
Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Modified electrical properties of chemical solution deposited epitaxial
BiFeO3 thin films by Mn substitution

L.H. Jina,⁎, J.Z. Lua, D.P. Songb, B.B. Yangc,d, X.B. Zhuc,d

a State Key Laboratory of Disaster Prevention and Reduction for Power Grid Transmission and Distribution Equipment, State Grid Hunan Electric Power Corporation
Disaster Prevention and Reduction Center, Changsha 410007, People's Republic of China
bDepartment of Physics, Jiangsu University of Science and Technology, Zhenjiang 212003, People's Republic of China
c Key Laboratory of Materials Physics, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, People's Republic of China
dUniversity of Science and Technology of China, Hefei 230026, People's Republic of China

A R T I C L E I N F O

Keywords:
Chemical solution deposition
Thin films
Mn substitution
Ferroelectric properties

A B S T R A C T

The effect of Mn substitution on microstructure and electrical properties of epitaxial BiFeO3 (BFO) thin films
grown by an all-solution approach was investigated. Raman analysis reveals that the Mn atoms substitution at Fe
sites can result in Jahn-Teller distortion and thus lead to the weakness of long-range ferroelectric order. In
addition, the break-down characteristics of BFO thin films are improved with the increase of Mn atoms content,
although the leakage current is gradually increased. Meanwhile, the grain size, the dielectric constant and loss
are also increased with the increase of Mn content. The P-E hysteresis loops and PUND results demonstrate that
the intrinsic ferroelectric polarization is effectively improved with Mn atoms substitution as the grain size in-
creased and Mn atoms play a role of nucleation sites. However, the ferroelectric properties are deteriorated with
the excess substituted Mn content due to the higher leakage current.

1. Introduction

Multiferroic thin films are expanding a new dimension to peculiar
fundamental physical phenomena as well as industrial applications,
such as piezoelectric micro-electromechanical systems (MEMS), mem-
ories and the next generation spintronic devices [1–4]. During the past
few years, many growth techniques were used to fabricate multiferroic
thin films, especially BiFeO3 (BFO) thin film, including pulse laser de-
position (PLD), metal-organic chemical vapor deposition (MOCVD), off-
axis radio-frequency magnetron sputtering (RF), molecular beam epi-
taxy (MBE), atomic layer deposition (ALD) and chemical solution de-
position (CSD) [5–10]. It is necessary to select a most appropriate
technique for BFO thin films. The CSD technique as a cost-effective and
easy scale-up manufacturing method for large-area thin film prepara-
tion could be one of the optimal choices for commercial application
[11].

However, ferroelectric properties of the CSD derived BFO thin films
are limited by lower breakdown field [12]. In order to overcome the
shortcomings, the site engineering, as a flexible method, has been used
to improve the ferroelectric properties of BFO thin films [13]. Gen-
erally, ion substitutions for A site and/or B site are used to modify the
properties of BFO thin films. Substitution of Bi3+ ions on A site, re-
placed by other ions, can influence the Bi 6s2 lone pair, Bi volatile and

the lattice structure. Substitution of Fe3+ ions on B site, replaced by
other transition metal ions, can impact the d shell configuration and
suppression of Fe valence change. Thus, it will modify the electronic
band and lattice structures, and then tune the ferroelectric properties of
BFO thin films in the way of ion substitution.

Transition metal Mn substituted at Fe site is often used to reduce the
leakage current and tune the magnetism [13–15]. The previous works
of CSD derived BFO thin film and Mn-substituted BFO thin films mainly
focused on polycrystalline thin films, while the BFO parents exhibited
poor ferroelectric properties with unsaturated P-E loops [16–20].
Generally, leakage current plays a determinate role for the improve-
ment of ferroelectricity in ferroelectric films [21]. For CSD derived Mn-
substituted BFO thin films, the opposite trends of leakage current with
Mn substitution have been reported. For example, Singh et al. showed
that the leakage current density steadily increased with the increase of
the Mn content, which suggested that the better breakdown char-
acteristics lead to the well-saturated P-E loop [12]. On the contrary, Liu
et al. observed that the substitution of Mn atoms can give rise to lower
leakage current, accompanied with the improved ferroelectric proper-
ties [14]. To address the above controversy and explore the effects of
Mn substitution at Fe site in BFO thin films, it is vital to examine the
results in epitaxial grown films.

