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Structural and optical properties of BaTiO3 ultrathin films
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PACS. 77.84.Dy – Niobates, titanates, tantalates, PZT ceramics, etc.
PACS. 78.30.-j – Infrared and Raman spectra.
PACS. 78.70.Ck – X-ray scattering.

Abstract. – Using laser molecular beam epitaxy technique, BaTiO3 ultrathin films of 7, 12, 25,
750 monolayer (ML) thicknesses were obtained on MgO substrates. The effect of reducing the
thickness of a BaTiO3 film on its structural and optical properties was investigated by Raman
scattering measurement, X-ray diffraction technique, and optical transmittance spectra. In situ
reflection high-energy electron diffraction and X-ray diffraction observations have revealed that
the BaTiO3 films are epitaxially grown on MgO substrates from the initial stage without any
other phase formation. Even in the sample of 7ML, Raman scattering can reveal the structural
information of the film. The BaTiO3 ultrathin films have a highly c-axis–oriented tetragonal
phase, and the formation of the perovskite phase is found in films as thin as 7 ML. An increase
of the energy gap and the blue shifts of Raman modes are observed with reduction of the film
thickness and the possible origin was analyzed.

Barium titanate (BaTiO3) has comprehensive applications in pyroelectric detectors, non-
volatile memory, electro-optic devices, and dynamic access memory because of its pyroelec-
tricity, ferroelectricity, high dielectric constant and large electro-optic coefficients [1–4]. To
meet the need of advanced integrated electronic devices, BaTiO3 films deposited on substrates
with small dimensions and perfect crystallinity morphology are required. Once deposited on
the substrates, ferroelectric thin films can develop stress during the growth due to the lattice
mismatch and the misfits in thermal expansion coefficients between the film and the substrate.
The presence of stress can have significant effect on mechanical, electrical, and optical prop-
erties of ferroelectric thin films that can influence the reproducibility of the properties and
reliability of the resulting devices [5–9].
The fabrication of BaTiO3 thin films has been reported by techniques such as laser abla-

tion [3], pulsed laser deposition [7], r.f. sputtering [8], metal organic chemical vapor deposition
(MOCVD) [9], sol-gel processing [10], and laser molecular beam epitaxy (LMBE) [11]. Several
kinds of single crystals such as SrTiO3, MgO, and Pt have been used as substrates [3–11].
However, few papers in the literature reported on the fabrication of BaTiO3 films as thin as
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a few ML. It is well known that the thinner is the film, the more boundary atoms exist in
the film, and the larger strain has effect on the properties of the sample. Characterization
techniques that provide information about the structure of ultrathin films are thus useful. Ra-
man scattering is a powerful characterization technique, since the vibrational spectrum of the
material is greatly influenced by disorder and residual stress: these cause changes in phonon
frequencies and lifetimes, leading to the broadening of Raman peaks and to the breakdown of
Raman selection rules [12]. Furthermore, the frequencies of phonons are sensitive to strains:
positive (negative) frequency shifts are related to compressive (tensile) strain [13]. However,
the Raman scattering intensities reported in the literature were too weak to reveal any struc-
tural information in ultrathin films. In the last few years, a number of groups have studied
the structural distortions in ultrathin films [14–17]. To our knowledge, the effect of reducing
the thickness of a BaTiO3 film on its optical properties is still rare in the literature.
In the present work, the highly c-axis–oriented single-crystal BaTiO3 ultrathin films with

different thicknesses were deposited by LMBE. Structure and optical properties were investi-
gated by Raman measurement, X-ray diffraction (XRD) technique, and optical transmittance
spectra. A variation with film thicknesses in the energy gap and Raman peaks was observed
and the possible origin was analyzed.
By monitoring reflection high-energy electron diffraction (RHEED) intensity oscillations,

a series of heteroepitaxial BaTiO3 ultrathin films with 7, 12, 25, 750ML thicknesses were
deposited on single-crystal MgO substrates under an oxygen pressure of 8.0×10−1 Pa. Trans-
parent and mirror-smooth films were realized by means of layer-by-layer growth. The beam of
a Lambda Physik LEXTRA 200 excimer laser (308 nm, 20 ns, 2Hz) was focused on a single-
crystal BaTiO3 target with an energy density of about 1 J/cm2. During the deposition, the
MgO substrates were heated up to 630 ◦C. To improve the quality of the films, we constructed
an atomic oxygen source (AOS) and introduced it into the vacuum chamber of the LMBE sys-
tem [18]. Oxygen passing through the AOS was partially ionized by a high-voltage discharge,
resulting in the formation of atomic oxygen in the vacuum chamber. An electromagnetism-
controlled valve was used to modulate the atomic oxygen flux. After deposition, the BaTiO3

