 0.1 10.0 ± 0.1 0.98 ± 0.01 24.4 ± 0.1 9.2 ± 0.1 ejectable
1.14 6.8 ± 0.1 <10.0 ± 0.1 0.99 ± 0.01 25.4 ± 0.1 7.0 ± 0.1 ejectable
3.66 15.2 ± 0.1 <10.0 ± 0.1 0.99 ± 0.01 25.8 ± 0.1 3.1 ± 0.1 not ejectable
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YBCO and GdBCO final compositions were loaded into two
separate nozzles. These inks were tested to print 5 stripes with
Y1−xGdxBCO ratio combinations of x = 0, 0.25, 0.5, 0.75, and 1
on single STO substrates. Single solvent inks are usually
preferred since the evaporation rate plays a big role in the
homogeneity of printed patterns.51 Despite this, the inks
employed in this work contained both PPA and BuOH since
the addition of BuOH provided thickness in the required range
and provided an adequate boiling point to ensure a compatible
drying process.52

The identification of the best drop pitch combinations is
essential to ensure a homogeneous deposition of the different
Y1−xGdxBCO stripes. An average drop size of 241 ± 4 μm was
obtained after measuring the diameter of several drops
deposited on single-crystalline (001) STO substrates with a
separation of 500 μm between them (Figure S2a). The
experimental testing of different drop pitches (dx = 50, 75, and
100 μm and dy = 50, 75, 100, 125, and 250 μm) was then
performed to fine-tune the best deposition conditions (Figure
S2b). Small drop pitches (50 μm × 50 μm and 75 μm × 75
μm) showed a large accumulation of solution, which led to
inhomogeneities due to liquid movement, while larger
combinations led to unconnected patterns. The conditions
that showed very little liquid movement and smooth surfaces
were dx = 50 μm and dy = 85−100 μm. These drop pitches
result in degrees of overlap in x = 80% and y = 60% (100
μm)−65% (85 μm). The degree of overlap was calculated
using the expression × 100O

D
, where O is the overlapping

distance between the two drops (D-dx or D-dy) and D is the
diameter of the drop impact.
We have also explored the inclusion of additives in ink to

enhance the solubility of the metalorganic precursors, increase
the homogeneity, facilitate drop formation, as well as to
prevent excessive drying of solvents and nozzle clogging.53,54 In
particular, we used ethanolamine (EA) for its known role as a
complexing agent in copper-based solutions.55 Several %v/v EA
were tested to find a compromise between the increase of ink
viscosity with the amount of EA (Table 1) and the increased
difficulty for drop ejection. The optimized solution contained a
1%v/v EA and a 50/50 PPA/BuOH ratio. Figure 2 shows two
combinatorial samples prepared with inks containing 0%v/v and
1%v/v EA and a 50/50 PPA/BuOH ratio in a 0.75 M solution
with RE-prop, Ba-prop, and Cu(ac)2 metalorganic salts. The
addition of EA clearly shows a qualitative improvement in the
homogeneity of the printed stripes, liquid movement is greatly
reduced, and the stripe edges are better confined into the
printed dimensions (500 μm × 5 mm).

To optimize the pyrolysis conditions of combinatorial
samples, at first, a complete film with a nominal Y1−xGdxBCO
ratio of x = 0 was prepared by spin-coating with a subsequent
thermal treatment (5 °C/min up to 240 °C and at 3 °C/min
from 240 to 500 °C). This ensured the decomposition of the
organic constituents and the formation of nanocrystalline
oxycarbonates (RE2O3, BaCO3, and CuO), which are the
precursor phases for the REBCO final layer to be reached upon
an additional second high-temperature treatment.56 TEM
investigations were conducted on this sample to evaluate the
intermediate precursor phases present after the pyrolysis step.
The low-magnification STEM-HAADF image of an as-
pyrolyzed YBCO film (Figure 3a) reveals a film thickness of
∼800 nm, and nanocrystalline phases are homogeneously
distributed within the film. It has been found that any
coarsening or phase segregations, for example, CuO
segregation at the interface of multiple layers, can degrade
the film quality and homogeneity of the grown REBCO thin
film.55 In this regard, the above-pyrolyzed film, without the
presence of any segregation layer, as displayed in Figure 3a, can
provide a high-quality REBCO grown film. We expect that the
decomposition of YBCO and GdBCO precursor solutions will
occur similarly since thermogravimetric studies have been
performed previously on YBCO precursor films by Rasi et al.56

