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ABSTRACT: In this Article, epitaxial thin films of SrTiO3 were
prepared on single crystalline (100) LaAlO3 by an aqueous
chemical solution deposition method. By using different chelating
agents to stabilize the metal ions in water, the impact of the
precursor chemistry on the microstructural and crystalline
properties of the films was studied. Thorough investigation of
the precursor by means of infrared and Raman spectroscopy as
well as thermogravimetric analysis revealed that stable precursors
can be obtained in which strontium ions can be either free in the
solution or stabilized by one of the chelating agents. This
stabilization of strontium ions appeared to be essential in order to obtain single phase SrTiO3 films. Precursors in which Sr2+

remained as free ions showed SrO microcrystal segregation. Precursors in which both metal ions were stabilized gave rise to
strongly textured, dense, and terraced SrTiO3 films, allowing subsequent deposition of YBa2Cu3O7‑δ with superior
superconducting performances.

1. INTRODUCTION

In recent years, thin films of SrTiO3 (STO) have been widely
studied due to their applicability in various fields. SrTiO3
exhibits the perovskite crystal structure with a unit-cell
parameter of a = 0.3905 nm and behaves as a semiconductor
with a band gap of 3.2 eV.1 Due to the high charge storage
capacity (i.e., dielectric constant), good insulating properties,
chemical stability, and nontoxicity, the applications of STO thin
films range from multifunctional devices such as high density
capacitors, nonvolatile memories, and electro-optic compo-
nents to buffer layers for superconducting coated conduc-
tors.2−7 These conductors generally consist of a textured or
polycrystalline metallic substrate, a stack of textured buffer
layers, and a superconducting YBa2Cu3O7‑δ layer capped with a
protective layer.8,9 Titanate materials such as SrTiO3 exhibit a
small oxygen diffusion coefficient and a good chemical stability
toward both the metallic substrate and the superconducting
film, making these materials an interesting alternative for the
commonly used buffer layers.6,10 The current publication
relates to the applicability of SrTiO3 as a single buffer layer
for obtaining optimal superconducting properties of
YBa2Cu3O7‑δ coatings, but the results will be generic in nature.
For all of the applications stated above, the perovskite thin

films have to exhibit certain crystalline and morphological
properties, leading to a higher degree of interest for textured
STO films over those of polycrystalline or amorphous
nature.11−13 Moreover, to use SrTiO3 as a buffer layer for
high temperature superconductors, the synthesis has to be
compatible with the used metal substrates, leading to

processing conditions in which very low oxygen partial
pressures or reducing atmospheres are used.6,10 Up to now,
these crystalline properties were obtained by depositing SrTiO3
via vacuum deposition techniques such as physical vapor
deposition (PVD), pulsed laser deposition (PLD), RF
sputtering, or molecular beam epitaxy (MBE).12−14 However,
in the past decade, chemical solution deposition (CSD)
received growing attention as a promising technique for the
deposition of ceramic thin films. In contrast to the above-noted
vacuum techniques, CSD-methods offer the advantage of high
yields, high speeds, low cost, and easy processing routes.6,9,15

Typically, chemical solution deposition of perovskite STO
thin films consists of mixing strontium and titanium alkoxides
under water-free conditions as most commercially available
titanium precursors are extremely sensitive for hydrolysis,
leading to Ti(OH)4 precipitation upon contact with water.10,16

Compounds such as methanol, 2-methoxyethanol, or methox-
ypropanol are then used as solvent. Chelation of the starting
materials with compounds such as (glacial) acetic acid for the
strontium ions and acetylacetone for the titanium ions to
reduce the hydrolysis sensitivity results in solutions which are
slightly easier to handle in open air.3,4,16,17 Furthermore, the
stabilization of the metal ions can lead to an improved growth
mechanism, leading to films of higher quality.3

Nevertheless, in view of sustainable development and
conservation of the environment, chemical solution deposition
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methods are now shifting from these toxic and/or corrosive
conventional manufacturing processes toward alternative
aqueous-based solution routes for the synthesis of modern
functional materials.18 However, the hydrolysis sensitivity of
elements such as titanium strongly hampers the development of
inorganic materials from aqueous solutions. To bypass this
problem and to ensure compatibility of the metal ions with
water, they are again stabilized with various complexing agents,
giving rise to water-insensitive metal−chelate complexes and
precursor solutions which can be stable for over months or
even years.9,18,19 A high diversity of methods and solutions can
be found for various materials such as TiO2,

19,20 BaTiO3,
21

La2Zr2O7,
22,23 CeO2,

24,25 YBa2Cu3O7‑δ,
26,27 and YBiO3.

