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We propose a BaCeO3/BaZrO3 double-layer buffer template, grown on a SrTiO3

substrate, for epitaxial growth of a target oxide film with large lattice constants of
over 4.1 Å. Lattice mismatch from the substrate was mostly accommodated for by a
BaZrO3 arbitrating layer. Having an ideal in-plane lattice structure, BaCeO3 served as
the main-buffer to grow the target material. We demonstrated commensurate epitaxy
of BaBiO3 (BBO, a = 4.371 Å) utilizing the new buffer template. Our results can
be applied to heteroepitaxy and strain engineering of novel oxide materials of sizable
lattice constants. © 2016 Author(s).©2015 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4972133]

There has been extensive research in strain engineering directed towards tuning the material
properties of oxide thin films by applying biaxial strain. Most bulk oxides are fairly brittle, and will
develop cracks under temperate strain (∼0.1%).1 However, it is possible to impose commensurate
elastic strain on oxide thin films up to a few percent through the use of epitaxy and misfit strain
imposed by the substrate. These strain engineering approaches have been particularly useful for films
with perovskite oxides of the form ABO3 (A is a rare earth or alkali metal, B is a transition metal or
post-transition metal, and O is oxygen). The simple crystal structures of these perovskite oxides allow
for easy growth of high-quality commensurate films using heteroepitaxy. Thus, strain engineering
of perovskite oxide films has been widely used to alter band structures2 and significantly enhance
superconducting,3 ferromagnetic,4 and ferroelectric properties.5

Recently, several perovskite oxides of large lattice constants (i.e., a > 4.1 Å) have received much
attention. For example, the field-induced ferro-antiferroelectric transition in PbZrO3 (a = 4.152 Å)6

and the transparent high-mobility semiconductor BaSnO3 (a = 4.116 Å)7 have been investigated as
new platforms for studying versatile physical properties and functionalities. Additionally, the colossal
ionic conductivity in both Y-doped BaZrO3 (a > 4.1 Å)8 and in BaCeO3 (a > 4.15 Å),9 at relatively
low temperatures, is a fast-growing subject in solid oxide fuel cell research. Another notable example
is BaBiO3 (BBO, apseudo-cubic = 4.371 Å),10 which is well-known for being the mother compound
of the high-T c superconductors, Ba1-xKxBiO3 (T c = 34 K)11 and BaPbxBi1-xO3 (T c = 13 K).12 In
addition, it has recently been predicted that electron-doped BBO is an oxide topological insulator,
resulting from strong spin-orbit coupling of Bi.13,14 Thus, strain engineering is an important tool for
observing novel physical properties of materials with large lattice constants.

However, it has been difficult to identify suitable substrates for growing these perovskite oxides in
commensurate epitaxial films. Most commercially available perovskite oxide substrates have lattice
constants between 3.7 and 4.0 Å.15 We note that rare earth scandates16 (apseudo-cubic ∼ 4.0 Å) and
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luthethates17 (apseudo-cubic ∼ 4.2 Å) have been developed successfully, providing substrates of higher
lattice constants. However, these substrates still suffer from lattice twinning problems due to their
orthorhombic structures, which is a significant obstacle for commensurate growth. Furthermore, these
substrates are generally in short supply due to the limited growth of single crystals. On the other hand,
SrTiO3 (STO, a = 3.905 Å) is commercially available and has a simple cubic structure. Therefore, we
found it beneficial to develop a suitable template for growing large oxides by utilizing commercial
STO substrates.

In this paper, we adopt a strategy that uses buffer layers to obtain commensurate epitaxial BBO
films on STO substrates, whose lattice mismatch is about 11.9%. This buffer layer technique has been
used previously to alleviate large lattice mismatch.18–20 For example, growth of high-quality GaN18

and ZnO19 on Al2O3 substrates was realized by overcoming a mismatch problem through the use of
buffer layers. Here, we utilize a template composed of two buffer layers:20 an arbitrating layer and
a main-buffer layer. The main-buffer layer is used to provide a desired commensurable lattice for
the target material (BBO), with a lattice mismatch of less than a few percent. For this purpose, we
use BaCeO3 (BCO, a = 8.777 Å, b = 6.236 Å, and c = 6.216 Å; orthorhombic in bulk)21 because of
the small lattice mismatch between BBO and BCO (0.43%), in the pseudo-cubic notation. However,
there remains a lattice mismatch between BCO and STO, of 12.4%. To obtain a high-quality BCO
layer, it is necessary to insert an arbitrating layer between the BCO main-buffer layer and the STO
substrate. We use BaZrO3 (BZO, a = 4.192 Å; cubic in bulk) as the arbitrating material.22 With the
intermediate lattice constant of the arbitrating material, lying between those of BCO and STO, we
are able to circumvent obstacles due to the very large lattice mismatch.