showing that all organic precursor transformations occur below
500 °C, and at that temperature only Y2O3, CuO, and BaCO3
remain in the films. Additionally, Grivel et al.57 have
investigated the decomposition of different rare earth
propionate powder precursors, including gadolinium propio-
nate. They observed that all rare earth propionate precursors
behave similarly, leading to amorphous nanocrystalline oxide
phases at 500 °C. It is worth noting that films decompose
earlier than powders due to the much more efficient gas
transport occurring in the films as compared to powders as
reported previously.58 The low-magnification STEM-HAADF
image in the bottom-right inset of Figure 3a displays the
smooth surface of the as-pyrolyzed YBCO thin film. The
distinct nanocrystalline phases are identified in HR-TEM
images (Figure 3b−e), which show the typical diameters of
BaCO3 (orthorhombic), 10−30 nm; BaCO3 (monoclinic), 5−
7 nm; CuO, 10−25 nm; and Y2O3, 5−6 nm. The majority of
BaCO3 is found to be orthorhombic that can easily decompose
during the TLAG-CSD process.56 Moreover, the size of
nanocrystalline phases of about tens of nanometers can also
assist in the fast reaction process during the TLAG-CSD
growth. The HR-TEM image in Figure 3f exhibits high
homogeneity among nanocrystalline phases of BaCO3

Table 2. Jetting Parameters Employed for the Drop
Formation (df) and Data Grid (dg) Deposition of REBCO
Inks

jetting parameters value

voltage up (V) 140 ± 40
voltage down (V) 0
pulse length (μs) 25 ± 5
substrate temperature (°C) 25 ± 1
frequency (Hz) 1 (dg), 100 (df)
drop volume (pl) 175 ± 5
drop size (μm) 215 ± 15 (dg), 70 ± 2 (df)
substrate/nozzle distance (mm) 1.0 ± 0.1
drop velocity (m/s) 2.0 ± 0.1

Figure 2. OM images of the as-deposited combinatorial samples
showing the stripe morphology for inks with a 50/50 ratio of PPA/
BuOH, and containing (a) 0% and (b) 1% of EA. Drop pitches of 50
μm and 95 μm along the x- and y-directions were employed.
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(orthorhombic), Y2O3, and CuO, which was also confirmed
throughout the film from the HR-TEM observation of
randomly chosen regions of several films. The pore density
of the film was calculated using image analysis (ImageJ), and it
is estimated to be approximately 1.0 ± 0.2%, as shown in the
top-right inset of Figure 3a. We emphasize that the degree of
porosity is remarkably low, especially for pyrolyzed CSD films,
and expected to enable improved epitaxial growth of REBCO
in the final step of crystallization.55 We believe that the
addition of EA might be the origin of this reduced porosity and
we are currently conducting several studies to confirm it.
Since the only change between the different compositions is

related to the RE2O3 phase, combinatorial samples were
printed with the optimized conditions and, subsequently,
subjected to the previously described pyrolysis treatment.
Figure 4a shows a pyrolyzed combinatorial sample with stripes
that contain nominal Y1−xGdxBCO ratios ranging from x = 0
(YBCO) to x = 1 (GdBCO) as indicated. The average
roughness mean square (RMS) roughness, which was
calculated from three-dimensional (3D) profilometry images
of the stripe surface on several stripes (Figure 4b), is 60 ± 20
nm. A series of profiles extracted along the width of each stripe
(Figure 4c) show that the edges are highly defined, with less
than 50 μm difference between the start to the end. In
addition, while the height of each stripe is very homogeneous,
an average value of 600 ± 100 nm has been calculated from
several measurements on different stripes.

