Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

Heteroepitaxy of Tetragonal BiFeO; on Hexagonal Sapphire(0001)
Y. J. Zhao," Z. G. Yin,*" X. W. Zhang*" Z. Fu," B. J. Sun," J. X. Wang* and J. L. Wu'

"Key Lab of Semiconductor Materials Science and *State Key Laboratory of Solid-State Lighting, Institute of Semiconductors,
Chinese Academy of Sciences, Beijing 100083, People’s Republic of China

© Supporting Information

ABSTRACT: Highly elongated BiFeOj; is epitaxially grown
on hexagonal sapphire(0001) substrate within a rather narrow
synthesis window. Both X-ray reciprocal space maps and
Raman characterizations reveal that it is of true tetragonal
symmetry but not the commonly observed M. type
monoclinic structure. The tetragonal BiFeO; film exhibits an
island growth mode, with the island edges oriented parallel to
the (10—10) and (12—30) directions of the sapphire substrate.
With increasing deposition time, a transition from square
island to elongated island and then to a continuous film is
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observed. The metastable tetragonal phase can remain on the substrate without relaxation to the thermally stable rhombohedral
phase up to a critical thickness of 450 nm, providing an exciting opportunity for practicable lead-free ferroelectrics. These results
facilitate a better understanding of the phase stability of BiFeO; polymorphs and enrich the knowledge about the heteroepitaxial
growth mechanism of functional oxides on symmetry-mismatched substrates.
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I. INTRODUCTION

Heteroepitaxy provides an extra freedom to modify the
structures and therefore to control or even create new
functionalities of transition-metal oxides through strain
engineering.l_3 A representative example is BiFeO; (BFO), a
room-temperature multiferroic that has attracted considerable
research interest in recent years. The fairly strong coupling
between ferroelectric and antiferromagnetic orderings makes it
possible to control magnetization electrically, or vice versa,
thereby opening up prospects for novel spintronic devices.*®
Under low and moderate compressive epitaxial strains, the
crystal symmetry of the BFO film is lowered from
rhombohedral (R) R3¢ in its bulk form to the monoclinically
distorted M, structure (following the notation of Vanderbilt
and Cohen®).” Accompanied with this symmetry change, a
polarization rotation from [111] toward the [001] pseudocubic
crystallographic direction and a notable reduction of the Curie
temperature occur.”” The epitaxial strain also leads to
depression of the long-range cycloidal magnetic modulation
superimposed on the antiferromagnetic order.'"’ The manipu-
lation of ferroic properties through heteroepitaxy has profound
implications for the design of magnetoelectric and magnonic
devices. !

Besides the ground-state R3c structure of BFO, a P4mm
tetragonal (T) phase with a large c/a ratio of 1.27 has been
theoretically predicted.'> Along with the huge elongation of the
c-axis lattice constant, the six-coordinated FeOg octahedron is
anticipated to be replaced by a FeO; pyramid in the BFO
lattice.">'* This drastic change in the crystal structure has a
strong impact on the ferroic properties: it leads to an
unprecedentedly enhanced polarization (~150 uC/cm?*) and
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a hugely reduced antiferromagnetic Neel temperature.'>"

Recent experimental studies have indeed corroborated the
existence of such a highly elongated structure via heteroepitaxial
growth of BFO on substrates with a large lattice misfit
(exceeding -4%)."%"7 However, careful structural examinations
revealed that it is not of P4mm symmetry but has a monoclinic
M structure.'® This observation is in good accordance with
first-principles calculations, which show that the monoclinic
structure is energetically more stable than the tetragonal one."
Very recently, monoclinic—tetragonal transitions were observed
at elevated temperatures, suggesting that the tetragonal phase is
the high-temperature form of the M structure.”””" Besides the
temperature, it was suggested that the misfit strain can also
induce the Mc-to-tetragonal symmetry change.”” The tetrago-
nal phase was observed at room temperature by chemical
alloying with barium, based on which a compressive strain-
mediated R—M, (R-like)—~M—T phase transition path was
proposed.”> On the other hand, Fu et al. found that the
tetragonal phase can serve as a structural bridge between the
McBFO and the heavily strained R-like phase.”® However,
phase-pure, true tetragonal BFO (T-BFO) without chemical
doping has not yet been realized at room temperature, and the
understanding of such a phase is still limited.

