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摘 要：采用化学溶液法结合层层旋涂退火工艺，在掺氟氧化锡导电玻璃基片上制备了 BiFe0.95Mn0.05O3 和 Bi0.9Nd0.1FeO3 纳
米晶铁电薄膜，并分析比较了其微结构和铁电性能。结果表明：2 组分样品均为单相多晶钙钛矿结构，晶粒细小均匀，表面
平整，结构致密。两薄膜均获得了饱和电滞回线，且 BiFe0.95Mn0.05O3 薄膜具有向上的择优取向极化和更优异的铁电性能，其
剩余极化强度(Pr)达 60 C·cm–2，在 1~50 kHz 频率范围与 25~200 ℃温度区间内铁电极化响应稳定，保持时间长达 1103 s 工
作与反复极化翻转高达 1109 次表现出优异的电荷保持力和抗疲劳稳定性。
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Structure and Ferroelectric Properties of BiFeO3 Nano-Crystalline Film Substituted
at A/B Site
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Abstract: The nano-crystalline ferroelectric films composed of BiFe0.95Mn0.05O3 and Bi0.9Nd0.1FeO3 were fabricated on the
fluorine-doped tin oxide/glass substrates via the simple and cost-effective chemical solution deposition method combined with
spin-coating and the subsequent layer-by-layer annealing technique. Microstructures and ferroelectric properties of the samples were
investigated. Results show that either BiFe0.95Mn0.05O3 or Bi0.9Nd0.1FeO3 film has a single polycrystalline perovskite phase structure
with fine and homogeneous grains and smooth surface in addition to a compact and dense structure. Both film samples exhibited
well-saturated polarization-electric field hysteresis loops. Especially, the BiFe0.95Mn0.05O3 film showed more preferential upward
polarization orientation and superior ferroelectric properties than the Bi0.9Nd0.1FeO3 film, which was reflected by a high remanent
polarization (Pr) of 60 C·cm–2 and stable ferroelectric responses to frequency and temperature in the ranges of 1 to 50 kHz and 25 to
200 ℃ in addition to retention capability of 1103 seconds and fatigue endurance over 1109 cycles.
Keywords: thin film; bismuth ferrite; ion doping; microstructure; ferroelectric property

Non-volatile data-storage devices, represented by
phase-change, resistive, and ferroelectric random
access memories (PCRAM, RRAM, and FeRAM)

respectively, have been considered as one of the core
component in an integrated computer circuit [1–3].
Particularly, the FeRAM based on the electrical
polarization of the dipoles in ferroelectrics shares the
advantages of fast and low-power read/write operations
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and large read/write cycle endurance in addition to
high densities and has attracted a lot of attention for
use in the realm of non-volatile digital information[4–8].
Accordingly, as a basic element of FeRAM, the
high-performance ferroelectric material has gradually
become the research focus of the functional electronics
field.
Being
different
from
the
commercially
available Pb-containing Pb(Zr, Ti)O3 (PZT)-based
ferroelectrics[9–10], perovskite bismuth ferrite (BiFeO3,
BFO) possesses the salient advantages of being
lead-free and having ultra-high Curie temperatures
(TC–830 ℃) and ultra-large theoretical remanent
polarizations (Pr–100 C·cm–2) at room temperature,
which shows a great potential for outperforming the
numerous ferroelectric material systems for
applications[11–14]. However, the severe leakage
problem in pure BFO film limits its intrinsic material
properties, including electrical polarization and
ferroelectric reliability, such as retention and fatigue,
thus hindering future practical applications. Hence,
resolution of the leakage issue has been the steady
motivation of the studies addressing BFO-based films
before the realization of practical devices. Among the
extensive methods toward improving the electrical
properties of BFO, doping ions at A(Bi)/B(Fe) sites
has been proven to be an effective and simple way to
improving their properties. For example, Kawae et al.
found that 3% (mole fraction) Mn and 2% (mole
fraction) Ti co-modified BFO film prepared by pulsed
laser
deposition
exhibited
well-saturated
polarization-electric field (P–E) hysteresis loops with
a large remanent polarization (Pr–75 C·cm–2)[15].
Using a simple and cost-effective chemical solution
deposition (CSD) method, Hu et al. reported that the
BFO film co-doped with 1% (mole fraction) Ti and
1% (mole fraction) Zn at Fe sites presented good
charge-retaining capability and strong fatigue
resistance[16]. They also found that the leakage current
density before breakdown of BFO film could be
reduced by about two orders of magnitude by doping
with lanthanide (Gd, 5% in mole fraction) at the Bi
site[17]. Also, according to Pattanayak’s report,
lanthanide substitution with 5% to 15% Nd in BFO
ceramics counterpart exhibited relatively low
conductivity and enhanced saturated polarization[18].
Inspired by the previous studies and based on our
experimental experience[19], we expect to adopt the ion
doping strategy combined with the simple film
deposition method of CSD to obtain a
high-performance BFO-based film.
In this study, we focused on the film system
composed of BiFe0.95Mn0.05O3 (BFMO) and
Bi0.9Nd0.1FeO3 (BNFO). Especially, the BFMO film
exhibited large remanent polarization with Pr of
60 C·cm–2 and preferential upward polarization
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compared to the BNFO film. The polarization
information showed good frequency stability from 1 to
50 kHz and thermal stability in the range from 25 to
200 ℃, in addition to excellent reliable long-lifetime
operation with retention capability of 1103 s and
fatigue resistance over 1109 cycles.

