
Applied Surface Science 661 (2024) 160086

Available online 11 April 2024
0169-4332/Crown Copyright © 2024 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Full Length Article 

Sol-gel synthesis of tetragonal BaTiO3 thin films under fast heating 

Yang Liu a, Sirui Li a, Fausto Gallucci a, Evgeny V. Rebrov a,b,* 

a Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, Eindhoven 5612 AP, the Netherlands 
b School of Engineering, University of Warwick, Coventry CV4 7AL, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Tetragonal BaTiO3 films 
Inductive heating 
Sol–gel 

A B S T R A C T   

BaTiO3 thin films with a thickness of 400 nm were prepared by spin coating onto a quartz plate and subsequently 
calcined at 700 ◦C. The effect of fast (540 K min− 1) and slow (10 K min− 1) heating on morphology, unit cell 
parameter and dielectric constant was studied. Fast heating yields tetragonal BaTiO3 films with a semiconductor 
band gap of 3.54 eV, dielectric constant of 685 and a surface roughness of 12 nm. In contrast, slow heating 
produces tetragonal BaTiO3 films with a larger band gap of 3.78 eV, a dielectric constant of 219 and a surface 
roughness of 35 nm. A kinetic constant of 0.0061 min− 1 was obtained in the decomposition of methylene blue 
with UV light over BTO films at 20 ◦C.   

1. Introduction 

Perovskite materials are the most widely used ferroelectric materials 
in the industry and have been the subject of recent studies [1]. Among 
them, barium titanate (BaTiO3, BTO) is the most widely used ferro-
electric material, and even eighty years after its discovery, it remains the 
most important ceramic dielectric applied among others in power 
electronics, biomedical applications, and non-thermal plasma reactors 
[2–4]. A BTO-based capacitor is considered as one of the candidates for 
pulsed power systems due to its high permittivity. BTO films with high 
dielectric constant and low loss have attracted significant attention as 
capacitors in power electronics [2,5]. Recently there has been interest in 
plasma-assisted CO2 utilization using various non-thermal plasma pro-
cesses. Xu et al. employed BTO in non-thermal plasma reactors to 
enhance electric field which in turn resulted in an increase of CO2 
conversion [6]. A packed bed reactor with a BTO ferroelectric packing 
provided a considerably higher conversion in CO2 decomposition and 
also higher energy efficiency than a reactor without packed materials. In 
plasma, ionized gas particles exist in a highly energized state, resulting 
in the presence of free electrons and positive ions which can interact 
with electromagnetic field. The local electrical field for a given voltage 
increases proportinally to the dielectric constant of ferroelectric films 
deposed onto the electrodes [7]. Therefore obtaining materials with 
high dielectric constant is an attractive strategy to increase the reactant 
conversion in plasma reactors. Beyond applications in plasma assisted 
reactions, the BTO films were applied as an efficient photocatalyst. 
Tetragonal BTO showed a higher photocatalytic activity in methylene 

blue decomposition than cubic BTO [8]. Oxygen vacancies in the BTO 
surface enhance the internal electric field and improve the photo-
catalytic ammonia production under a magnetic field [9]. There is a 
strong correlation between the particle size and the dielectric properties 
of BTO. The particle size of BTO depends on the synthesis method [10]. 
Different synthetic approaches were applied to obtain nano-structured 
BTO, both in the form of powders and thin films: viz hydrothermal 
and solvothermal synthesis, co-precipitation, and sol–gel methods 
[11–14]. In the sol–gel method, the precursor sol is first prepared and 
then followed by depositing the sol on the substrate via methods such as 
spin coating and dip coating. And a subsequent calcination process is 
generally needed to obtain crystallized thin films after coating. 

Conventional calcination at rather slow heating rates often leads to a 
lengthy calcination process. Therefore, there is a need to intensify the 
process to produce nanosized BTO films in a shorter time. Fast heating in 
microwaves was already demonstrated for lead-free ferroelectric CaB-
i4Ti4O15 ceramics and the calcination step was completed in 20 min 
[15]. In the synthesis of LaCoO3 nanoparticles, the duration of calci-
nation was further reduced to 10 min [16]. BTO films onto a Si substrate 
were calcined under microwave heating for 2.5 min [17]. A highly or-
dered BTO nanowires with a length of 900 nm and a width of 20–100 nm 
were obtained. 

