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ABSTRACT

The ability to reproducibly synthesize thin films with precise composition and controlled structure is essential for fundamental study and
mass production. Here, we demonstrate the hybrid molecular beam epitaxy (MBE) growth of epitaxial, single crystalline BaTiO3 films with
different thicknesses on Nb-doped SrTiO3 substrates with atomically smooth surfaces. By combining scanning transmission electron micros-
copy, temperature-dependent high-resolution x-ray diffraction, reflection high-energy electron diffraction, and atomic force microscopy, we
study the effect of growth conditions and the interplay between stoichiometry and epitaxial strain on the resulting structure. Furthermore,
we demonstrate a close to bulk-like ferroelectric phase transition in thicker films and highlight the effect of strain on the phase transition
temperature. This work establishes the hybrid MBE approach for the growth of heteroepitaxial BaTiO3 films on conducting substrates with
scalable thickness and controlled stoichiometry.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001140

I. INTRODUCTION

BaTiO3 (BTO) is a prototypical ferroelectric perovskite
oxide that has been extensively studied for applications such as
dielectrics,1 ferroelectric random-access memory,2,3 lead-free
capacitors,4 photonic devices,5 and ferroelectric energy conver-
sion devices.6,7 BTO has room-temperature ferroelectricity with
a Curie temperature, Tc, of ∼120 °C.8 With a tetragonal unit
cell at room temperature, bulk BTO has lattice parameters of
3.992 and 4.036 Å along what is commonly denoted as the a
axis and c axis, respectively.9 At Tc, BTO undergoes a first-
order phase transition to a paraelectric cubic structure accom-
panied by a large change in the dielectric constant. These
characteristics, which have led to it being one of the most
studied ferroelectrics, are significantly dependent on its struc-
ture, which in turn can be heavily influenced by the cation and
oxygen stoichiometry. Controlling the stoichiometry in BTO

has been challenging in thin film form and the source of many
investigations on these materials.10,11

Growth of thin film BTO has been reported using various
thin film deposition techniques including molecular beam
epitaxy (MBE), an ultrahigh vacuum, low-energy deposition
process. MBE has the advantages of being able to produce mate-
rials with atomic-layer control and low in impurities, leading to
high quality BTO films.12–14 MBE growth of BTO films can
prove difficult; however, mostly due to the problem associated
with stoichiometry control. Regulating the relative Ba/Ti metal
fluxes is often challenging, and, in oxide MBE, oxygen deficiency
can also occur as a relatively low oxygen background pressure
(∼10−5–10−6 Torr) must be used to maintain the characteristic
MBE large mean-free path. While oxygen deficiency can be over-
come by postgrowth annealing, controlling cation stoichiometry
is still a major challenge.
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Recently, advances have been made in MBE synthesis to
include metal-organic-based hybrid MBE techniques that replace
solid elemental metal sources with metal-organic compounds.
Using this approach, it has been shown that an adsorption-
controlled “MBE growth window” for self-regulating stoichiometry
exists for a variety of compounds, including titanates,12,15,16 vana-
dates,17 and stannates.18 Of the titanates, a few reports exist for
BTO involving hybrid MBE growth; however,12,19–22 only one
report directly addresses the growth window.12 BTO was shown to
grow completely coherently on an insulating GdScO3 substrate
where the growth window was identified by a Ba to Ti flux ratio
region within which films displayed a constant out-of-plane lattice
parameter.12 Here, we take a closer look at the growth of BTO films
using hybrid MBE and study the effect of growth conditions and
film thickness when grown on the more commonly used conduct-
ing Nb-doped SrTiO3 (Nb:STO) substrates, which can be used as a
bottom metal electrode for ferroelectric capacitor structure.

