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ABSTRACT

BaTiO3 thin films (60 nm-thick) grown on SrTiO3/Si templates have been characterized for
their structural and electrical properties. The epitaxy of the BaTiO3 film on silicon was
confirmed by X-ray diffraction with good crystallinity. The temperature-dependent structural
properties were checked by infrared spectroscopy in absorption mode. The films were found to
remain in a single ferroelectric phase over a temperature range from 5 to 385 K. Low-
temperature orthorhombic-rhombohedral phase transitions characteristic of bulk BaTiO3 are
absent in the films due to the clamping effect from the Si substrate.



1. Introduction

The excellent dielectric and ferroelectric properties of barium titanate (BaTiO3, BTO) make it
attractive in the field of electro-optics and nanoelectronics. As a lead-free ferroelectric ceramic,
BTO is an environment- friendly material. Some of its characteristics make it a good candidate
for non-volatile ferroelectric memories applications compared to other candidates
(Pb(Zr,T1)O3, SrBi2Ta209, etc.), such as its lower crystallization temperature, non-toxic
elements, higher compatibility with integrated circuit and lower ferroelectric fatigue effects [1—
2]. BTO can undergo three important phase transitions, with critical temperatures of —90 °C, 5
°C and 120 °C, for the rhombohedral (T < —90 °C), orthorhombic (—90 °C < T < 5 °C),
tetragonal (5 °C < T< 120 °C) and cubic phases (T> 120 °C), respectively [3]. A

room temperature, BTO exhibits a typical tetragonal crystal structure with ferroelectric
properties [4]. Recently, the improvement of preparation methods and measurement techniques
has led to high quality samples to study the influence of domain structures, defects, and size
effects [5,6]. For applications, it will be necessary to integrate BTO in complementary metal-
oxide-semiconductor technology, which requires the use of silicon substrate. However, direct
deposition of BTO on silicon is difficult due to (i) the oxidation of the silicon surface to
amorphous SiO2 at the initial step of the growth, (ii) the interface chemical reactivity and (iii)
the large lattice mismatch (4.43%) between both materials. Several buffer layers have been
utilized, including SrTiO3 (STO) [7], MgO [8], TiN [9], etc. In this paper, STO thin layers,
which were grown by molecular beam epitaxy (MBE) on Si (001) substrates, were used as
buffer layers. As previously mentioned, bulk BTO undergoes phase transitions. The high
temperature cubic phase is paraelectric and the other phases are ferroelectric. Infrared
spectroscopy is a powerful tool to study these phase transitions as the structural changes will
modify the vibrational spectra [10]. In this paper, the structural and optical properties of
epitaxial BTO have been studied in detail. Because the thin films suffer from defects originating
from lattice and thermal coefficient expansion mismatches and clamping effects from the
substrates, it is of great interest and importance to explore the possible phase transition of BTO
films on Si substrate at different temperatures. This is particularly significant for future related
applications such as photonic devices, non-volatile memories and negative capacitances, which
use integrated BTO thin films on Si substrates. In very thin BTO films grown on STO
substrates, it was reported that the films remain in the tetragonal phase with suppression of the
low temperature phases present in the bulk BTO [11]. The cause of such a behavior can be the
biaxial compressive strain from STO, which was also observed in BTO/STO superlattices [12].
For electro-optic applications, which require integration of very thin films on silicon — about
50-60 nm thick in a slot electro-optic waveguide [13], BTO bulk crystals exhibit a Pockels
coefficient 20 times higher than in LiNbO3 at telecom wavelengths, making BTO an excellent
material for fast and low power consumption modulators. However, Abel et al. show that the
tetragonal phase implies that the material can be epitaxially grown with two different
orientations depending on the process conditions and thicknesses [14]. We then study the
structural characteristics of epitaxial 60 nm-thick BTO thin film on silicon and check its phase
transitions. Especially, if the film is without any transition as in [11], a good stability of its
physical properties versus temperature can be expected, allowing a use of its applications in a
large range of temperatures. Moreover, considering that infrared studies of thin BTO films have
mostly focused on the ferroelectric phase transition from cubic to tetragonal phase above room
temperature [15], we focus on the temperature range 5-385 K.