Rapid thermal annealing (RTA) was also used to reduce the 
annealing time [18]. Imhoff et al. applied RTA to calcine Pb (Fe0.5Nb0.5) 
O3 thin films at 650 ◦C for just 1 min with a heating rate of 50 K s− 1 [19]. 
A tube furnace at around 1300 ◦C was used to achieve the fast-sintering 
for BTO powders with a heating rate of around 200 K min− 1 followed by 
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a dwell interval of 5–15 min [20]. 
It can be concluded that fast heating rates during calcination step led 

to nanostructured films within a shorter time. While microwave heating 
is clearly an enabling technology, it still has several drawbacks. Elec-
trically conductive substrates cannot be used in microwaves and many 
unconducive substates have also rather low thermal conductivity which 
limits the heating rate to avoid large thermal gradients. Also scaling up 
of microwave heating to larger substrates is not straightforward as the 
exact distribution of electric field inside the microwave is difficult to 
predict. This again may lead to non-uniform substrate heating which 
creates inhomogeneities inside the films obtained. Inductive heating 
operates at frequencies in the kHz range, that provide a uniform elec-
tromagnetic (EM) field across the substrate. Also conductive substrates 

can be used under inductive heating which simplifies deposition of thin 
films onto them. Nonconductive substrate can be used as well, however 
they require a susceptor of the EM irradiation (such as a metal plate) to 
be placed in close contact for the best performance. 

Therefore, the goal of this work was to explore the effect of fast 
heating mode in the preparation of BTO films. In fast heating, the 
objective is to enhance the ratio of densification rate to coarsening rate. 
Because coarsening mechanisms, such as lattice and grain-boundary 
diffusion, commonly dominate over densification mechanisms, such as 
surface diffusion, at lower temperatures, it has been suggested that rapid 
heating can be beneficial to achieve high density coupled with fine grain 
size and fast crystallization. The films obtained under fast heating were 
compared with those obtained under conventional (slow) heating. 

Fig. 1. Schematic view of preparation method for the BTO films onto a quartz substrate. (a) Making precursor solution; (b) spin coating steps followed by calcination; 
(c) assembly of a composite film for dielectric constant measurements. 

Fig. 2. (a) Schematic view of the inductive heating set-up; (b) optical image of the two stainless steel susceptor plates and the 20 mm × 20 mm quartz substrate; (c) 
mean substrate temperature as a function of time; (d) mean substrate temperature as a function of time under conventional heating in a convective oven; (e) 
temperature distribution map under inductive heating. A temperature gradient (the difference between the green and yellow colors of 10 K is observed). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2. Experimental 

2.1. Preparation of thin films 

Fig. 1(a) shows the preparation process of the BTO precursor solution 
adopted from [21]. Barium acetate and titanium isopropoxide (99.5 wt 
%, both from Sigma-Aldrich) were used as Ba and Ti sources, respec-
tively. Solution A was prepared by dissolving 0.06 g polyvinyl pyrroli-
done (PVP, Mw = 40000), 2.92 g titanium isopropoxide and 4.54 g 
acetic acid in 12 g isopropanol (all chemicals from Sigma-Aldrich). So-
lution B was prepared by dissolving barium acetate (2.56 g) in distilled 
water (3.6 g). Both solutions were stirred 1 h. Then Solution B was 
dropwise added into solution A and the resulting precursor solution was 
stirred for 1 h. 