Compositional Homogeneity Validation for Combi-
natorial Samples. Drop positions and solution intermixing,
upon deposition, are key parameters to define combinatorial
patterns (discrete or gradient type) by DoD IJP. In our case,
we selected a set of five equally separated stripes of different
compositions. The validation of the composition homogeneity
within one stripe is essential to demonstrate the capabilities of
stoichiometry tuning. Figure 5 shows the visual representation
of the printing positions and drop overlapping, considering a
drop diameter of 240 μm and a grid size of 50 μm × 95 μm.
These visualizations were generated from data obtained using a
self-made Python interface, as well as employing the NumPy,
Pandas, and Matplotlib libraries.59−61 The schematic repre-
sentation of the drop combinations between the two inks used
for each composition is also illustrated on the right side. This
suggests that the previously determined experimental con-
ditions should enable a high degree of solution intermixing and
a uniform composition distribution along the printed stripes
given that the same miscible solvents are employed for all
solutions. It also reveals that the pattern edges may present a
less uniform distribution due to edge constrains.
Screening over a large number of samples is one of the main

aspects that must be addressed when dealing with
combinatorial samples to promote the construction of material
libraries. Among the different techniques available, it is
required that they possess sufficient spatial precision and
resolution, as well as acquisition speed, and allow parallel or
rapid sequential analysis.25,62,63 With this in mind, several

Figure 3. (a) STEM-HAADF image of the as-pyrolyzed film, where CuO nanocrystals (in gray) are homogeneously distributed within a BaCO3
(white) matrix. The inset (top-right) shows the porosity analysis, where pores are colored in red for quantification. The inset (bottom-right) is a
low-magnification cross-sectional STEM-HAADF image exhibiting the smooth surface of the thin film. (b−e) HR-TEM images identify the distinct
nanocrystalline phases of Y2O3, BaCO3 (monoclinic), BaCO3 (orthorhombic), and CuO, respectively. (f) HR-TEM image shows the presence of all
three nanocrystalline phases in the same region, exhibiting a homogeneous distribution.

Figure 4. (a) OM images of a pyrolyzed combinatorial sample with different REBCO (RE = Y, Gd) compositions as indicated. (b) 3D profilometry
surface map of a stripe with a 50/50 composition. (c) Series of profiles (gray lines) and the mean value (red line) extracted from the green region in
(b). The roughness mean square (RMS) value and average height (h) have been calculated from different stripes and samples.
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techniques have been employed to evaluate the composition of
combinatorial samples such as X-ray fluorescence, energy-
dispersive X-ray spectroscopy (EDX), X-ray diffraction, mass
spectrometry, etc.26,27,64 In our study, we used EDX for several
combinatorial samples to evaluate the composition accuracy of
each stripe and validate the DoD IJP approach. Figure 6a
shows the elemental analysis performed by EDX of a typical
area of approximately 250 μm × 250 μm, where the acquisition
was conducted for a stripe with Y0.5Gd0.5BCO. It should be
recalled that the drop size was of 241 ± 4 μm in diameter and
the drop pitches were dx = 50 μm and dy = 85−100 μm, which
should ensure 60−80% drop overlap (Figure 5). Figure S3
shows the EDX elemental analysis and SEM images of selected
areas from stripes with Y1−xGdxBCO compositions of x = 0.25
and 0.75. After the measurement of several stripes, we
performed a statistical analysis that shows the average values
obtained and their standard deviation for each theoretically
desired composition (Figure 6b). Focusing on compositions
with different percentages of Y1−xGdxBCO inks, we confirm,
on samples annealed at 5 °C/s up to 815 and 830 °C for 2
min, that the desired composition values and measured ones
do not deviate much from each other. Nevertheless, there is a
slightly large dispersion of values with a maximum variation of
±15% for different samples with Y0.5Gd0.5BCO, which might
be influenced by the fact that growth at 50/50 was the most
complicated over the full range explored.
The evaluation of the c-axis lattice parameter for REBCO