In this paper, we report the epitaxial growth of T-BFO, rather
than the M structure, on hexagonal sapphire(0001) substrate.
A rather narrow growth window was revealed, and the epitaxial
relationships were clarified. Unlike the layer-by-layer growth
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mechanism for M-BFO films deposited on perovskite-like
substrates, T-BFO exhibits an island growth mode. We
observed a unique surface morphology evolution from square
island to elongated island and finally to a continuous film. The
T-BFO epilayer can remain on a sapphire of up to a thickness
of 450 nm, much higher than the critical thickness reported for
M-BFO films. The thermal mismatch between the epilayer and
substrate is invoked to explain the occurrence of T-BFO at
room temperature.

Il. EXPERIMENTAL PROCEDURE

The BFO films were fabricated by radio-frequency magnetron
sputtering on sapphire(0001) substrates. The BFO target was
prepared by compressing the ground Bi,O; and Fe,O; powder
mixture (with a molar ratio of 1.05:1) into a 80-mm-diameter copper
cup. The BFO powder target was used without any high-temperature
sintering to suppress severe bismuth evaporation. Prior to deposition,
the sputtering chamber was evacuated to a base pressure of S X 10° Pa
and then filled with the working gas of argon and oxygen. The partial
pressures of argon and oxygen were set as 0.3 and 0—0.5 Pa,
respectively, yielding a total working pressure of 0.3—0.8 Pa. The
substrate temperature ranges from 550 to 750 °C. The growth rate at
650 °C and an oxygen partial pressure of 0.2 Pa was determined to be
~180 nm/h.

Room-temperature X-ray diffraction (XRD) 20—6 and @ scans
were recorded by Rigaku D/MAX-2500 system using Cu Ka as the X-
ray source. Temperature-dependent XRD measurements were
performed by the Panalytical X'pert Pro setup. Reciprocal space
maps (RSMs) were collected by a high-resolution Bede D1
diffractometer with an X-ray wavelength of 1.54056 A, and the results
were shown as plots of the intensity with respect to ¢ in the reciprocal
lattice unit, where q = 1/2d. Surface morphologies were characterized
by atomic force microscopy (AFM) by a NT-MDT solver P47 under
semicontact mode. Raman scattering experiments were carried out in
backscattering geometry by a Horiba LabRAM HR800 spectrometer
using excitation line 4 = 514 nm of an argon-ion laser.

lll. RESULTS

A. Epitaxial Growth of BFO on Sapphire(0001). Figure
1 shows the XRD 26—6 curves of BFO films prepared at
different substrate temperatures. Apart from the sapphire peaks,
strong (001) reflection of Bi,O5 is observed at 550 °C. A small
amount of T-like BFO coexists with Bi,O; at 550 °C, and its
reflection intensities increase sharply with increasing the growth
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Figure 1. XRD 26—6 scans of the BFO films deposited at various
temperatures on sapphire(0001) substrates with a growth time of 20
min. Solid squares (M) denote the reflections from the Bi,O; impurity
phase.
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temperature to 600 °C. Besides the (00!) peaks, no other BFO-
related reflections were observed in the curve, suggesting
perfect c-axis orientation of the film [BFO(001)]|sap-
phire(0001)]. The derived c-axis cell parameter is ~4.65 A,
similar to that of the M-BFO reported in the literature.'”'®
The Bi,O; impurity phase is unstable at high temperatures,”*
and only T-like BFO remains at 650 °C and above. The
temperature-dependent evolution of BFO and Bi,O; found
here agrees well with the observation in the R-like BFO case.”*
The crystal quality of BFO is somewhat deteriorated with
increasing growth temperature from 700 to 750 °C, as
evidenced by the notable broadening of the full width at half-
maximum of the BFO(00!) reflections. Moreover, low oxygen
partial pressure (<0.1 Pa) induces the occurrence of impurity
phases, while high oxygen partial pressure (>0.3 Pa) leads to
the formation of the R-like phase (see the Supporting
Information). Combined with these results, we conclude that
phase-pure T-like BFO is favored in a growth window with a
deposition temperature in the vicinity of 650—700 °C and an
oxygen pressure near 0.1—0.3 Pa. Such a rather narrow window
explains why the reported attempts to synthesize BFO on
sapphire(0001) only led to the formation of polycrystalline R-
like phases.”*>°

