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Combinatorial Investigation of Structural and
Ferroelectric Properties of A- and B-Site Co-Doped

BiFeO3 Thin Films

Daisuke Kan, Richard Suchoski, Shigehiro Fujino, and Ichiro Takeuchi∗

Department of Materials Science and Engineering, University of Maryland,
College Park, MD 20742, U.S.A.

We have systematically investigated structural and ferroelectric properties of A- and
B-site co-doped BiFeO3 thin films using the composition spread technique. X-ray
diffraction and polarization hysteresis loop measurements reveal that the co-doped
(Bi,Sm)(Fe,Sc)O3 exhibits the structural transition from the rhombohedral to an or-
thorhombic structural phase which is accompanied by a double-hysteresis behavior in
the polarization hysteresis loop. We find that the phase transition takes place at Sm
∼14% independent of the Sc composition. This clearly indicates the significance of the
A-site dopant on structural and ferroelectric properties in BiFeO3.

Keywords: Ferroelectric thin films, BiFeO3, Combinatorial synthesis technique

INTRODUCTION

Perovskite bismuth ferrite BiFeO3 (BFO) [1, 2] which exhibits simultaneous
coexistence of ferroelectricity (Tc ∼ 1103 K) and antiferromagnetism (TN ∼
643K) at room temperature has drawn considerable attention. Substitution of
rare earth (RE), for example La, Gd, and Dy [3–8] into BFO has frequently been
attempted aiming at improving ferroelectric properties such as high leakage
current and large coercive fields which are known to be shortcomings of BFO.

Recently, we have discovered [9] a universal behavior in structural and
ferroelectric properties in RE (= Sm, Gd, Dy) substituted BFO, where changes
in structural and ferroelectric properties can be described using one parameter,
the average A-site ionic radius. With increasing the RE composition, the rhom-
bohedral structure of BFO undergoes a structural transition to an orthorhombic
structure with a dimension of

√
2a0 × √

2a0 × 2a0 where a0 is the pseudo-
cubic lattice parameter. At the phase boundary, the ferroelectric properties in the
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Combinatorial Investigation of Doped BiFeO3 Films 117

rhombohedral phase are consequently changed to paraeelctric properties in an
orthorhombic phase, exhibiting double hysteresis behavior in the polarization-
electric field (PE) hysteresis loop, and there is concomitant enhancement of
both piezoelectric coefficient d33 and dielectric constant ε33. The maximum
d33 is as high as 110 pm/V [10] which is comparable to that of single-domain
Pb(Zr0.5Ti0.5)O3 thin films [11]. These results indicate that in the RE-substituted
BFO, the chemical pressure effect due to the substitution, which induces tilting
of oxygen octahedra and stabilizes the orthorhombic structure [12], is crucial
for its structural transition and the concomitant changes in ferroelectric prop-
erties. According to the tolerance factor framework, it is possible to induce
similar tilting of oxygen octahedra by the B-site substitution. However, to date
the B-site substitution effect in BFO has not been fully investigated.

Since the ferroelectric polarization mainly results from the 6s lone pair
[13] of the Bi ion in the A-site, introduction of dopants into B-site is expected
to improve ferroelectric and dielectric properties without losing fundamental
structural and ferroelectric properties of BiFeO3. In this study, we have investi-
gated the B-site substitution effect on the structural and ferroelectric properties
in (Bi,Sm)FeO3 by means of the thin-film composition spread technique. We
have chosen Sc as the substitutional dopant for the B-site [14]. A Sc ion has
a robust 3+ valence state which is unlikely to cause an increase in leakage
current. The ionic radius of Sc3+ in 6 coordination is 0.745 Å which is larger
than the one for Fe3+, 0.645 Å. The tolerance factor framework predicts that
substitution of a lager dopant into the B-site would be likely to induce distor-
tions or tilting of the oxygen octahedral in the perovskite lattice. Indeed, the
end material BiScO3 has a distorted orthorhombic structure with a dimension
of 2

√
2a0 × √

2a0 × 4a0 [15]. Scanning xray diffractions (XRD) and PE hys-
teresis loop measurements show that the fabricated ternary library of A-site and
B-site co-doped BFO exhibits the structural transition from the rhombohedral
to the orthorhombic phase, accompanied with double-hysteresis behavior in PE
hysteresis loops. Based on experimental results, the effect of B-site substitution
on the structural transition in BFO is discussed.