The precursor solution was spin coated onto a quartz plate (20 mm ×
20 mm × 1 mm) at 3000 rpm for 30 s following the approach described 
in [22]. Then the quartz plate was immediately transferred to a hot plate 
(150 ◦C) and heated for 10 min to remove the residual solvents. After-
wards, the quartz plate was heated to 700 ◦C using inductive heating or 
conventional heating, respectively. For inductive heating, the quartz 
plate was sandwiched between two stainless-steel plates. The top plate 
featured an opening of 20 mm × 20 mm to accommodate the quartz 
plate to ensure more uniform heating (Fig. 2). The inductive heating was 
performed with a 3-turn coil connected to a 1 kW generator operated at 
350 kHz (EasyHeat). The electric current in the coil was adjusted to 
provide a constant heating rate of 540 K min− 1 followed by a dwell time 
of 100 s at 700 ◦C to get a total processing time of 3 min. The temper-
ature was measured by an IR-camera (FLIR A655) connected to a tem-
perature controller via the Labview software. The control loop allowed 
to realize a linear heating rate towards the set-point. The IR camera was 
also used to monitor the formation of any localized hotspots during the 
heating. Conventional heating was performed in an oven at a heating 
rate of 10 K min− 1 followed by a dwell time of 2 or 32 min to get a total 
processing time of 70 or 100 min. 

For the dielectric constant measurements, the precursor solution was 
spin coated onto one section (20 mm × 10 mm) of a 20 mm × 20 mm ×
2 mm fluorine doped tin oxide (FTO) coated glass. The other section of 
the FTO glass (20 mm × 10 mm) was protected by Teflon tape to make 
connection to the bottom electrode. A thin copper tape with a size of 20 
mm × 10 mm was used as the top electrode (Fig. 1(c)). 

2.2. Characterization 

X-ray diffraction (XRD) was used to detect the crystal structure of the 
samples on an X-ray diffractometer (Bruker D8) operated at 20 kV and 
20 mA, using Cu Kα (λ = 1.5406 Å) radiation in the range from 10 to 90◦

2-thetas at a scanning rate of 0.12◦ min− 1. The experimental data were 
refined by Rietveld method which uses the least-squares minimization 
technique. The operating voltage was 20 kV and the current was 20 mA. 
The crystallinity was calculated by dividing the area of the peak in the 
30–33 degree 2-theta range by the area of this peak in the fully crys-
talline reference sample. The crystallite size was calculated from the 
(110) reflection using the Scherrer equation with a shape factor con-
stant K of 0.9. The lattice parameters a and c were calculated using 
(100), (200) and (001) reflections, respectively: a = λ h

sinθ, c = λ l
sinθ, and 

the tetragonality is taken as the c/a ratio. Raman spectra were recorded 
using a 532 nm laser coupled with a confocal Raman microscope (WITec 
WMT 50). FTIR spectra were recorded with a FT-IR spectrometer 
(Nicolet iS50). Prior to the measurements, the films were mechanically 
removed from the substrate. All FTIR spectra were background cor-
rected. UV–Vis spectra were recorded with a UV–Vis spectrophotometer 
(Shimadzu UV-2501 PC) in the range from 250 to 700 nm. The semi-
conductor band gap was calculated by the Tauc plot method. The 
morphology of the samples was studied by scanning electron microscopy 
(SEM) on a field emission scanning electron microscope (FESEM, JSM 
7001-F, JEOL). The surface roughness was determined with Atomic 
Force Microscopy (AFM, Asylum Research MFP-3D Origin). 

The dielectric permittivity (ε = ε′ − iε″) was calculated from the real 
and imaginary parts of the impedance of the FTO/BTO/Cu assembly (Z′ 
and Z″, Eqs. (1) and (2)), which was measured with a potentiostat 
(BioLogic VMP-300). 

ε′ =
dZ″

Aωε0
[
(Z′)2

+ (Z″)2 ] (1)  

ε″ = dZ′
Aωε0[(Z′)2

+ (Z″)2
]

(2)  

where, A is the film area, d is the film thickness, ε0 is the permittivity of 
the free space (8.85 × 10− 12 F m− 1) and ω = 2πf is the angular fre-
quency [23–25]. 

2.3. Photocatalytic activity test 

The photocatalytic decomposition of methylene blue (MB) over BTO 
thin film obtained under fast heating was studied as a test reaction. A MB 
aqueous solution (15 mg/L, Sigma-Aldrich) was placed in a quartz 
reactor. After the initial adsorption in the dark for 30 min, the substate 
was illuminated with a 270 nm LED light. The size of the light source 
was considerably larger than the illuminated reactor area, providing a 
rather uniform intensity throughout the reactor length. The intensity of 
the absorption band of MB at the 664 nm was measured with UV–Vis 

Fig. 3. (a) XRD patterns of I-2, I-3, C-100 and C-70 samples; (b) XRD Rietveld refinement of I-3 and C-100 samples.  
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spectroscopy. Blank experiments were also carried out with an empty 
quartz substrate to obtain the rate of non-catalytic decomposition under 
the same experimental conditions. 

