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Enhanced conductivity at orthorhombic–rhombohedral
phase boundaries in BiFeO3 thin films

Yooun Heo1, Jin Hong Lee2, Lin Xie3,4, Xiaoqing Pan4,5, Chan-Ho Yang2,6 and Jan Seidel1

Enhanced properties in modern functional materials can often be found at structural transition regions, such as morphotropic

phase boundaries (MPB), owing to the coexistence of multiple phases with nearly equivalent energies. Strain-engineered MPBs

have emerged in epitaxially grown BiFeO3 (BFO) thin films by precisely tailoring a compressive misfit strain, leading to numerous

intriguing phenomena, such as a massive piezoelectric response, magnetoelectric coupling, interfacial magnetism and electronic

conduction. Recently, an orthorhombic–rhombohedral (O–R) phase boundary has also been found in tensile-strained BFO. In this

study, we characterise the crystal structure and electronic properties of the two competing O and R phases using X-ray

diffraction, scanning probe microscope and scanning transmission electron microscopy (STEM). We observe the temperature

evolution of R and O domains and find that the domain boundaries are highly conductive. Temperature-dependent

measurements reveal that the conductivity is thermally activated for R–O boundaries. STEM observations point to structurally

wide boundaries, significantly wider than in other systems. Therefore, we reveal a strong correlation between the highly

conductive domain boundaries and structural material properties. These findings provide a pathway to use phase boundaries in

this system for novel nanoelectronic applications.
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INTRODUCTION

Multiferroic BiFeO3 (BFO) has attracted great interest as a promising
lead-free functional material owing to its key properties, including
electromechanical and magnetoelectric coupling, domain wall
conductance, bias-induced semiconductor–insulator transitions and
photovoltaic effects.1–7 Bismuth ferrite is a room temperature
multiferroic perovskite exhibiting antiferromagnetism that is coupled
with ferroelectric order.8 Below the Curie temperature, bulk BFO is
considered to have a rhombohedral R3c space group structure that
allows antiphase octahedral tilting and ionic displacements from the
center of symmetry along the [111] pseudocubic direction.9,10

The recent discovery of a strain-induced morphotropic phase
boundary in BFO films grown on (001) LaAlO3 has attracted further
interest with the compressive strain imposed by an underlying
substrate stabilizing a tetragonally distorted phase.11–17 Mixed-phase
regions exhibit the coexistence of both R- and T-like phases with the
ability to selectively switch between the two phases by an external
electric field and force.18–22 Interestingly, the strong correlation
between T–R interfaces and their enhanced properties, such as the
finding of a large electric-field-induced strain23 and a giant
piezoelectric d33 coefficient, led to extensive studies of bismuth ferrite
films under compressive strain by both experimental and theoretical
approaches. Moreover, a correlation between the elasticity at the T–R
interfaces and electronic conduction was also reported.24 Triggered by

these studies, several theoretical predictions have also been made to
report on the influence of epitaxial strain on the multiferroic BFO
with strain–temperature phase diagrams composing phases with
different symmetries.11,25

An orthorhombic phase in bismuth ferrite films has been predicted
by first principle calculations26,27 based on tensile misfit strain and
thermodynamic theories.28 Recent studies show a pathway to stabilize
this new orthorhombic phase in BFO films via strain engineering.29,30

Moreover, an orthorhombic-like–rhombohedral-like (O–R) phase
boundary has also been investigated in rare-earth-substituted bismuth
ferrite films that exhibit an enhanced piezoelectric and dielectric
response.31,32 Lee et al.33 recently investigated tensile-strained BFO
thin films, revealing their magnetic properties of R and O phases and
associated electrical switchability. These pioneering developments thus
open a new prospect for an O–R mixed-phase boundary in bismuth
ferrite thin films under tensile misfit strain; however, thorough
investigations are required to explore this material and further unveil
its functional properties.
Here we explore the key features of tensile-strained R–O BFO to

gain a better understanding of crystal structures and electronic
properties by using various advanced techniques, such as
temperature-dependent X-ray diffraction (XRD), scanning probe
microscope (atomic force microscopy (AFM), piezoresponse force
microscopy (PFM), conductive AFM (c-AFM)) and scanning
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transmission electron microscopy (STEM). Our investigations on
ferroelectric domain structures and electronic conduction show that
the domain boundaries of R-BFO and O-BFO are highly conductive
and that their conductivity is thermally activated. We also reveal
that the rotation of the ferroelectric polarization vector between
R and O occurs over an unusually wide range of approximately
15 unit cells. These findings point to potential interesting
applications of this tensile-strained R–O BFO for nanoelectronic
applications.