2

Experimental

The phase-pure BFMO and BNFO films with
thicknesses in the nanoscale range were grown using a
CSD method combined with spin-coating technique on
fluorine-doped tin oxide (FTO)/glass substrates. An
un-doped BFO film was prepared under the same
processing conditions for comparison (control).
Stoichiometric Bi(NO3)3·5H2O, Fe(NO3)3·9H₂O and
(CH3COO)2Mn·4H2O served as raw materials, which
were dissolved in ethylene glycol and acetic acid with
magnetic stirring at room temperature. Here, 5% (mole
fraction) excess bismuth (Bi) was added to
compensate for the Bi volatilization during thermal
treatment. With moderate amount of the stabilizing
agent of acetylacetone being dropped into the solution,
the final BFMO solution with a concentration of
0.3 mol/L was obtained. Keeping other processing
parameters constant, the precursor solutions for BNFO
and pure BFO were prepared by replacing the Mn salt
with Nd(NO3)3·6H2O and removing the doped Mn
element, respectively. For nano-crystalline film
fabrication, each solution was spin-coated onto the
clean (FTO)/glass substrates at a speed of 3 000 r/min
for 30 s followed by a pyrolysis process at 300 ℃ for
2 min on a hot plate and an annealing process at 500 ℃
for 8 min in a rapid thermal processor. The spin
coating and thermal treatment steps above were
repeated several times until the desired thickness of
each film was achieved.
The crystal phase structures of the films were
identified using Cu K radiation with a Bruker D8
X-ray diffractometer (XRD). Surface morphologies
and cross-sectional microstructures were detected
using an atomic force microscope (AFM, Bruker
dimension icon) and a field-emission scanning
electron microscope (FESEM, Hitachi S–4200),
respectively. The piezoelectric phase image was
obtained through a piezoresponse force microscope
(PFM) mode using the aforementioned AFM. A
standard ferroelectric tester (Precision Pro. Radiant
Technologies) was employed to evaluate the
ferroelectric and insulating properties in addition to
long lifetime duration, for example, retention and
fatigue characteristics. An ultraviolet photoelectron
spectroscopy (UPS, PHI5000 VersaProbe III) test was
conducted to measure the work function of the sample.
The operating temperature was controlled with a
cooling-heating stage (RTL550–DJ).
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Results and discussion

The crystal structures of the BFMO and BNFO
films were investigated by XRD in the 2 range of 20
to 60 as shown in Fig. 1. An XRD pattern of FTO
substrate was also included in the figure to distinguish
the diffraction peaks. Note that the BFMO and BNFO
films demonstrated similar perovskite structures with
the detectable peaks matching well with the
rhombohedral R3c structure. No indication of
secondary phase could be noted. The BFMO sample is
found to be typically polycrystalline with strong (012)
and (110) peaks. In comparison, an oriented diffraction
peak of (012) with relatively weaker (110) was
obtained in BNFO sample. The good crystallization
characteristic may largely benefit from the facilitating
impact of the oxide substrate on the nucleation and
grain growth in films. The XRD results reveal a
component feasibility of moderate Mn or Nd
substitution in the BFO film.