has been employed as another indicator to demonstrate proper
RE mixing on the scale of a unit cell. Considering that
Y1−xGdxBa2Cu3O7 is a solid solution in RE, the lattice
parameter of each composition should be a weighted mean,
according to their ratio in the sample.65 Following this
description, high-resolution XRD was conducted (Figure 7).
To minimize systematical errors, substrate alignment was
carried out individually for each stripe prior to the measure-
ment (using the STO (200) reflection at 2θ = 46.47°). The c-
axis parameter of each composition was then determined by

fitting of (00l) REBCO peaks, l ≥ 5, with pseudo-Voigt profiles
and extrapolating to x = 0 following the Nelson-Riley criteria
(Figure S4)66
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Figure 5. Plots that illustrate the printed DoD IJP patterns for
Y1−xGdxBCO composition ratios of (a) x = 0, (b) 0.25, (c) 0.5, (d)
0.75, and (e) 1, with a grid size of 50 μm × 95 μm. The (x,y)
coordinates were automatically generated using a self-made Python
interface. The graphs on the right side of each stripe show a schematic
representation of the drop alternation between the two inks used to
reach the desired composition. Yellow and green indicate the drops of
the two different solutions used.

Figure 6. (a) EDX elemental analysis of selected area from a stripe
with a Y0.5Gd0.5BCO. The inset shows the SEM image of the
measured region. (b) Statistical analysis of the composition measured
by performing EDX spectroscopy on several combinatorial samples
with stripes having Y1−xGdxBCO ratios of x = 0, 0.25, 0.5, 0.75, and 1.

Figure 7. (a) High-resolution XRD diffractograms of a sample
annealed at 5 °C/s, 840 °C for 2 min and a PO2 of 1 mbar, depicting
the (200) STO substrate peak position and the (007) peak for each
Y1−xGdxBCO composition. (b) Evolution of the c-axis parameter for
Y1−xGdxBCO samples annealed at 5 °C/s up to 835 °C and 840 °C
for 2 min and a PO2 of 1 mbar. The (00l) REBCO peaks and
associated shifts, as shown in (a), are translated into lattice parameter
variations using the Nelson-Riley criteria (Figure S4). Blue lines
indicate the theoretical values from the ICSD database, 11.701 and
11.683 Å for the optimally doped GdBCO and YBCO. Error bars are
obtained from the Nelson-Riley linear regression.
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Figure 7a shows the XRD diffractograms of the (200) STO
peak together with the (007) reflection of each Y1−xGdxBCO
composition, used for the calculation of the c-axis lattice
parameter of each stripe for a sample annealed at 5 °C/s up to
840 °C for 2 min. Figure 7b illustrates the evolution of the c-
axis lattice parameter as a function of the Y1−xGdxBCO ratio
for two samples annealed at 5 °C/s up to 835 °C and 840 °C
for 2 min. The trend depicted for each stripe is clearly in
agreement with those obtained for the optimally doped YBCO
and GdBCO for single crystals, which have c-axis parameters of
11.683 and 11.701 Å, respectively.
Identification of High-Throughput Characterization

and Data Analysis. Assessment of Epitaxial Growth
Conditions. The validation of the combinatorial approach
presented above now allows us to explore the differences in
growth conditions for Y1−xGdxBCO by investigating several
stripes at the same time. Several sets of combinatorial samples
were grown following the temperature route of the REBCO
TLAG-CSD approach21 at temperatures ranging from 750 to
850 °C with 2 min of dwell and a heating ramp of 5 °C/s. Our
goal was to assess the degree of epitaxy at each condition to
establish the optimum growth temperature for each
composition. Figure 8 shows a composition vs temperature

map with the degree of epitaxy as the color scale. The epitaxial
fraction was calculated by integrating two-dimensional (2D)-
XRD 2θ−χ scans at the position of the (005)REBCO
reflection at χ = 0° (Iepi

exp) and χ ≠ 0° (Iring
exp ), as indicated in

Figure S5. Then, the relationship between the epitaxial

(Iepitaxial) and polycrystalline (Irandom) orientations is quantified
with the following equations67

