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Abstract
Bi(1+x)Fe0.95Mn0.05O3 thin films with different bismuth contents (abbreviated as B1+xFMO, x = − 0.05, 0, 0.05, 0.1) were 
fabricated by chemical solution deposition on ITO/glass substrates. The effects of Bi nonstoichiometry on the microstructure, 
leakage current, ferroelectric and dielectric properties of BFMO films are investigated. The B1.05FMO and B1.1FMO thin films 
possess single perovskite structure, while the secondary phase of Bi2Fe4O9 can be observed in BFMO and B0.95FMO thin 
films. Compared with the other three samples in this work, drastically reduced leakage current can be found in B1.05FMO. 
For each film, the dominant conduction mechanisms are the Ohmic conduction and the space charge limited conduction at 
lower electric fields and the interface-limited Fowler–Nordheim tunneling at higher electric regions, respectively. Among the 
B1+xFMO films (x = − 0.05, 0, 0.05, 0.1), the B1.05FMO film possesses significantly improved electrical properties, reflected 
by a large remanent polarization (Pr ~ 68.3 µC/cm2), lower dielectric loss (tanδ ~ 0.02), large dielectric constant (εr ~ 210) 
and high tunability (88%). These results suggest that the 5 mol% excess of Bi is the prior content to get better insulation, 
optimize ferroelectric as well as dielectric properties of BiFeO3 film, giving reference to modify electrical performances of 
ferroelectric materials through regulation of volatile element.

1  Introduction

Lead-based ferroelectric materials, on behalf of Pb(Zr,Ti)O3 
and Pb(Mg,Nb)O3, have been extensively studied due to the 
excellent ferroelectric properties [1, 2]. Nevertheless, there 
is a serious problem that the toxic Pb hampers human health 
and environment protection, which have attracted consider-
able attention. In this case, studies concerning about lead-
free ferroelectric materials, represented by BiFeO3 (BFO), 
(K0.5Na0.5)NbO3 (KNN), and Na0.5Bi0.5TiO3 (NBT)-based 
film systems [3–5], have been moved to the forefront of fer-
roelectric material research, and great progresses in syn-
thesis and characterization in the studies of these materials 
have been made so far. Taking the lead-free NBT film for 
example, researches dealing with the leakage problem of 
pure NBT thin films have been conducted to improve the 
electrical properties since its report in 2004 [6], methods of 
which include cation substitution, controlling of oriention 
and making solid solutions with other components such as 

BaTiO3 [7–9], commonly used methods in modifying the 
structural and electrical properties of ferroelectrics.

BFO, with large theoretical remanent polarization Pr 
~ 100 µC/cm2 and ultra-high Curie temperature (Tc = 1103 K) 
[10], has potential in the field of electrical devices including 
ferroelectric resistive memory [11], energy harvester [12], 
rechargeable batteries [13]. Also, it can be applied as flex-
ible multistate high-storage memory device with an ITO/
BiFeO3/Ti/Polyimide structure for light-controlled simulta-
neous resistive and ferroelectricity switching effects [14].

Ferroelectric materials in form of film have the advan-
tages of low crystallization temperature, small size and 
ease of integration in comparison to ceramics. How-
ever, the high leakage current severely limit the practi-
cal application of BFO thin films, which is attributed to 
large quantities of free oxygen vacancies (V