Fig. 1

X-ray diffraction patterns of the fluorine-doped tin
oxide (FTO) substrate, BiFe0.95Mn0.05O3 (BFMO), and
Bi0.9Nd0.1FeO3 (BNFO) films

The surface morphologies of the film samples were
detected by scanning arbitrary areas of 2 m2 m
with an AFM probe. Taking the pure BFO [Fig. 2(a)]
for comparison, it can be seen that both BFMO and
BNFO films are well crystallized with fine and
homogeneous grains as shown in Figs. 2(b) and 2(c),
respectively. The grain sizes of either the BFMO or
BNFO sample are much smaller than those in the pure
BFO film. This finding can be understood from the
point that the chemical valence fluctuation of Fe ions
and the volatilization of Bi bring oxygen vacancies
( VO ) in BFO as described by the equations,
1
2FeFe  OO  2Fe'Fe  VO  O 2 and 2BiBi  3OO 
2
'''
2VBi
 3VO  Bi 2 O3 . The hetero-valent Mn doping at
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the Fe site and iso-valent Nd substitution at the Bi site
contribute to the reduction of movable VO in BFO
by filling up the VO according to the reactions of
1
'''
Mn 2   VFe
 Mn 'Fe a n d 2Mn 'Fe  VO  O 2 
2
2MnFe  OO and by suppressing the volatilization of
'''
Bi with Nd 3  VBi
 NdBi [20–21]. Since the vacancy
diffusion mechanism is vital for ion diffusion during
the crystallization of crystals, the reduced VO affects
ion diffusion, thus affecting the transfer of mass and
energy between reactants during the crystallization
process and limiting the grain growth for the doped
films[22–23]. Note that all samples were relatively dense
and smooth with no obvious cracks or pinholes
scattered on the surfaces. Derived from the AFM
images, the root mean square roughness (Rrms) of BFO
was 5.04 nm, while the Rrms values of BFMO and
BNFO were only 1.130 and 1.06 nm, respectively. The
smooth surfaces resulting from the highly-uniform
grain sizes would be favorable for the micro-devices in
integrated circuits. Figs. 2(d) and 2(e) present the
cross-sectional FESEM images of the BFMO and
BNFO film samples, respectively. The microstructures
of both films are relatively compact without obvious
pinholes. The clear film/substrate interfaces without
substantial cation inter-diffusions across them can be
found in the BFMO and BNFO samples, indicating
good heterostructure qualities. Each sample has a
thickness of about 400 nm.
The macroscopic ferroelectric properties of the
films were measured at ambient temperature. Figs. 3(a)
and 3(b) show the P–E hysteresis loops of BFMO and
BNFO in which a high frequency of 10 kHz was
applied. Positive shifts along horizontal axis, i.e.,
asymmetrical coercive field (Ec), could be observed
apparently from all the P–E loops, especially for the
BFMO film, indicating the preferential upward
polarization state in the films. With the electric field
increasing from 125 kV·cm–1 to the maximum E that
the film could withstand, the P–E loops tended to
saturate gradually. As the electric field is elevated up
to 1 000 kV·cm–1, the saturated polarization (Ps) for
BFMO and BNFO films were 76 and 48 C·cm–2,
respectively, while the P r of BFMO and BNFO
samples were 60 and 33 C·cm–2, respectively [also in
Fig. 3(c)]. In comparison with the ever-reported pure
BFO films[17, 24], the electrical polarizations for the
doped films in this work were dramatically improved,
which could be attributed to the effectively suppressed
free VO via Mn substitution for Fe in BFMO and Nd
doping at Bi for BNFO. Particularly, such a high Pr of
60 C·cm–2 obtained from the BFMO film was even
comparable to that obtained in the single crystalline
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(a) AFM of BFO