To reveal the in-plane orientation of T-like BFO with respect
to the sapphire substrate, XRD @ scans were collected along
the BFO(101) and sapphire(11-26) reflections for the samples
grown at 650 and 700 °C (Figure 2ab). A total of 12 well-
defined BFO(101) peaks were clearly resolved for the 700 °C
film. Six of them occur at azimuthal angles identical with those
of sapphire(11-26), while the others are shifted 30° from the
substrate peaks. Taking into account the fourfold symmetry of
BFO(001) and sixfold symmetry of sapphire(0001), the
corresponding in-plane epitaxial relationship between BFO
and the substrate is derived as follows: BFO[100] ||sapphire[10-
10] and BFO[010]||sapphire[12-30] (type I). Moreover, 12
extra weak peaks shifted ~+15° from the positions of
sapphire(11-26) were observed in the @ scan curve of the
650 °C film, indicating another in-plane epitaxial relationship:
BFO[100]||sapphire[5-2-30] and BFO[010]||sapphire[34-70]
(type II). Each type of epitaxial relationship results in three
equivalent families of domains with an in-plane rotation of 120°
from each other (Figure 2c,d). These relationships make it
possible to epitaxially grow T-like BFO on the hexagonal
sapphire(0001) surface.

We note that the in-plane lattice constants of sapphire and
BFO are 4.76 and 3.77 A (as discussed later), respectively,
giving rise to a lattice misfit as high as ~20%. However, the
misfit largely reduces to 1% and 0.6% along the [100] and
[010] crystallographic directions of BFO, respectively, once
considering a 5 X 11 supercell of type I configuration, as
illustrated in Figure 2c. Similarly, by taking into account a 8 X 9
supercell, the type II epitaxial relationship yields lattice misfits
of 1.44% and 1.15% along the BFO[100] and [010] directions
(Figure 2d). Apparently, the type I domains are energetically
more favorable because of the smaller supercell size and lower
lattice misfit. Therefore, both the 650 and 700 °C films are
dominated by type I domains. At elevated temperatures, the
surface diffusion rate is much enhanced and thus the deposited
atoms have more chances to be captured in the energetically
preferred type I configuration. As a result, the XRD reflections
from the type II domains are weakened with increasing
substrate temperature and are not resolved for the 700 °C film
(Figure 2a). The growth of the BFO epilayer is dependent on
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Figure 2. XRD @ scans of BFO(101) and sapphire(11-26) reflections for the 60-nm-thick films grown at 700 °C (a) and 650 °C (b). Schematic
illustrations of types I (c) and II (d) heteroepitaxial relationships between the BFO layer and the sapphire(0001) substrate.
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Figure 3. RSMs collected around (103) (a) and (113) (b) reflections of the 60-nm-thick BFO film deposited at 650 °C. (c) Schematics of primitive
unit cells of the M and tetragonal structures, in which the arrows denote the spontaneous polarization vectors. (d) Representations of the (HOL)
and (HHL) planes of the M and tetragonal structures in the reciprocal space.

the competition and delicate balance of two such types of
domains. Our work develops a possible strategy to synthesize
(001)-oriented epilayers of perovskite-like functional oxide on
symmetry-mismatched substrates.

B. Crystal Symmetry. To reveal the detailed structure of
the BFO epilayer, RSMs around the (103) and (113)
reflections were collected, and the results are shown in Figure
3a,b. No measurable peak splitting was observed in either (103)
or (113) RSMs, indicating a tetragonal rather than monoclinic
Mg structure of the BFO layer.'® Figure 3c illustrates the
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primitive unit cells of the tetragonal and M structures, and the
respective representations of the (HOL) and (HHL) planes in
the reciprocal space are shown in Figure 3d. Apparently, the M
structure yields threefold and twofold splitting for the (HOL)
and (HHL) reflections, whereas no splitting occurs for the
tetragonal phase. The lattice parameters extracted from the
patterns in Figure 3a)b are a = b = 3.77 A and ¢ = 4.65 A. The
derived c/a ratio (1.23) and unit cell volume (66.13 A%) are all
close to those of the M. phase, consistent with theoretical
The finding of the tetragonal phase on

e 19
predictions.
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sapphire(0001) is in marked contrast to the observation of
monoclinic M-BFO on perovskite-like substrates such as
LaAlO; and YAIO,.'®*°