EXPERIMENTAL

We employed a combinatorial approach to systematically investigate structural
and ferroelectric properties of the A- and B-site co-doped (Bi,Sm)(Fe,Sc)O3.
The 200-nm thick ternary composition spread library was fabricated on a (001)
SrTiO3 substrate buffered with a 50 nm thick SrRuO3 which serves as the
bottom electrode. The library was fabricated using a combinatorial pulsed
laser deposition system with an automated shadow mask and a multi targets
system. Figure 1 shows a design schematic of the fabricated library. In this
design, concentration of the each dopant (A- or B-site dopant) varies along one
of the sides of the triangle. This allows us to separate the A-site and B-site
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118 D. Kan et al.

Figure 1. Design schematic of the fabricated library. The equilateral triangle-shaped
library with a side length of 8 mm was made on a substrate that is 10 mm by 10 mm in
size. The compositions shown here were determined by the electron probe.

substitution effect. During the deposition of the library, the substrate temper-
ature and oxygen pressure were kept at 600 ◦C and 25 mTorr, respectively.
Ceramic sintered pellets of Bi1.1FeO3, SmFeO3 and BiScO3 were used as start-
ing materials. Structural characterization was performed with scanning x-ray
micro-diffraction with a 2-dimensional detector (Bruker D8). The x-ray beam
spot was focused into 0.5 mm ϕ with an aperture. The compositions across the
library were determined by an electron probe (JEOL JXA-8900) with the uncer-
tainty of +/− 1.5% in composition at each point. For electrical characterization,
a 100-nm thick Pd top electrodes layer was sputtered and patterned through
a conventional lift-off process at room temperature. PE hysteresis loops were
acquired at 5 kHz with Radient Premiere II at room temperature. Top electrodes
with the size of 50 × 50 µm2 are 250 µm apart horizontally and 200 µm apart
vertically on the library as shown in Fig. 1.

RESULTS AND DISCUSSIONS

The scanning 2-dimensional XRD reveals structural evolution due to the substi-
tutions. Figures 2(a)-(c) show representative 2-dimensional XRD images taken
for the library with the incident x-ray parallel to the [100]STO direction. The
vertical and horizontal axis in the image is parallel to the [001]STO and the
[010]STO direction, respectively. For pure BFO (Fig. 2(a)), (00L) fundamental
Bragg reflections from the film and the substrate are observed, which confirm
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Combinatorial Investigation of Doped BiFeO3 Films 119

Figure 2. Representative 2-dimensional x-ray diffraction patterns taken for the fab-
ricated library (a)-(c). The substituting compositions are (a) Sm 0%, Sc 0%, (b) Sm
10%, Sc 7.5%, and (c) Sm 16%, Sc 3%. The diffraction spots indicated by yellow and
red arrows are assigned as 1

4{011} and 1
2{010} spots, respectively. In (d) and (e), the

normalized intensities of (0, 1/4 7/4) ( 1
4{011}) and (0, 1/2, 2) ( 1

2{010}) are displayed.
The intensities are plotted against the position in the library. (See Color Plate XXXII)

epitaxial growth of the film on the substrate. As the doping concentrations are
increased, two types of key diffraction spots emerge as seen in Figs. 2(b) and
2(c). One type is 1/4{011} spots seen in Fig. 2(b) (marked with yellow arrows),
and the other is 1/2{010} spots seen in Fig. 2(c) (marked with red arrows). From
extensive XRD and TEM studies using binary composition spreads and single
composition films of RE-doped BFO thin films [9,12], it was revealed that the
1/4{011} spots arise from the anti-parallel cation displacements which occur in
local regions typically 10–20 nm in size (and not entire bulk matrix of the film).
The 1/2{010} spots result from an orthorhombic structural phase with a dimen-
sion of

√
2a0 × √

2a0 × 2a0, where the film grows with (110)ortho orientation
and the [001]ortho axis is parallel to either the [100] STO or [010] STO axis.