(b) AFM of BFMO

(d) FESEM of BFMO

Fig. 2

2021 年

(c) AFM of BNFO

(e) FESEM of BNFO

Atomic force microscopy (AFM) surface morphologies of pure BFO, BFMO, and BNFO, cross-sectional field-emission
scanning electron microscopy (FESEM) images of BFMO and BNFO films

(a) P–E loops of BFMO

(c) Pr values versus E

Fig. 3

J Chin Ceram Soc, 2021, 49(1): 511–518

(b) P–E loops of BNFO

(d) J–E plots

Room-temperature polarization-electric field (P–E) hysteresis loops, Pr values and leakage current densities as functions of
electric fields (J–E) of BFMO and BNFO films
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Ti-rich PZT film[3]. However, unfortunately, as a
response to the space charge effect existed in film, the
P–E loop of BNFO film takes on some rounding
shapes at high E regions, which is consistent with the
relatively severe leakage current in film at high E as
shown in Fig. 3(d). Such a phenomenon frequently
occurs in the perovskite ferroelectric materials[25–26].
Considering that the BFMO sample shows a more
preferable ferroelectric polarization and lower leakage
at high E than BNFO, further investigations into the
ferroelectric properties of BFMO were carried out in
the following sections.
The microscopic ferroelectric polarization
switching behavior of BFMO film was investigated by
piezoelectric force microscopy (PFM). After selecting
an area of 5 μm×5 μm, poling treatments were conducted
by applying a direct current (DC) bias of +10 V with a
conductive tip in the central 3 μm×3 μm first and then
another DC tip bias of −10 V in the central square
region of 1 μm×1 μm. A box-in-box domain
configuration was then read out by scanning the whole
5 μm×5 μm region as shown in Fig. 4(a). Note that
bright and dark contrasts corresponding to the up and
down polarization are clear in the regions with reverse
voltages. The switchable polarization confirms the
ferroelectric nature in the film[3]. Also, the contrast in
the as-grown region was similar to that in the
negatively poled area, reflecting a preferential upward
polarization state that consistent with the shifts of P–E
loops [Fig. 3(a)]. Such a phenomenon mainly resulted
from the internal electric field formed in film, which
was a result of the combination of the movable ions or
space charges, such as VO , which accumulated at the
film/electrode interfaces and the small difference in
the work functions () between the BFMO film
[BFMO=4.1 eV in Fig. 4(b)] and the bottom (FTO=
5.0 eV) and top (Au=5.1 eV) electrodes[27–29]. The
inset of Fig. 4(b) schematically illustrates the
formation mechanism of the preferential upward
polarization of the BFMO film in which the colored
arrow stands for the polarization direction of BFMO,
and the green dashed lines denote the film/electrode
interfaces of BFMO/Au and BFMO/FTO. Especially,
because of the spin coating and subsequent
layer-by-layer annealing technique adopted in this
work, the film layers near the bottom electrode
experienced more high-temperature annealing treatments.
This type of treatment caused VO to gradually
accumulate near the bottom layer to generate a
VO -rich defect layer near the film/bottom electrode
thus forming an upward local electric field to
contribute to the upward polarization predominantly.
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Interestingly, the preferential polarization orientation
formed in the as-grown BFMO film without any
external electric field excitation also makes it
appealing for piezoelectric device applications because
it offers the possibility of omitting poling process and
reducing production costs.