MATERIALS AND METHODS
In this study, we used epitaxial BFO thin films grown on (110)pc-oriented
GdScO3 (GSO) substrates with a thin SrRuO3 buffer layer via pulsed
laser deposition. The GSO substrate has an orthorhombic structure with
lattice constants of a= 5.7454 Å, b= 7.9314 Å and c= 5.4805 Å. The [110]pc
pseudocubic direction of the substrate corresponds to the [001]o orthorhombic
direction. During the deposition, the substrate temperature and oxygen
pressure were fixed at 700 °C and 100 mTorr. A KrF excimer laser (Coherent
Inc., Santa Clara, CA, USA, λ= 248 nm) was operated with a repetition rate of
10 Hz, and the laser fluence was adjusted to ~ 1 J cm− 2. For insight into the
temperature-dependent crystal structures, θ− 2θ scans and reciprocal space
maps (RSMs) during an additional heating and cooling run process were
carried out by an X-ray diffractometer (PANalytical X’pert MRD PRO
equipped with an Anton Paar DHS 1100, PANalytical B.V., Almelo, The
Netherlands) with Cu Kα1 radiation. An AIST-NT scanning probe microscope
(AIST-NT Inc., Novato, CA, USA) was used for PFM and c-AFM measure-
ments with an additional heating stage for temperature-dependent measure-
ments. We used diamond tips (DCP20, MikroMasch, Watsonville, CA, USA)
with a spring constant of ~ 48 N m− 1; a PFM AC voltage of 0.2 V was applied
at a frequency of 2089 kHz and − 2 to − 3 V was used for c-AFM imaging with
scan rates of 2 and 3 μm s− 1, respectively. An FEI Titan 60–300 microscope
(FEI, Hillsboro, OR, USA) equipped with aberration correctors for both probe
forming and imaging was used for the STEM characterization of the thin film
in a cross-sectional view. The microscope was operated at 300 kV, with
convergence angles of the incident electron beam and the collection angle of
21.4 and 79–200 mrad, respectively.

RESULTS AND DISCUSSION

In tensile-strained BFO, the R phase has a polarization orientation
along the o1114pc directions with a monoclinic distortion; as a
result, the [110]pc axis is slightly tilted toward [001]pc, whereas the
ferroelectric polarization of the O phase lies within the (110)pc plane
and hence possesses no out-of-plane ferroelectric polarization.
With this in mind, three-way switching was recently demonstrated
by an electric field to control out-of-plane polarization.33 To explore
the temperature-dependent structures of R–O BFO, we carried out a
series of temperature-dependent X-ray θ− 2θ scans around the (110)pc
GSO Bragg reflection for the films ranging from 300 to 680 K
(Supplementary Information SI, Supplementary Figure S1a). We first
note that the films show only the (110)pc R-BFO and O-BFO
reflections without any other reflections from impurity phases,
confirming the epitaxial growth of the films on the GSO substrate.
This is consistent with the observation of no obvious protruding
surface features in the AFM image (Figure 2a), showing
smooth surface morphology with a root mean square roughness of
0.89 nm. Based on the series of temperature-dependent XRD scans, we
also show the trend of peak areas and out-of-plane lattice constants of
both R-BFO and O-BFO along with increasing temperature
(Supplementary Figures S1b and c, respectively). We observe
structural changes of R and O phases such that, as temperature
increases, both out-of-plane lattice constants increase as a result of
thermal expansion, whereas the peak area of O phase in fact decreases
along with a slight increase in R-phase peak area. To directly see the

