Journal of Sol-Gel Science and Technology (2020) 95:562-572
https://doi.org/10.1007/510971-020-05356-2

ORIGINAL PAPER: FUNCTIONAL COATINGS, THIN FILMS AND MEMBRANES
(INCLUDING DEPOSITION TECHNIQUES) ®

LLLLLLL

Mechanisms for texture in BaTiO; thin films from aqueous chemical
solution deposition

Kristine Bakken®' - Anders Bank Blichfeld ®' - Dmitry Chernyshov®? - Tor Grande ®" - Julia Glaum®' -

Mari-Ann Einarsrud ®'

Received: 22 January 2020 / Accepted: 26 June 2020 / Published online: 18 July 2020
© The Author(s) 2020

Abstract

The prototype piezoelectric material BaTiO; is widely used in e.g., capacitators. Chemical solution deposition (CSD) of
BaTiO; films is a simple and environmentally friendly processing route, but insight in the crystallization process is crucial to
tailor the film properties. In this work, the influence of the annealing conditions on the crystallization behavior of BaTiO;
thin films from aqueous chemical solution deposition is presented. In situ synchrotron X-ray diffraction was used to reveal
the phase evolution, crystallization of the films, and to study how the degree of crystallographic texture in the polycrystalline
films evolved. Our results revealed that the formation of an intermediate metastable oxycarbonate phase is critical for the
formation of BaTiOj; thin films prepared by aqueous CSD. The pyrolysis products present in the film before crystallization
determine the degree of preferential orientation and by tuning the heating program, especially the heating rate through
nucleation (<0.2 °C/s), control of the microstructure and degree of preferential orientation in the films was demonstrated.

Graphical Abstract

In situ X-ray diffraction patterns of a BaTiOj film, prepared by spin coating of an aqueous chemical solution, as a function of
time and temperature, showing the phase evolution and crystallization of BaTiOs.
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Highlights

e In situ synchrotron X-ray diffraction revealed the phase evolution and crystallization of BaTiO; films prepared by

aqueous CSD.

e An intermediate metastable oxycarbonate phase is critical for the formation of BaTiOj thin films.
e The pyrolysis process determines the degree of preferential orientation in the films.
e The microstructure and preferential orientation of the BaTiO; films can be tailored by the new insight.

1 Introduction

Piezo- and ferroelectric materials, such as BaTiOj, are of
general interest since they can convert mechanical energy
into electricity and vice versa [1]. BaTiO; is widely used in
e.g., capacitors due to the high dielectric constant, but fer-
roelectric materials are also applied as memory devices,
sensors, actuators, and transducers [1]. For several of these
applications the material is used as a thin film to enable
miniaturization of the devices, but also to enhance the
piezoelectric properties due to texturing of the films. Flex-
ible energy harvesters, nanogenerators, and in vivo sensors
are new possible applications where ferroelectric thin films
are extremely attractive due to the ferroelectric properties,
but also lowered operating voltage and fabrication more
compatible with semiconductor technology [1, 2]. However,
for these applications, deposition routes to high quality
films with high degree of crystallographic texture need to be
developed in order to fully utilize the potential of the
materials.

CSD is a well-suited, inexpensive, and flexible method
for fabrication of oxide thin films on an industrial scale
[3, 4]. The synthesis is simple, as a stable precursor solu-
tion with the desired metal cations is deposited onto a
substrate by e.g., spin coating before the film is annealed.
Depending on the precursor solution chemistry and the
heating profile used, different pyrolysis and crystallization
reactions occur. Usually, a Rapid Thermal Processing unit
(RTP) is used for annealing the films, as a high heating rate
(20-50 °C/s) will avoid formation of unwanted secondary
phases and achieve highly textured films [3, 4]. Lead-based
ferroelectric films based on Pb, Zr,TiO; (PZT) are
industrially produced by CSD, but synthesis routes for
other dielectric and ferroelectric material classes have also
been developed [3, 4]. BaTiOj3 thin films made by CSD are
reported to have different microstructures, from poly-
crystalline films with columnar grains on platinized silicon
(Pt/Si) [5-8] to distinct layers of small spherical grains on
steel [9], copper foil [10], and Pt/Si [5-7, 11], but the
microstructure is dependent on the precursor solution
concentration [5-7]. Recently, Reder et al. reported an
aqueous-based synthesis route for BaTiO; thin films [12]
where water-based precursor solutions make the fabrication
process more environmental-friendly, and remove the need
for toxic chemicals and inert atmospheres [3]. During this

aqueous CSD process, the precursor developed into the
crystalline perovskite phase through the formation of an
intermediate metastable oxycarbonate phase [12]. This
oxycarbonate phase with a proposed overall stoichiometry
of Ba,Ti,O0sCO;5 [6, 13-21] is often observed in wet che-
mical synthesis of BaTiOj3, but local formation of a calcite-
type modification of BaCO; (R3mH, no. 166) is also
reported [22, 23]. The oxycarbonate phase is reported to
have diffuse reflections in X-ray diffraction (XRD) patterns,
forming before or alongside the Bragg reflections of BaTiO;,
dependent on the annealing temperature [6, 18-24].