To further explore the crystal symmetry of the BFO epilayer
deposited on sapphire(0001), Raman characterization was
performed on the 60-nm-thick film, and the result is shown
as curve a in Figure 4. For comparison, we also display the

Intensity (a.u.)

400 500 600 700

Raman shift (cm'1)

200 300 800

Figure 4. Raman spectra recorded on BFO/sapphire(0001) (a) and
BFO/LaAlO;(001) (b) heterostructures deposited at 650 °C. Solid
squares (M) and triangles (A) denote peaks of the sapphire and
LaAlOj; substrates, respectively.

Raman spectrum of the BFO film grown on the LaAlO;(001)
substrate (curve b). These two spectra are quite distinct from
each other. The curve obtained from BFO/LaAlOs; is in good
accordance with the observations in the literature,*”*®
indicative of a monoclinic distorted M structure of the film.
The spectrum collected on BFO/sapphire does not match any
of the available experimental results for the known phases,
including Mc-BFO, the R phase, and its stress-distorted
versions, but is in qualitative agreement with the theory
predictions for the P4mm tetragonal structure.”® According to
Raman selecting rules, P4mm symmetry yields eight Raman-
active modes (3A, + B, + 4E).””*® However, for the (001)-
oriented film, the E modes are forbidden and only four Raman
lines (3A; + B;) are observable under the backscattering

geometry. On the basis of first-principles calculations
performed by Tutuncu and Srivastava,” the peaks located at
223, 406, and 655 cm™" are assigned to A; modes, while the
signal at 291 cm™ is ascribed as the B, line of the T-BFO
phase. The extra peak occurring at 607 cm™" possibly originated
from the E mode due to symmetry broken at the BFO island
surface or from the minority of the M, (tetragonal-like) phase,
one of the low-temperature forms of T-BFO. Although Raman
characterization cannot preclude the occurrence of a tiny
quantity of other phases, it does provide evidence that the BFO
epitaxial films grown on sapphire(0001) are mainly composed
of the tetragonal phase, in agreement with the RSM results.
C. Growth Mechanism and Thickness-Dependent
Structural Evolution. Figure S shows the deposition-time-
dependent surface morphology evolution of the T-BFO
samples. Deposition of 15 s under 650 °C and an oxygen
partial pressure of 0.2 Pa leads to the formation of uniformly
distributed islands on the substrate surface (Figure Sa). The
inset of Figure Sa clearly reveals that these islands are square in
shape, with a lateral dimension of ~40 nm and a height of ~3
nm. The edges of the islands are oriented parallel to the (10-
10) and (12-30) directions of sapphire, further evidencing the
epitaxial relationship between T-BFO and the substrate shown
in Figure 2. The island growth mode observed here is at odds
with the layer-by-layer mechanism for BFO films deposited on
perovskite-like substrates.® As the growth time rises to 45 s,
rectangular islands due to anisotropic growth were clearly
observed on the surface (Figure Sb). Further increasing the
deposition time to 3.5 min greatly enhances the island length
but has little influence on the width (Figure Sc). The average
island length, width, and height for the 3.5 min sample are 400,
70, and 12 nm, respectively. Although the lengths are different
from island to island, the widths are quite similar, in good
accordance with the theoretical results.’" According to the
calculations performed by Tersoff and Tromp,”' the trade-off
between surface (interface) and elastic energies determines a
critical island dimension a,; beyond a, the square shape
becomes unstable and a transition from square to elongated
islands occurs. During elongation of the islands, their widths

Sa[1230]

0 S5 10 15 20 25 30 35 40 nm

25 nm
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15

.
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Figure 5. AFM morphologies of BFO samples with deposition times of 15 s (a), 45 s (b), 3.5 min (c), 7 min (d), 20 min (e), 40 min (f), 1 h (g), and
3.5 h (h). A deposition-time-dependent surface morphology evolution from square to elongated islands and finally to a continuous film is
demonstrated. The inset of part a shows that the islands at their initial growth stage are square in shape with edges parallel to the (10-10) and (12-