8 Never-
theless, a general synthesis approach or proper investigation
toward the influence of the precursor chemistry on the final
film properties in water-based systems has only barely been
reported. Most of these studies consist of varying the
complexing agent for monometallic systems, which can lead
to major changes in the obtained decomposition behavior,
crystallinity, and morphology of the films.28−31 From these
studies, which show similar conclusions as for the organic-based
synthesis, it is clear that optimizing the precursor chemistry is
essential for obtaining high quality ceramic films.
In this study, multiple new water-based SrTiO3 precursor

solutions were developed and analyzed by means of TGA−
DTA, ATR-FTIR, and Raman spectroscopy. Subsequently, all
solutions were coated onto single crystalline LaAlO3 (100) and
processed in metal-compatible conditions in order to
investigate the influence of various complexing agents in the
aqueous solutions on the final morphological and crystalline
properties of the obtained STO films.

2. EXPERIMENTAL SECTION
2.1. Solution Preparation. To study the influence of the

precursor chemistry on the final properties of the obtained SrTiO3
film, four novel water-based precursor systems were developed. These
solutions consist of combinations of two Sr2+ solutions and two Ti4+

solutions, all in aqueous conditions. For the strontium solutions,
iminodiacetic acid (IDA, Alfa Aesar >98%) or ethylenediaminetetra-
acetic acid (EDTA, Sigma-Aldrich 99.4%−100.6%) was dissolved in
water with a molar ratio of, respectively, 2:1 and 1:1 relative to Sr2+ by
addition of 1.5 mL of ethanolamine (EA, Fluka >99.0%). After
complete dissolution of the complexing agents, Sr(NO3)2 (Sigma-
Aldrich, > 99.0%) was added to obtain a stable 0.7 M Sr2+ precursor
with a pH of about 8.
For the Ti4+ solutions, two different pathways were followed. For

the first type of precursor, titanium-isopropoxide was precipitated in a
10-fold of water, and the precipitate was filtered and washed to obtain
wet Ti(OH)4,

30 which was then redissolved in a mixture of H2O2
(Sigma-Aldrich 35 wt % in H2O), IDA, and water. Both hydrogen
peroxide and IDA were used in a 2:1 ratio relative to the titanium
concentration. After addition of ethanolamine and 1 h of stirring at 60
°C, a stable 0.7 M titanium stock solution with a pH of 4 was obtained.
For the second type of Ti4+ solutions, titanium-isopropoxide was

added to triethanolamine (TEA, Roth, >99%) in a 2:1 ratio with
respect to the metal ion. After stirring of this mixture, hydrogen
peroxide (2:1 to Ti4+) and water are added giving rise to a stable
precursor solution with a metal concentration of 0.7 M and a pH of
around 8.5.
In order to obtain SrTiO3 precursor solutions exhibiting long-term

stability, stoichiometric amounts of the obtained single metal
precursors were mixed, and their pH was adjusted to 5 or 7 by
addition of HNO3 (Roth, 65 wt % in H2O) as shown in Table 1.
In aqueous chemical solution deposition processing, the formation

of stable metal chelates is known to be dominated by equilibrium
reactions characterized by their stability constants. Due to these

equilibria, it is likely that ligands which were initially bound to
strontium ions switch to the titanium ions and vice versa. In order to
study these ligand exchanges by Raman and infrared measurements,
additional metal solutions were prepared. A strontium−TEA solution
was obtained by dissolving TEA in water with a molar ratio of 2:1 with
respect to Sr2+. After addition of Sr(NO3)2, a stable 0.7 M Sr−TEA
precursor was obtained with a pH of around 7. An additional
titanium−EDTA solution was also prepared by replacing IDA in the
above-described method by EDTA in a 1:1 molar ratio, leading to a
stable 0.7 M Ti−EDTA solution with a pH of 4.