The report on epitaxial BaTiO5 thin films on (100)
SrTiO3 (STO) [12] shows the potential to prepare films
with a high degree of preferential orientation using CSD,
but the mechanisms governing the crystallization was not
fully investigated. In order to achieve tailored texture or
epitaxy using CSD, it is necessary to understand how the
processing parameters influence the pyrolysis reactions
and the crystallization processes. The chemistry of the
precursor solution plays an important role in CSD, as does
the heating profile [3]. In this context, in situ XRD is a
unique characterization method to investigate the
mechanisms for nucleation and growth of crystalline
phases during thermal annealing. The phase evolution and
crystallization can be monitored directly during the
decomposition, giving a thorough insight into the reac-
tions taking place during the film annealing. By utilizing
2D detectors and the acquisition speed available, even the
fast heating rates used in RTP’s can be mimicked and this
in situ methodology also allows a deeper investigation of
the CSD process.

Here, we report on the conditions for achieving textured
BaTiO; thin films on different substrates using aqueous
CSD. Moreover, the factors that influence the micro-
structure of the film are also investigated. A novel in situ
XRD characterization setup with high heating rates was
used to reveal the processes taking place during the
annealing and the crystallization patterns. The importance
of understanding the ongoing reactions before and during
crystallization is discussed in terms of choosing a suitable
heating profile to obtain films with a given degree of texture
and a designed microstructure. The pyrolysis step was
found to be crucial for the degree of texture in the final film,
while the microstructure is heavily dependent on the heating
rate through nucleation.
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Table 1 Summary of the

synthesis and annealing Heating profile Heating rat.e during Annt?a.ling Substrate Precursor .

conditions of the different films crystallization conditions concentration [M]
Multi-step (1) 25°Cls 795°C for 10min  (100) STO 0.26
Multi-step (IIT) 25°Cls 797 °C for 20min  (100) STO 0.26
Multi-step (V) 25°Cls 798 °C for 20min  (100) STO 0.26
Multi-step (VI) 0.1°C/s 796 °C for 30 min  (100) STO 0.26
Single-step (I) 25°Cls 794 °C for 10 min (100) STO 0.26
Single-step (IV) 0.03 °C/s 703 °C for 20min  (100) STO 0.24
Single-step 0.1°C/s 710 °C for 15 min (100) STO 0.24
Single-step 0.2°C/s 697 °C for 20 min (100) STO 0.24
Single-step 1.57°Cl/s 787 °C for 10min  (100) STO 0.26
Single-step 0.2°C/s 698 °C for 15 min (110) STO 0.24
Single-step 0.2°C/s 702 °C for 15 min (111) STO 0.24
Single-step 2°C/s 711°C for 10 min  Pt/Si 0.24
Single-step 0.03 °C/s 695 °C for 30 min  Pt/Si 0.24

2 Experimental

The preparation of the aqueous precursor solution has been
reported previously [12]. Separate Ba- and Ti-complex
solutions were prepared and then mixed in stochiometric
ratios to make two final BaTiO;3 precursor solutions with
concentrations of 0.24 and 0.26 M. An EDTA-solution was
prepared by dissolving EDTA (16.2 g, 98%, Sigma-Aldrich,
St. Louis, MO, USA) in deionized water (75 mL) during
heating to 60 °C under stirring and mixing with ammonia
solution (34 mL, 30%, Sigma-Aldrich, St. Louis, MO,
USA). Ba(NO3), (14.4 g, 99.9%, Sigma-Aldrich, St. Louis,
MO, USA), dried at 200°C for 12h was added to the
EDTA-solution, where citric acid (21.1g, 99.5%, Sigma-
Aldrich, St. Louis, MO, USA) was used as a secondary
complexing agent. The solution was stirred until transparent
before the pH was adjusted to neutral by addition of
ammonia solution. The molar ratios were 1:1:5:2 for Ba
(NO3),, EDTA, ammonia, and citric acid, respectively. The
Ti-solution was made by dissolving Ti-isopropoxide
(17mL, 97%, Sigma-Aldrich, St. Louis, MO, USA) in a
citric acid solution (31.7 g citric acid in 75 mL water) at
80 °C in the molar ratio 1:3. The solution was kept at 80 °C
with stirring for 12 h before the pH was adjusted to neutral
by addition of ammonia solution. The concentration of Ti in
the solution was determined by thermogravimetric analysis.