FIG. 1. X-ray diffraction (XRD) rocking curve for (002) diffraction of BaCeO3 (BCO) layers on (a) the SrTiO3 (STO)
substrate and (d) the BaZrO3 (BZO) arbitrating layer. Red and blue dashed lines are a Gaussian component and background
component of raw data. Arrows indicate full-width at half maximum values of fitting curves. The pseudo-cubic notation was
used for indexing all reflections. Atomic force microscopy (AFM) topographic images of the BCO layers on (b) the STO
substrate and (e) the BZO arbitrating layer. A line profile along the white line in (b) was plotted in (c), and a profile along the
line in (e) was plotted in (f).
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FIG. 2. (a) High-resolution transmission electron microscopy (HRTEM) image of the double-layer buffer structure on the
STO substrate. (b) and (c) Fourier-filtered images of the red squares in (a), using the (100) location. The white circles indicate
the positions of misfit dislocations, and the white lines indicate the interfaces between layers.

We fabricated BBO films, as well as associated BCO/BZO heterostructures, using pulsed laser
deposition. We used commercially available STO (001) substrates (Shinkosha, Kanagawa, Japan)
that were chemically and thermally pretreated to obtain atomically flat surfaces. The substrates were
put into a vacuum chamber (base pressure ∼ 10�9 Torr; PASCAL, Osaka, Japan) and pre-annealed at
950 ◦C for 30 min in a 5 × 10�6 Torr oxygen environment. Atomic force microscopy (AFM; Asylum
Research, Santa Clara, CA, USA) independently confirmed that this pre-annealing process made the
STO (001) surfaces atomically flat. After pre-annealing, we increased the oxygen gas pressure to
100 mTorr and heated the substrates. Using a KrF excimer laser (λ= 248 nm; Coherent, Santa Clara,
CA, USA), we ablated targets at a laser fluence of 0.6 J/cm2. The growth temperature was 500 ◦C for
BBO and BZO layers, and 750 ◦C for the BCO layer. The structures of grown films were examined
using high-resolution X-ray diffraction (HR-XRD) (λ= 0.154056 nm; Bruker, Karlsruhe, Germany),
and their surface morphologies were studied using AFM. The microstructure of each layer, as well as
dislocations near the interfaces, was examined by a high-resolution transmission electron microscope
(TEM; JEOL, Peabody, MA, USA).

When we attempted to grow a single BCO layer on the STO, the large lattice mismatch of 12.4%
made it difficult to obtain a high-quality crystalline structure. As shown in Fig. 1(a), the XRD rocking
curve of a 12 nm-thick BCO layer shows a very broad feature, indicative of the mosaicity spread
in crystal structure.23 The large full width at half-maximum (FWHM) value of the broad feature
indicates a huge lattice plane inclination.24 The rocking curve exhibits a small Gaussian component
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FIG. 3. Schematic sample structures of (a) BBO/STO, (d) BBO/BCO/STO, and (g) BBO/BCO/BZO/STO. (b), (e), and (h)
Reciprocal space maps (RSMs) around STO (103) diffraction measured from (a), (d), and (g), respectively. The black lines
are cubic relaxation lines from STO (103). (c), (f), and (i) XRD rocking curves at BBO (002) diffraction from (a), (d), and (g),
respectively. Red and blue dashed lines are a Gaussian component and background component of raw data. Arrows indicate
full-width at half maximum values of rocking curves. The pseudo-cubic notation was used for indexing all reflections.

which indicates the existence of a crystallized region with a small volume, but large mosaicity spread
made it unsuitable for use as a buffer template. This degradation of crystallinity was also observed as
polycrystalline domains in a TEM image (not shown). The AFM image in Fig. 1(b) shows a surface
with a high roughness value of 0.91 nm. The line profile along the white line in Fig. 1(c) shows large
fluctuations in height.

On the other hand, we were able to grow a high-quality BCO layer (thickness of 12 nm) on STO
using a 10 nm-thick BZO arbitrating layer. This double-layer structure has a sharp rocking curve for
the BCO layer, with a small FWHM value of 0.061◦ [Fig. 1(d)]. This suggests that the mosaicity
problem could be overcome by using a BZO arbitrating layer. Furthermore, the surface roughness
is significantly less, at about 0.174 nm [Fig. 1(e)]. The line profile along the BCO surface shows
a step-and-terrace pattern [Fig. 1(f)]. The height of each step is ∼0.44 nm, within the experimental
resolution of AFM. This height value is consistent with the known out-of-plane lattice constant of
the BCO film, and is confirmed by XRD measurements.