2. Experimental conditions

A 10 nm-thick epitaxial STO buffer layer was firstly grown by MBE on i-Si (001) substrates.
Due to its band gap of 1.1 eV, silicon is used since it is transparent in the infrared range part of
the spectrum. Consequently, its absorption of the synchrotron IR radiation is negligible. An




epitaxial 60 nm-thick BTO thin film was then grown on STO/ Si (001) templates by radio-
frequency magnetron sputtering. The detail of the epitaxy of STO on silicon can be found in
[16-19]. The magnetron sputtering target was a bulk stoichiometric BaTiO3 target. The
sputtering was carried out in gas ratio Ar:02=4:1 at a pressure of 2 Pa. The substrate holder
was heated to a temperature of 650 °C for BTO deposition. After deposition, post-processing
in a rapid thermal annealing furnace at 650 °C under an oxygen atmosphere was performed in
order to reduce possible oxygen vacancies in the BTO thin film. The crystallinity of the sample
was analyzed by X-ray diffraction (XRD) techniques using a 6-circles SmartLab diffractomer
with a 9 kW rotating anode. Atomic-resolution high-angle annular dark-field (HAADF)
analyses were performed using a JEM-ARMZ200F microscope with a probe aberration corrector,
operated at 200 kV. A cross-sectional TEM/STEM specimen was prepared by standard manual
grinding and thinning of the sample. Infrared absorption spectra measurements were carried out
in the 30-650 cm—1 spectral range on the AILES beamline located at the Synchrotron facility
SOLEIL [20,21]. The intense infrared continuum collected by the AILES beamline was focused
on the entrance aperture of a high resolution IFS 125 Bruker interferometer, equipped for this
experiment with a 6 um mylar-Silicon composite beam-splitter. The temperature evolution of
the infrared spectra from 5 to 385 K was measured using 4.2 K cooled bolometers.

3. Results and discussions

At room temperature, bulk BTO is weakly tetragonal with lattice parameters a=0.3994 nm,
¢=0.4038 nm and c/a ratio of 1.01 (ICCD#005-0626). Fig. 1(a) shows the 20/® XRD pattern of
the BTO thin film deposited on STO/i-Si. Only BTO (100), BTO (200) and Si (004) peaks
appear at 2 =0 0 0 22.19, 45.27 and 69.14°, respectively, leading to an out-of-plane parameter
value of BTO of 0.4003 nm+0.0001 nm. From the rocking curve shown in Fig. 1(c), the
mosaicity of the BTO layer can be evaluated as 1.4° from o scan, which is in good agreement
with the literature [22—-24] and indicates the good crystallinity of the grown BTO film. Fig. 1(d)
shows the reciprocal space map (RSM) of BTO (200) Bragg reflection and in this figure, only
one spot of BTO (200) can be observed, which confirms that BTO is single a-domain. The STO
(002) reflection is not observed on the RSM due to its small thickness. @-scan of 360° around
(101) plane of i-Si and BTO was performed and the results were shown in Fig. 1(b). The shift
by 45° of the four peaks from one material to the peaks of the other material indicated that the
BTO layer was grown epitaxially on i-Si thanks to the thin STO buffer layer. Since the BTO
film is in the tetragonal phase, the in-plane parameter was calculated from the 2-theta values of
the BTO 100 reflection (Fig. 1a) and BTO 101 reflection (Fig. 1b) and is equal to 0.4042
nm=0.0001 nm. The film has therefore a tetragonal structure with an a/c ratio of 1.01. The BTO
film is a-axis oriented on the silicon substrate. In the case of the BTO epitaxial film grown on
silicon, the thickness has a strong effect on the film orientation. Indeed, for thinner films, lattice
parameters reported by various groups in the range 7-8 nm show full c-axis orientation, with
an out-of-plane lattice parameter close to the bulk ¢ value [23—-25]. Thicker films of 80—130 nm
films grown on a few nm thick STO template show full relaxation with 001 out-of-plane
orientation and lattice parameters a=0.400 nm and ¢=4.030 nm (a/c=1.01) [14,26,27]. Our film
with a thickness of 60 nm shows similar characteristics to very thin films. The atomic
arrangement and epitaxial relationship between the BTO thin film and the substrate is visualized
by transmission electron microscopy (TEM) for the BTO/STO/Si heterostructure, as shown in
Fig. 2. Fig. 2(a) and (b) show the cross-sectional views in high resolution TEM (HRTEM) and
high-angle annular dark-field imaging (HAADF) scanning TEM (STEM) modes, respectively.
It can be seen that BTO crystallizes well and a thin amorphous layer is formed between the
silicon and the STO (Fig. 2a and b). It was previously shown [17-19] that such a type of
amorphous layer of SiO2 is formed due to the penetration of oxygen passing through the growth
front and its reaction with Si during the epitaxial growth of films under high oxygen partial




pressure, which breaks the original abrupt feature between STO and Si. From selected area
electron diffraction (SAED) (Fig. 2c), the epitaxial relationship is determined as tetragonal
perovskite (001)//silicon (110), i.e. the perovskite orientation is rotated in-plane by 45° with
respect to the silicon crystal. Only a single series of BTO spots can be observed, demonstrating
that the BTO is mono-oriented on Si (001). The SAED pattern measured at 200 keV allowed
also to estimate the lattice parameters of the BTO film, with a good agreement with the
previous extracted values from the XRD figures. Fig. 2(d) shows an example of an edge
dislocation in the BTO layer at the BTO/STO interface. The strain is reduced by the formation
of such dislocations at the BTO/STO interface in order to minimize the energy of the films
[14,26]. The BTO layer grown on the STO/i-Si seed layer is then partly relaxed.