O
2−)⋅⋅ formed 

by the volatilization of Bi element and valence fluctua-
tion of Fe3+ during heat treatment. The site-engineering 
is an effective strategy to enhance the electrical perfor-
mances in BFO-based materials [15]. Considering that 
the radius of Mn2+ (0.80 Å) is much lower than that of 
Bi3+ (1.02 Å), but very close to that of Fe3+ (0.64 Å), 
combined with the principles of crystal chemistry, Mn2+ 
should be induced as B-site doping ions in BFO. In this 
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work, as acceptor dopant, 5  mol% Mn was doped in 
BFO thin film to get better insulation [16]. Some other 
researches have also been carried out to overcome dete-
rioration in electrical properties induced by the leakage 
problem in BFO film. For example, Ren et al. reported 
that the leakage current density in 5  mol% Bi excess 
modified BFO thin film annealed at 715 °C was drasti-
cally decreased to 10−6 A/cm2 at 200 kV/cm [17]. Hu et al. 
have mentioned that Bi0.97Gd0.03FeO3 thin film annealed 
at 550 °C, with 2 at.% excess bismuth added, exhibited a 
well-defined polarization–electric (P–E) with Pr ~ 79 µC/
cm2 [18]. Chai et al. have also found that 5 mol% Bi exces-
sive Bi0.88Sr0.03Gd0.09Fe0.94Mn0.04Co0.02O3 thin film after 
annealing at 550 °C displayed excellent ferroelectric prop-
erties manifested as a giant remanent polarization of Pr 
~ 108 µC/cm2 [19].

In the light of this, it is significant to add excess Bi in pre-
cursor solution to compensate for Bi loss in the high-temper-
ature crystallization of BFO thin films. It is widely known 
that the crystallization and electrical performances of ferro-
electric films should be strongly dependent on the annealing 
temperature. Under a certain preparation environment, each 
ferroelectric thin film material has its own optimal crystal-
lization temperature. For example, Zhang et al. have reported 
that 0.94Na0.5Bi0.5TiO3–0.06BaTiO3 thin film annealed 
at 450 °C has higher electric break-down field strength 
(3310 kV/cm) than other temperatures [20]. Yan et al. have 
mentioned that La-doped BFO thin film annealed at 525 °C 
exhibits higher remanent polarization (Pr = 72.9 µC/cm2) 
[21]. Likewise, BFO should have a most suitable Bi content 
under a certain annealing temperature. However, seeing that 
different contents of Bi excess (2 mol%, 5 mol%) were com-
monly added in BFO-based films even at the same annealing 
temperature (550 °C) [18, 19], it is necessary to conduct sys-
tematic study of Bi nonstoichiometry to explore the optimal 
composition content for BFO. Taking the reported works 
and our previous experience as references, an appropriate 
annealing temperature of 540 °C was chosen as the anneal-
ing temperature for the 5 mol% Mn-doped BFO in this work. 
The chemical solution decomposition (CSD) method takes 
the advantages of chemical homogeneity, easy stoichiom-
etry control and integration into devices as well as low cost, 
which has been widely used in the preparing process for 
ferroelectric thin films [4, 5].

Based on the mentioned above, Mn-substituted BFO 
thin films (Bi1+xFe0.95Mn0.05O3, B1+xFMO) with different 
bismuth contents [(− 5) to (+ 10) mol%] were prepared by 
chemical solution deposition (CSD) on ITO/glass substrates. 
The influences of Bi excess on the structure, leakage current, 
ferroelectric and dielectric properties of Mn-doped BFO 
films were investigated. Among all the B1+xFMO film sam-
ples, the lowest leakage current density and a saturated P–E 
loop (Pr ~ 68.3 µC/cm2) can be observed in the B1.05FMO 

thin film, which originates from its pure phase structure and 
dense microstructure.