To study the stability of the precursors at higher temperatures, all
the solutions were gelled at 60 °C for 4 h in a drying furnace.
Throughout this gelation step, most of the solvent evaporates, and a
highly viscous substance is obtained. The stability of this gel is essential
for obtaining compositional homogeneity throughout the film. Only
the monometallic Sr−TEA and the bimetallic TEA−IDA solutions
showed precipitation leading to inhomogeneous gels.

In order to identify precursor-characteristic vibrations in the Raman
and infrared measurements, metal-ion free blanks were also
synthesized.

2.2. Thin Film Deposition and Thermal Processing. The STO
solutions were coated on polished (100)-LaAlO3 single crystals
(Crystek GmbH) by means of dip-coating or DOD piezoelectric inkjet
printing (Microfab). Experimental conditions concerning the inkjet
deposition are reported elsewhere.26 Prior to coating, the substrates
were rinsed with isopropanol and heated to 400 °C in order to remove
adsorbed organics.32 After cooling the substrate to room temperature,
the solution was coated onto the substrate with suitable conditions and
speeds in order to obtain 100−150 nm thick films.

The as-coated films were first dried in a drying furnace at 60 °C for
30 min. The high temperature synthesis of these dried films was
performed in a quartz tube furnace under controlled dry or humid Ar/
5% H2 atmosphere. This atmosphere was chosen in order to preserve
compatibility of the processing conditions with commonly used
metallic substrates in the superconducting coated conductor
architectures, the final goal of this research. To obtain a humid
atmosphere, the forming gas was bubbled through two water bubblers
at room temperature. The dried films were heated with a heating rate
of 8 °C/min to 1100 °C for 2 h and furnace-cooled afterward. The
flow of the (humid) forming gas was kept constant at 150 mL/min. As
a reference, some of the sintered films were postannealed in pure
oxygen at 1100 °C for 2 h. The oxygen partial pressure during
processing was monitored via a DS oxygen probe from Australian
Oxytrol Systems.

For the YBCO deposition, pulsed laser deposition was performed at
810 °C and an oxygen background pressure of 0.3 mbar.33 A KrF
excimer laser was used, applying 3000 pulses on the YBCO target with
a repetition rate of 5 Hz to deposit a 200 nm thick film. The samples
were cooled down and oxygenated in an oxygen partial pressure of 0.4
bar.

2.3. Characterization. Characterization of the single metal and
STO precursors was performed by both ATR-FTIR (PerkinElmer
Spectrum 100) and dispersive Raman spectroscopy (RamanRxn,
Kaiser Optical Systems Inc., 532 nm). For the ATR-FTIR measure-
ments, gels of both the metal containing solutions and their blanks
were measured in open air. In the case of the Sr−TEA and TEA−IDA
precursors, solutions were measured as the gels were unstable. For
Raman spectroscopy, the precursor solutions were measured as-
synthesized, since the Raman signal showed high fluorescence in the
gel phase, due to the strong orange-brown color of the gels. Thermal

Table 1. List of SrTiO3 Solutions

name Sr2+ complex Ti4+ complex pH concentration

IDA−IDA IDA IDA−H2O2 5 0.7 M
IDA−TEA IDA TEA−H2O2 7a 0.7 M
EDTA−TEA EDTA TEA−H2O2 5 0.7 M
EDTA−IDA EDTA IDA−H2O2 5 0.7 M

aThe pH was set to 7 as the solution was unstable at pH 5.
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analysis of the precursors was performed with a Netzsch STA 449 F3
Jupiter with a heating rate of 10 °C/min and an air flow rate of 120
mL/min.
Characterization of the texture and phase composition of the

SrTiO3 films was performed by means of X-ray diffraction (Siemens
D5000 diffractometer). Structural characterization was carried out with
a FEI Nova 600 Nanolab Dual Beam FIB-SEM and a JEOL JSM-
7600F. Roughness analysis of the thin films was carried out by atomic
force microscopy (Molecular Imaging PicoPlus) operating in tapping
mode with Budgetsensors Tap 300 tips and post processed with
WSxM software.34 XPS measurements were recorded on a S-probe
XPS spectrometer with monochromatic Al Kα radiation from Surface
Science Instruments (VG). Sputtering of the films was performed with
an Ar+ ion gun at 4 kV. A nickel grid placed 3 mm above the sample
was used to suppress charging effects. Experimental data were
processed using the software package CasaXPS (Casa Software Ltd.,
U.K.). The quality of the deposited YBCO layers was determined with
inductive measurements of the critical current density Jc (CryoscanTM
by THEVA).