3. Results and discussion 

3.1. Phase composition 

A total processing time of 3 min was the minimum to obtain fully 
crystalline films under fast heating (sample I-3, Fig. 3(a)). Fully crys-
talline films cannot be obtained at shorter processing times. The XRD 
pattern of I-2 shows a partially amorphous material. However, the XRD 
pattern of I-3 agrees well with the standard XRD pattern of tetragonal 
BTO (05-0626 JCPDF data file). The films are characterized by well- 
resolved diffraction peaks at 22.26, 31.49, 38.88, 45.38, 51.10, 56.10, 
65.75, 70.66, 74.33, 79.47, 83.49 and 87.28◦ 2-theta, corresponding to 
(001), (110), (111), (200), (210), (211), (220), (300), (310), (311), 
(222) and (302) planes of tetragonal BTO [26,27]. The second peak 
observed at 2-theta of 31.49◦ matches the highest intensity peak of the 
BTO, which corresponds to the (110) plane of the perovskite structure, 
confirming that the crystallites are preferably orientated along (110) 
plane. Analysis of the preferred orientations indicates that the relative 
intensities of the diffraction peaks are in agreement with those obtained 
from BTO standards, proving that the substrate has not induced pref-
erential directions in the film growth. Much longer times were required 
at conventional heating. The XRD patterns of film samples calcined 
under slow heating after 70 and 100 min (C-70 and C-100, respectively) 
are also shown in Fig. 3(a). It can be seen that the C-70 sample is a 
mixture of BTO and BaCO3 with a rather low crystallinity. A pure 
tetragonal BTO phase was also obtained under slow heating only after 
100 min. The crystallinity, mean crystallite size, lattice parameters and 
tetragonality of the film samples are listed in Table 1. The mean crys-
tallite size of BTO films remains essentially the same under fast and slow 
heating. However, both crystallinity and tetragonality were improved 
under fast heating. Therefore, it can be inferred that fast heating ac-
celerates the kinetics of BTO formation during the calcination step and 
also facilitates to obtain the tetragonal BTO. 

Fu et al. [17] assumed that motions of atoms (lattice diffusion) due to 
direct volumetric heating results in a fast crystallization. Zhu et al. [20] 
concluded that lattice diffusion is accompanied by densification while 
the grain growth (e.g., surface diffusion) is suppressed. Zhang et al. [28] 
reported that fast heating enhances the ion diffusion during crystalli-
zation of PbTiO3 (PTO) which induces the formation of stable crystal 
nucleus and reduces the crystal size. In addition, fast heating reduced 
the effective activation energy for the nucleation and grain growth of the 
perovskite phase by 39%. Thus fast heating can reduce the nucleation 
time and produce a large number of smaller crystals as compared to slow 
heating. 

3.2. Raman and IR spectra 

Raman spectroscopy was used to characterize the structure of the 
prepared films (Fig. 4). It should be mentioned that cubic BTO (Pm3m) 
demonstrates no Raman activity. For tetragonal BTO (P4mm), eight 
Raman active modes are predicted, including four modes of E symmetry, 
three modes of A1 symmetry and a single mode of B1 symmetry [29]. In 
addition, each of these eight Raman modes splits into longitudinal (LO) 
and transverse (TO) optical reflections because of long-range electro-
static forces induced by the ionicity of the lattice [30]. The I-3 and C-100 
samples demonstrate a characteristic pattern of tetragonal BTO 
[8,31,32]. The assignment of the corresponding modes is listed in 
Table 2. A broad Raman reflection at 268 cm− 1 is attributed to the A1 
(TO2) mode. A sharp reflection at around 306 cm− 1 is assigned to B1 + E 
(LO2) + E (TO3). An asymmetric broad reflection at 520 cm− 1 is asso-
ciated with A1 (TO3) + E (TO4), and a weak broad reflection at 717 cm− 1 

is assigned to a sum of A1 (LO3) and E (LO4) modes. These modes are 
typical peaks of tetragonal BTO in the Raman spectrum. It can be 
concluded that the Raman data are in good agreement with the XRD data 
and the reported literature data. 