2 � Experimental

5 mol% Mn doped Bi1+xFeO3 (B1+xFMO, x = − 0.05, 0, 0.05, 
0.1) thin films were deposited on ITO/glass substrates by 
CSD. To prepare the precursor solution, Bi(NO3)3·5H2O, 
Fe(NO3)3·9H2O and C4H6O4Mn·4H2O were selected as raw 
materials dissolving in ethylene glycol and acetic acid, and 
a moderate amount of acetylacetone was added as stabiliz-
ing reagent. At last, polyethylene glycol (PEG) was mixed 
in the solution mentioned above to fine-tune the uniformity 
of the final solution. After constant stirring, the transpar-
ent and stable precursor solution with the concentration of 
0.3 M was acquired. Keeping the other process parameters 
constant and adding different amounts of bismuth nitrate 
into the solutions, four precursor solutions with slight varia-
tions in bismuth [(− 5) to (+ 10) mol% of Bi] were prepared. 
Each precursor solution was spin-coated on ITO/glass sub-
strates at 3000 rpm for 30 s. The fabricated wet films were 
pyrolyzed at 300 °C on a hot plate for 3 min and the dried 
films were annealed at 540 °C for 20 min on a hot plate in 
the air atmosphere for the complete crystallization. These 
deposition and heat treatment procedures were repeated 
several times to acquire the desired thickness of B1+xFMO 
thin films.

The crystallinity of B1+xFMO thin films was character-
ized using X-ray diffraction (XRD, Bruker D8). The micro-
scopic morphologies and cross-sectional images of the films 
were detected by field emission scanning electron micros-
copy (FeSEM, Hitachi S-4200). The X-ray photoelectron 
spectroscopy (XPS) were recorded a PHI 5000 VersaProbe 
XPS instrument (Thermo ESCALAB 250XI). The ferroelec-
tric properties were measured by a qualified ferroelectric 
tester (Precision Pro. Radiant Technologies). The leakage 
current was conducted through a semiconductor charac-
terization system (Keithley 4200). The dielectric properties 
were tested using an impedance analyzer (HP4294A).

3 � Results and discussion

Figure 1 shows the XRD patterns of B1+xFMO (x = − 0.05, 
0, 0.05, 0.1) thin films deposited on ITO/glass substrates. 
The B1.05FMO & B1.1FMO thin films possess single per-
ovskite structure with rhombohedral symmetry. Neverthe-
less, the secondary phase of Bi2Fe4O9 at about 2θ = 28° 
and 33° is distinctly observed in the BFMO and Bi0.95FMO 
thin film. This phenomenon can be usually found in the 
Bi-deficient BFO-based thin film [22]. From the result of 
XRD, it can be speculated that excess Bi is conducive to 
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suppressing the generation of impurity phase and improving 
the crystallization.

Generally, for BFO thin films, the leakage problem 
mainly caused by oxygen vacancies [23]. As described by 
the following equations, oxygen vacancies are mainly intro-
duced by the reductions of Fe3+ to Fe2+ and the deficiencies 
of Bi ions in NBT–BT–BFO films, which can lead to a large 
leakage current:

To evaluate the valence states of the Fe and Mn ions in 
the B1.05FMO film, the XPS for Fe 2p and Mn 2p core level 
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binding energy spectra of is presented. From Fig. 2a and 
b, the coexistences of Fe3+ and Fe2+ as well as Mn3+ and 
Mn2+ can be found, where the fractions of Fe3+/Fe2+ and 
Mn3+/Mn2+ are 74%/26% and 61%/39%, respectively. This 
suggests the changes in the valence state of Fe3+ and Mn2+. 
In the B1.05FMO film, with the oxidations of Mn2+, some of 
oxygen vacancies were filled up to maintain the charge bal-
ance, and the reaction proceed by:

Therefore, the content of oxygen vacancies is reduced 
and the resistivity is improved by Mn doping. Similar results 
have been achieved in other BFO-based material [24].