thermal effect on the structure, we performed an X-ray θ− 2θ scan
(Figure 1a) and RSMs around BFO (110)pc with the horizontal axis of
the scattering plane aligned to [001]pc and [1–10]pc at 300 and 600 K
(Figures 1b and c, respectively). A comparison of the peaks and
rocking curves of the O-phase (inset image of Figure 1a) reveals that
the peak intensity at 600 K clearly decreases without shifting of the
peak from the normal 2θ line for both in-plane directions of [001]pc
and [1–10]pc. Because all scales of the displayed RSMs are the same,
we can directly compare the peak shapes of R-BFO and O-BFO for the
selected temperatures. We find that the peak intensities of O-BFO
decrease at 600 K for both in-plane directions of [001]pc and [1–10]pc.
Through repeated heating and cooling runs of XRD studies, the
peak intensity of O-BFO does not recover and decreases after
several runs, likely owing to residual strain relaxation induced
by heating.
To further investigate the ferroelectric domain structures and

functionality of the R–O mixed BFO, we performed scanning probe
microscopic studies via AFM, PFM and c-AFM. The topography scan
image (Figure 2a) of a 2 × 2 μm2 reference area shows a smooth
surface with a root mean square roughness of 0.89 nm, and the lateral
amplitude and phase PFM images are shown in Figures 2b and c,
respectively. The ferroelectric domains of the O–R mixed phases are
differentiated by contrast of bright and dark regions. Small, bright,
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Figure 1 (a) XRD θ−2θ scans along [001]pc and [1–10]pc for a BFO film
grown on a (110)pc GSO substrate at 300 and 600 K with rocking curves
(inset image). (b, c) RSMs around BFO (110)pc with a horizontal axis
aligned to [001]pc and [1–10]pc at 300 and 600 K, respectively.
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needle-shaped areas represent O domains, whereas dark regions are R
domains owing to the different magnitudes of in-plane ferroelectric
polarization. For electronic conduction, a c-AFM scan image
(Figure 2d) was taken with a bias of − 2 V on the same reference
area. Domain boundaries clearly show a largely enhanced local
conductivity at least two orders of magnitude greater than that inside
the domains themselves.
Temperature-dependent c-AFM measurements were performed to

evaluate the thermal activation of conductivity in tensile-strained BFO.
We took a series of c-AFM scans of 10× 10 μm2 areas at temperatures
ranging from 300 to 406 K (Supplementary Information SII). As can
be seen, the conductivity is thermally activated for domains and phase
boundaries of tensile-strained BFO. By plotting histograms of the
current profile with Gaussian fitting (Supplementary Information
SIII), we find two peaks of current for the domains and phase
boundaries at each temperature (Figure 3a and Supplementary
Figure S3). Using this method, the current values in logarithmic scale
are plotted against the inverse of the temperature (1/T) (Figure 3b).
Moreover, this relation was used together with the non-ideal diode

equation to calculate the activation energy (Supplementary
Information SIV). Absolute values for the activation energies lie in
the range of 0.2–0.4 eV. The difference in activation energy between
the two is rather small in the ~ 0.2 eV range. In fact, similar activation
energies have been found for 109° ferroelectric domain walls in La-
doped BFO34 and phase boundaries of Ca-doped BFO.35

To acquire deeper insight into the conductivity observed in c-AFM,
we performed STEM studies of the structural phases and the
boundaries between them (Figure 4). The structural R and O phases
can be identified from the high-angle annular dark field (HAADF)
image (Figure 4a). The local ferroelectric polarization vector of R- and
O-phases (Figures 4b and c, respectively) can be assigned by the
relative iron displacement vectors, which are determined by a fit of the
image intensities to two-dimensional Gaussians, and they have a linear
relationship with the projected polarization.36 The change in
longitudinal polarization from R-BFO to O-BFO is also clearly shown
(Figure 4d). We note a slight inclination of the phase boundary
position (Supplementary Information SV, Supplementary Figure S4).
Interestingly, the ferroelectric transition occurs within a length
of ~ 15 unit cells, which is surprisingly wide compared with other
systems—for example, R to T structural phase transitions34,35 and
ferroelectric domain transitions across charged domain walls37 in
BFO. Previous studies of the undoped material on LaAlO3 substrate
revealed that the transition from structural variant R to T was
occurring within a length of 10 unit cells.23 The presence of the O
phase therefore seems to lead to much wider phase boundaries.
It has been estimated that such polarization rotation leads to
enhanced electromechanical properties via theoretical modeling and
calculations.28,32 In addition to the relation between piezoresponse and
ferroelectric rotation, we suggest that ferroelectric motion between R
and O domains through a wide length (415 unit cells) is a significant
factor for domain wall conduction with more than two orders of
magnitude compared with the insides of the domains.
Local strain changes, determined from geometric phase analysis of

