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Abstract: BaBiO3 has recently gained significant research attention as a parent material for
an interesting family of alloyed compositions with multiple technological applications. In
order to grow a variety of structures, a versatile deposition tool such as molecular beam
epitaxy must be employed. In this work, the molecular beam epitaxy growth of BaBiO3

on SrTiO3(001) and MgO(001) substrates is studied. When grown by molecular beam
epitaxy on SrTiO3(001) or MgO(001) substrates, BaBiO3 is known to have two competing
orientations, namely (001) and (011). Characterization of the thin film is carried out by
X-ray diffraction, X-ray reflectivity, atomic force microscopy, Rutherford backscattering,
and transmission electron microscopy. Pathways to block the growth of BaBiO3(011) and to
grow only the technologically relevant BaBiO3(001) are described for both substrates. An
understanding of the enabling mechanism of the co-growth is established from an epitaxial
point of view. This can be beneficially utilized for the growth of different compositions in
the BaBiO3 material family in a more controlled manner.

Keywords: crystalline structures; molecular beam epitaxy; X-ray diffraction; thin film

1. Introduction
Thanks to their chemical and structural versatility, complex oxides have attracted

significant research interest over the past few decades [1,2]. Perovskite oxide is a family
of compounds that belongs to the class of complex oxides and has an ABO3 crystal struc-
ture [3]. BaBiO3 (BBO) is a perovskite compound that was first synthesized in 1963 [4]. BBO
has a monoclinic structure at room temperature and a cubic structure at temperatures above
820 K [5]. In contrast with the band theory of solids, BBO has a band gap of 2–2.19 eV [6,7].
Thanks to its electronic properties, BBO has been investigated for a wide range of techno-
logical applications, like efficient photocatalytic harvesters [8], photovoltaic devices [9],
water splitting [10], and CO2 degradation [11]. BBO shows ferroelectric behavior when
grown on a Pt-coated Si substrate [12], while BBO nanoparticles exhibit a ferromagnetic
response [13], making the material promising for memory applications. BBO may also
serve as a favorable buffer layer for other perovskite oxide thin films with large lattice
constants, such as YBiO3 (a = 4.4 Å) [14].

Besides self-doping, alloying could potentially widen the application area of a certain
parent material by strongly tailoring its electronic, optical, or structural properties [15]. Per-
ovskite oxides serve as versatile parent compounds thanks to the possible substitution on
any of the three different ionic sites that exist within the ABO3 structure. When applied to
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our parent material of interest, BBO, many examples can be found in the literature. One ex-
ample is the discovery of superconductivity for n-type doped BaBi1−xPbxO3, with a critical
temperature of 13 K [16]. Ba1−xKxBiO3 and Ba1−xRbxBiO3 (p-type doped BBO) were later
discovered as superconductor oxides with a transition temperature of 29.8 K [17]. Partial
n-type anionic substitution led to the discovery of topological insulating BaBi(O1−xFx)3

in a density functional theory (DFT) study [18]. If experimentally realized, BaBi(O1−xFx)3

could feasibly be implemented in technologies such as magnetics, thermoelectrics, or
quantum computing [19–21]. Visibly transparent p-type semiconducting layers based on
Ba1−xKxBi1−xTaxO3, with a maximum hole mobility of around 30 cm2/V.s and an increased
band gap of 4.5 eV [22], have been discovered. Alongside its counterpart, n-type transparent
In-Ga-Zn-O (with an electron mobility higher than 100 cm2/V.s) [23], this material system
is very important for enabling complementary metal–oxide–semiconductor (CMOS)-based
thin-film transistor technology. Molecular beam epitaxy (MBE) has the ability to grow an
alloyed thin film with a variety of compositions in a controlled manner [24].

Understanding the growth mechanism, phase stability, and kinetics of the parent per-
ovskite thin film is an essential prerequisite for developing high-quality alloyed structures.
Based on its co-deposition capability in ultra-high-vacuum environments, MBE is con-
sidered advantageous in controlling the stoichiometry and crystal orientation (important
aspects for realizing the desired technological edge) of the grown thin film [24]. Accessing a
growth window where the cations’ stoichiometry is self-regulating has been made possible
by MBE thanks to the presence of a volatile elemental component [25]. In our previous
study, the epitaxy of BBO was shown to follow an adsorption-controlled regime when
grown on SrTiO3(STO)-buffered Si(001) substrates [26]. Alongside the MBE parameters,
which play a crucial role in epitaxy, substrate choice is also very important, as it influences
the crystal orientation and film quality. BBO(001) and BBO(011) are known to be competing
orientations in thin-film growth according to previous studies [26–31], depending on the
substrate of choice. In this study, the MBE growth of BBO thin films on both STO (aSTO

= 3.905 Å) and MgO (aMgO = 4.212 Å) substrates is investigated. The crystal quality and
phase formation of the various BBO thin films, grown using different growth parameters,
are assessed. The influence of using a BaO buffer layer on the crystal orientation and
morphology of the thin film grown on the STO substrate is also demonstrated.