In this paper, the epitaxial BiFe1−xMnxO3 (BFMs) thin films with

https://doi.org/10.1016/j.ceramint.2018.03.241
Received 5 January 2018; Received in revised form 27 March 2018; Accepted 27 March 2018

⁎ Corresponding author.
E-mail address: jinlh@mail.ustc.edu.cn (L.H. Jin).

Ceramics International 44 (2018) 11658–11664

Available online 30 March 2018
0272-8842/ © 2018 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

T

http://www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2018.03.241
https://doi.org/10.1016/j.ceramint.2018.03.241
mailto:jinlh@mail.ustc.edu.cn
https://doi.org/10.1016/j.ceramint.2018.03.241
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2018.03.241&domain=pdf


thickness about 300 nm were grown by CSD method on solution-route
deposited SrRuO3 (SRO) bottom electrodes buffered single crystal
LaAlO3 (LAO) substrates. The effects of Mn substitution on the micro-
structure, dielectric, leakage and ferroelectric properties of BFO thin
films were investigated, and the results provide a sight of tuning the
electricalsight properties of Mn-substituted epitaxial BFO thin films
prepared by CSD route.

2. Experiment

The SRO bottom electrodes were firstly deposited onto LAO(001)
single crystal substrates by the CSD processing with the annealing
temperature of 700 °C in air as which had been reported in our previous
work [22]. The derived SRO bottom electrodes are epitaxial thin films
with room-temperature resistivity with a magnitude of 10−4 Ω cm.
Subsequently, the stoichiometric BiFe1−xMnxO3 precursor solutions
(x= 0, 0.03, 0.07, 0.10, 0.15) were spin coated on the SRO buffered
LAO substrates to form wet BiFe1−xMnxO3 thin films, followed by
pyrolyzed at 350 °C for 10min and annealed at 500 °C for 30min in air.
Finally, the obtained thin films with x=0, 0.03, 0.07, 0.10, 0.15 are
defined as BFM0, BFM3, BFM7, BFM10, BFM15 for simplicity. Here, the
BiFe1−xMnxO3 precursor solutions were prepared from propionic acid
(PPA) based solution. The bismuth acetate, iron acetate and manganese
acetate were used as starting materials, and PPA as the solvent. Etha-
nolamine was added to stabilize the solutions, and excess of 5mol%
bismuth acetate was used to compensate the Bi loss during the an-
nealing process.

X-ray diffraction with a monochromatic Cu-Kα radiation (Philips
X′pert Pro) was used to check up the crystal phase and the crystalline
quality. The room-temperature polarized Raman measurements were
carried out in the range of 100–670 cm−1 using micro-Raman spec-
troscopy (T64000, Horlba Jobin Yvon). Atomic force microscopy (AFM,
CYPHER ES) was used to detect the surface morphology. The chemical
states were analysed by an X-ray photoelectron spectroscopy (XPS,
ESCALAB250Xi, Thermo). Circular Au top electrodes with a diameter of
0.1 mm were sputtered onto the film surfaces by ion sputtering (JS-
1600, Hetong Co., Ltd) through a shadow mask for electrical mea-
surements. The room-temperature dielectric responses were in-
vestigated by using a precision inductance, capacitance, and resistance
meter (TH2828/A/S, Tonghui Electronic Co., Ltd). The leakage and
ferroelectric properties were measured by a standardized ferroelectric
test system (Precision Premier П, Radiant Technologies).

3. Results and discussion

Fig. 1(a) shows the XRD patterns of all BFMs thin films on SRO
buffered LAO(001) substrates. All the films are crystallized and with no
detectable secondary phases. Moreover, the derived BFMs thin films
show epitaxy grain growth along (001) orientation with the Lotgering

factor of 1. To further confirm the epitaxy, the ϕ-scanning measure-
ments are carried out. The partial results are exhibited in Fig. 1(b) and
(c) for the thin films BFM0 and BFM7 respectively. Clearly, four sharp
ϕ-scanning peaks 90° apart of the BFMs (110), the SRO (110) and the
LAO (110) indicate the 4-fold symmetry of cubic BFMs thin films on
cubic SRO/LAO substrate. The heteroepitaxial relationship among
BFMs, SRO and LAO can be derived as (001)BFMs//(001)SRO//(001)
LAO and [110]BFMs//[110]SRO//[110]LAO.