Figures 2(d) and (e) show normalized intensity plots of the 1/4{011} and
1/2{010} spots, respectively. The region where these extra spots are observed
lies at the right bottom in the library. This indicates that without the Sm
dopants into A-site in the BFO lattice, the rhombohedral to orthorhombic
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120 D. Kan et al.

structural transition dose not take place in the composition range studied here.
The impact of Sm doping on the structural transition is confirmed by the fact
that the occurrence of the 1/4 and 1/2 spots takes place as one goes down the
side of the library where Sm concentration is varied continuously.

As the substitution concentration is continuously increased starting from
the undoped composition, first the 1/4 spot begins to appear. With further
substitution, the 1/4 spot eventually gets diminished and disappear altogether,
while the 1/2 spot gets enhanced. The composition region between where the
1/4 and 1/2 spot intensities are seen corresponds to the structural transition
boundary from the rhombohedral to the orthorhombic phase. This behavior is
consistent with the structural evolution observed in RE-substituted BFO where
RE = Sm, Gd and Dy [9].

Ferroelectric properties also exhibit concomitant changes in response to the
structural evolution. In Fig. 3(a), we present all room-temperature PE hysteresis
loops taken across the library displayed at the positions of the top electrodes.
For each loop, the horizontal axis spans −500 to 500 kV/cm for electric field,
and the vertical axis is from −120 to 120 µC/cm2 for polarization. In the region
with lower dopant compositions, the unclosed loops are observed indicating
that leakage current is too high. As the substitution of Sm and Sc is increased,
the square-shaped ferroelectric hysteresis loop with the saturation polarization
of about 70 µC/cm2 begins to appear. This indicates that the substitution helps
to reduce the leakage current. The fact that in the composition region where
only Sc is substituted, the hysteresis loops observed are ones characteristic of
leaky ferroelectrics suggests that the Sm doping is effective in reducing the
leakage current as compared to the Sc doping.

As the Sm substitution reaches 14%, the ferroelectric hysteresis loops
undergo a transition to double-hysteresis loops. The transition from the single
to the double-hysteresis loop is clearly seen in the Fig. 3(b) where the PE hys-
teresis loops in the red box in Fig. 3(a) are separately plotted. The ferroelectric
hysteresis loop becomes distorted and the double-hysteresis behavior begins to
appear as the Sm composition approaches 14%. Beyond this composition, the
fully-developed double-hysteresis loops are observed. The observed behavior is
in good agreement with previous observations for Sm-doped BiFeO3 thin films
[9, 10, 12]. Based on the first principles calculations [9], it was proposed that
the double hysteresis loop arises from an electric-induced structural transition
from the non-polar orthorhombic to the polar rhombohedral phase. Our obser-
vations imply that the B-site substitution doesn’t affect this mechanism as long
as the rhombohedral to orthorhombic structural transition happens. As in the
case of the structural transition, the evolution in the ferroelectric properties also
takes place along the Sm composition axis and confirms that the substitution
on A-site plays the main role on the both structural and ferroelectric properties.