2. Materials and Methods
To understand the growth mechanism for BBO thin films on both STO and MgO bulk

substrates (Furuuchi Chemical Co., Tokyo, Japan), an ultra-high-vacuum MBE reactor was
utilized. Bulk substrates measuring 10 mm × 10 mm were cleaned before introduction
into the tool by dipping them into isopropanol for a few hours, followed by an overnight
acetone bath. The substrate coupons were then glued onto a carrier wafer. Before MBE’s
growth started, the surface of the glued coupons was further cleaned by heat treatment in
an oxygen environment at 800 ◦C for 30 min. Metallic sources were evaporated out of their
thermal effusion cells toward the rotating substrates after calibrating the fluxes using an
in situ quartz crystal microbalance (QCM) setup. Growth was carried out in an activated
oxygen species environment, generated using a remote radio-frequency (RF) plasma cell,
with a background pressure of 3E-6 Torr and a plasma power of 600 W. The thin films were
cooled down from growth temperature (Ts) to room temperature at a rate of approximately
10 ◦C/min under the same oxygen conditions.

The crystalline structure and quality of the thin films were checked utilizing an X-ray
diffraction (XRD) setup with Cu-Kα radiation. Symmetric ω–2θ scans were collected at
scattering angles between 13◦ and 31◦ for all samples, with a step size of 0.006◦, alongside
the rocking curves (RCs) around the relevant diffraction peaks. Using the same setup,
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the thickness and roughness of the thin films were deduced based on X-ray reflection
(XRR) measurements. A transmission electron microscopy (TEM) technique with a 200 kV
operating voltage was used to further evaluate the crystal structure of one of the thin
films. Sample preparation for TEM inspection was minimized to avoid any damage to the
e-beam-sensitive BBO layer. Surface morphology investigation was carried out with an
atomic force microscope (AFM) operating in tapping mode. AFM images of 512 scan lines
were collected under ambient conditions by a cantilever with an amplitude of oscillation
of 75 nm and a scanning rate of 0.5 Hz. To overcome external sources of noise, the AFM
setup was enclosed in its cabinet during measurements, and the setup was placed on a
vibration-isolation table in a temperature-stable lab environment. The NSC19 cantilever
(MikroMasch©, Sofia, Bulgaria) used in this study has a stiffness of 3.5 N/m and a tip
radius of 8 nm. Regarding height calibration, a Bruker© Si calibration standard (VGRP-UM)
with a depth of 180 nm was used. The evaluation of the elemental composition of the
grown thin films was performed using the Rutherford backscattering (RBS) method.

3. Results
In Figure 1, the variation in Ts is shown for the thin films grown at 600 ◦C, 650 ◦C, and

700 ◦C on the STO substrate. The metallic fluxes were kept at JBi = 7 A/s and JBa = 1.7 A/s.
According to the symmetric out-of-plane XRD scans in Figure 1a, diffraction peaks can be
observed at roughly 20.8◦ and 14.5◦ for the thin films grown at 600 ◦C and 650 ◦C. This
demonstrates that the co-growth of BBO(001) and BBO(011) took place. At 700 ◦C, only one
diffraction peak can be observed at 14.54◦. The crystalline quality can be evaluated based
on the RC scans in Figure 1c, which show a broad peak corresponding to the interfacial
area with high defect and dislocation densities in addition to a sharp peak indicating highly
ordered epitaxial areas in the films [32]. At 600 ◦C and 650 ◦C, the sharp peaks have a full
width at half maximum (FWHM) of 0.084◦ and 0.088◦, respectively, indicating high-quality
epitaxy at these temperatures. The XRR data in Figure 1b for the thin films grown at
600 ◦C and 650 ◦C show that the surface and interface roughnesses are low, with clearly
distinguishable Kiessig fringes and thicknesses of 30 nm and 27 nm, respectively. On the
other hand, the thin film grown at 700 ◦C has higher roughness and a thickness of 35 nm,
extracted with lower accuracy due to the roughness-induced oscillation rapid damping [33].
The AFM surface texture of the film grown at 700 ◦C is visibly different in comparison
with the other two films, with root mean square (RMS) roughness of 3.5 nm, while at lower
temperatures, it is below 0.4 nm, as illustrated in Figure 1d. The RBS data in Figure 1e
show that the films grown at 600 ◦C and 650 ◦C are nearly stoichiometric (Bi/Ba = 0.97 and
0.96, respectively); however, almost no Bi incorporation occurs at 700 ◦C.