30) directions of the sapphire.
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remain constant at the optimum value of @, The critical
dimension a; of the T-BFO island is determined to be ~70 nm.
The island elongation is along the (12-30) direction of the
sapphire, consistent with the in-plane supercell illustrated in
Figure 2c. The coalesced islands constitute a continuous film
with increasing deposition times to 7 and 20 min, as illustrated
in Figure Sd,e. Moreover, the rectangular islands gradually
merge into the film and are almost invisible on the surface of
the 40 min sample (Figure Sf). The resultant film is composed
of densely packed columns, and the column size increases
drastically with the thickness (Figure Sgh).

Here we strengthen that island elongation is most commonly
observed in metal silicides but is rare in metal oxides.**** To
the best of our knowledge, the observation presented herein is
the only reported case of such an island shape transition in
perovskite-like oxides. The elongated BFO islands shown in
Figure S can be viewed as one-dimensional nanowires because
of their rather large aspect ratio (length/width) of ~6.
Ferroelectric nanowires exhibit unique physical properties
such as strong magnetoelectric coupling, depression of the
phase transition temperature, and tunable remanent polar-
ization and dielectric permittivity and have potential
applications in nanoscale electromechanical devices, nonvolatile
ferroelectric random-access memory, and advanced sensors.*
Chemical routes are widely used to synthesize one-dimensional
ferroelectric nanostructures while physical methods have
scarcely been reported.>*™*” The island shape transition
shown in our work demonstrates a possible bottom-up physical
approach to the self-assembly of single-crystalline ferroelectric
nanowires. Our method has the advantages of cost-effective-
ness, ease of fabrication, and good control of the orientation
and radial size of the nanowires. However, the aspect ratio of
our BFO nanowires is still quite limited. More work is being
done in our laboratory concerning the manipulation of the
aspect ratio by tuning the growth parameters, such as the
deposition rate, sputtering pressure, and substrate temperature,
and the results will be reported in due course.

Tetragonal BFO is a pseudomorph of the R phase stabilized
by heteroepitaxy. It is inherently unstable and, therefore, a
relaxation from T-BFO to the energetically more favorable R
phase is expected with increasing film thickness. We note that
the pseudomorphic phase transformation route is at odds with
the classical interfacial dislocation-mediated stress relaxation
mechanism and usually results in a very large critical
thickness.>® For instance, the MBFO film deposited on
perovskite-like substrates starts to relieve its stress at a thickness
of tens of nanometers.*® The T-BFO phase obtained here can
even be retained on sapphire(001) without relaxation up to a
thickness of 450 nm (Figure 6), 1 order of magnitude larger
than that of the M-BFO case. Such a rather thick T-BFO film
has important implications for both fundamental physics and
future applications.”® When the epilayer thickness reaches 630
nm, a bulklike R phase starts to appear to coexist with the T-
BFO matrix. Upon further increasing thickness to 900 nm, the
tetragonal phase almost fully transforms into R-BFO.
Reflections of (111) and (-111) are present accompanied
with the T—R transition, indicating the occurrence of epitaxy
breakdown of the film. No evidence of triclinic or monoclinic
M phase, which bridges the Mc—R transition,*® was found in
our films, contrary to the observationns for Mc-BFO grown on
LaAlO; (see the Supporting Information). This observation
reveals that T-BFO exhibits a thickness-dependent lattice
relaxation process quite different from that of M-BFO. This is
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Figure 6. Deposition-time-dependent XRD 26—6 scans of BFO films
deposited at 650 °C. The growth rate is determined to be ~180 nm/h,
and the nominal thicknesses of the films with deposition times of 7
min, 20 min, 40 min, 1 h, 2.5 h, 3.5 h, and S h are 21, 60, 120, 180,
450, 630, and 900 nm, respectively.

further evidenced by the surface morphology measurements.
When the thickness of M-BFO exceeds a threshold value,
tilted phases including My and My, appear and form periodic
stripelike patches on the film surface (see the Supporting
Information). Such a stripelike feature is the fingerprint of
stress alleviation of the M phase.>® The lack of these structures
in our 630-nm-thick film (Figure Sh) further supports that M-
BFO is not present on sapphire(0001), in line with the RSMs
and Raman results.