II. EXPERIMENT

Hybrid MBE growth of BaTiO3 films was performed using
solid elemental Ba sublimated in an effusion cell and the metal-
organic precursor titanium (IV) tetraisopropoxide supplied
through an external gas inlet system. Films were grown in the pres-
ence of oxygen supplied at a pressure of ∼5 × 10−6 Torr by a radio
frequency plasma source operated at 250W. Films were grown on
Nb:STO (001) substrates following a 20 min in situ surface cleaning
by exposure to oxygen plasma at growth temperature. Films were
grown at a substrate temperature of 950 °C as determined by a ther-
mocouple. Relative growth conditions were determined from the
ratio of the Ti:Ba fluxes measured as a beam equivalent pressure
(BEP) using a beam flux monitor inserted below the substrate prior
to growth. Growth rates ranged from ∼50 to 60 nm/h. Following
completion of growth, the films were cooled down in oxygen.

Postgrowth annealing was done in an oxygen-rich environment
after initial characterizations in a tube furnace operated at 900 °C
for 1 h.

Reflection high-energy electron diffraction (RHEED) was
carried out in situ during and after growth to monitor the film sur-
faces. Film surfaces after growth were also characterized using
atomic force microscopy (AFM). High-resolution x-ray diffraction
(HRXRD) and reciprocal space maps (RSM) were performed using
a Rigaku SmartLab XE system.

Cross-sectional scanning transmission electron microscopy
(STEM) samples of the BTO thin film were prepared using
mechanical wedge polishing followed by Ar ion milling to obtain
an electron transparent sample. STEM imaging was performed
using a probe-corrected FEI Titan G2 60–300 kV S/TEM equipped
with an extreme field emission gun and was operated at 200 kV
with a beam current of 50 pA and probe convergence semiangle of
19.6 mrad. The high-angle annular dark field STEM
(HAADF-STEM) collection inner semiangle was 77 mrad. Drift
and scan distortion correction were applied using the revolving
STEM approach.23

III. RESULTS AND DISCUSSION

A representative HRXRD pattern for a BTO film grown on
Nb:STO is shown in Fig. 1(a). Single peaks are present for the
(001) planes showing single crystalline, epitaxial films consistent
with the single domain structure of the tetragonal c axis oriented
out-of-plane. Finite thickness fringes, evidence of high structural
quality on a short lateral length scale, were present around the
(001) peak. The surface of the BTO film consisted of atomic step
terraces as seen in AFM and sharp streaky RHEED images with a
2× reconstruction along the [100] substrate azimuth [Figs. 1(b)
and 1(c)], both attesting to the smooth surface morphology of the film.

FIG. 1. (a) HRXRD, (b) AFM, and (c) RHEED of 46 nm BTO/Nb-doped STO (001) Ti:Ba BEP ratio of 13.7. The inset of (a) shows a zoomed-in look at the (001) peak. (d)
Cross-sectional HAADF-STEM image of the film-substrate interface of thicker 240 nm BTO grown on Nb-doped STO (001), viewed along the [100] zone axis. The dashed
white line draws the Burgers circuit around a misfit dislocation with the white arrow signifying the Burgers vector b = a[010].

LETTER avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 39(4) Jul/Aug 2021; doi: 10.1116/6.0001140 39, 040404-2

Published under an exclusive license by the AVS

https://avs.scitation.org/journal/jva


To take a closer look at these films, cross-sectional
HAADF-STEM was performed on a thicker 240 nm BTO film
grown on Nb:STO [Fig. 1(d)]. An atomically abrupt film-substrate
interface was found, however, with misfit dislocations sporadically
distributed along the interface. This observation of misfit disloca-
tions is consistent with relaxing films owing to a large lattice mis-
match of −2.2% for the BTO film grown on STO. However, the
thinner films, e.g., 42 nm shown in Figs. 1(a)–1(c), showed an
expanded out-of-plane lattice parameter (aop) obtained from
HRXRD, 4.058 ± 0.002 Å compared to the bulk value of 4.036 Å,

suggesting these thinner films are still strained. While the presence
of strain is likely responsible for the expanded aop, it can also be
argued to be due to nonstoichiometric related defects. To further
investigate the effect of nonstoichiometry and strain relaxation as
well as the interplay between the two, we grew two series of
samples: (1) with varying Ti:Ba BEP flux ratios and (2) with
varying thicknesses at a fixed Ti:Ba BEP ratio.