The films were deposited on (100), (110), and (111)
single-crystal STO substrates (1 x 1 cm?, Crystal-GMBH)
and platinized silicon, Pt/TiO,/SiO,/Si (Pt/Si) substrates
(SINTEF, Oslo, Norway). Before film deposition, the sub-
strates were rinsed in ethanol and subsequently plasma
cleaned in oxygen atmosphere (Femto, Diener Electronic
GmbH+Co, Ebhausen, Germany). A single layer of the
precursor solution was deposited by spin coating at
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Single-step annealing: continuous heating

Time

Fig. 1 a Illustration of the in-situ heating setup for thin film annealing
relative to the X-ray beam and 2D-detector. b Schematics of the
heating profiles used for annealing of the thin films during in situ
synchrotron XRD measurements

3000 rpm for 30s, followed by drying the films on a hot-
plate at 200 °C for 4 min in air, to prevent de-wetting of the
film as the precursor solution does not form a gel after
deposition. The resulting crystalline film thickness was
20-25 nm. An overview of the different samples and ther-
mal processing conditions are presented in Table 1.
Synchrotron XRD was conducted at the BMO1 end-sta-
tion, Swiss-Norwegian Beamlines (SNBL) at ESRF (The
European Synchrotron Radiation Facility, Grenoble,
France). The films were characterized at two different
experimental sessions using wavelengths of 0.78449 A and
0.77624 A, which was chosen to suppress fluorescence from
Sr in the STO substrates. A Pilatus2M 2D-detector was used
[25], to be able to detect the azimuthal distribution of the
diffracted intensity and to reveal the texture information.
The films were heated in situ on a setup described in detail
by Blichfeld et al. [26]. (shown in Fig. 1(a)) In short, a SiC
heater (850 W, Bach Resistor Ceramics GmbH) was
embedded in an insulating ceramic block. The films were
placed on top of a Si wafer on the heater and held in place
with a thermocouple, which also measured the film surface
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temperature. A schematic of the different heating profiles
used is presented in Fig. 1(b). Both heating and cooling of
the films were conducted in air, and no cooling system was
connected. The films were measured in grazing incidence to
limit the signal from the substrate and they were aligned
such that the beam footprint is centered in the film. For each
dataset, the incident angle was rotated from 1° to 2° during
data acquisition, so each detector frame was an average over
this angle range to capture more reflections and compensate
for any misalignments. To compensate for thermal expan-
sion of the insulating ceramic block and SiC heater, the
whole setup was shifted stepwise downwards with respect
to the normal to the film, in order to keep the same position
for the beam footprint during heating. The height steps and
the exposure time was optimized for each experiment
individually, based on the heating profile. A procedure for
dealing with the thermal expansion and the height offset is
described in Blichfeld et al. [26]. The signal from the
substrate and thermal expansion data was combined to
calculate the real sample to detect distance for each mea-
surement height, and the data were corrected based on this
calibration. The preliminary data processing and inspection
of the powder diffraction profiles was done with
BMO1 software tools, such as BUBBLE [25] and
MEDVED [27]. The final data processing was done in
Jupyter Notebook utilizing the pyFAI package (see Blich-
feld et al. [26]. for more details) accounting for corrections
and calibrations specific for the given in situ setup. Rietveld
refinement was done using MAUD software (Materials
Analysis Using Diffraction v2.78) [28] to find the lattice
parameter from the peak positions.

Scanning electron microscopy (SEM) of the thin films
was performed using a field-emission FE-SEM Zeiss Ultra
55 LE microscope (Carl Zeiss AG, Oberkochen, Germany)
with an in-lens detector. No coating was applied to the
samples prior to imaging.