3. RESULTS AND DISCUSSION

3.1. Precursor Analysis. In Figure 1, the infrared and
Raman spectra of the monometallic precursors are shown in the

fingerprint area ranging from 2000 to 300 cm−1. These spectra
are compared to those obtained for their metal-ion free blanks,
in order to identify characteristic vibrations of the formed
metal−chelates. The assignment of the various absorption
bands and Raman shifts according to literature is shown in
Table 2 (Supporting Information).28,29,35−37

In the case of the Ti−TEA precursor (Figure 1a), four
characteristic vibrations appear at 1598, 1110, 893, and 682
cm−1 while these are absent in the spectrum of the blank. The
strongest absorbances at 1110 and 893 cm−1 can be assigned to,
respectively, the C−N(−C) stretch of TEA and the O−O
stretch of H2O2, both coordinated to the metal ion. The
chelating reaction of TEA (and H2O2) with the Ti4+ ion can
also be observed in the Raman spectra, where 3 Raman shifts
appear at 1130, 608, and 545 cm−1 upon addition of titanium to
the blank. These shifts can, respectively, be attributed to the
C−N(−C) stretch of TEA and M−O, M−N, or skeletal ligand
shell vibrations. Additional shifts of the spectra in both the
infrared and Raman spectrum can be attributed to the chelating
effect of the triethanolamine, which in turn has an influence on
the total vibrational and electronic states of the molecule.

Figure 1. Infrared (top, right axis) and Raman (bottom, left axis) spectra of monometallic precursors () and their blanks (---): Ti−TEA (a), Ti−
IDA (b), Ti−EDTA (c), Sr−TEA (d), Sr−IDA (e), and Sr−EDTA(f).
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For the Ti−IDA precursor (Figure 1b), the metal
coordinated C−N(−C) stretch can again be observed at
1110 cm−1 as well as additional bands at 922, 865, and 620
cm−1. The band at 922 cm−1 can be assigned to the C−O
deformation of IDA’s coordinated carboxylate ions, whereas the
band at 865 cm−1 can be attributed to the O−O stretch of
H2O2 coordinated to Ti4+. The υas(Ti−O2) can be observed in
both the infrared (620 cm−1) and the Raman spectrum (614
cm−1). Furthermore, additional Ti−N or skeletal motions of
the chelated site can be observed in the Raman spectrum at 482
and 413 cm−1. Apart from these direct metal−ligand motions,
also the vibrational modes of carboxylate groups are strongly
dependent on their chelating behavior. Only small shifts of both
the symmetric and asymmetric COO− stretches are observed
with slightly higher energy difference (Δυ) in both the Raman
and infrared spectrum, indicating the presence of bridging
carboxylate groups.35

In the case of the Ti−EDTA precursor (Figure 1c), clear
shifts of the carboxylate’s vibrational modes toward a higher Δυ
of 185 cm−1 with respect to the free carboxylate can be seen,
indicating the monodentate bonding behavior of the chelating
COO groups.35 These shifts can be seen in both the infrared
and the Raman spectrum, although it is worth noting that the
symmetric stretch is almost absent in the Raman spectrum.
This feature can also be attributed to the monodentate bonding
behavior, leading to a decreased polarizability and subsequent
Raman sensitivity of the symmetric carboxylate stretch. Next to
the shifted carboxylate peaks, additional infrared absorptions
are found at 933 cm−1 (π(C−O)), a doublet around 870
cm−1(υ(O−O), υs(C−N)), and 621 cm−1 (υas(Ti−O2)). The
C−N(−C) stretch which was observed at 1110 cm−1 for both
the TEA and IDA containing precursors has now split into a
weaker doublet with peaks at 1110 and 1085 cm−1, which can
most likely be attributed to the higher symmetry of the

chelating agent. As for the other titanium precursors, additional
vibrational motions are observed in Raman below 650 cm−1,
with a very strong υas(Ti−O2) vibrational mode at 630 cm−1.
In contrast to the previous Ti4+ precursors, the Sr−IDA and