BFO/GSO (110)pc using R phase as a reference, are also shown
(Figure 5 and Supplementary Figure S5). With respect to the structure
and dimension of the STEM image (Figure 5a), the strain mapping
image along the outside of the plane direction shows a drastic change
in strain across the phase boundary between R and O phases
(Figure 5b). This can also be clearly seen in the cross-sectional profile
of strain (Figure 5d) along the yellow arrow in the image. Moreover,
the unit cell rotation angle (Figure 5c) with respect to R-BFO has been

Figure 3 (a) Histogram plot of the c-AFM scan data wherein x axis represents current and y axis represents the frequency of data points on a log scale.
Multiple peak fit is performed to find two Gaussian peaks corresponding to average background and phase boundary current values. Inset shows the c-AFM
scan at room temperature on a 10×10 μm2 area of the BFO/GSO (110)pc with application of −3 V. (b) Relationship between current in logarithmic scale
and inverse of temperature (1/T). Slopes of current in natural logarithmic scale versus inverse of temperature are used to calculate activation energy of R and
O domain and phase boundary based on Arrhenius behavior.

Figure 2 (a) Topography scan image of a selected reference area.
(b) In-plane PFM amplitude and (c) PFM phase scan images of BFO/GSO
(110)pc. (d) c-AFM scan image with bias voltage of −2 V.
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mapped across the image, indicating that the O-phase has a shear
strain owing to its different space group. For this, strain tensor
calculations are used (Supplementary Information SVI). Cross-section
analysis (Figure 5e) of the rotation angle confirms the strain rotation
angle at the phase boundary with respect to the same yellow arrow in
the image. Recent microscopic work38,39 has shown interplay between
strains at the interface and octahedral tilt in BFO. Therefore, our
results show large strain gradients (atomic distance changes) at the
boundaries, which result in altered octahedral tilts and bonding angles
at the phase boundaries. In the present case, changes in the oxygen
octahedral tilt and changes in the Fe–O–Fe bond angle lead to changed

orbital mixing angles. The Fe–O–Fe angle is important because it
controls both the magnetic exchange and orbital overlap between Fe
3d and O 2p orbitals, and as such it determines the magnetic ordering
temperature and the conductivity of the material. In fact, the close
relation between phase boundary conductivity and oxygen octahedral
tilt has been discussed.40 The observed difference in conductivity at the
phase boundaries (Figure 2d) can then be attributed to local changes
in the Fe–O–Fe angle.
In summary, we have shown that there is a strong correlation

between the local strain state and electronic properties at the O–R
phase boundaries in mixed-phase BFO thin films. We clearly identify a

Figure 4 (a) STEM HAADF image of O–R phase boundary. (b, c) Polarization vector mapping results of R- and O-phase, respectively, showing their
polarization directions. (d) Quantitative analysis of atomic displacements along the blue line in HAADF image during ferroelectric polarization rotation
between R-BFO and O-BFO.

Figure 5 (a) STEM HAADF image of BFO/GSO (110)pc. Geometric phase analysis for (b) strain mapping image of the structure with lattice strain along
out of plane direction and (c) strain rotation angle image within the structure. All these strain images are with respect to dimension of the STEM image and
R-BFO as a reference for strain analysis. Cross-section profile of (d) strain and (e) strain rotation angle versus distance for the yellow arrow in b, c,
respectively.
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thermally activated conduction mechanism. This rather unusual
electrical feature might find applications in nanotechnology. Further-
more, the recent discovery of enhanced ferromagnetism in highly
strained BFO thin films with the magnetic moment lying along the
phase boundaries suggests the high potential of this system for
magnetoresistive and nanoelectronic technologies.5,41–46
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