3 Results
3.1 Single-step annealing

The phase evolution and crystallization of a BaTiOj; thin
film on (100) STO during single-step annealing with a low
heating rate (0.1 °C/s) is shown in Fig. 2. Before nucleation
of BaTiO;5 at 570 °C, an intermediate oxycarbonate phase
was present, seen from the diffuse diffraction line at 26 =
13.4° corresponding to the (012) reflection of the calcite-
type BaCO; (R3mH) [22, 23, 29]. This oxycarbonate phase
has also been observed at intermediate temperatures when
powders from the same precursor solutions were calcined at
550 °C [12]. The intensity of the reflection at 20 = 13.4°
decreased at the expense of crystallization of BaTiO;. The
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Fig. 2 Surface plot of in-situ diffractograms of a BaTiO3 thin film on
(100) STO as a function of time with the corresponding temperature
profile. The Intermediate oxycarbonate phase formed before the per-
ovskite is indicated. The film was held at the maximum temperature of
710 °C for 15 min. Features at 20 = 10.3°, 15.6°, 29.4°and 37.5° are
due to diffuse scattering from the STO substrate. Any apparent fea-
tures before the oxycarbonate are a result of the gaps in the detector,
the data treatment, or diffuse scattering from the substrate

features at 20 = 10.3°, 15.6°, 29.4° and 37.5° in Fig. 2 are
due to diffuse scattering from the STO substrate. The
apparent negative peaks at 20 = 23.0° and 36.1° are caused
by gaps in the detector, which shift slightly in position from
frame to frame.

Figure 3(a) shows a 2D diffractogram of the BaTiO;
film, where the film texture is evident as there are district
diffraction spots instead of full diffraction rings. The high
degree of (100) preferred orientation is seen as the intense
diffraction spot in the center of the (100) ring with hardly
any distribution of this reflection along the diffraction ring.
The (311) and (310) reflections from STO are also visible in
the 2D diffractogram and the film diffraction spots are
slightly beneath with limited intensity distribution on the
diffraction ring, further demonstrating the high degree of
(100) preferred orientation.

Cubic BaTiO; (Pm3m, ICDD card #01-074-4539) was
used in the Rietveld refinement and the calculated lattice
parameter of BaTiO; at 710 °C was 4.0204(3) A. The SEM
image of the film displayed in Fig. 3(b) shows small
spherical inter-necked grains ~50nm in size, with an
incomplete coverage of the STO substrate.

A summary of the crystallization behavior as a function
of heating rate for single-step annealing of BaTiO; thin
films on different substrates is presented in Fig. 4. For fast
heating (>3 °C/s) no texture was observed and the oxycar-
bonate phases and perovskite nucleated simultaneously. For
ultrafast heating (>10°C/s), BaTiO; nucleated directly
without any secondary or intermediate phases. These heat-
ing rates are in the range of what is commonly employed
during RTP annealing of thin films. The maximum heating
rate to obtain texture was ~3°C/s, inferred from the
increasing degree of texture observed at lower heating rates.
In the case of the textured films, the oxycarbonate phase
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Fig. 3 a 2D diffractogram of a

BaTiO thin film on (100) STO @ (31p) 570

after annealing at 710 °C for

(311),$TO

15 min, heated with a heating
rate of 0.1 °C/s showing the
resulting film texture, and
(b) SEM image of the
microstructure of the film

(top view)
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Fig. 4 Nucleation temperature (colored symbols) for BaTiO3 and
temperature regions for presence of the intermediate oxycarbonate
phase (colored rectangles) as a function of the heating rate used during
in situ single-step annealing of BaTiO3 thin films. Stippled lines are
guides for the eye

nucleated first, followed by nucleation of BaTiOj3, and the
presence of the oxycarbonate phase normally remained for
some time after the initial nucleation of BaTiO;. The
nucleation temperatures for both phases generally increased
with increasing heating rate, and the temperature range for
the presence of oxycarbonate (marked by colored rec-
tangles) decreased with faster heating. The orientation of the
STO substrates did not influence significantly the nucleation
behavior. Deposition on Pt/Si stabilized the oxycarbonate
phase over BaTiOs3, as can be seen from the broader tem-
perature range for the oxycarbonate compared with the
corresponding film on (100) STO.

The intensity and the azimuthal distribution of the (100)
diffraction express the degree of preferential orientation in
the films. The normalized azimuthal intensity of the (100)
reflections along the diffraction ring for the films from
single-step annealing on (100) STO are shown in Fig. 5.
The film heated with a heating rate of 20 °C/s was poly-
crystalline, and the intensity of the (100) diffraction ring
was so low that when normalized it is not visible in the
azimuthal map (Fig. 5). The film heated with a heating rate
of 1.57°C/s had some degree of texture as well as full
diffraction rings; the centered (100) reflection can be seen in
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Fig. 5 Normalized azimuthal map for the (100) BaTiO3 diffraction for
the films on (100) STO from single-step annealing showing the degree
of (100) preferential orientation in the films. Diffractograms were
recorded at ambient temperature after annealing

the azimuthal map, while the full diffraction ring had too
low an intensity after normalization. The intensity of the
centered (100) reflection increases as a lower heating rate is
used (Fig. 5), showing how the degree of preferential
orientation increases as the heating rate decreases.