Sr−TEA precursors show no clear differences with respect to
their metal-ion free blanks (Figure 1d,e), indicating that both
iminodiacetic acid and triethanolamine have no interaction with
the Sr2+ ion. The higher intensity of the infrared band at 1330−
1340 cm−1 and Raman scattering at 1046 cm−1 can be assigned
to the higher concentration of NO3

− groups, as strontium
nitrate was used as metal salt to prepare the solutions. For the
Sr−EDTA (Figure 1f) precursor, no clear shifts of the
carboxylate stretches are observed in both the infrared and
Raman spectrum. Furthermore, only one (weak) characteristic
motion is observed in the low frequency Raman spectrum at
417 cm−1. This vibrational mode can most likely be assigned to
the stretching of the Sr−N bond. The existence of this bond is
also demonstrated by the presence of the coordinated C−
N(−C) stretch at 1110 cm−1. From these measurements, it can
be concluded that EDTA solely bonds through the nitrogen
atoms with the strontium ions. This preferred bonding of
strontium with nitrogen can be expected from the hard soft acid
base principle, as strontium is a soft acid and nitrogen is a softer
base than oxygen.
These results are in good agreement with the theoretical

stability constants of the metal−chelate formation, as it is
generally known that EDTA is a stronger chelating agent than
TEA and IDA.38−41

In order to obtain precursors suitable for the deposition of
SrTiO3 films, stoichiometric amounts of the Sr2+ and the Ti4+

precursors are mixed leading to STO precursors. Upon this
mixing, the differences in chelating strength of the used ligands
are the driving force for possible ligand exchanges. To study
these phenomena, the obtained bimetallic precursors and their

Figure 2. Infrared (top, right axis) and Raman (bottom, left axis) spectra of bimetallic precursors: Sr−IDA−Ti−TEA (a), Sr−EDTA−Ti−TEA (b),
Sr−IDA−Ti−IDA (c), and Sr−EDTA−Ti−IDA (d).
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metal-ion-free blanks were again examined by both Raman and
infrared spectroscopy, as shown in Figure 2.
It can be seen that the Raman spectrum of the TEA−IDA

precursor (Figure 2a) suffers from Raman fluorescence, making
the signal unusable. Since the TEA−IDA gel appeared to be
unstable, the infrared spectrum was obtained from the as-
synthesized solution. The H2O-bend at 1630 cm−1 dominates
the spectrum, hereby masking the possible carboxylate
stretching shifts. When comparing this to the spectra of the
monometallic Ti−TEA, Sr−IDA, and Ti−IDA precursors
(Figure 1a,b,e), it can be seen that the metal-coordinated C−
N(−C) stretch is again present at 1112 cm−1, albeit with a
lower relative intensity then observed for the monometallic Ti−
TEA precursor. This could indicate a ligand exchange at the
Ti4+ center from coordinated triethanolamine to coordinated
iminodiacetic acid. This is further endorsed by the instability of
the bimetallic TEA−IDA gel, whereas the monometallic gels of
Ti−TEA and Sr−IDA appear to be stable. Due to the ligand
exchange, Sr2+ ions and triethanolamine remain free in the
solution, leading to unstable gels, which is also the case for the
monometallic Sr−TEA precursor.
For the TEA−EDTA precursor (Figure 2b), the same

fluorescence problem occurred during the Raman measure-
ments. However, despite this fluorescence, a vibration mode
can be observed at 630 cm−1 which corresponds to the M−O
vibration of the Ti−EDTA complex. Again, this would indicate
a ligand exchange from triethanolamine to EDTA, which is
further confirmed by the presence of characteristic Ti−EDTA
vibration modes at 936 cm−1(π(C−O)), 886−868 cm−1 (υ(O−
O), υs(C−N)), and 624 cm−1(υas(Ti−O2)). However, despite
the presence of a shoulder at 1630 cm−1 in the infrared
spectrum assigned to the asymmetric coordinated carboxylate
stretching of EDTA, also characteristic vibrations of Ti−TEA
and Sr−EDTA can be observed at 1110 (υ(C−N(−C))) and
686 cm−1. The presence of these vibrational modes indicates
that the ligand exchange is not completed and mixed TEA−
EDTA complexes of Ti4+ are present in the solution, in
combination with EDTA coordinated strontium ions. More-
over, the carboxylate vibrational modes observed at 1580 and
1380 cm−1 are clearly shifted with respect to the vibrational
modes of the monometallic precursors, indicating that some of
EDTA’s carboxylate groups are bound to Sr2+. In addition, it
cannot be excluded that heteronuclear complexes are formed in
which EDTA forms bridges between Sr2+ and Ti4+ ions.
Nevertheless, in all of these situations, it is clear that both the
Ti4+ and Sr2+ are stabilized by the ligands, which can be crucial
for the homogeneity of the final products.
In the case of the IDA−IDA precursor, it can be expected