We first discuss the effect of Ti:Ba BEP ratio on films’ struc-
ture and surface morphology. Figure 2(a) plots aop versus Ti:Ba
BEP ratio before and after a 1 h anneal in an oxygen-rich

FIG. 2. (a) Lattice parameters of BTO films grown on Nb:STO before (light color) and after (dark color) oxygen annealing. (b) (103) RSM of BTO film at the peak lattice
parameter growth condition Ti:Ba = 13.7. (c) Thickness, (d) unit cell volume, (e) FWHM of the (002) rocking curve, (f ) AFM and (g) RHEED images along the substrate
[100] azimuth with varying Ti:Ba growth conditions. White arrows mark surface reconstruction streaks.
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environment at 900 °C. The purpose of the anneal was to decrease
oxygen vacancies, which are commonly found in MBE-grown BTO
films.24 All films showed a decrease in aop after annealing, which is
most likely due to the filling of oxygen vacancies and/or further
strain relaxation. At a first glance, from the trend in aop versus Ti:
Ba BEP ratio, the MBE growth window, as reported previously for
the hybrid MBE of BTO films,12 is not evident. The increase and
then a decrease in aop with increasing Ti:Ba contradicts the previ-
ous hybrid MBE report of a constant aop with Ti:Ba for a fully
coherent film on GdScO3. However, the case of BTO grown on
STO is more complicated due to the expected strain relaxation
from the significant lattice mismatch (−2.2%) as opposed to when
grown on GdScO3, which has approximately a −0.5% lattice
mismatch.

To this end, we measured the RSM of the films to determine
the strain state. Figure 2(b) shows the RSM of a 53 nm film that
had the largest aop, grown at Ti:Ba = 13.7, which revealed a mostly,
but not completely, relaxed film as evidenced by the film peak
being between the expected relaxed and strained positions. It
should be noted that the coherently strained in-plane lattice param-
eter (aip) of a BTO film on STO substrates refers to the lattice
parameter of cubic STO, 3.905 Å, whereas the expected coherently
strained aop, 4.121 Å, was calculated using the BTO elastic con-
stants C11 and C33 as shown in Eq. (1), where εip is the in-plane
strain applied to BTO from the substrate,25

aop(coherent) ¼ aop(bulk) 1� 2� C11 � εip
C33

� �
: (1)

The expanded aop of the BTO film grown here can, therefore,
be explained by the residual strain present in the film and the
partial relaxation. This observation is further consistent with pres-
ence of the misfit dislocations in our STEM image in Fig. 1(d).

Nevertheless, the increasing and then decreasing trend in aop
seen in Fig. 2(a) does raise questions on the stoichiometry of these
films. If an MBE growth window does exist, we expect to see a
range of flux ratios within which there is adsorption-controlled sto-
ichiometric growth signified by a constant aop for a coherent film.
For our BTO growth, we do not see this due to strain relaxation.
However, we do expect an adsorption-controlled growth regime to
occur when using this hybrid MBE technique as demonstrated
earlier.12 We did find, when taking into account not only aop but
also aip obtained from RSMs (Fig. S1),28 a nearly constant volume,
assuming a tetragonal unit cell, of 64.3 ± 0.1 Å3, the value of bulk
BTO. This can be seen in Fig. 2(d) throughout the Ti:Ba ratios
used here. Along with a constant and low full width at half
maximum (FWHM) of the (002) BTO film rocking curves in the
center of these growth series [Fig. 2(e)], it is possible that an
adsorption-controlled window is present but the more complex
strain state of BTO/Nb:STO causes the changes seen in aop. At the
very least, any nonstoichiometric related defects present within this
flux range do not have an effect on the structural quality that can
be probed by XRD.