One of the most common approaches used to stabilize a certain orientation in epitaxy
is the use of a buffer layer [34,35]. According to Figure 2b, it is clear that growing a BaO
buffer layer helps stabilize only the (001) phase of BBO, with only one diffraction peak
at ωBBO = 20.81◦. The thin film with a BaO buffer layer has an RC FWHM of 0.079◦, in
accordance with its sharp peak in Figure 2c, denoting high crystalline quality. The growth
of BBO(001) can also be observed in the TEM image in Figure 2a with the aid of a BaO buffer
layer. The reason a monolayer of BaO as a buffer layer helps stabilize only the BBO(001)
orientation is discussed in Section 4.
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(a) (b)

(c)
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3.905 Å

[100]
[010]

3.78 Å

Figure 1. Effect of varying Ts (600 ◦C, 650 ◦C, and 700 ◦C) on the growth of BBO on an STO(001)
substrate using different characterization techniques. (a) XRD data, (b) XRR data, (c) RC data,
(d) AFM data, and (e) RBS data. (f) Schematic showing the crystal structure of the substrate and layer.
Green circles: Sr ions; blue circles: Ti ions; orange circles: Ba ions; purple circles: Bi ions. The planes
facing the reader are STO(001) and BBO(011). The dashed lines illustrate the epitaxial relationship
BBO(011)[110]∥STO(001)[100].

For the MgO substrate, as shown in Figure 3a, diffraction peaks at 14.6◦, with varying
intensities, can be observed at all temperatures, but 20.85◦ only at 650 ◦C and 700 ◦C. The
FWHMs of the sharp peaks of the RC scans are 0.076◦, 0.081◦, and 0.087◦ at 600 ◦C, 650 ◦C,
and 700 ◦C, respectively. The high roughness of the layer grown at 600 ◦C is evident based
on the XRR data in Figure 3b. Diffuse scattering results in the damping of the reflected
radiation intensity due to incoherent interference. Unlike the smooth layers grown on the
STO substrate, the XRR oscillations of the thin films grown on MgO at 650 ◦C and 700 ◦C
do not have a fixed fringe width; therefore, the calculated thicknesses are 32 ± 3 nm and
38 ± 5 nm, respectively. According to the AFM data in Figure 3d, the surface of thin films
grown on the MgO substrate becomes smoother as the temperature increases, with RMS
roughness of 4.5 nm at 600 ◦C, 0.9 nm at 650 ◦C, and 0.5 nm at 700 ◦C. Islands with an
average diameter of 90 nm and a height of 27 nm, observed for the thin films grown at
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600 ◦C, are the root cause of this high roughness. The RBS data in Figure 3e indicate that all
layers are Bi-rich: Bi/Ba = 1.24, 1.55, and 1.29 at 600 ◦C, 650 ◦C, and 700 ◦C, respectively.

(a) (b)

BaBiO3

SrTiO3

(c)

Figure 2. Effect of implementing a BaO buffer layer on the orientation of a BBO thin film grown on
an STO(001) substrate (600 ◦C, JBi = 7 Å/s). (a) TEM results, (b) XRD results, and (c) RC results.

Upon decreasing the flux ratio from JBi/JBa = 7.0/1.7 to JBi/JBa = 1.7/1.7, a notable
reduction in the diffraction peak at 14.57◦ and the appearance of another one at 20.81◦

can be seen in the out-of-plane XRD results in Figure 4a. This is associated with a more
stoichiometric layer, as indicated by the RBS data in Figure 4b, showing a Bi/Ba ratio of
1.09 (15% reduction in the film’s Bi content). At JBi = 1.7 Å/s, BBO(001) can be grown with
a sharp-peak FWHM of 0.088◦, as indicated by the RC data in Figure 4c. In addition, as
shown in Figure 4d, the surface appears to be smoother, with an RMS roughness of 1 nm
and no visible large islands. The reported observations are summarized in Table 1.

Table 1. Summary of the reported results. Flux ratios of JBi/JBa = 7.0/1.7 are used unless stated
otherwise. The results include the temperature variation experiments for both substrates, as well as
the use of a BaO buffer layer on the STO substrate, and the reduction of JBi on the MgO substrate. All
layers are grown under plasma conditions of 600 W, then cooled to room temperature under the same
plasma conditions at a rate of 10 ◦C/min. (–) denotes “not observed”, while (blank) denotes “not
measured”. XRD peaks are fitted using the Fityk program to quantify orientation competition [36].