In addition, there is a band at 637 cm− 1 in the spectra of samples I-3 
and C-100, typically attributed to hexagonal BTO. Raman spectroscopy 
is a more sensitive method of detecting minor amounts of impurities 
(below 1 wt%) which may not be seen in XRD. In the Raman spectrum of 

Table 1 
Crystallinity, crystallite size, lattice parameter and tetragonality of synthesized 
BTO films.  

Sample 
code 

Crystallinity 
(%) 

Crystallite Size 
(nm) 

Lattice 
Parameter 

Tetragonality 
(− ) 

a, b, c (Å) 

Reference 100 14.0 3.992, 3.992, 
4.030 

1.010 

I-3 98 12.9 4.008, 4.008, 
4.080 

1.018 

C-100 86 13.9 3.998, 3.998, 
4.020 

1.005 

C-70 40 M − −

M = mixture of several phases. 

250 375 500 625 750 875 1000 1125
Raman shift (cm -1)

637

732

616
529

456388

290

C-100

C-70

520
306

268

717

329

I-3
717637

520
306

268

1064

Fig. 4. Raman spectra of I-3, C-70 and C-100 samples.  

Table 2 
Raman modes of I-3 and C-100 vs literature data.  

Mode DiDomenico et al. [33] Pinczuk et al. [34] This work 

A1(TO2) 267 270 268 
E(TO3 + LO2) + B1 308 305 306 
A1(LO2) 473 471 – 
A1(TO3) + E (TO4) 512 516 520 
A1(LO3) + E (LO4) 740 719 717  

Table 3 
Raman peak positions of BaTiO3 and BaCO3.  

Phase Band position (cm− 1) References 

Tetragonal BaTiO3 268, 306, 520, 717 [8,32] 
Hexagonal BaTiO3 637 [32] 
BaCO3 1064 [35]  
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Fig. 5. (a) FTIR spectra of I-3, C-70 and C-100 samples; (b) higher resolution spectra of I-3 and C-100 samples in the mid-IR region.  

Fig. 6. FE-SEM micrographs of (a) I-3; (b) C-100, the bright images show the same film at a higher magnification; (c) cross-sectional SEM image of I-3.  

Fig. 7. (a and b) AFM images of (a) I-3; (b) C-100; (c and d) Surface profiles along the dashed lines of (c) I-3; (d) C-100.  
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the C-70 film, none of the four bands assigned to tetragonal BTO are 
observed. Instead, a strong band at 1064 cm− 1 is detected, corre-
sponding to BaCO3 and aligning with the XRD data [35]. Other bands at 
290, 329, 529 and 732 cm− 1 are observed, which are right shifted peaks 
of tetragonal BTO (Table 3). 

Fig. 5 demonstrates the FTIR spectra of the synthesized films. Both I- 
3 and C-100 films exhibit an absorption band at 495 cm− 1 attributed to 
the normal vibration of the Ti-O bond. Additionally, a weak peak at 
1470 cm− 1, corresponding to crystalline BTO, is also observed in the 
FTIR spectra of these two samples [36–38]. The FTIR spectrum of C-70 
lacks peaks at either 495 or 1470 cm− 1, while a significant absorption at 
1380 cm− 1, assigned to the symmetric stretching mode of interlayer 
CO3

2− , is observed [39]. Overall, FT-IR spectra provide additional evi-
dence for the presence of crystalline BTO in both I-3 and C-100. 