Consistent with the above observation, films grown within this
flux range also showed atomically smooth surface morphology with
step edges [Fig. 2(f )] along with identical 2× surface reconstruction

[Fig. 2(g)]. Moving to a Ba-rich regime (low Ti:Ba), an island
growth mode was seen with spotty RHEED and large island forma-
tions in AFM. On the other side, the Ti-rich regime (Ti:Ba≥ 17.2),
a transition away from steps on the surface was seen with the emer-
gence of 3× reconstruction in RHEED. The nonstoichiometry
present in the film not only increases bulk structural disorder, as
seen by the FWHM, but also the growth mode and surface mor-
phology. The drastic change in surface morphology as moving to
the Ba-rich regime is in contrast with the hybrid MBE growth of
SrTiO3. In the case of SrTiO3, moving off stoichiometry toward
both the Sr- and Ti-rich regime does not cause such levels of
surface roughening, suggesting the difference in growth behavior
for Ba versus Sr in oxide hybrid MBE.

To further check the film’s cation stoichiometry and probe the
strain relaxation, we performed a thickness-dependent study on a
representative BTO growth condition. Figure 3(a) shows the
HRXRD patterns of films, ranging in thickness from 20 to 500 nm,
grown at the peak aop growth condition in Fig. 2(a), Ti:Ba
BEP = 13.7. As expected, due to strain relaxation, we saw a peak
shift to larger 2θ with increasing thickness. The aop, obtained from
these peak positions, shows this expected decrease, settling to
approximately the bulk lattice parameter at a thickness of 115 nm,
as seen in Fig. 3(b). The lack of strain was confirmed by RSM
(Fig. S2)28 of the thickest sample, 500 nm BTO on Nb:STO where

FIG. 3. (a) HRXRD of 20–500 nm BTO samples before and after oxygen
annealing, increasing in thickness from bottom to top. (b) Thickness-dependent
out-of-plane lattice parameter taken from both peaks when present, representing
c and a axis domains. (c) FWHM of (002) film rocking curves. All films were
grown at the peak lattice parameter growth condition, Ti:Ba = 13.7. Values
reported in panels (b) and (c) are taken after oxygen annealing.
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the film peak aligned with the expected bulk relaxed position.
Films also showed a decrease in the (002) film rocking curve
FWHM with increasing thickness [Fig. 3(c)] suggesting improved
crystallinity. Interestingly, after strain relaxation was complete as
films were grown to larger thicknesses, we found the emergence of
both c- and a-domains. A second peak began to appear in the
HRXRD, for all but the thickest 500 nm film, signifying a second
domain consistent with the a axis of BTO aligned out-of-plane.
This agrees well with what has been shown for BTO films that the
absence of biaxial in-plane compressive strain helps form multido-
main films, not only the c axis orientation.26 Remarkably, however,
postoxygen annealing was found to decrease or even eliminate
a-domains (depending on the film thicknesses) as evident from the
lowering of the peak intensity associated with the a-domains
[Fig. 3(a)].

With the growth condition effect on the stoichiometry and
strain state determined, we studied the effect of temperature on the
lattice parameters of these films. Figure 4 shows the aop obtained
from temperature-dependent HRXRD of 50 and 350 nm BTO
films. Consistent with the first-order phase transition in a bulk
BTO single crystal, the 350 nm BTO film showed a close to bulk
phase transition temperature,9 with only a slight increase in Tc. On
the other hand, the thinner 50 nm film yielded a phase transition
with significantly higher Tc (also see Fig. S3),28 following the
known trend of an increased Tc with increased strain.27

In summary, single crystalline, epitaxial BTO films were
grown on a conducting Nb-doped STO films using hybrid MBE.
Samples grown within the “MBE growth window” yielded films
with a constant lattice volume, low FWHM, and atomically smooth
surface morphologies with an identical 2× reconstruction in
RHEED. With increasing film thickness, BTO films begin to relax,
reaching to bulk lattice parameters at film thicknesses ≥115 nm. A
close to bulk phase transition temperature was demonstrated in a
350 nm BTO film on an Nb:STO substrate with a slightly increased
Tc of ∼150 °C. Consistent with prior results, in-plane strain was
found to raise Tc. This work shows the influence of stoichiometry
and strain relaxation the BTO film structure and surface morphol-
ogy in addition to establishing the hybrid MBE for a stoichiometric,
epitaxial BTO film on a conducting Nb-doped STO substrate,
which is much needed to create all-epitaxial perovskite capacitor
structures.
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