that the spectra consist of vibrational motions coming from the
organic compounds and the characteristic vibations of the Ti−
IDA−H2O2 complex, as Sr2+ was proven to be unchelated by
IDA. Indeed, in Figure 2c the characteristic motions of the Ti−
IDA−H2O2 complex, which were described previously, are
observed in both the infrared and Raman spectrum. It should
be noted that broadening or small shifts of the vibrational
modes are inherent to matrix effects of these bimetallic
precursors, making the spectra more complex to analyze.
Nevertheless, the observed vibrations indicate that the Ti4+ is
stabilized by the ligands, whereas Sr2+ remains free in the
solution.
The last precursor which was analyzed is obtained by mixing

the Sr−EDTA and Ti−IDA precursors. From the vibrational
modes observed in the Raman low frequency region in Figure

2d (630, 480, 458, and 406 cm−1), it can be seen that a ligand
exchange occurs giving rise to Ti−EDTA chelated sites. The
broadening and shift of the asymmetric carboxylate stretch at
1665 cm−1 in Raman confirms the ligand exchange, but also
indicates the presence of remaining Ti−IDA and Sr−EDTA or
heteronuclear complexes. From the fingerprint area of the
infrared spectrum, contributions originating from Sr−EDTA
(1111 and 714 cm−1), Ti−EDTA (936, 886, and 622 cm−1),
and Ti−IDA (1111 and 865 cm−1) can be observed, again
leading to the conclusion that both metal ions are stabilized in
either a mono- or heteronuclear complex.
In summary, it was shown in the measurements of the

monometallic solutions that iminodiacetic acid is incapable of
chelating Sr2+, whereas EDTA is able to bond with Sr2+ via its
nitrogen atoms. Upon adding the strontium solutions to the
titanium solution in order to obtain the STO precursor, a
ligand exchange was observed leading to an unstable gel for the
IDA−TEA solution. For the IDA−IDA solution, only the
presence of Ti−IDA−H2O2 could be shown, again leaving the
Sr2+ free in the solution. For the solutions where Sr2+ was
initially stabilized by EDTA, the ligand exchange also occurred
but was not completed, giving rise to either heteronuclear
complexes or partially stabilized Sr2+. These differences in
strontium stabilization are expected to have a strong influence
on the SrTiO3 formation as strontium will be released earlier
throughout the thermal processing of the films synthesized
from the IDA−IDA and IDA−TEA precursors compared to the
precursors where the strontium ions are stabilized by chelation
with EDTA.
Despite the differences in precursor chemistry, a similar

thermal decomposition behavior is seen for all precursor
solutions under air (Figure 3). The weight loss below 200 °C

can be attributed to the vaporization of water, nitric acid, and
ethanolamine. The second weight loss between 200 and 480 °C
is caused by the decomposition of nitrate groups from the
metal precursor, free triethanolamine, and the decarboxylation
of free carboxylic acid.24,26,42 All the solutions exhibit a strong
exothermic combustion around 500−510 °C, followed by the
removal of residual carbon starting from 600 °C. These final
two steps can be assigned to the combustion of the present
metal complexes or decoordinated ligands.29