Lead-free ferroelectric materials are urgently needed owing
to the increasing demands in environmental protection and
human health. In the past few years, a variety of materials have
been considered as possible candidates to replace lead-based
ferroelectrics. T-like BFO is one of the most intensively studied
because of its largest remanent polarization among all known
ferroelectrics. The giant remanent polarization is very
promising for reducing the cell size of ferroelectric random
access memory (FeRAM) and therefore is of great significance
for future applications.*® However, the nonavailability of a thick
T-like M~BFO film is a bottleneck to its utilization. For
instance, on the LaAlO;(001) substrate, the M —R transition
starts at a thickness of 40 nm and completes at 350 nm.*>*!
Our work demonstrates a critical thickness of 450 nm of T-
BFO on the sapphire substrate and therefore opens up a new
avenue for the application of high-performance, lead-free
ferroelectrics.

IV. DISCUSSION

A recent study by Diéguez et al. revealed the intrinsic richness
of BFO phases and demonstrated that a variety of low-
symmetry phases with large ¢/a ratios are energetically more
stable than the ideal tetragonal P4mm structure. ? In fact, the
commonly observed supertetragonal BFO films deposited on
perovskite-like substrates have a monoclinic M structure.'®*°
Very recently, a M-—M,—T phase transition sequence was
clearly observed upon elevation of the temperatures of the films
on perovskite-like substrates, > suggesting that T-BFO is the
high-temperature form of the M phase. For the energetically
more favorable M -BFO, the constrained polarization in the
(010) plane results in anisotropic in-plane lattice parameters (a

dx.doi.org/10.1021/am405115y | ACS Appl. Mater. Interfaces 2014, 6, 2639—2646
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Figure 7. (a) Temperature-dependent XRD 26—0 scans of the 60-nm-thick BFO film grown on sapphire(0001). (b) Derived out-of-plane lattice

parameters as a function of the temperature.

=3.74 A and b = 3.82 A).*° Note that in our case the coherent
BFO lattice has tensile and compressive in-plane strain along
the (10-10) and (12-30) directions of the sapphire substrate,
respectively, again favoring the formation of M-BFO rather
than the tetragonal phase. However, our results show that the
high-temperature, high-symmetry tetragonal phase is stabilized
at room temperature.

It is well-known that the lattice misfit determines whether the
R-like or T-like phases are formed on a given substrate.””
Apparently, T-like phases are formed on substrates including
sapphire, LaAlO;, and YAIO;. The difference is that a true
tetragonal phase is stabilized on sapphire, while BFO is in the
monoclinic My form on LaAlO; and YAIO; at room
temperature. However, at growth temperatures of 650—700
°C, BFO exhibits the high-symmetry tetragonal form on all of
these substrates.””' Now the question is, why does a
tetragonal—monoclinic transition occur on LaAlO; and YAIO;
but not on sapphire during the cooling process? We note that
once the lattice registry of T-BFO to the substrate is achieved at
the growth temperature, the thermal mismatch plays a key role
in modifying its structure by changing the c/a ratio (here a
denotes the average in-plane lattice parameter) during the
cooling stage. To clarify the influence of thermal mismatch on
the tetragonal-phase stabilization on sapphire, we performed
temperature-dependent XRD 26—6 scans of the 60-nm-thick
film, and the results are shown in Figure 7a. The derived out-of-
plane lattice constants, as a function of the temperature, are
illustrated in Figure 7b. The out-of-plane lattice of BFO
remains constant above 200 °C, in contrast to the observations
on LaAlO; (see the Supporting Information), because of
different thermal mismatches. The thermal expansion coef-
ficient in the (0001) plane of sapphire (7.5 X 107¢ K™') is
lower than that in the pseudocubic (001) plane of LaAlO; (10.8
X 107 K').** A rough estimate yields an increase of the c/a
ratio by ~0.5% when BFO/LaAlQO; is cooled from 500 to 200
°C, assuming that the in-plane lattice of the film is clamped to
the substrate while out-of-plane relaxation is free. However, on
sapphire the increase of c¢/a during the same process is
estimated to be only ~0.2%. Although the ¢/a values cannot be
precisely determined above 500 °C because of decomposition
of BFO during measurements, it is safe to say that variation of
the ¢/a ratio is much larger on LaAlOj; than on sapphire.