Growth Condition ω (◦) (011)/(001)+(011) t (nm) Rq (nm) Bi/Ba (RBS Data)

ST
O

su
bs

tr
at

e 600 ◦C 14.41 20.81 7.56% 30 0.4 0.97 ± 0.03

650 ◦C 14.56 20.80 11.81% 27 0.2 0.96 ± 0.03

700 ◦C 14.45 – – 35 3.5 0.008 ± 0.002

600 ◦C (with BaO buffer layer) 14.41 20.81 1.62% 30

M
gO

su
bs

tr
at

e 600 ◦C 14.60 – 100% 33 ± 4 4.5 1.24 ± 0.04

650 ◦C 14.60 20.86 6.44% 32 ± 3 0.9 1.55 ± 0.05

700 ◦C 14.68 20.87 2.37% 38 ± 5 0.5 1.29 ± 0.04

600 ◦C (JBi/JBa = 1.7/1.7) 14.57 20.81 54.49% 25 1 1.09 ± 0.04
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(a) (b)

(c)

(d)

(e) (f)

4.212 Å

[100]
[010]

3.78 Å

Figure 3. Effect of varying Ts (600 ◦C, 650 ◦C, and 700 ◦C) on the growth of BBO on an MgO(001)
substrate using different characterization techniques. (a) XRD data, (b) XRR data, (c) RC data,
(d) AFM data, and (e) RBS data. (f) Schematic showing the crystal structure of the substrate and
layer. Brown circles: Mg ions; orange circles: Ba ions; purple circles: Bi ions. The planes fac-
ing the reader are MgO(001) and BBO(011). The dashed lines illustrate the epitaxial relationship
BBO(011)[110]∥MgO(001)[100].
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(a) (b)

(c)

(d)

Figure 4. Effect of varying the (Bi/Ba) flux ratio, reducing it from 7/1.7 to 1.7/1.7 while keeping
Ts at 600 ◦C, illustrated for the samples grown on an MgO(001) substrate. (a) XRD symmetric
scans, (b) RBS data, (c) RC data, and (d) AFM data.

4. Discussion
According to the XRD data, either the growth of BBO(011) or the co-growth of BBO(011)

and BBO(001) can be observed when growing the material on either an STO or MgO
substrate. BBO(011) has previously been reported as the preferred orientation, either solely
or in combination with BBO(001), when grown on an STO(001) substrate by MBE [28]. This
contradicts its growth by pulsed laser deposition (PLD), where BBO(001) was obtained
on STO(001), with a spontaneously occurring structurally different reconstruction layer of
almost 1 nm at the interface [14,37,38]. BBO(011) has also previously been obtained on an
MgO(001) substrate, despite a low lattice mismatch [27] of around 3%, compared to 11% on
STO. This raises the question of how two in-plane domain orientations coexist in a similar
way for the two different substrates. It is unexpected to obtain the (011) orientation on
either STO(001) or MgO(001) (both with non-polar surfaces), especially since the BBO(011)
orientation is polar. Additionally, the surface energies of (011) orientations are typically
higher than those of (001) orientations for most perovskite compounds, as shown by DFT
studies, regardless of their terminations [39,40]. Therefore, under certain thermodynamic
conditions, the same orientation epitaxy is expected for the growth of bismuthate.

However, to explain the growth of BBO(011) on an STO substrate, the problem has to
be considered from an epitaxial point of view. At the interface, this orientation seems to
have a favorable relationship with the substrate BBO(011)[110]∥STO(001)[100]. This way, half
of BBO(011)’s unit cell diagonal, with a lattice spacing of 3.78 Å, aligns commensurately
with one unit cell of STO, lowering the lattice mismatch to only −3%. According to the
AFM results, this orientation is as smooth as that of BBO(001), unlike when it is grown
on an MgO substrate. This is due to the fact that, with a large lattice mismatch of −11%
for BBO(011)[110]∥MgO(001)[100], high strain energy drives the system to randomly form
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3D islands. A temperature of 650 ◦C does not appear to provide enough energy for the
adatoms to find their lowest energy sites, which, intuitively, occurs when BBO(001) is
primarily formed at a higher temperature of 700 ◦C, resulting in a much smoother surface.
It can be deduced that the presence of the BBO(011) orientation in thin films grown on an
MgO substrate is associated with island growth and high surface roughness, as shown
in the Supplementary Materials. Atomic schematics showing the lattice plane BBO(011)
are presented relative to the STO and MgO substrates in Figures 1f and 2f, respectively.
Such orientation competition has been observed multiple times in the literature for oxide
materials, such as STO on CeO2 [41], Ba0.8Sr0.2TiO3 on LaAlO3 [42], and MgO on ZnO [43].