samples were annealed in situ for 30 minutes.
In situ RHEED patterns and intensity oscillations, and ex situ XRD were used to inves-

tigate the crystallinity and phase purity of the BaTiO3 ultrathin films. The optical trans-
mittances were measured at the wavelength range of 250–900 nm using a SpectraPro-500i
spectrophotometer (Acton Research Corporation). Raman measurement for BaTiO3 ultra-
thin films was performed in the backscattering geometry with a Jobin-Yvon T64000 triple
Raman spectrometer. A 488 nm Ar+ ion laser line was used for excitation. The spectrome-
ter provided a wave number resolution of 0.5 cm−1 and accuracy of 0.1 cm−1. Two scattering
geometries, parallel- and cross-polarizations, were used to obtain the polarized Raman spectra.
During the deposition of films, fine streak RHEED patterns and undamping RHEED

intensity oscillations were observed. The results of RHEED observation indicate that the
BaTiO3 ultrathin films with smooth surfaces are two-dimensionally epitaxial growths on
MgO substrates.
The XRD θ-2θ scan curves of the samples are shown in fig. 1. Except for BaTiO3 (00l) and

MgO (00l) peaks, there are other two diffraction peaks, one is MgO (200) Kβ peak and the
other (W peak) is due to the impurity of the X-ray beam induced by tungsten. There are no
peaks from impurity phases or randomly oriented grains. Note that the XRD peaks became
broader with the decrease of the film thicknesses. In situ RHEED and XRD observations
have revealed that the BaTiO3 films are epitaxially grown on MgO substrates from the initial
stage without any other phase formation. Although the samples were strained by the epitaxial
effect, the lattice parameters of c (0.405 nm) calculated from XRD results are almost the same



112 EUROPHYSICS LETTERS

Fig. 1 – XRD θ-2θ scan curves of the BaTiO3 ultrathin films with different thicknesses. The Kβ peak
is the MgO (200) Kβ peak, and the W peak is due to the impurity of the X-ray beam induced by the
tungsten.

as that of the BaTiO3 bulk (0.404 nm), implying that the BaTiO3 ultrathin films are highly
c-axis oriented. Yoneda et al. [17] also observed that 50ML thickness BaTiO3 films on SrTiO3

and MgO substrates had a highly c-axis–oriented tetragonal phase at room temperature, and
the lattice parameter c of these films was very close to the bulk value of the tetragonal phase.
It is worthy to note that our sample of 7ML is at the tetragonal phase and is highly c-axis
oriented, and the formation of the perovskite phase is found in the films as thin as 7ML.

Figures 2(a) and (b) show the parallel- and cross-polarized Raman spectra of the samples
with different thicknesses. The polarization direction of the incident laser is along the [100]
direction of the MgO substrates. It should be noted that even in the sample of 7ML, there
exists a Raman signal, which can reveal the structural information. The parallel-polarized
peaks around 890 and 970 cm−1, and cross-polarized peaks at 800, 850, 890, and 1015 cm−1

are attributed to the second-order Raman peaks of the MgO substrate (indicated by * in

Fig. 2 – (a) Parallel- and (b) cross-polarized Raman spectra of the BaTiO3 ultrathin films with
different thicknesses and a single-crystal MgO substrate. The Raman peaks from the MgO substrate
are indicated by *.
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Table I – Frequencies of the Raman peaks in BaTiO3 ultrathin films with different thicknesses.

Film thickness 7 ML 12 ML 25 ML 750ML Single crystal [20]

E(TO2) (cm−1) 305 305 305 305 305
A1(TO2) (cm−1) 350 341 322 311 267
A1(TO3) (cm−1) 550 542 538 529 512

fig. 2) [19]. Only A1 and B1 modes should be observable in the parallel-polarized spectra,
while only the E modes should in the cross-polarized spectra. It is noticeable that the main
typical features of the BaTiO3 single crystal [20] have been clearly observed in the BaTiO3

film with 750ML thickness. In the parallel-polarized spectra (fig. 2(a)), the characteristic
interference of the A1(TO1) mode (∼ 180 cm−1) with a broad A1(TO2) mode (∼ 312 cm−1)
is due to the coupling between A1 modes [21]. A third asymmetric A1(TO3) mode appears
at about 529 cm−1 that also couples weakly with the A1(TO2) mode. The A1(LO3) mode
is observed at 737 cm−1. Additionally, two new high-frequency peaks at 827 and 870 cm−1