3.2 Multi-step annealing

Continuous heating with a fast rate (Film I in Fig. 6(a)),
resulted in direct nucleation of the perovskite at a relatively
high temperature. The resulting film was polycrystalline,
which can be seen from the diffractogram in Fig. 6(c). The
microstructure consists of small spherical grains with full
film coverage (Fig. 6(d)). The nucleation behavior changed
by introducing an intermediate dwell period at a certain
temperature. If the hold step was in the temperature range
for BaTiO; nucleation (Film II in Fig. 6(a)), the oxycar-
bonate formed before nucleation of BaTiO3, and remained
present until the temperature was increased due to the
relative stability of the oxycarbonate in this temperature
region. However, if the temperature during the hold step
was significantly below the nucleation thresholds (Film III
in Fig. 6(a)), the oxycarbonate phase was not formed, and
the perovskite nucleated directly in the second heating
period with the fast heating rate used throughout the
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Fig. 6 Multi-step annealing heating program and nucleation tempera-
tures of BaTiO; and oxycarbonate for (a) thin films with a short time
below the nucleation thresholds and (b) long-time below the

nucleation temperature region. Film III in Fig. 6(a) has
some degree of texture, which can be seen from the 2D
diffractogram in Fig. 6(c), even though a much higher
heating rate was used than the texture limit observed for the
single-step annealing to be about 3 °C/s. Hence, the time
spent below the nucleation threshold temperature influences
the degree of preferential orientation of the films. This is
further illustrated by the films with a low heating rate before
the hold step in Fig. 6(b), where all the films were highly
textured (Fig. 6(c)), independent of the heating rate used
during crystallization. Full coverage of the substrate and
spherical grains of 15-20nm are evident in the micro-
structure of the films with a high heating rate during

1000 2 4 6 8 10

Time [h]

0

nucleation thresholds. (¢) Diffractograms of the films with multi-step
annealing after the being held at 800°C for 10-30 min and (d)
microstructure of the films after cooling (top view)

nucleation (Film I, II, III, and V in Fig. 6(d)). For the films
with low heating rate during nucleation (Film IV and VI),
the coverage was incomplete, the grains were 45-60 nm in
size and intergrown with some degree of necking between
the different grains, resembling the microstructure of the
single-step annealed film (Fig. 3(b)).

3.3 Rietveld refinements of in situ XRD patterns
Lattice parameter of BaTiO; determined by Rietveld
refinements of the in situ XRD patterns of BaTiOj; thin films

on (100) STO for both single- and multi-step annealing are
shown in Fig. 7. The data can be divided into two regimes.

@ Springer



568

Journal of Sol-Gel Science and Technology (2020) 95:562-572

Fig. 7 Lattice parameters from 407 '
Rietveld refinements as a 4.06 F
function of temperature during
both single-step and multi-step < 4.05¢
annealing of BaTiO3 thin films = aoat
on (100) STO. Bulk values for 2
the lattice parameter of BaTiO3 E 4.03F
based on thermal expansion data g anak
from Taylor [35] are included as g
the stippled line. Solid lines are B a0k
guides to the eye -
4.00
399
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Table 2 Lattice parameters from

Rietveld refinements of in situ Heating profile Heating rate Substrate Lattice parameter [A] Texture

diffractograms of BaTiO; thin Multi-step (VI) 0.1°Cs (100) STO 4.0211(8) (792 °C) Strong (100)

film with different heating . . .

profiles on STO and PYSi Single-step (IV) 0.03 °C/s (100) STO 4.0298(6) (842 °C) Strong (100)

substrates Single-step 0.1°C/s (100) STO 4.0204(3) (710°C) Strong (100)
Single-step 0.2°C/s (100) STO 4.0256(6) (697 °C) Strong (100)
Single-step 1.57°C/s (100) STO 4.0375(4) (787 °C) Weak (100)
Single-step 20 °C/s (100) STO 4.0502(1) (793 °C) No texture
Single-step 0.2°C/s (110) STO 4.0276(9) (698 °C) Strong (110)
Single-step 0.2°C/s (111) STO 4.0235(2) (702 °C) Strong (111)
Single-step 2°C/s Pt/Si 3.9832(4) (711 °C) No texture
Single-step 0.03 °C/s Pt/Si 3.9775(8) (695 °C) Yes

