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Orientation-tuning in self-assembled
heterostructures induced by a buffer layer†

Yuanmin Zhu,a Pingping Liu,a Rong Yu,b Ying-Hui Hsieh,c Dan Ke,a Ying-Hao Chucd

and Qian Zhan*a
Anisotropic nano-plate structures in self-assembled perovskite–spinel

thin films, BiFeO3–NiFe2O4 and BiFeO3–CoFe2O4, which were

deposited on (001)c SrRuO3/SrTiO3 and DyScO3 substrates, respec-

tively, have been demonstrated using transmission electron micros-

copy combined with strain analysis. Unlike the unitary cube-on-cube

orientation relationship reported widely, the growth direction of the

CoFe2O4 and NiFe2O4 plates was tuned to [011]c while the BiFeO3

matrix kept [001]c in both systems. In particular, a thin stress-sensitive

BiFeO3 buffer layer between the spinel nanostructure and the

substrate was introduced for providing a complex strain state in both

film systems. The novel orientation tuning and the pattern configu-

ration of the heterostructures are mainly attributed to the strain

imposed on the films and the anisotropic ledge growth mechanism of

spinels.
1. Introduction

Complex oxides cover a wide range of intriguing functionalities
induced by interplay among the lattice, charge, orbitals and
spin degrees of freedom and offer tremendous opportunities to
develop next generation electronic devices.1–3 Among complex
oxide heterostructures, the vertical nanocomposite architecture
has drawn considerable attention and has been used to tune
functionalities benetting from their plentiful hetero-inter-
faces, e.g. BiTiO3–CoFe2O4, BiFeO3–CoFe2O4,4,5 PbTiO3–

CoFe2O4,6 BiTiO3–Sm2O3,7 La0.7Sr0.3MnO3–CeO2 (ref. 8) etc. The
unique physical properties of materials can be tuned through
ng, University of Science and Technology

n@mater.ustb.edu.cn

opy, Department of Materials Science and

084, China. E-mail: Ryu@tsinghua.edu.cn

eering, National Chiao Tung University,

edu.tw

i 105, Taiwan

(ESI) available: A schematic of the 3-D
stems and the related HRTEM images
a

structure modication which is a fundamental topic oen
addressed.

The thermodynamics and kinetics affecting the evolution of
these nanostructures are various and complicated, such as
elastic energy, crystal structure, interface energy, growth
parameters and heat treatment.9–13 For epitaxial thin lms,
elastic strain energy, commonly induced by the epitaxial
constraints along the heterointerfaces due to lattice mismatch,
is demonstrated to be a vital factor controlling the growth of
heterostructures.14,15 The strain affects the chemical bond
length and angles, defect types and densities such as disloca-
tion and oxygen vacancies, thus manipulating the correspond-
ing physics of the nanostructures.16 Through theoretical and
experimental investigations of the classic vertical nano-
structures, Roytburd et al. suggested a general way of control-
ling the phase architectures by elastic interactions between
substrates and lms.17,18 Previous studies mainly focused on the
vertical heterostructures with a simple cube-on-cube orienta-
tion relationship between the constituent phases and the
substrate, that is [001]//[001] and (100)//(100).19–25 Recently, a
signicant attempt was made to control the relative orienta-
tions in the two-phase heterostructures by strain engineering
using substrates with different crystal structures and lattice
parameters.26 Exploring wider manipulations for crystallo-
graphic orientations and hetero-interfaces in complex oxide
vertical nanostructures has become extremely important.

In the present paper, rather than the unitary cube-on-cube
crystallographic orientations, periodic plate-congurations of
two-phase nanostructures induced by a buffer layer were
observed by transmission electron microscopy (TEM). Perov-
skite BiFeO3 (BFO) and spinel NiFe2O4 or CoFe2O4 (NFO, CFO)
self-assembled heteroepitaxial nanostructures were chosen as
the model systems. The interfacial structures at an atomic scale
and the underlying growth mechanisms were discussed in
detail. Two key points have to be emphasized to realize the
controllable orientation tuning by strain engineering in vertical
heterostructure thin lms. First of all, a buffer layer of BFO,
which has been demonstrated to have high stress sensitivity in
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) Plan-view TEM image of the BFO–NFO nanostructure and
(b) the corresponding diffraction pattern. (c) Cross-sectional TEM
image showing NFO inclusions embedded in the BFO matrix of films
grown on a (001) STO substrate with a �30 nm thick SRO transition
layer. (d) Selected area diffraction pattern from (c) with a [010] BFO
direction.
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many pioneering works,27–29 was introduced to tune the orien-
tation of the nanostructures. Secondly, perovskite substrates
with lattice parameters close to BFO were selected in order to
facilitate highly coherent heteroepitaxial strain in BFO.