Fig. 2(a) shows the room-temperature Raman spectra of the BFMs
thin films on SRO/LAO(001) single crystal substrates within the fre-
quency range of 100–670 cm−1. All the measured spectra of BFMs thin
films were fitted and decomposed into Gaussian components. As a ty-
pical result, the fitted Raman spectrum of the BFM0 is displayed in
Fig. 2(b). The frequency of each Raman active mode is listed in Table 1.
Obviously, the A1 and E-symmetry normal modes are in agreement with
the Raman active vibration modes of the R3c space group based on the

Fig. 1. (a) XRD patterns of all the BFMs thin films. (b) and (c) ϕ-scans of (110) reflections of BFO, SRO and LAO for the thin films BFM0 and BFM7 respectively.

Fig. 2. (a) Room-temperature Raman spectra of all BFMs thin films. (b) The
fitted Raman spectra of the BFO thin film.
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13(4A1+9E) Raman-active modes. The change in peak position and
intensity was observed with the increase of Mn content. It can be ob-
served that the Raman modes A1 shift toward lower frequency
(134–115 cm−1) and the corresponding intensity decreases with the
increase of Mn content. The obtained results indicate that there is a
change of Bi‒O covalent bonds as a result of the decline in the ste-
reochemical activity of the Bi lone electron pair and thus in long range
ferroelectric order, which will reduce ferroelectric behavior of BFO thin
films [23]. In addition, with the increase of Mn content from 0% to
15%, continuous shift towards higher wave-number is observed in both
Raman modes E-4 and E-6 from 472 cm−1 to 477 cm−1 and 622 cm−1

to 631 cm−1, respectively. Moreover, the intensity of Raman peaks
increase with the increase of Mn content. It is well known that high-
frequency Raman phonon modes are strongly dominated by vibrational
and rotational motion of FeO6 octahedra [24]. The increase in intensity
of E-4 and E-6 should be attributed to the stretching and bending of
MnO6 octahedra, which result in Jahn-Teller distortion [25]. Mean-
while, the observed shift in E-6 mode should be attributed to the change
of force constant and ionic mass for the substitutive Mn elements. As is
well known, the frequency of phonon mode is proportional to (k/M)1/2,
where k is the force constant related to bond strength and ionic radius
of the constituent ions and M is the reduced mass of the mode [24].
Since the radius and mass of Mn3+ ion are smaller than that of Fe3+

ion, the frequency of E-4 and E-6 modes is shifted to the high frequency
with the increase of Mn substitution. The changes in peak intensity and
position indicate structural distortion due to the Mn substitution, and it
suggests that the Mn substitution in BFO thin films will degrade the
ferroelectric behavior.

The surface morphology of thin films was investigated by using
AFM. Fig. 3(a)–(e) show the surface morphologies of BFMs thin films in
measurement area of 3×3 µm2. As seen in Fig. 3, the grain size is
gradually increased with the increase of Mn content. In addition, the
root mean square (rms) value of the surface roughness of BFM0, BFM3,
BFM7, BFM10 and BFM15 is approximately 4.7, 3.8, 3.7, 4.2 and
4.9 nm, respectively, which is smaller than that of others’ reports
[16,26]. It is decreased before the BFM7 and then increased with the
Mn content increased. The BFM7 has the smallest rms value compared
to other BFMs thin films, as shown in Fig. 3(f).

Fig. 4(a) shows the leakage current density versus applied electric
field (J-E) results of all the BFMs thin films measured at room-tem-
perature. The leakage current density of the parent BFO thin film, less
than 230 kV/cm, is the lowest in the electric field, but it increases
sharply when the electric field exceeds 230 kV/cm. The sharp increase
in the current density of the parent BFO thin film will lead to the
breakdown behavior rapidly. As a contrast, the sharp increase in the
current density does not occur in the Mn-substituted BFO thin films,
although the leakage current density steadily increases with the in-
crease of Mn content. The breakdown characteristic of the BFMs thin
films is much improved by Mn substitution, which is consistent with
previous reports [12,16].