χ π
=

× Δ ×
×

I
I

I

I

(360/ ) 4

8
random

epitaxial

ring
exp

epi
exp

(3)

+ =I I 100(%)random epitaxial (4)

Below 800 °C, the degree of epitaxy achieved increases with
temperature from around 10−20% up to 50%. A higher degree
of epitaxy is observed for Gd-rich compositions. Full epitaxial
growth (>90%) is observed for the Gd-rich compositions (x ≥
0.75) at temperatures between 815 and 830 °C, while
compositions with x ≤ 0.5 show values between 20 and
70%. Above 830 °C, the degree of epitaxy starts decreasing for
Gd-rich samples, while Y-rich compositions reach epitaxy
values above 90% at 845 °C. Despite this, Gd-rich
compositions show epitaxial fraction values between 40 and
70% up to 850 °C, while Y-rich ones decrease much faster.
Figure S6 shows the SEM images of the samples grown at 830
and 845 °C. It confirms that 830 °C is a rather good
temperature to achieve homogeneous, flat, and porous free
layers for Gd-rich compositions, while higher temperatures
have to be achieved for Y-rich ones. The evolution of the
epitaxial fraction with temperature is related to the super-
saturation of the Ba−Cu−O melt, advantageously used in the
nonequilibrium TLAG-CSD process to enhance growth rates.
In general, at low temperatures, crystallization occurs at higher
supersaturation, while at high temperatures supersaturation
decreases, enabling the c-axis heteroepitaxial growth to be
achieved. In these liquid mediated processes, supersaturation is
dominated by the concentration of RE dissolved in the liquid.
As temperature increases, this should also increase provided
the heating ramp does not limit this process. Nevertheless, the
optimum conditions will be different for each composition,
since relative supersaturation, Δσ = (Cγ/Ce − 1), depends on
the difference between the RE concentration in the liquid, Cγ

and equilibrium concentration, Ce, at each temperature and
time.21 It is known that Ce depends on the RE, with Ce,Gd >
Ce,Y,

68 thus confirming that lower relative supersaturation
conditions will likely be reached for GdBCO than for YBCO at
a fixed temperature, though we cannot discard variation of Cγ

with RE. All of these arguments support the experimental
evidence that the highest epitaxial degree is reached with
GdBCO at 830 °C, while it is at 845 °C for YBCO. Overall,
the combinatorial approach employed here has enabled to map
epitaxial growth as a function of composition and temperature,
demonstrating the desired reduction in the sample number
through the combinatorial strategy (13 combinatorial samples

Figure 8. Three-dimensional (3D) map of the epitaxial fraction as a
function of the Y1−xGdxBCO composition and temperature for
samples annealed at 5 °C/s for 2 min and a PO2 of 1 mbar. The
colored dots indicate the SEM images of specific Y1−xGdxBCO
composition, depicted in Figure S6 (Supporting Information) for two
samples annealed at 5 °C/s up to 830 and 845 °C for 2 min and a
PO2 of 1 mbar, as indicated in the figure.