2. Experimental

Perovskite–spinel BiFeO3–NiFe2O4 and BiFeO3–CoFe2O4 heter-
oepitaxial nanostructures were grown on single crystal (001)c
SrTiO3 and (001)c DyScO3 substrates, respectively, by pulsed
laser deposition at 700 �C under an oxygen pressure of 200
mTorr (subscript c represents a cubic/pseudocubic structure).
Both composite targets were produced with a molar ratio of
0.65BFO : 0.35NFO/CFO. BFO has a rhombohedrally distorted
perovskite structure with a R3c space group that can be
described as a pseudocubic cell, ac ¼ 3.962 Å.30 NFO and CFO
are magnetic spinels with cubic Fd3m structures (aNFO ¼ 8.34 Å,
aCFO ¼ 8.38 Å).31,32 BFO–CFO and BFO–NFO systems show
similar structural characteristics,21 thus the results are dis-
cussed together in the present study. The SrTiO3 (STO) substrate
for the growth of the BFO–NFO lm has a cubic perovskite
structure, on which a 30 nm thick SrRuO3 (SRO) epilayer was
grown for decreasing the lattice mismatch with BFO. The strain
in the 30 nm thick SRO layer was relaxed to a large extent which
was estimated from the critical thickness. SRO has lattice
parameters of ao ¼ 5.5943 Å, bo ¼ 5.5708 Å and co ¼ 7.8810 Å
(pseudocubic lattice ac ¼ 3.9405 Å (ref. 33)) (subscript o repre-
sents an orthorhombic structure). DyScO3 (DSO) with lattice
parameters of ao ¼ 5.4494 Å, bo ¼ 5.7263 Å and co ¼ 7.9132 Å (ac
¼ 3.940 Å (ref. 34)) was chosen to be the substrate for another
similar system of a BFO–CFO nanocomposite lm. DSO and
SRO as the direct contact surfaces for the growth of the lms
have orthorhombic (Pbnm 62) distorted perovskite structures,
having a nominal mist of �0.55% with the BFO matrix. The
following indexing and discussion on the perovskite structures
refer to the pseudo-cubic unit cell for simplicity.

Cross-section as well as plan-view samples for TEM were
prepared by a standard procedure of TEM sample preparation.
Macro- and microstructures of the lms were investigated using
an FEI TECNAI F20 microscope with an information limit of
1.4 Å, a Philips CM300 microscope with a point resolution of
1.7 Å and information resolution of 0.8 Å and a JEOL-2010
microscope operating at 200 kV. Chemical analysis was also
carried out using the F20 microscope equipped with an Energy
Dispersive X-Ray Detector (EDX).

3. Results and discussion

The low magnication morphologies and corresponding elec-
tron diffraction patterns (EDPs) of the self-assembled BFO–NFO
nanostructures grown on (001)-oriented SRO/STO substrates are
given in Fig. 1. Two dimensional (2-D) maze-like NFO nano-
structures were embedded homogeneously in the BFO matrix,
as shown in Fig. 1a and c. Plate-shaped NFO elongated along the
h011iNFO direction with an average length (L) of �450 nm and
width (W) about 35 nm, making the aspect ratio of L/W around
13. These nanostructures grew perpendicularly to the substrate
This journal is © The Royal Society of Chemistry 2014
and exhibited a vertical interface with the BFO matrix. {111}NFO
facets formed out of the lm surface for nanostructured
NFO, which is conrmed by the following high resolution
transmission electron microscopy (HRTEM) image. As seen
from the plan-view EDP (Fig. 1b), the two sets of mutually
perpendicular [011]-oriented patterns of the NFO phase were
determined to be [011](0�22)NFO//[001](010)BFO//[001](010)STO
and [011](0�22)NFO//[001](100)BFO//[001](100)STO, in accor-
dance to the 2-D morphology revealed in Fig. 1a. The cross-
sectional EDP in Fig. 1d demonstrates that the BFO matrix kept
the [001]c growth direction matching the [001]c orientated
perovskite substrate, while the NFO plate was tuned to [011]NFO,
obtaining the out-of plane orientation relationship of
[0�11](022)NFO//[010](001)BFO//[010](001)STO. The vertical
interface between the BFO and NFO phases lies on the {100}
NFO/{100} BFO planes. It's clear that the pattern conguration
and the crystallographic orientation of the NFO nanostructures
in this typical perovskite–spinel system are different from
previous studies.