Values are from the last frame at high temperature. Crystallographic texture evaluated from the 2D

diffractograms are also included

For the films with the lowest heating rates during nucleation
(0.03 and 0.1 °C/s), BaTiO3 nucleated with a lattice para-
meter close to the bulk value with no changes upon further
heating. The films with a medium heating rate (0.2 and
1.57 °C/s) nucleated with a large lattice parameter relative
to bulk BaTiO;, which decreased upon further heating,
converging toward a value below the bulk value in the same
range as the films with lower heating rates. It should be
noted that a direct comparison between the film and bulk
lattice parameters is not straight-forward due to both finite
size effects and strain in the films. All the films shown in
Fig. 7 had some degree of texture and the microstructure is
the same type as presented in Fig. 3(b) for the film with a
heating rate of 0.1 °C/s, with necking between grains,
incomplete coverage, and grains in the range 40-60 nm.
The lattice parameter from the Rietveld refinements and
texture evaluated from the 2D diffractograms of BaTiO;
thin films on STO and Pt/Si with different heating profiles
are summarized in Table 2. For the films on (100) STO, the
texture seen from the 2D diffractograms was the same for
all films, shown in Fig. 3(a) for the single-step film with a
heating rate of 0.1 °C/s. The intensity of the (100) dif-
fraction spots on the 2D diffraction rings decreased for
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faster heating, demonstrating reduced texture with
increased heating rate. The lattice parameter of the films on
(100) STO were in general lower for films with a high
degree of preferential orientation, showing that the texture
influences the film crystal structure. The lattice parameters
observed for films on (110) and (111) STO were compar-
able to the lattice parameters of the films on (100) STO
(Table 2), but the preferential orientation followed the
substrate orientation.

The films on Pt/Si had significantly lower lattice para-
meters than the films on STO (Table 2), which could be due
to strain. Both films on Pt/Si were polycrystalline with full
rings, but for the film with a heating rate of 0.03 °C/s there
are BaTiO; diffraction spots on the diffraction rings,
showing that there is a certain degree of preferred orienta-
tion for BaTiO5; on Pt/Si.

4 Discussion

The present in situ setup for XRD of thin films from aqu-
eous CSD is unique and was used to reveal the conditions
required to control crystallization and texture of BaTiO;
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thin films through the heating profile and the type of sub-
strate used. In order to achieve a high degree of preferential
orientation of films from CSD, both the heating profile and
pyrolysis reactions are important. A high heating rate gen-
erally delays the decomposition/combustion of organics and
nucleation of the crystalline film to a higher temperature due
to kinetics. At higher temperature the driving force for
nucleation is lower, and heterogeneous nucleation at the
substrate is more favorable [3]. Heterogeneous nucleation at
the substrate surface is generally desired as it will increase
the likelihood of preferential orientation of the film. In
addition, rapid heating usually inhibits the formation of
unwanted secondary phases and promotes densification of
the crystalline film [3]. However, this is highly dependent
on the transformation pathway, e.g., which phases form in
the system, which is governed by the precursor chemistry
and temperature profile. Intermediate phases can alter the
nucleation into a nonclassical regime by acting as nuclea-
tion sites or templates for the crystalline film. Thus, the
pyrolysis reactions influence the crystallization behavior
and can also determine the crystalline film texture [3]. Fe
et al. showed the importance of the transformation pathway
by changing the pyrolysis temperature and precursor
chemistry and as a result achieved different preferred
orientation for PZT films on Pt/Si [30].

4.1 Mechanisms for texture

The degree of preferential orientation of the BaTiO; films
on STO by aqueous CSD depends on the heating rate for the
single-step annealed films. For the multi-step annealing it
was shown in Fig. 6 that the total annealing time below the
nucleation threshold of both oxycarbonate and BaTiOj;
determines if preferred orientation is developed, but the
heating rate during crystallization is important as well.
Films V and VI in Fig. 6(b) illustrate the effect of proces-
sing parameters on the crystallographic texture of the films
in the non-classical nucleation regime. Film V has a certain
degree of preferential orientation because it has been
annealed for a long-time below the nucleation threshold,
even though a high heating rate (25 °C/s) was used during
crystallization. In contrast, Film VI, which has the same first
heating rate and hold temperature (but is held for a longer
time), has a very high degree of preferential orientation
because a low heating rate was used during crystallization.
This shows that the nature of pyrolysis products existing in
the films before the oxycarbonate and BaTiO5 nucleation to
a large degree determines the degree of preferential orien-
tation in the film. Meanwhile the heating rate during crys-
tallization merely enhances the preferred orientation during
the prolonged annealing. This argument also holds for the
single-step annealing, as a lower heating rate also entail a
longer time at intermediate temperatures. The (100)

preferential orientation observed in the films on STO could
be enhanced by an epitaxial layer at the interface with the
STO substrate, which has been observed for thin films from
aqueous CSD in the K, sNag sNbO3; (KNN) system on STO
[31]. Raeder et al. has recently shown that epitaxial BaTiO;
films can be produced by the same aqueous CSD route,
notably at significantly higher temperatures [12].