For the leakage current density increased with the increase of Mn

content, the theoretical calculation reveals that the electronic structure
of the Mn-substituted BFO thin films is significantly modulated com-
paring with the parent BFO thin films, which will cause an impurity
energy level appears in the forbidden band of BFO thin films [27]. On
one hand, the impurity energy level is near the Fermi level, so the Mn
substitution makes the conversion between Fe2+ and Fe3+, and leads to
the increased leakage current density. On the other hand, it also could
be understood that some Mn atoms replace Fe atoms on B site form a
BiMnO3 phase with the same perovskite structure as BFO and a nar-
rower energy band gap [28]. Moreover, the XPS spectra of Fe, O and Mn
in BFMs thin films are presented in Fig. S1 and Fig. S2. For Mn-sub-
stituted BFO thin films, the number of oxygen vacancies decrease, and
the Fe2+ ions increase with the increase of Mn substitution. The Mn
ions in BFM15 are mainly Mn3+, and the extra of higher valence Mn
cations (Mn4+) to Mn-substituted BFO thin films can reduce the
number of oxygen vacancies and decrease the Fe ions valence (i.e.,
transition from Fe3+ to Fe2+) for charge compensation [29]. Generally,
it is commonly considered that the hopping of electrons from Fe2+ to
Fe3+ acts as an important factor in the electronic conduction in BFO
thin films [30]. In addition, the oxygen vacancies are usually con-
sidered as the major carriers resulting in the leakage in BFO thin films.
Thus, for Mn-substituted BFO thin films, the hopping between Fe2+-
Fe3+ may dominate the conduction behavior, which results in the in-
crease in leakage current with the increase of Mn content.

As shown in Fig. 4(a), it is observed that no insignificant difference
in leakage current between the forward and reverses bias conditions for
BFMs thin films. To clarify the conduction mechanism in BFMs thin
films, several models have been used to fit the J-E curves in positive
bias region. Firstly, the space-charge-limited current (SCLC) mechanism
was examined. lnJ-lnE characteristics are plotted as shown in Fig. 4(b).
In the parent BFO thin film, the plot was divided into three different
regions, the fitted slope of each region was 1.20, 1.86 and 18.98. The
linear dependence in low electric fields suggests Ohmic contact beha-
vior, while a nearly square law dependence corresponding to a mod-
ified Child's law (J∝E2) in moderate fields demonstrates SCLC con-
duction mechanism [31]. In higher electric fields, an abrupt increase in
leakage with a much higher slope value indicates the trap-filled-limit
(TFL) mechanism dominates leakage behavior [32]. In contrast, in Mn-
substituted BFO thin films, the plots show linear behaviors over a wide
range of the electric field and they obey a power law of J=CEn (C:
constant), the n values are determined to be 1.50, 1.92, 1.63 and 1.85
for the samples with x=0.03, 0.07, 0.10 and 0.15, respectively.
Therefore, the leakage current at high electric fields can be increased
slightly in Mn-substituted BFO thin films. The second mechanism is
bulk-limited Poole-Frenkel emission (PF emission), which involves the
consecutive hopping of charges between defect trap centers [33]. PF
emission mechanism can be investigated by plotting the leakage data as
logJ/E vs logE1/2(not shown here), the results indicating that PF
emission is not in operation in these thin films. The third mechanism is
interface-limited Schottky emission, which is related to the difference of
Femi-level between metal electrode and ferroelectric thin film [33], as
shown in Fig. 4(c). To identify whether Schottky emission dominates
the leakage behavior, it is necessary to extract the optical permittivity K
value coinciding with the intrinsic material properties. The index of
refraction for BFO is known to be n=2.5, thus an optical permittivity
K=n2 =6.25 is expected. From the Schottky plot of Fig. 4(c), a K
value for BFMs thin films is consistent to the ideal optical dielectric
permittivity, indicating that the leakage behavior in BFMs thin films are
dominated by the Schottky emission. That is to say, the Metal-Ferro-
electric contact is a rectifying (Schottky) contact. However, the leakage
mechanism in the BFM0 at higher electric fields is dominated by the
interface-limited Fowler-Nordheim (FN) tunneling conduction me-
chanism, caused by the injection of carriers into a ferroelectric layer
from electrode with tunneling through an interfacial energy barrier
[32], as shown in Fig. 4(d), which suggests that the breakdown field of
the BFO thin film is lower than that of Mn-substituted BFO thin films.