are present, which maybe originate from the stress at the film-substrate interface [22]. In
the cross-polarized spectra (fig. 2(b)), the E(TO2) mode (∼ 305 cm−1) and the E(TO3) mode
(∼ 489 cm−1) have been observed in the BaTiO3 thin film of 750ML. However, because of
their very weak intensity, the A1(LO1) mode, the A1(LO3) mode, and two new high-frequency
peaks in the parallel-polarized spectra, and the E(TO3) mode in the cross-polarized spectra
have not been observed in the BaTiO3 ultrathin films with 7, 12, and 25ML thicknesses. The
A1(LO1) mode (∼ 727 cm−1) and the E(TO2) mode (∼ 305 cm−1) are specific to the tetragonal
phase of BaTiO3 [18], and their appearances further confirm the tetragonal structure of the
BaTiO3 ultrathin films, which correspond to XRD measurements.
Notice that all the Raman peaks of the samples become broad and gradually lose their

intensity with the decrease of the film thickness, indicating that there are more lattice defor-
mation, more boundary atoms, and more disorder in thinner films. The peak at the 305 cm−1

mode remains at the same frequency. The frequencies of A1(TO2) and A1(TO3) modes are ap-
preciably higher than the corresponding phonon frequencies in the BaTiO3 single crystal [18].
Table I shows the change of frequencies of Raman peaks with film thicknesses. The blue
shifts are related to compressive stresses in the BaTiO3 ultrathin films, which result from the
differences of the lattice parameters and the thermal expansion coefficient between films and
substrates [23]. Furthermore, the thinner the film, the more the Raman peaks shift to higher
frequencies. This suggests that compressive stress is more pronounced in thinner films.
The optical transmittance spectra for the BaTiO3 ultrathin films are shown in fig. 3.

The oscillation in the transmittance spectra of the 750ML thickness sample comes from the
interference due to reflection from the top surface of the film and the interface between the
film and substrate. The transmittance curves of the ultrathin films dropped off near 340 nm
and the films show good transparency in the visible and near-infrared region. The absorption
coefficient a is related to the band gap Eg as (hνα)2 = B(hν − Eg), where hν is the incident
photon energy, and B is constant [24]. The graph of (hνα)2 vs. hν is shown in fig. 4. By
extrapolating the linear portion of the curves to intersect with the x-axis, the band gap
energies were obtained for the ultrathin BaTiO3 films. The values are 3.70, 3.77, 3.82, and
3.87 eV corresponding to the 750, 25, 12, and 7ML BaTiO3 ultrathin films, respectively. With
the increase of thicknesses, the band gap of BaTiO3 ultrathin films shifts to a lower energy
and tends toward a value of 3.6 eV for bulk single crystal [24]. In other word, the thinner the
film is, the greater the energy gap deviates from that of the bulk crystal. The variation of the
lattice parameters, the boundary atoms, and strain may be the reasons for the variation of
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Fig. 3 – Optical transmission as a function of the wavelength of the BaTiO3 ultrathin films with
different thicknesses.

the energy gap with different thicknesses [10]. In our case, the variation of lattice parameters
is not the main reason for the variation of the energy gap, since the c lattice parameters of
these ultrathin films calculated from XRD results are almost the same. In our ultrathin films,
the decrease of thicknesses is accompanied by the increases of the boundary atoms and the
compressive stress, which is confirmed by Raman scattering measurement. The boundary
atoms can cause a decrease of the widening of the lowest conduction band and the highest
valence band, resulting in an increase of the energy gap in BaTiO3 thin films. The thinner
the film, the broader the energy gap.

In conclusion, BaTiO3 ultrathin films with thicknesses in the range of 7 to 750ML were
prepared by LMBE. Optical transmittance and Raman spectra were analyzed to investigate
the structural and optical properties of BaTiO3 ultrathin films with different thicknesses. The
results show that the films have a highly c-axis–oriented tetragonal phase, and the formation

Fig. 4 – Absorption coefficient vs. incident phonon energy near the energy gap.
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of the tetragonal phase is found in films thicker than 7ML. Our results suggest that the
compressive stress exists in films with different thicknesses and has a great effect on the band
gap energy and Raman peaks shifts. The thinner the film is, the more the properties of the
films deviate from those observed in bulk materials.
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