4.2 Pyrolysis reactions and oxycarbonate formation

The intermediate oxycarbonate phase was observed to form
before crystallization of BaTiO;. The composition of the
intermediate metastable carbonate-rich phase during wet che-
mical synthesis of BaTiO; is widely discussed and a macro-
scopic stoichiometry of Ba,Ti,OsCOj is frequently suggested
[6, 13-21]. However, Ischenko et al. [22, 23]. observed that the
intermediate oxycarbonate phase was not homogeneous, and
consisted of Ba- and Ti-rich regions, where there was no clear
single crystallographic phase in the Ti-rich areas. The Ba-rich
regions were found to have a structure close to the high tem-
perature calcite-type modification of BaCOz (R3mH, no. 166),
and contained no titanium [22, 23]. Ischenko et al. suggested
that the Ba-rich regions consisted of BaO,(COs3),_y, where there
is a substitution of O°~ and CO;>~, and that this substitution
stabilizes the calcite-type structure of BaCO; [22, 23]. The
oxycarbonate phase is also observed in powders made from the
same precursor solutions as the films in this work, where
oxycarbonate in the powders forms below 550 °C and becomes
unstable above 650 °C [12]. Since the oxycarbonate phase is
also observed in the films, this means that the decomposition
process and pyrolysis reactions do not change from powders to
films, and the formation mechanisms for the oxycarbonate and
BaTiO; are the same. However, the boundary for the phase
region of the oxycarbonate in the films is lower in temperature
than for the powders [12], due to the reduced size. The ther-
mogravimetric profile of the corresponding powder (Fig. S1(a))
shows that the main mass loss occurs in a narrow temperature
range around 500 °C, corresponding to the nucleation threshold
found for the film. The oxycarbonate forms at temperatures as
low as 500 °C and can persist up to 620 °C dependent on the
heating rate and type of substrate. In light of the IR and XRD
series on the corresponding powders [12], this sharp mass loss
can be interpreted as the decomposition reaction proposed by
Ischenko et al. [22].

(Ba, Ti)—precursor complex — (1 — y)BaO,(COs3),_,

+Ba,TiOy, — BaTiOs3. m
The use of Pt/Si substrates increases the stability of the
oxycarbonate phase as it persists higher in temperature
compared with the corresponding film on STO. The
nucleation temperature of oxycarbonate on Pt/Si is higher
than on STO and unaffected by the heating rate, so
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nucleation occurs at temperatures similar to the powders
from the same precursor solution [12], demonstrating that
the oxycarbonate forms more easily on STO. The
crystallization temperature for BaTiO; on Pt/Si is also
generally higher compared with STO substrates. It
follows that there are more favorable nucleation condi-
tions for BaTiO; on STO. Considering the similar crystal
structures, the nucleation temperature for BaTiO3 should
be lowered by heterogenous nucleation at the substrate
interface. Since both BaTiO5; and oxycarbonate nucleate
more easily on STO the decomposition reaction (Eq. 1)
should be accelerated on STO, which explains the
reduced oxycarbonate stability on STO relative to Pt/Si
seen in this work.

The phases present before the oxycarbonate and the
BaTiO; nucleate result from the heating profile but most
importantly are controlled by the precursor chemistry.
Based on the reaction proposed by Ischenko et al. [22]. in
Eq. 1, the formation of Ba-deficient Ba,TiO,,, clusters
without any long-range order and possibly also their
orientation with respect to the substrate are governing the
resulting film texture and could also act as templates for the
BaTiO; crystallization. As the intermediate phases are
evenly dispersed in the film, so are the BaTiO3 nucleation
sites, resulting in homogeneous nucleation throughout the
film, independent of the placement of the heating source.
No increased degree of heterogenous nucleation at the
substrate was observed for the films annealed with the
in situ heating setup used in this work [26] compared with
annealing with a conventional RTP unit [12], which sup-
plies heat from the film surface. In the case of annealing of a
single layer (20-25 nm), all the BaTiOj films became phase
pure above 620 °C, independent of the presence of the
oxycarbonate, but the formation of the intermediate phase
could be detrimental if each layer is not fully crystallized for
multilayered films. Khomyakova et al. [32]. reported that in
aqueous CSD of multilayer Bay gsCag 157211 Tip9O3 (BCZT)
films, the oxycarbonate formation leads to phase segrega-
tion and a secondary CaZrTi,O; phase if each layer was not
fully crystallized before deposition of the next. The same
reaction mechanisms as presented in Khomyakova et al.
[32]. studying BCZT films should hold for the BaTiO; films
as the precursor chemistry is similar and the same com-
plexing agents were used. Ba is depleted from the per-
ovskite phase by local high CO, pressure from the
oxycarbonate decomposition, leading to areas with Ba-
deficient Ba,TiO,,, phases and BaCOj; (aragonite type).
Cation segregation due to formation of secondary phases
and alkali volatility has also been observed in KNN thin
films from CSD, with similar precursor chemistries [31, 33].
A thorough understanding and control over the decom-
position reactions and the transformation pathway for the
precursors are therefore of outmost importance for
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producing high quality multilayer thin films with high
degree of texture from CSD.