Table 1
Raman modes of the BiFe1-xMnxO3 thin films.

Raman active modes (cm−1) x=0 x=0.03 x= 0.07 x=0.1 x= 0.15

A1 134 128 127 121 115
A1 169 168 168 168 168
A1 216 215 216 216 217
E-1 263 262 262 263 265
E-2 305 319 335 345 341
E-3 362 366 371 – –
A1 421 420 420 – –
E-4 472 475 476 476 477
E-5 525 530 532 531 532
E-6 622 625 626 628 631
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The room-temperature frequency dependent dielectric constant εr
results of all BFMs thin films are shown in Fig. 5(a). The dielectric
constant εr of all BFMs thin films exhibits maximum values at the lowest
frequency, and monotonously increases as the Mn content increases.
Meanwhile, the dielectric constant εr decreases more rapidly with the
increase of the frequency in low test range of higher Mn content BFMs
thin films. This phenomenon can be attributed to the dipole orientation
polarization formed by more space charge defects under external
electric fields [19]. As the frequency increases, the dielectric constant

gradually decreases and tends to be a constant value, which arises from
the fact that the response of polarization formed by space charge de-
fects to the applied field cannot occur instantaneously [10]. It can be
seen that the dielectric constant increases as the Mn content increases
and the respective εr values at 1MHz is 157.6, 175.9, 180.0, 189.6 and
193.9. It is well known that the increase of grain size can lead to an
increase in dielectric constant [10], so the dielectric constant increases
with the increase of the Mn content. In addition, the dielectric constant
of BiMnO3 thin films can reach 1400, so the formation of BiMnO3 phase

Fig. 3. AFM images of BiFe1−xMnxO3 thin films, (a)-(e) for x=0, 0.03, 0.07, 0.1, 0.15, respectively. (f) The root mean square value of the surface roughness of the
sample increases with the increase of Mn content.
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as the same perovskite structure with BiFeO3 by Fe-site substitution
with Mn atoms will lead to the increase of dielectric constant for BFMs
thin films [34].

Fig. 5(b) exhibits the frequency dependent room-temperature di-
electric loss tan δ, which shows the same trend as εr with the increase of
the Mn content in low test frequency, while the corresponding tan δ
value at 1MHz is 0.154, 0.172, 0.182, 0.221 and 0.292 for Bi-
Fe1−xMnxO3 thin films with x=0, 0.03, 0.07, 0.10 and 0.15, respec-
tively. It is well known that the total contribution to tan δ is the sum of
conduction loss due to free vacancies and dipolar Debye loss, which can
be described as tan δ=4πσ/ωεr +(εs− ε∞) ωτ/(εs + ε∞ω2τ2), where σ
is the electrical conductivity, ω is the frequency, εr is the measured
dielectric constant, εs is the static or the low frequency dielectric con-
stant and ε∞ is the high frequency dielectric constant [35]. According to
the formula, it can be concluded that the first term is the predominant
factor and the conductivity is the dominant contribution for the tan δ at
low frequency. So the higher leakage current could lead to bigger tan δ
at low frequency. The second term becomes dominant and the relaxa-
tion effects play important roles in the determination of tan δ within
higher frequency. The loss may be derived from the dipolar impurities
or dipoles come from defects due to Fe-site substitution with Mn atoms.
In addition, the increase in tan δ with frequency at high test frequency
is owing to that the charge carries in the film do not have time to re-
spond to the external electric field and the maximum electrical energy
is transferred to the oscillation ions.