Figure 9. (a) Schematic representation of the experimental setup used for the in situ synchrotron measurements, and (b) beam alignment to
determine the stripes’ position, i.e., at the intensity minima.
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instead of 78 regular samples were explored to reach the same
mapping resolution).
In Situ XRD Synchrotron Analysis. Synchrotron radiation is

a powerful tool for high-throughput experimentation, thanks to
the high monochromaticity, brightness, collimation, and
temporal/spatial resolution, allowing rapid characterization of
microsized combinatorial samples.69,70 In addition, in situ
experiments can be performed if fast 2D detectors are
employed. In the case of the ultrafast TLAG-CSD growth
process, this is the only way to explore the kinetically driven
ultrafast growth mechanisms. Here, in situ XRD experiments
were performed on our combinatorial samples using the setup
described in the In Situ XRD Synchrotron Measurements
section. The aim was to in situ analyze the 5 stripes localized in
one single sample and in a single (same) growth process. Using
an area detector, a certain 2θ angular range, of about 10°, is
covered in a single shot/image. The sample and detector
angles were fixed and set to record scattered signal close to the
substrate and precursors diffraction peaks. The strategy
followed was to measure the printed stripes through a “stop-
and-go” stage movement along the transverse y-direction, as
schematically shown in Figure 9a. The position of each stripe

was determined through a quick scan along the y-direction
with a set of defined positions, and by evaluating the scattered
intensity variations (around particular 2θ values) of the
acquired XRD datasets vs the lateral position. In these
conditions, the intensity minima indicate the center position
of each stripe, while the peaks correspond to the substrate
(Figure 9b). The movement time between stripes was
estimated to be 1.6 s on average, considering the acquisition
and data transfer times. It should also be noted that substrate
positions between the stripes were also measured. Hence, a
measurement was performed on each stripe every ∼20 s, which
are relatively long acquisition times. As a result, these set of
experiments required the use of TLAG-CSD conditions where
the growth process is relatively slow (1−5 nm/s), using slower
heating ramps as compared to the ones reported before.21,56

This approach allowed us, together with the combinatorial
films, to resolve the REBCO crystallization process and
intermediate reactions in time, temperature and Y1−xGdxBCO
compositions, all in one single experiment (Figure S7).
Figure 10 shows the phase evolution with time and

temperature for an in situ XRD synchrotron experiment
conducted during annealing by heating at a rate of 25 °C/min

Figure 10. In situ XRD synchrotron measurements during annealing by heating at 25 °C/min up to 860 °C. Phase evolution of the YBCO stripe
(a) showing the total diffraction intensity for each crystalline phase, and (b) zoom-in of (a) for better visualization of the low-intensity phases.

Figure 11. (a) Color map showing the time evolution of the intensity of the (005) epitaxial peak (2θ ∼ 16.7−16.9°), and (b) intensity increase
(slope) and time difference (Δt) for crystallization of the epitaxial phase for stripes with Y1−xGdxBCO ratios of x = 0, 0.25, 0.5, 0.75, and 1, taking
tGdBCO as a reference. The error bars were determined from the difference between the points used to calculate the time where epitaxial
crystallization begins.
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up to 860 °C. The phase evolution is extracted from 2D-XRD
raw data images consisting of 2θ, χ and intensity information
by performing a summation of counts in a particular 2θ−χ area
of each image and fitting of I (2θ) peaks. Figure S8 shows a
2D-XRD raw image of a time frame, where the (005) and
(103) REBCO phases coexisted. At temperatures below 400
°C, typical intermediate precursor phases of YBCO fluorine-
free precursor films are observed,21 i.e., BaCO3 (monoclinic)
and CuO. Above this temperature, the BaCO3 (monoclinic)
phase transforms into BaCO3 (orthorhombic) and reacts with
CuO to form the transient liquid. The observed BaCuO2/
BaCu2O2 and Cu2O phases crystallize from the liquid due to
the heating rates of the experiment (25 °C/min). The YBCO
phase starts to form at around 600 °C and is mostly randomly
oriented at this point. At only around 790 °C, the epitaxial part
is significantly increasing in intensity. It is noticeable that the
random YBCO phase completely disappears at expenses of the
epitaxial orientation at 860 °C. These experiments encouraged
us to further study the mechanism behind this orientation
conversion; the mechanisms will be reported elsewhere.
Additional details on the influence of the heating ramp on
the formation of intermediate precursor phases and YBCO are
also of major importance and will be discussed in another
publication since it goes beyond the scope of this work.
Figure 11a shows a color map with the evolution of the