Fig. 2a and c show the conguration of the BiFeO3–CoFe2O4

nanocomposite thin lms from both plan-view and cross-
section orientations. They were grown on (001)c single crystal
DSO substrates that have an orthorhombic distorted perovskite
structure. CoFe2O4, having the same spinel structure as NFO,
was found to be included in the BiFeO3 matrix. Unlike the above
2-D BFO–NFO system, however, the CFO nanostructures elon-
gated only along one direction of [0�11]CFO/[010]BFO and
exhibited short and thick rectangular shapes with an aspect
ratio (L/W) of 2.83. The growth direction of CFO was along
[011]CFO while the BFO matrix remained along the [001]c
orientation, the same as the above BFO–NFO/SRO/STO system.
{111}CFO facets and {100} vertical interfaces were also observed
in the BFO–CFO/DSO thin lms. The orientation relationships
between BFO and CFO as well as the DSO substrate can
Nanoscale, 2014, 6, 5126–5131 | 5127
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Fig. 2 Typical TEM morphologies of the BiFeO3–CoFe2O4 thin film
grown on a DyScO3 substrate, (a) plan-view from the [001]BFO/[011]
CFO direction and (c) cross-section of the CFO [0�11] direction. (b)
and (d) show the corresponding electron diffraction patterns of the
plan-view (a) and cross-section (c), respectively.

Fig. 3 High resolution cross-sectional images of the BFO–CFO/NFO
films on different substrates. (a) and (b) BFO–NFO interface at the film
surface and BFO–CFO interface at the film surface, respectively. (c)
NFO–BFO–SRO interfaces close to the substrate showing a 7 nm
thick-BFO layer coherent with the SRO surface but semi-coherent
with the NFO phase. (d) CFO–BFO–DSO interface, showing a thin BFO
layer of 4 nm. The bottom insets in (c) and (d) are one-dimensional FFT
filtered images of the dashed boxes. (e) EDS data of the BFO–CFO
films grown on a DSO substrate showing the cross-sectional HAADF
image and the corresponding elemental maps of Bi, Co, Fe, Dy, Sc and
O obtained from the area marked by a green square.
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be determined to be [011](0�22)CFO//[001](010)BFO//
[001](010)cDSO for the in plane [Fig. 2b] and [0�11](022)CFO//
[010](001)BFO//[010](001)cDSO for the out of plane direction
(Fig. 2d).

On the (001)c SRO/STO and DSO perovskite surfaces, the
[011]CFO/NFO-orientated CFO/NFO nanostructures can be
observed in both systems with the BFO matrix keeping the
[001]c growth direction, demonstrating novel nanostructure
congurations and crystal growthmodel. Note that the NFO and
CFO nanostructures preferred to elongate along the h110i
direction. Such growth behavior for the spinel structure can be
ascribed to ledge preferential growth induced by the anisotropic
arrangement of cations along the h110i direction in the spinel
structure.35 Meanwhile, a distinct difference was observed in the
two similar systems: one dimensional and 2-D plate distribu-
tions of the nanostructures with different aspect ratios devel-
oped in the BFO–CFO/DSO and BFO–NFO/SRO/STO systems,
respectively. Intrinsic microstructural features should be
investigated further to reveal such an unusual phenomenon.