BBO(001) was previously grown on an STO(001) substrate using PLD. A naturally
occurring wetting layer at the interface has been reported [14,37,38], which is believed to
uncouple the layer from the substrate through dislocation formation and to enable domain-
matching epitaxy. A detailed TEM study showed that this reconstructed layer consists
of a double layer in the form of δ-Bi2O3 with a fluorite structure and an orientation of
STO(001)[100]∥δ-Bi2O3(001)[110]∥BBO(001)[100] [38]. A BaO buffer layer with an in-plane lat-
tice spacing of 5.53 Å was grown in registry with STO, exhibiting an epitaxial relationship of
BaO[100]∥STO[110], where aSTO

√
2 = 5.52 Å. From an epitaxial point of view, this facilitates

the formation of the fluorite δ-Bi2O3 with a lattice constant of δ-Bi2O3 = 5.65 Å [38], which
ultimately enables the single-orientation growth of BBO(001) on an STO(001) substrate.

The thin films grown on the STO substrate at 700 ◦C have no bismuth incorporated
due to the low elemental sticking coefficient as the temperature increases. However,
the observation of a diffraction peak at 14.54◦ denotes the presence of an intact layer
occurring with no bismuth incorporated, which could be a BaO thin film. This claim is
supported by the AFM surface images, which show a cracked structure, possibly caused by
moisture absorption upon exposure to ambient conditions and the formation of Ba(OH)2,
due to the hygroscopic nature of BaO [44]. Additionally, the XRR oscillation amplitude
is less pronounced for this layer compared to the others because of the lower contrast
in electron densities with respect to the underlying substrate (nBaO = 1.44E24 e/cm3,
nBBO = 1.58E24 e/cm3, nSTO = 1.32E24 e/cm3).

On the other hand, the XRR oscillation period for the thin films grown on MgO is not
fixed, which highlights the film’s inhomogeneous composition. This is validated by the
RBS results showing Bi-rich layers, even at high temperatures. This contradicts the growth
of BBO on STO substrates. In fact, BBO follows an adsorption-controlled regime on STO
substrates, meaning that even at a high flux of Bi, only a limited amount is incorporated
within the growth windows that maintain a self-regulating stoichiometric level [45]. The
pronounced decrease in incorporated Bi when its flux is lowered indicates that the growth
of BBO on MgO substrates does not follow an adsorption-controlled regime, and deposition
is flux-limited. Indeed, the kinetics of adatoms depend strongly on the substrate chemical
termination and its available adsorption sites. It could be the case that, in order to access
the adsorption-controlled regime of BBO on MgO substrates, the growth temperature needs
to be increased beyond the limit of the MBE system [25].

5. Conclusions
In this paper, the co-growth of BBO(001) and BBO(011) is observed on both STO and

MgO substrates. Studying the effects of substrate temperature, flux ratio, and interface
engineering enables a better understanding of the mechanism by which the dual orien-
tations develop. Different pathways for controlling the orientation of the grown thin
films are described depending on the underlying substrate. For STO, at 700 ◦C, no Bi is
incorporated, whereas at 600 ◦C and 650 ◦C, doubly oriented BBO(001) and BBO(011) are
obtained. The growth of BBO(011) on STO is facilitated by the commensurate epitaxial
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relationship BBO(011)[110]∥STO(001)[100]. In order to discourage the growth of BBO(011)
and control the epitaxial relation, a buffer layer of BaO is used. Interface engineering
enables the growth of a reconstructed interfacial layer of δ-Bi2O3, which allows for domain-
matching epitaxy of BBO(001) on STO(001). For MgO, a nearly fully oriented BBO(001) film
is obtained only at 700 ◦C. Below this temperature, the film is either doubly oriented or
fully BBO(011), with high surface roughness. Increasing the substrate temperature helps
stabilize the BBO(001) orientation, as expected given the small lattice mismatch of 3%. The
polar BBO(011) surface is expected to be less stable than that of BBO(001); therefore, it
can be concluded that a balance between surface energy and strain energy determines the
growth orientation. This is a more structured way to control BBO crystal orientation, which
is important, for example, when studying topological insulating behavior, which is only
foreseen for BBO(001)-oriented crystals [18].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst15060534/s1, Figure S1: Illustration shows the relationship
between crystal orientation and surface roughness of BBO films grown on MgO substrate based on a
summary of AFM data.
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