Both in the ferroelectric and the paraelectric phases, BTO in bulk has one molecule with five
atoms per unit cell, which results in 12 optical modes. We have performed IR absorption spectra
measurements of BTO in the range from 85 to 650 cm—1. Room temperature measurements
were carried out to observe the difference in vibrational frequency along the polar a-axis. The
spectrum measured with polarized infrared radiation at room temperature is shown in Fig. 3.
The most intense lines observed in the polarized infrared spectrum are at 165, 288, 307, 480
and 517 cm—1 and are attributed to A1/E (LO), A1(TO), E(TO+LO)/B1, E(TO), AL(TO) bulk
phonons respectively [28-31] and indicated by dash lines on the Fig. 3. The peak at 307 cm—1
is due to mixed LO2-TO3 phonon of E symmetry. Good indicators of BTO tetragonal phase at
room temperature are the presence of the E (TO + LO) overdamped soft mode and existence of
a very narrow peak at 307 cm—1, which vanishes in the paraelectric cubic phase. The high
frequency E mode around 480 cm—1 is weak even in the bulk material [28-29]. In the film, all
peaks are broad, due to the strains generated by the substrate, and overlap with the broad peak
at 517 cm—1. The temperature evolution of BTO thin film was carried out in a range from 5 to
385 K. The temperature dependence of the spectra shown in Fig. 4 does not show sharp changes
in this range. When the temperature increases, the phonon mode lines broaden. An examination
of these results shows that the temperature dependent behavior of the BTO film is qualitatively
similar to that observed in [30]. However the wavenumbers of their maxima are almost constant
and do not show any shift, even if the signal is noisy. An examination of these results shows
that the temperature dependent behavior of the BTO film is qualitatively similar to that observed
in [30]. This behavior seems to indicate that the BTO thin film does not undergo any phase
transition in the temperature range 5-385 K. Indeed, phase transitions corresponding to
orthorhombic and rhombohedral phases of the bulk appear to be absent in the 60 nm-thick
epitaxial BTO film grown on silicon substrate with STO buffer layer. There are however some
important differences between the spectra behavior in the thin film. Unlike the bulk case in
which absorption peaks can vanish and/or peaks wavenumber can shift at the transition
temperature [31], in our film, the spectra intensity does not show any abrupt modification at
any temperature and any shift of the phonons wavenumber is observed with the temperature
variation. The same behavior was observed for thin films grown both on STO and LaAlO3
substrates [11,12,32]. Additional characterizations are underway to check in particular the
influence of the BTO film thickness on the phase transitions. The out-of-plane a-axis and the
highly insulating behavior of the i-Si substrate, used as bottom electrode, avoid the
measurement of any ferroelectric loops on the tetragonal BTO film since the polarization is in-
plane oriented. Nevertheless, ferroelectricity can be expected in our BTO film since this
property was reported from electrical or electromechanical measurements in such similar BTO
layers on silicon [25].

4. Conclusion
X-ray diffraction and infrared spectroscopy were used to study the ferroelectric phase transition
of epitaxial BTO layers deposited on the silicon substrate with a 10 nm-thick STO buffer layer.



The 60 nm-thick BTO film has a tetragonal phase and is a-axis out-of-plane oriented. The
temperature variation of bulk BTO phase transitions as like orthorhombic- rhombohedral
transition are missing in the film which stays in the tetragonal phase at whatever temperature
in our experiment. Generally, the larger lattice mismatch between BTO and Si (~4.0%)
compared to that of STO and Si (~1.7%) makes it more difficult to obtain barium titanate films
of high structural quality on Si substrates. Thanks to the BTO elastic modulus of 120 GPa [33]
and its average thermal expansion coefficient of 10-5/K [34] close to that of 2.10—6/K for
silicon, the BTO thin film is clamped on the silicon and the film then follows the expansion of
the silicon substrate without any of its own phase transition.
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Fig. 2. Cross-sectional view of BTO/STO/Si heterostructure: (a) HRTEM and (b) HAADF
STEM images, (c) The SAED image showing the epitaxial relationship between BTO and the
silicon substrate and (d) formation of dislocations at the BTO/STO interface.
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Fig. 4. Evolution of the infrared absorption spectra with the temperature from 5 K to 385 K.