The crystallization of BaTiO3 on Pt/Si follows the same
trend as on STO, where the preferred orientation is gov-
erned by the pyrolysis products. With a transformation
pathway where the pyrolysis products act as templates for
the BaTiO; nucleation, the nature of the precursor phases
would govern the resulting preferred orientation in the
crystalline film. The precursor chemistry and heating profile
are important for preferential orientation in the films, both
of which are different for the (100) oriented BaTiOj5 films
reported in the literature [3, 34] and the aqueous precursor
solution in this work, which most likely is the explanation
for any difference in preferred orientations.

4.3 Grain size and lattice parameter

Finally, the film microstructure, grain size, and lattice
parameter were shown to depend on the heating rate during
crystallization. If a high heating rate is used, the films have
small spherical grains, full coverage and a large lattice
parameter, whereas a low heating rate gives larger inter-
connected grains with incomplete coverage and nucleation
with a lattice parameter close to the bulk value. This shows
that the grain size follows classical nucleation theory, even
if the texture does not. Classical nucleation theory predicts
many small grains for fast heating, when the nucleation rate
is high, and the entire film should transform simultaneously
[3]. In contrast, for a low heating rate the nucleation rate is
lower, which results in fewer grains, but these are allowed
to coarsen by the prolonged annealing time, resulting in a
microstructure of grains with necking. The lattice para-
meters of the BaTiO; thin films provided in Fig. 7 deviates
from the bulk values due to both finite size effects and
strain. The strain in the films stems from both the lattice
mismatch and the difference in thermal expansion coeffi-
cients with respect to the substrate. The lattice parameter of
BaTiO; is larger than for STO and Pt, which results in
compressive strain as BaTiO; has a larger thermal expan-
sion coefficient than STO [35] and Pt [36]. The film
thickness during crystallization is important, as it could
impact the nucleation conditions and relaxation of the films.
In this work, all the films were 20-25 nm thick for a single-
crystalline layer, so relaxation can be expected, which can
give nonuniform strain in the films and contribute to the
observed lattice parameters and microstructure. The BaTiO;
films on Pt/Si have a significantly lower lattice parameter
than on STO, which could be due to strain and the pre-
ferential orientation. The lattice parameter for the films on
STO with medium heating rates (0.2 and 1.57 °C/s) is large
at the time of nucleation showing the finite size effects.
However, in general the lattice parameters on both STO and
Pt/Si decreased with prolonged annealing at high
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temperature, independent of the heating rate, showing the
influence of the substrate lattice mismatch and the resulting
strain. The BaTiO; lattice parameters were generally the
lowest, close to the substrate lattice parameter, for the most
textured films, meaning that with increasing texture the film
is also more strained. The stain could also be enhanced by
the prolonged annealing time necessary to achieve the
highly textured films. This is promising since strained and
highly textured film are desired as they exhibit better fer-
roelectric properties [2].

5 Conclusion

BaTiOj; thin films from aqueous CSD were characterized by
a novel setup for in-situ XRD. The in-situ analysis revealed
that in order to achieve high quality BaTiOj; thin films with
a high degree of preferential orientation, the films should be
heated slowly, and preferably with a prolonged hold step
below 500 °C. The pyrolysis products that form below
500 °C appear to determine if there is preferential orienta-
tion in the film, while a low heating rate during crystal-
lization enhances the film texture. Moreover, compared with
results on the related BCZT system, complete crystallization
of each layer before deposition of more layers should be
beneficial in order to avoid cation segregation and second-
ary phases. In general, the degree of preferential orientation
in films from CSD depends on the heating profile and
precursor chemistry, and it is important to have a proper
understanding of the pyrolysis reactions and how these are
influenced by the processing parameters. In situ studies are
therefore crucial for characterizing the crystallization
behavior uninterrupted and for understanding the complex
mechanisms governing crystallization in CSD film fabri-
cation, as utilized in this study, in order to prepare high
quality films.
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