To shed light on the intriguing growth of the nanostructures,
HRTEM was carried out to show the interface structure at an
atomic scale. The interface structure between the NFO/CFO
plates and BFOmatrix as well as with the substrates is shown in
Fig. 3. The incident beam was along the [0�11]NFO/CFO/[010]BFO
direction. Well-dened vertical interfaces between the two
constituent phases lay on the {100} planes in both systems
(Fig. 3a and b). Both spinel NFO and CFO plates formed {111}
facets at the lm surface whereas the perovskite BFO matrix
exhibits a (001) at surface since the lowest surface energy
differs with different crystal structures.36,37 Moreover, the lattice
mismatch between the BFO matrix and vertical CFO/NFO
nanostructures was almost relaxed at their interfaces in the
present study (see Fig. S3†), which is consistent with our
previous studies.12,21
5128 | Nanoscale, 2014, 6, 5126–5131
In particular, a thin BFO buffer layer between the composite
thin lm and the substrate was revealed in both cases. The
thicknesses of the BFO thin layers were about 7 nm on SRO/STO
and 4 nm on DSO, as shown in Fig. 3c and d. The results of
energy-dispersive X-ray spectroscopy (EDS) agreed well with the
HRTEM observations. Taking BFO–CFO on the DSO substrate as
an example, the composition distribution mapping is given in
Fig. 3e. An underlying thin layer containing Bi, Fe and O
between the CFO and DSO substrates was clearly observed.
Thus, the spinel phases of CFO/NFO did not grow on the
substrate surface directly but were embedded in the BFOmatrix
wholly as included plates. The interfaces between the clamped
BFO thin layers and substrates marked by blue boxes in the
gures were Fourier-ltered along the [100] direction, as shown
at the bottom of Fig. 3c and d, respectively. The hetero-inter-
faces were almost coherent, revealing a high strain state present
in the BFO buffer layer.

Quantitative analysis on the local strain state in the vicinity
of the BFO–substrate heterointerfaces is shown in Fig. 4 and the
standard deviations are also given. Although experimental
errors existed, the relative variations of the lattices reveal the
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Lattice parameters measured at the bottom interfaces of (a) BFO–SRO/STO and (b) BFO–DSO in both systems from the cross-sectional
HRTEM images.
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complex strain state in the lm systems. There are few differ-
ences in the in-plane lattice parameters between the strained-
BFO layer and the SRO/STO (Fig. 4a) and DSO substrates
(Fig. 4b). The thin buffer layer of BFO was subjected to in-plane
compressive stress when grown on the SRO/STO substrate and
tensile stress on the DSO substrate. The relative mist can be
measured to be �0.24% and 0.22% respectively, where the
negative sign (�) represents compressive stress. On the other
hand, the out-of plane lattice parameters of BFO in the vicinity
of the interfaces increased when it was grown on the SRO/STO
substrate and decreased when deposited on the DSO substrate,
consistent with the analysis of the in-plane strain state expected
from the lattice mismatch. Such a complex strain state owing to
the highly clamped underlying BFO thin layers could be
responsible for the unusual arrangement of the CFO/NFO
nanostructures. One important fact that should be emphasized
is that the clamped layer was rarely reported in the typical
perovskite–spinel nanocomposite lms epitaxially grown on
(001) STO substrates in previous studies, such as BFO–CFO,
BTO–CFO, BFO–NFO and PTO–CFO with cube-on-cube rela-
tionships.19–23,36 Therefore, we focused on the strained BFO
buffer layer in the subsequent discussion, which is a signicant
aspect that shouldn't be neglected when considering the
orientation control in the spinel nanostructures.

In vertical nanostructure systems, many factors may affect
the pattern congurations during heteroepitaxial growth, such
as thermodynamic and kinetic ones (e.g. elastic energy, the
anisotropy of chemical bonds in the crystal structures, interface
energy, surface energy and growth parameters, etc.), among
which the epitaxial strain originating from the mismatch
between lms and substrates and the crystal structure of
substrates play a key role in determining the growth behavior of
the nanostructures. We know that rhombohedral distorted
perovskite BFO is extremely sensitive to stress, which can reveal
its ability to undergo a morphotropic phase transition due to
epitaxial strain.27–29 The combination of strain-sensitive BFO
and substrates with different anisotropies associated with
crystal structure would impose a complex strain state on the
included nanostructures which may affect their nucleation and
dynamic growth behavior. A possible growth mechanism is
proposed based on the experimental observations and the
strain state analysis for the present study. Fig. 5 schematically
This journal is © The Royal Society of Chemistry 2014
shows the formation of [011] orientated nanostructures in the
two lm systems by three stages of growth.