Figure 3. TGA−DTA analysis of the bimetallic precursors performed
in flowing air with a heating rate of 10 °C/min.
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3.2. Thin Film Deposition, Growth, and Character-
ization. In order to study the influence of the precursor
chemistry on the growth process and the properties of the
films, the solutions were coated onto single crystal LaAlO3
substrates and processed according to the thermal treatment
described in the Experimental Section. When processing in dry
Ar/5%H2, epitaxial (200)-oriented films are obtained with only
a small fraction of (110) phase present, as shown in the XRD-
spectra in Figure 4a. Due to the extremely low oxygen partial

pressure (pO2 ≈ 10−17 atm) during thermal processing under
dry Ar/5% H2 atmosphere, the combustion of the final
complexes is only completed at the sinter-temperature, giving
rise to very similar topographical morphologies for the four
precursor solutions under investigation (Figure 5). In all cases,
it can be seen that there is a worm-like grain structure;
however, for the films obtained from the IDA−IDA and
EDTA−IDA precursors (Figure 5a,c), also a higher amount of
small outgrowths is observed in comparison to the other films.
All obtained surfaces appear to be very rough with RMS values
higher than 16 nm as determined by AFM (not shown here).
The film synthesized from the IDA−TEA precursor shows
microscopic inhomogeneities (inset Figure 5b) due to the
instability of the gel. Moreover, problems regarding reprodu-
cibility are observed for all solutions, occasionally leading to
weakly textured films which exhibit a gray to black color.
As shown by XPS measurements (Figure 6), these problems

can be attributed to the presence of residual carbon induced by
the reducing atmosphere used during processing. As previously
shown by other researchers, the presence of residual carbon
impedes nucleation and proper grain growth of the ceramic film

during sintering.43−45 Figure 6 shows the C 1s and Sr 2p
binding energy region for films synthesized in dry Ar/5% H2
and films postannealed in pure oxygen. For both types of
processing, surface contamination gives rise to a strong C 1s
peak at around 284 eV. However, in the case of processing in
dry Ar/5% H2, the carbon signal only diminishes very slowly
after sputtering, indicating the presence of carbon throughout
the film. By performing an additional postannealing step in

Figure 4. XRD patterns of epitaxial STO films on LAO single crystal
substrates obtained in dry (a) and wet (b) processing conditions
(reflections marked with an asterisk originate from secondary radiation
of the X-ray tube).

Figure 5. SEM images showing the surface morphology of STO thin
films on LAO obtained by dry processing of IDA−IDA (a), IDA−TEA
(inset: low magnification) (b), EDTA−IDA (c), and EDTA−TEA (d)
precursors.

Figure 6. C 1s and Sr 2p binding energy region of films processed in
dry Ar/5%H2 (a) and after oxygen postannealing (b) at different
sputtering times; XRD pattern of epitaxial STO films on LAO single
crystal substrates obtained after postannealing in oxygen.
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pure oxygen, the residual carbon is removed, again leading to a
strongly textured film as shown in Figure 6c.
Despite the excellent results in terms of residual carbon

removal, a postannealing procedure in oxygen is infeasible for
further process development as this would give rise to oxidation
of the commonly used metallic substrates in coated conductor
architectures. Therefore, the oxygen partial pressure was raised
(pO2 ≈ 10−14 atm) during the synthesis by addition of water
vapor to the sinter-atmosphere.46−48 The XRD spectra in
Figure 4b show that all films obtained under these conditions
are strongly (200) textured with as good as no (110)-phase
present. This indicates that the addition of water vapor to the
forming gas improves the texture of the SrTiO3 thin films,
which can be attributed to the higher oxygen partial pressure
which allows easier growth of the formed nuclei. In contrast to
the dry processing conditions, large differences can now be seen
regarding morphology between the films obtained via the
different precursors.
The SEM images in Figure 7 show that the IDA−TEA and

the IDA−IDA solutions give rise to the formation of

microcrystals on top of the surface, whereas the solutions
containing EDTA exhibit uniform and homogeneous surfaces.
The microcrystals observed via SEM were further analyzed

by EDX (Figure 8a), from which it can be seen that the
microcrystals are strongly Sr-enriched. Prolonged XRD
measurements revealed the presence of an additional reflection
originating from SrO (111) planes (Figure 8b), confirming the
chemical composition of the observed microcrystals. Similar
microcrystals have already been observed in literature during
the postprocessing of SrTiO3 single crystals and were then
identified as either SrO or TiOx.