In order to properly understand the polarization behavior of BFMs
thin films, two various polarization measurement techniques have been
used to investigate it. The P-E hysteresis loop and pulsed polarization
positive-up negative-down (PUND) measurement results are shown in
the Fig. 6(a) and (b). Fig. 6(a) shows the P-E hysteresis loops of BFMs
thin films measured at 20 kHz and room-temperature. The BFMs thin
films with x= 0, 0.03, 0.07 and 0.10 show well-saturated rectangular
P-E loops with Pr values of 46, 53, 71 and 61 μC/cm2, respectively, as
the leakage current density is below 2×10−1 A/cm2 at 300 kV/cm.

Fig. 4. (a) Leakage current density versus applied field (J-E curves) for all BFMs thin films. Leakage current density fitted by (b) SCLC, (c) Schottky emission and (d)
FN tunneling for the BFMs thin films.

Fig. 5. Frequency dependent room-temperature (a) dielectric constant and (b)
dielectric loss of all BFMs thin films.
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The P-E hysteresis loop shows better rectangularity with the increase of
Mn content. The higher Pr value for the thin film BFM15 with lossy loop
behavior may be due to its largest leakage current density of the order
of 1 A/cm2 at 300 kV/cm compared with other films. Although the
leakage current density is the lowest, the rectangularity is the poorest
and the 2Pr is the smallest for the thin film BFM0. On the other hand,
the increased grain size could facilitate the motion of domain walls and
the reversal of domain due to the decrease in grain boundaries in Mn-
substituted thin films, which will facilitate the domain switching and
result in a higher value of Pr [21]. In addition, the substituted Mn atoms
may act as nuclei in domain switching [36].

It is well known that the conventional P-E loop measurement can be
strongly influenced by the leakage behavior [21], so as to have a con-
sideration on the contribution of leakage current towards the overall
polarization, the PUND measurement is carried out at room-tempera-
ture. The corresponding results are shown in Fig. 6(b). It can be seen
that for all BFMs thin films, the respective 2Pr value is 39, 68, 103, 84
and 81 μC/cm2, which are smaller than the polarization measured by P-
E hysteresis loop measurement, also smaller than the theoretical value
of 120 μC/cm2 of (001)-oriented BFO thin film. In addition, with the
increase of Mn content, the 2Pr value increases firstly and then de-
creases for BFMs thin films, while the thin film BFM7 has the maximum
2Pr value.

From the results of P-E and PUND measurements, it can be deduced
that the substitution of Mn atoms at Fe site can affect the ferroelectric
properties of the BFO thin film. Combined with the results of both
Raman and AFM, it can be deduced that with the substitution of Mn
atoms at Fe site, the Jahn-Teller distortion of BFMs thin film has a
continuous change of Bi‒O covalent bonds as a result of the decline in
the stereo-chemical activity of the Bi lone electron pair and thus in
long-range ferroelectric order. However, the substitution of Mn atoms
at Fe site can lead to the increase in grain size, which will decrease the
clamping effect and lead to a bigger value of 2Pr. Moreover, the Mn

atoms may play a role of nucleation sites, which makes the ferroelectric
domain easier to switch and result in the increase in polarization of the
BFMs thin films. Thus the above inverse effects caused by the sub-
stitution with Mn atoms will lead to the results of PUND measurement
of BFMs thin films.

4. Conclusions

In summary, an all-solution processing has been successfully used to
deposit epitaxial BFMs/SrRuO3/LaAlO3 thin films. XRD and Raman
results reveal that the obtained films are (001) epitaxial with a distorted
rhombohedral structure of R3c symmetry accompanied with Jahn-
Teller distortion. Substitution of Fe-site with Mn atoms can effectively
improve the break-down characteristics of BFO thin films, although the
leakage current gradually increases with the increase of Mn content in
thin films. Meanwhile, the electrical transport mechanism is also
changed with Mn substitution. For the thin film BFM0, the leakage at
low electric fields can be described by the Ohmic behavior, while the
Fowler-Nordheim tunneling behavior is applicable at high electric
fields. In the case of Mn atoms substitution, the interface between the
electrode and the thin film with Schottky contact controls the charge
injection, and results in the Schottky barrier domination in conduction.
Moreover, the ferroelectric properties of BFMs thin films are effectively
improved, which can be attributed to the increased grain sizes of BFMs
thin films and that Mn atoms play a role of nucleation sites with Mn
substitution.
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