The growth of a high-quality BCO layer in the BCO/BZO/STO heterostructure is made possible
due to the high density of accommodated misfit dislocations in the BZO layer. Fig. 2(a) shows
a HRTEM image of the BCO/BZO/STO heterostructure. This image reveals well-defined sharp
interfaces and epitaxial growth of thin films. Fourier-filtered images of the two red square areas
[Figs. 2(b) and 2(c)] reveal several edge dislocations near the interfaces; the white circles in Fig. 2(b)
indicate edge dislocations near the interface between STO and BZO layers, and Fig. 2(c) shows two
dislocations appearing at the BZO/BCO interface and in the BZO layer. This indicates that strain
relaxation occurred throughout the high density of misfit dislocations inside the intermediate BZO
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FIG. 4. (a)–(c) RSMs around STO (103) diffraction measured from BBO/BCO/BZO/STO structures of differing BCO thick-
nesses (tBCO). The orange dashed line is the reciprocal position of the in-plane lattice constant of a fully relaxed BBO thin
film (tetragonal). The solid black lines are cubic relaxation lines of the STO (103). (d) and (e) Lattice constants (a and c) of
the BCO and BBO layers, for differing tBCO. The pseudo-cubic notation was used for indexing all reflections.

layer. It is important to note that there was little dislocation within the BCO layer, thus providing us
with an ideal platform for growing target materials as commensurate epitaxial films.

The BCO/BZO double-layer buffer structure enables the growth of high-quality commensurate
epitaxial BBO films. Fig. 3 shows sample geometry and XRD results of three different BBO structures:
BBO/STO, BBO/BCO/STO, and BBO/BCO/BZO/STO. As previously reported,25 BBO thin films
can be grown directly on STO substrates, but only in a fully relaxed state [Figs. 3(a)–3(c)]. When
only a single BCO buffer layer was used, the quality of both the BCO buffer and the BBO thin film
was seriously degraded [Figs. 3(d)–3(f)]. This was due to the large mosaicity and associated defects
in the BCO layer. On the other hand, the BBO layer on the double-layer buffer structure received
epitaxial strain from the BCO layer. As shown in the reciprocal space map (RSM) of Fig. 3(h), the
in-plane peak position of the BBO is aligned with that of the BCO, suggesting that the BBO layer was
commensurately grown and fully strained (0.48%) against the BCO layer. The XRD rocking curve in
Fig. 3(i) shows small mosaicity spread (blue line), but a large volume of the well-crystallized region
(red line) compared with the single buffered sample.
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FIG. 5. Optical conductivity spectra of BBO films: in the commensurate states on BCO/BZO/STO (the orange and the green
lines), and in the fully relaxed state on STO (the red line). Biaxial compressive strains (%) for each structure are given.

In addition, we confirmed the commensurate epitaxial growth of the BBO thin film by varying
the thickness of the BCO layer (tBCO). Figs. 4(a)–4(c) show the RSM of BBO (103) and BCO (103)
peaks for three different BBO films. In our buffer structure, partial compressive strain was imposed
on the BCO sublayer by the BZO sublayer. The partial strain relaxation was dependent on tBCO.
By decreasing tBCO, the BCO (103) peak moved to the right, indicating that a larger compressive
strain was imposed. The in-plane peak broadening of the BCO layer was evidence of partial strain
relaxation due to the change in thickness. The experimental values of in-plane (a) and out-of-plane
(c) lattice constants are shown in Figs. 4(d) and 4(e), for BCO and BBO layers, respectively. As tBCO

was decreased, aBCO and aBBO decreased, while cBCO and cBBO increased. Moreover, the change in
aBBO was the same as that of aBCO, indicating that the BBO thin film was epitaxially grown on the
BCO sublayer.

We measured the optical conductivity spectra σ1(ω) of BBO films grown on BCO/BZO/STO, as
well as ones grown directly on STO substrates, using spectroscopic ellipsometry. As shown in Fig. 5,
all of the BBO films exhibit a 2.0 eV peak in σ1(ω). This peak has been attributed to charge density
wave (CDW) instability, which is coupled to breathing mode distortions of the BiO6 octahedra.26–28

Note that BBO films grown on the BCO/BZO/STO buffer structure all have very similar σ1(ω),
independent of sublayer thickness and applied strain. Thus, our buffer structure is a reliable template
since the buffered films did not lose their original property.29,30

In summary, we used a double-layer buffer structure to obtain epitaxial growth of BBO thin
films on STO substrates, with a large lattice mismatch of about 11.9%. The BZO arbitrating layer
accommodated for the large lattice mismatch from the STO, by generating high-density misfit dislo-
cations. Additionally, the BCO main-buffer layer could be used to impart commensurate strain on the
target perovskite film. As a result, we successfully achieved commensurate epitaxial growth of BBO
films using the double-layer buffer. These results indicate that the BCO/BZO double-layer buffer
structure may be useful for the growth of various other oxide materials of large lattice constant (>4.1
Å) (see the supplementary material). By replacing the main-buffer layer with one made of a different
material [i.e., BaPbO3 (a = 4.265 Å) or BaTbO3 (a = 4.285 Å)] this double-layer buffer template
can be applied in the strain engineering of various perovskite oxides.

See supplementary material for the atomic-resolved TEM image of the BZO arbitrating layer,
the AFM image of the BBO surface, and another application of the double-layer buffer template.

This work was supported by IBS-R009-D1. We would like to thank Seung Chul Chae and Hodong
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