3.3. Morphology 

Further characterization was performed with SEM over I-3 and C-100 
samples as they did not contain impurities of other phases (Fig. 6). Good 
surface quality, small surface roughness and good homogeneity of the 
film are evident in the SEM micrograph. It can also be seen that the films 
are highly agglomerated and noticeable cracks are observed. The depth 
of cracks is more pronounced in I-3 compared to C-100 while the surface 
of I-3 is smoother than that of C-100. This observation is consistent with 
the AFM measurement shown in Fig. 7: a larger number of cracks is 
visible in I-3 film while which also exhibits a lower surface roughness. 
The fast calcination step appears to enhance the surface bonding of the 
film. However, due to the substantial difference in coefficients of ther-
mal expansion (CTE) between the quartz substrate and the film, residual 
stress within the material leads to cracks formation. The crystal size 
measured from FE-SEM results aligns well with the average crystallite 

size in Table 1 which calculated by the Scherrer equation. The surface 
roughness of I-3 is 12 nm (Fig. 7(c)) while that of C-100 is 36 nm (Fig. 7 
(d)). The small particles seen in Fig. 7(c) are agglomerated BTO crystals. 
The crystals have a spherical shape with a narrow size distribution. The 
film thickness is approximately 30 crystal layers (400 nm). 

The calcination process of C-100 sample was far longer than I-3. 
Higher temperature or longer calcination time leads to the irregularly 
shaped crystallite agglomerates of BTO and further leads to less homo-
geneity and higher surface roughness. 

3.4. Dielectric constant 

Fig. 8(a) and (c) show the Nyquist plots of I-3 and C-100 thin films. 
The thickness of the BTO thin films deposited between the two elec-
trodes was 400 nm. Fig. 8(b) and (d) show the variation of dielectric 
constant with frequency ranging from 10 Hz to 1 MHz. A rather high 
value of dielectric constant in the film obtained under fast heating can be 
explained by the grain growth during the calcination step [40,41]. This 
conclusion is also supported by the XRD crystallinity data. It is known 
that in the sol–gel process, the films are usually dried at some elevated 
temperature in order to drive out the organic solvents from the gel layer. 
However, if this process occurs at slow heating or at a constant tem-
perature (typically 300–400 ◦C), the films are amorphous in nature with 
very little grain growth. Therefore, it requires a lengthy final sintering 
process which determines the crystallization into desired phase. But, 
when the films are immediately heated to high temperature, there is a 
significant extent of initial grain growth and much higher degree of 
densification of the gel. Such films, after final sintering, show higher 
value of dielectric constant than that obtained at slow heating. The 
dielectric constant values are sharply decreased as frequency increases 
due to the reduction of space charge polarization effect. The increase of 

Fig. 8. (a and c) Nyquist plots and (c and d) dielectric constant as a function of frequency of I-3 film (a and b) and C-100 (c and d). The insert shows a typical cross- 
sectional SEM image of I-3 on FTO. 
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dielectric constant in the low frequency range with decreasing grain size 
can be attributed to the presence of an internal stress in the I-3 sample as 
confirmed by increased unit cell parameters and tetragonality. Gener-
ally, the grain size dependence of the dielectric constant shows consis-
tent trends despite the use of different processing and sintering methods. 

3.5. Photocatalytic activity 

UV–Vis spectra of I-3, C-70 and C-100 films are shown in Fig. 9(a). 
The absorption patterns are consistent with those previously reported 
with the strongest absorption occurring at 280 nm [8,36,42–44]. 
Notably, the absorption intensity of the I-3 and C-100 films is consid-
erably higher compared to that C-70. The semiconductor band gap in the 
I-3 and C-100 films was 3.54 and 3.78 eV (Fig. 9(b)), respectively. It is 
clear that the fast-heating method reduces the band gap. The ptotoca-
talytic kinetics of methylene blue decompositioin under illuminatinon 
with UV LED light follows a pseudofirst order dependence (Fig. 9(c)). 
The room temperature kinetic constant of 0.0061 min− 1 is similar to that 
reported in other studies with a similar level of catalyst loading. 

4. Conclusions 

Sol-gel derived nanostructured BaTiO3 films were fast-sintered at a 
heating rate of 540 K min− 1 for 3 min, and their microstructures and 
dielectric properties were compared with conventionally sintered sam-
ples (with a heating rate of 10 K min− 1. Fast heating is effective in 
fabricating highly crystalline tetragonal BaTiO3 thin films, substantially 
reducing the processing time. The dielectric constant value of the film is 
685 at 10 Hz. The film demonstrated a photocatalytic activity in 
decomposition of methylene blue similar to other semiconductor 
materials. 
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