Recent works revealed that the ¢/a ratio is closely related to
the detailed crystal symmetry of BEO. When Bi** (1.38 A) was
replaced with larger-ionic-radius cations, e.g, Ba** (1.61 A), a
notable decrease of c¢/a was observed on the LaAlO;
substrate.** Along with this ¢/a ratio reduction, there occurs
a Mc-to-tetragonal symmetry change.”” Akin to this finding,
Damodaran et al. demonstrated that the monoclinic distortion
angle decreases with a reduction of the c/a value through
substitution of a small quantity of Bi** by Pb** (1.49 A).* Very
recently, Liu et al. found that the monoclinic angle increases
with increasing film thickness, accompanied with an enhance-
ment in the ¢/a ratio.”® All of these results infer that there exists
a threshold of the c/a ratio for the transition between the
tetragonal phase and its monoclinic counterpart. Beyond that
threshold, BFO exhibits the monoclinic form, and the higher
the c/a ratio, the larger the shear distortion.

During the cooling process, the rather small thermal
mismatch between BFO and sapphire leads to stabilization of
the tetragonal phase, while for BFO on YAIO; and LaAlO;
substrates,”®*' the c/a ratio exceeds the threshold during
cooling and a transition to the monoclinic phase occurs due to
the much larger thermal mismatch. We note that the
monoclinic—tetragonal transition temperature of BFO on
LaAlO; is higher than that on YAIO;. This fact further backs
up our assumption that thermal mismatch is a key factor that
influences the structure of the BFO epilayer, taking into
account that LaAlO;(001) has a larger in-plane thermal
expansion coeflicient than YAlO3(001).43’46 Although our
intuitive explanation imposes a phenomenological connection
between the ¢/a ratio and the structural evolution of the T-
BFO phase, the underlying physics is not understood as yet and
first-principles calculations are strongly encouraged. The
influences of the elastic energy, phase boundaries, and domain
walls on the tetragonal-monoclinic transition during the
cooling process also need to be clarified.

Finally, we turn to the anomaly that occurs at ~100 °C
(Figure 7b). Such an anomaly suggests a discontinuity in the
thermal expansion coefficient of BFO and is associated with the
second-order antiferromagnetic transition.*’” Similar results are
found in M BFO films deposited on fourfold-symmetry
substrates, e.g, LaAlO; (see the Supporting Information).
These observations reveal that the tetragonal phase and its low-
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symmetry counterpart (Mc-BFO) have similar Neel temper-
atures, in accordance with recent theoretical predictions.48 Here
we note that the M-—M, structural transition cannot account
for the anomaly appearing at 100 °C because of the absence of
the M phase in our films. The occurrence of a magnetic
transition in T-BFO near room temperature is significant for its
future magnetoelectric and piezomagnetic applications."

V. CONCLUSION

In summary, (001)-oriented T-BFO layers were epitaxially
grown on hexagonal sapphire(0001) substrates, in a rather
narrow growth window with a substrate temperature in vicinity
of 650—700 °C and an oxygen pressure near 0.1—0.3 Pa. The
tetragonal symmetry of BFO was corroborated by RSMs and
Raman characterization. The predominant in-plane epitaxial
relationship between T-BFO and the substrate is
BFO[100]||sapphire[10-10] and BFO[010]||sapphire[12-30].
Such findings provide a possible route for synthesizing
functional oxides on symmetry-mismatched substrates. The
BFO epilayers are formed through a multistep process: square
island appearance, square-to-elongated island transformation,
island coalescence, and film formation. The observed island
shape transition is useful in synthesizing and manipulating BFO
low-dimensional nanostructures and exploring their unique
properties. Moreover, the tetragonal phase of BFO can stabilize
on the sapphire substrate up to a thickness of 450 nm. Such a
thick T-BFO film has significant implications for future lead-
free ferroelectric applications.
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