49,50 During these treatments,
the nature of the crystals depends on the processing conditions,
i.e., the atmosphere which is used. For oxidizing treatments,
SrO nanocrystal formation is observed, whereas TiOx crystals
are observed when processing in reducing or vacuum
conditions. This indicates that the formation of the micro-
crystals observed here is different in nature than the ones

observed in the literature. The origin of the phase segregation
observed in this work is believed to lie in the precursor
chemistry of the solutions, described in the previous paragraph.
Due to the additional stabilization of Sr2+ in the precursors
containing EDTA, the STO reaction is controlled by the
combustion of both the Sr2+ and Ti4+ complexes, giving rise to
single phase STO films. In the case where Sr2+ was initially
“stabilized” by IDA, the free strontium ions in the solution are
transformed into SrO which is clearly incapable of undergoing
complete reaction with TiO2 or Sr1−xTi1+yO3, leading to the
microcrystals observed in Figures 7 and 8.
Due to the addition of water vapor to the sintering

atmosphere, terracing is observed in the solutions containing
EDTA (Figure 7 c,d). It is believed that this terracing is a
consequence of the facilitated combustion of metal complexes
and removal of residual carbon, leading to improved grain
growth and better texturing. Given the excellent a-axis
orientation of the films and the rectangular shape of the
terraces, these are believed to be (h00)-terminated planes. The
microstructure observed in these films is similar to the ones
reported by Kunert et al. and Clem et al., showing the high
potential of these environmentally friendly precursors.10,47

Terracing and stabilization of (100) planes at the surface by
the addition of H2O has already been observed in the case of
postannealing sputtered CeO2 films.43 The origin of this
enhanced terracing due to the presence of water has not been
clarified yet, and further research is needed to resolve this
phenomenon. The inset of Figure 7c shows the height profile of
the formed terraces, revealing a high amount of flat regions.
Due to the strong terracing, an RMS roughness of around 12
nm for an area of 25 μm2 is obtained. Nevertheless, these
terraces could be beneficial for subsequent epitaxial layer
growth, as the nucleation mechanism can then be supported by
the ledges present at the surface.51 For these reasons, the
solutions containing EDTA are believed to be suitable for the

Figure 7. SEM images showing the surface morphology of STO thin
films on LAO obtained by wet processing of IDA−IDA (a), IDA−
TEA (inset: low magnification) (b), EDTA−IDA (inset: AFM height
profile) (c), and EDTA−TEA (d) precursors.

Figure 8. Line scan electron image and normalized intensity plot of Sr
and Ti EDX signal (a). XRD pattern of STO films obtained by wet
processing of IDA−IDA solution (b).
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deposition of SrTiO3 thin films in terms of crystallinity and
morphology.
As proof of concept, the films obtained by the wet processing

of the EDTA−IDA precursor were tested as texture transferring
buffer layer by the deposition of YBCO via pulsed laser
deposition.33 Epitaxial growth was observed for the YBCO,
giving rise to superior superconducting performances with
critical current densities up to 3.6 MA/cm2 in self-field at 77 K,
indicating excellent texture transfer from the SrTiO3 film to the
YBCO layer.

4. CONCLUSION
STO thin films were prepared starting from various novel water
based precursors. We found that the composition of the
precursor solution has a strong influence on the morphology of
the ceramic films after thermal processing, especially upon
addition of water vapor to the atmosphere. However, these
differences in morphology could not be attributed to the
thermal decomposition behavior of the solutions, as all the
solutions showed similar behavior upon heating. Thorough
precursor analysis via Raman and infrared spectroscopy
however showed that, in some cases, depending on the type
of chelating agent chosen for Ti4+ and Sr2+, respectively, the
Sr2+ ions remain free in solution after mixing of the precursors,
leading to undesired reactions during thermal processing.
Therefore, it is clear that the stabilization of Sr2+ is crucial in
order to obtain single phase, highly textured SrTiO3 films. Next
to this, we were able to show that the introduction of water
vapor in the synthesis atmosphere yields a strong increase in
biaxial texture for all films. Nevertheless, if strontium was not
stabilized in the precursor solution, microcrystal formation was
observed on the surface of the films. Only precursors where
both metal ions were stabilized in combination with a wet
thermal treatment gave rise to strongly textured, dense, and
terraced SrTiO3 films. Their excellent crystallographic and
morphological properties were demonstrated by the deposition
of epitaxial YBCO on top of the synthesized SrTiO3 films,
leading to superior superconducting performances. In general,
it can be stated that only solutions in which both metal ions are
stabilized appear to be suitable for single phase SrTiO3
formation and the deposition of films which are capable of
meeting the requirements for further usage in applications.
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