(a) PFM image

The inset shows a schematic illustration of preferential upward polarization
for BFMO film in which the colored arrow stands for the polarization
direction, and the dashed lines denote the film/electrode interfaces.
(b) UPS spectrum

Fig. 4

3D view of out-of-plane piezoelectric force microscopy
(PFM) phase image for BFMO film in which the
regions of 3 μm×3 μm and 1 μm×1 μm were written on
the sample by applying the DC tip bias of +10 V and –10 V,
respectively, and an ultraviolet photon spectroscopy
(UPS) spectrum for BFMO with He I as light source

Stable ferroelectric responses to frequencies over a
wide operating range are essential for the ferroelectric
applications in non-volatile memories. Fig. 5(a) shows
the P–E loops ranging from 1 kHz to 50 kHz at
750 kV·cm–1 and room temperature of the BFMO film.
Note that all the loops display some dependence on the
measuring frequency. Extracting the key parameters
from P–E data, the corresponding values of Ps, Pr, and
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Ec versus frequency are shown in Fig. 5(b). As the
frequency increased from 1 to 50 kHz, the Ps and Pr
values decreased from 66 to 62 C·cm–2 and from 55
to 46 C·cm–2, respectively, whereas Ec increases from
505 to 557 kV·cm–1. The results reveal a weak
dependence of polarization behavior on measuring
frequency, meaning a good frequency stability of
BFMO, which benefits from the nonlinear dielectric
effects of ferroelectrics and fast domain switching in
addition to low leakage in film[13].
Thermal stability is a significant parameter for
ferroelectric devices to evaluate their working
feasibility under harsh environmental conditions. Fig.
5(c) shows the temperature dependence of P–E loops
measured with 750 kV·cm–1 at 10 kHz for BFMO films
in the range of 25–200 ℃. For clarity, Fig. 5(d) shows
the changes in Ps, Pr, and Ec values as functions of
temperature. Note that the fluctuations of Ps, Pr, and Ec
over the entire temperature range were within 7%,
13%, and 2%, respectively, demonstrating a thermally
stable ferroelectric property, which is even on a par
with that obtained in the flexible (Mn,Ti)-codoped
BFO film [13].
Long-term working stability is indispensable for the

2021 年

practical applications of memory devices. Hence, we
now turn our attention to the retention and fatigue
characteristics of BFMO films. Fig. 6(a) shows the
normalized pulsed remanent polarization (P, defined
as P *– P ^ in which the P * represents switched
polarization and P ^ stands for non-switched
polarization) as a function of retention time for the
BFMO film, which was recorded by the write and read
electric fields of 750 kV·cm–1 with the pulse width of
100 s. Note that the BFMO memory component
could retain more than 91% of its initial polarization
as the retention time is up to 1103 s, demonstrating an
excellent charge-retaining ability. A fatigue test at
750 kV·cm–1 and 1 MHz demonstrated that the
polarization information did not show any loss even
after 1109 switching cycles as shown in Figs. 6(b)
and 6(c). To the best of our knowledge, the diffusion
of VO and the electronic charge trapping at domain
wall mainly account for the fatigue behavior during
the repeated switching[24]. Thus, we hold the opinion
that the satisfactory fatigue endurance in BFMO is
mainly rooted in the decline of movable charge
carriers with Mn doping.

(a) Frequency dependence of P–E loops

(b) Ps, Pr, and Ec values versus frequency

(c) Temperature dependence of P–E loops

(d) Ps, Pr, and Ec values versus temperature

Fig. 5 P–E loops, and corresponding Ps, Pr, and Ec values for the BFMO film as functions of frequency and temperature
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(a) Retention

· 517 ·

the BFMO and BNFO films are crystallized into single
polycrystalline perovskite phases with homogeneous
and dense structures in addition to smooth surfaces.
P–E tests show that both samples exhibit
well-saturated hysteresis loops. Compared with BNFO,
the BFMO film possesses optimal ferroelectric
properties with a high Pr of 60 C·cm–2 and stable
frequency response in the range of 1 to 50 kHz and
thermal stability of 25 ℃ to 200 ℃ in addition to a
preferential
polarization
orientation.
Besides,
satisfactory long-term ferroelectric reliabilities could
be achieved in the BFMO film, which is represented
by the charge-retaining ability of 1103 s and
fatigue-free characteristic over 1109 cycles. All the
results obtained in BFMO render it appealing for
practical applications in the e-markets concerning
ferroelectric and piezoelectric devices.
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