To fully illustrate the substitution effect of A-site and B-site on the struc-
tural and the ferroelectric properties in (Bi,Sm)(Fe,Sc)O3, we plotted normal-
ized intensities of (0, 1/4, 7/4) (referred to as 1/4) and (0, 1/2, 2) (referred to

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
T
a
k
e
u
c
h
i
,
 
I
c
h
i
r
o
]
 
A
t
:
 
1
7
:
1
6
 
2
1
 
M
a
r
c
h
 
2
0
1
0



Combinatorial Investigation of Doped BiFeO3 Films 121

Figure 3. (a) Plot of all polarization hysteresis loops taken from the fabricated library.
The loops are arranged according to the position of the top electrode. The all loops are
obtained at 5 kHz at room temperature. (b) “Zoom-up” of the hysteresis loops in the red
box in (a). (See Color Plate XXXIII)

as 1/2) XRD spots, and remanent polarization Pr in the PE loop as functions
of Sm and Sc dopant concentrations in Figs. 4 (a), (b) and (c), respectively.
Note that in these plots, the data points which were triangularly distributed on
the original library layout have been displaced to more clearly delineate the
dependence on the Sm concentration (vertical scale) and the Sc concentration
(horizontal scale). It is clear that these three parameters are well described
by only the Sm composition and are not dependent on the Sc composition.
The 1/4 spot intensity variation is observed to take place as a function of Sm
composition (8 to 14%). Beyond Sm 14%, the 1/4 spot disappears, while the
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122 D. Kan et al.

Figure 4. Plots of (a) (0, 1/4, 7/4) (1/4{011}) spot intensity, (b) (0, 1/2, 2) (1/2{010})
spot intensity, (c) remnant polarization Pr, (d) average A-site ionic radius, (e) average
B-site ionic radius, and (f) tolerance factor as function of Sm and Sc substitution
concentration. In (a), (b) and (c), the maximum (red-hue) and minimum (purple-hue) of
the color bar is 1.0 and 0.0 respectively. In (d), the maximum is 1.36 Å and the minimum
is 1.344 Å. In (e), the maximum is 0.664 Å and the minimum is 0.645 Å. In (f), the
maximum is 0.953 and the minimum is 0.945. (See Color Plate XXXIV)

1/2 spot intensity begins to appear and gets enhanced. This corresponds to the
rhombohedral to orthorhombic structural transition. As a consequence of the
structural transition, Pr also becomes zero at Sm ≈ 14%, indicating that a fer-
roelectric hysteresis loop has undergone the transition to the double hysteresis
loop as seen in Fig. 3(b).

It is interesting to compare the observed trend in the structural and the
ferroelectric properties with the changes in average ionic radius in A-site and
B-site, and the tolerance factor of which are plotted in Figures 4(d), (e) and (f),
respectively. To calculate these parameters in Figs 4(d)-(f), we used 1.36 Å as
an ionic radius for the Bi3+ ion in 12 coordination, and 1.28 Å for the Sm3+

ion [16]. For the Fe3+ and Sc3+ ions with 6 coordination, 0.745 Å and 0.645 Å
are used, respectively. The observed tend in XRD spot intensities and Pr (Figs
4(a)-(c)) essentially agrees with changes in the average A-site ionic radius in
Fig 4(d). This indicates that the average A-site radius is the key parameter and
that the chemical pressure provided by A-site substitution governs the structural
and the ferroelectric properties. It is known that the tolerance-factor is a useful
parameter to describe properties in perovskite-structured materials. However
in the present case, this does not appear to be the case.
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CONCLUSIONS

In summary, we have investigated the structural and ferroelectric properties of
the A- and B-site co-doped BiFeO3 thin films by the combinatorial compo-
sition spread technique. Scanning 2-dimensional x-ray diffraction reveals that
the structural transition from the rhombohedral to the orthorhombic structural
phase takes place at 14% Sm dopant in A-site and is not dependent on the Sc
concentration in the B-site. The ferroelectric properties also show the concomi-
tant changes with the structural transition, at which the double-hysteresis loop
behaviors are observed. Strong dependence of the observed properties on the
average A-site ionic radius demonstrates the significance of A-site substitution
on BiFeO3.
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