epitaxial phase (scattered intensity in the vicinity of the (005)
peak),21 but adapted to the combinatorial strategy and the
different REBCO compositions presented in this work. Note
that the stripes possess different times for the initiation of
epitaxial crystallization, depending on their composition, as
identified in Figure 11b. In particular, the stripe with 100%
GdBCO starts to crystallize first, the one with 100% YBCO is
the last (Δt = 324 s), and the intermediate compositions lay
between both individual REBCO phases, according to their RE
proportion. In addition, the slope of the increase in intensity of
the (005) epitaxial peak reveals two times faster rise for the
GdBCO composition as compared to YBCO. These results are
in accordance with previous reports,65 where the growth rate of
REBCO materials in liquid-assisted methods was shown to be
proportional to the solubility of the RE. Since the atomic
radius of Gd is larger than that of Y, its solubility will be higher
and, hence, this could possibly explain its earlier crystallization
as compared to Y.
In summary, the work presented here demonstrates that

screening over a large variety of conditions is facilitated by the
fabrication of combinatorial samples. Appropriate character-
ization techniques have enabled simultaneous measurement of
combinatorial samples, leading to the generation of a large
volume of information to be analyzed and interpreted, which is
vital in the implementation of a data-driven material design
scheme based on “big data”. Automation tools for data
acquisition and treatment are also necessary to generate inputs
for machine learning algorithms, which can be used to ease the
interpretation of results, as well as enable the smart
optimization of epitaxial growth conditions for different
REBCO stoichiometries and, eventually, find the best func-
tional properties.

■ CONCLUSIONS AND OUTLOOK
The potential of combinatorial and high-throughput exper-
imentation for fast identification of the experimental
conditions to grow different Y1−xGdxBCO compositions by
the TLAG-CSD approach has been demonstrated. Drop-on-

demand inkjet printing was successfully used to deposit
combinatorial samples in the form of stripes of different
compositions, obtaining a homogeneous surface distribution
during the pyrolysis step after the optimization of the ink
composition and printing positions. The TEM microstructure
analysis of a complete film revealed the homogeneous
distribution of nanocrystalline phases and the low porosity of
the pyrolyzed stripes. The desired compositions could be
successfully implemented and confirmed through the com-
bined use of computational methods and postcharacterization
techniques such as EDX and HRXRD, as evidenced by
elemental rare earth ratio and the c-parameter values. We have
also shown that epitaxial growth conditions vary for each
Y1−xGdxBCO composition, Gd-rich ones having higher values
of an epitaxial fraction at lower temperatures as compared to Y-
rich ones. Finally, in situ XRD synchrotron experiments
allowed to track the evolution of phases present during the
TLAG-CSD growth. We confirm that compositions richer in
Gd start at earlier times and imply faster growth processes than
YBCO. The success of the in situ XRD synchrotron
experiments in the analysis of combinatorial samples not
only shows the richness of the method but also opens paths to
the improvement of the setup and data acquisition schemes.
Rapid on-the-flight measurements through compositionally
graded samples should allow the accessibility and character-
ization of larger heating ramps and crystallization growth
rates.71,72 All-in-all, the results obtained show that the
combinatorial and high-throughput approach can be now
moved forward to the fabrication of continuous compositional
gradients. This will enable enhanced mapping of growth
conditions, a fast screening of functional properties, the
construction of libraries that include, for instance, other RE
ions, liquid composition changes, nanoparticle percentages in
nanocomposites, and the implementation of machine learning
algorithms for a swift and smart optimization of TLAG-CSD
REBCO film growth. Moreover, the methodology developed
here may be extended to many different functional materials
with different needs of fast screening and optimization.
Ultimately, the combinatorial screening will also pave the
way to novel material design strategies based on big data (i.e.,
data-driven approaches), aiming not only to accelerate the
innovation throughput in the field of superconducting films
and coated conductors but also in other fields of materials
science.
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