With the uctuation in deposition conditions of the lms at
the initial growth stage (Fig. 5a), for example a small increase in
deposition rate or temperature, it's reasonable to presume that
crystalline BFO prefers to wet the surface of the substrate and
spread quickly since it has the same perovskite structure and a
lower nucleation barrier on the perovskite substrate. Mean-
while, the spinel phase won't start to nucleate immediately for
twomain reasons. One is the large structural difference between
the cubic spinel and the orthorhombically distorted perovskite
substrate. Another point lies in that the polyhedral spinel
crystal with low surface reconstruction energy needs some time
to collect a certain amount of spinel species.38 Therefore, thin
BFO buffered layers formed coherently on the surface of the
substrates at the early stage of deposition (Fig. 5b), which can be
observed in Fig. 3c and d. A key question regarding strain thus
arises: can the mist strain in the BFO buffered layer be
released by the formation of dislocations or not? For hetero-
epitaxial thin lms, the calculated critical thickness for forming
mist dislocations can be described by the following formula
based on Matthews’ and Blakeslee’s theory:39,40

hc ¼ b

8pð1þ nÞ f
�
ln

�
hc

b

�
þ 1

�
(1)

where n is Poisson's ratio, f is the relative mist, and b is the
Burgers vector of mist dislocations. Setting n ¼ 0.25, a typical
value for oxides,39 the Burgers vector b can be considered to be
a[010] of the substrate (�0.394 nm) and hc is estimated to be
about 9.4 nm for the �0.55% nominal mismatch of BFO and
DSO or SRO. Thus, the thickness of the BFO buffer layer in the
present study, which is less than 7 nm in both systems, did not
exceed the critical thickness as in the theoretical prediction.
Therefore, the BFO thin layer is clamped by the substrate almost
coherently, suggesting that it is under a state of biaxial tensile/
compressive constraint imposed by the heteroepitaxy. There-
fore, octahedral tilting and rotation in the orthorhombic dis-
torted perovskite substrates can easily impact on the BFO thin
layer.

As the deposition process continues at a high temperature of
700 �C, the spinel nucleus of NFO/CFO might aggregate and
start to grow on the surface of the highly strained BFO buffer
Nanoscale, 2014, 6, 5126–5131 | 5129
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Fig. 5 Schematic model of the growth procedure with three deposition stages. (a) Thin BFO phase wetting the substrates. (b) Spinel phase
nucleation on the BFO buffer layers. (c) CFO nano-plate islands form in the BFO matrix. (d) NFO nano-plates form in the BFO matrix. The
enlarged insets of (c) and (d) show the coherent BFO buffer layer and the corresponding strain state analysis from Fig. 4.
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layer, as shown in Fig. 5b. The crystals of NFO/CFO elongated
along the h0�11i in-plane directions due to the preferential
motion of the spinel ledges with lower activation energy, which
is called the ledge growth mechanism.35 On the other hand, the
orthorhombically distorted DSO substrate provides an aniso-
tropic characteristic and octahedron distortion. It can apply a
similar anisotropic stress on the above BFO thin layer which
results in the in-plane unequivalent stress in BFO even if it is
equivalent in the bulk structure. Correspondingly, the above
CFO elongated along one of its h110i directions and formed an
anisotropic nano-plate structure with the [011] orientation, as
shown in Fig. 5c. A 2-D nanostructure, however, was observed
when similar BFO–NFO composite lms grew on the SRO/STO
substrate. The in-plane anisotropy of SRO is much smaller than
that of DSO by comparison of their lattice parameters. There-
fore, the clamped BFO and hence the above NFO nanostructure
grew along two h110i directions, creating 2-D structural variants
perpendicular to each other (Fig. 5d).

Anisotropic elongation of the vertical nanostructures and
regulations on the crystallographic orientation may provide
many choices for designing strong correlated complex oxides.
The tunable nanostructures may enable the control of material
functionalities such as the magnetic anisotropy of CFO with a
xed elongation direction, which would demonstrate a great
potential application in next generation electromagnetic
devices.

4. Conclusions

In summary, we have demonstrated the nano-plate congura-
tions with dened heterointerface structures and misorienta-
tion relationships in the BiFeO3–CoFe2O4 and BiFeO3–NiFe2O4

perovskite–spinel model systems when grown on [001]c oriented
5130 | Nanoscale, 2014, 6, 5126–5131
SRO/STO and DSO substrates, respectively. The spinel nano-
plates, elongated along the h110iNFO/CFO directions with aniso-
tropic distributions, were fully embedded in the BFOmatrix and
their crystal orientations were tuned to [011] along the growth
direction, with BFO keeping the cube-on-cube orientation
relationship with the perovskite substrates. A highly strained
thin BFO buffer layer was introduced between the spinel plates
and the substrates to determine the initial growth of the spinel
nano-plates. Manipulation of the vertical nanostructures in
both lm systems can be attributed to the complicated strain
state in the lm systems and the preferential motion of the
spinel structures along the h110i ledges.
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