The leakage current densities of BFMO films were char-
acterised by the J–E curves in Fig. 3a. It can be seen from 
Fig. 3a that all these BFMO thin films show asymmetry 
between the positive and negative applied electric fields. It 
may be related to the different interface state between the 
bottom ITO/BFO and the top Au/BFO [25]. The leakage 
current density of a series of B1+xFMO thin films has a non-
linear raising trend with the increase of applied electric field. 
Moreover, descending leakage current density is presented 
with the increasing excess Bi content for x ≤ 0.05 under 
the same applied electric field. The main reason is that the 
volatilization of bismuth ions can be compensated by the 
overdosed Bi content. However, the leakage current den-
sity will increase when the excess Bi content over 5 mol%. 
The reason for this phenomenon maybe that excess Bi forms 
impurity phase which provides a tunnel for leakage current 
[26]. A similar phenomenon in pure BFO thin film was also 
reported by Yan et al. [27]. In this work, B1.05FMO has the 
most improved resistivity, which should be attributed to its 
few oxygen vacancies and relatively good crystallization 
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Fig. 1   XRD patterns of B1+xFMO (x = − 0.05, 0, 0.05, 0.1) thin films

Fig. 2   XPS for a Fe and b Mn elements of B1.05FMO film
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(as shown in Fig. 3b). The low leakage current density of 
B1.05FMO (1.61 × 10−4 A/cm2 at 200 kV/cm) is one order 
of magnitude smaller than other BFO based thin film at the 
same E [28].

By fitting J–E data, the conduction mechanisms of 
B1+xFMO (x = − 0.05, 0, 0.05, 0.1) thin films in leakage 
current have been studied. In view of that the space charge 
limited conduction (SCLC) usually occurs in the ferroelec-
tric materials, Fig. 4a gives the plots of log(J)–log(E) based 
on the following equation [29]:

where J is leakage current density, εr is the relative dielec-
tric constant, µ is the charge carrier mobility, d is the film 
thickness, ε0 is the permittivity of free space and E is the 
applied electric field. At low applied E region, the values of 
relative slope α are 1.11, 1.18, 0.91 and 1.06, respectively 
suggesting that the leading effect of Ohmic conduction in the 
initial stage. For each film, the value of α is around 2 when 
the log(E) is in the range of 6.5–7.0 V/m. This indicates 
that leakage behavior of B1+ xFMO (x = − 0.05, 0, 0.05, 0.1) 
is taken charge of by the SCLC mechanism. The Similar 
phenomenon was also observed in Ba and Nb substituted 
BFO film [30]. This stems from the fact that the applied E 
causes electrons to be injected into thin films, resulting in 
more carriers injected from the electrodes than the bulk-
generated carriers. With the continuous increase of E, these 
films possess greater values of α much over 2. Therefore, 
considering the interface-limited Fowler–Nordheim (FN) 
tunneling is taken into consideration as given by the follow-
ing equation [29]:

JSCLC =
9��

r
�
0

8d
E
2

where J is leakage current density, φi is the potential barrier 
height, C and D are constants and E is the applied electric 
field. As shown in Fig. 4b, a linear relation between Ln(J/E2) 
and 1/E of these thin films at high E regions can be observed, 
which reveals that the leakage behaviour is dominated by FN 
tunneling mechanism under high applied E region. There-
fore, the insulating characteristics of each B1+xFMO thin 
film is dominant by the Ohmic conduction and SCLC at low 
E, and FN tunneling at high E regions.

Figure 5 exhibits the polarization–electric field (P–E) 
hysteresis loops of B1+xFMO (x = − 0.05, 0, 0.05, 0.1) 
thin films, which were measured under the frequency of 
10 kHz and at room temperature. One can find that the 
BFMO samples with − 5 mol% and 0 mol% excess content 
of Bi show the obvious feature with the round shape at the 
positive applied electric fields. This may be owing to the 
high leakage current resulting from the formation of the 
secondary phase and the oxygen vacancy. The samples of 
B1.05FMO and B1.1FMO exhibit well-defined P–E loops. 
For clarity, the values of remanent polarization (Pr) and 
coercive field (Ec) at 778 kV/cm for the films as func-
tions of excess Bi are shown in Fig. 6. When the content 
of excess Bi is 5 mol%, the value of Pr reaches 55.5 µC/
cm2, which is larger than that of Bi0.9Eu0.1FeO3 thin film 
(Pr = 44.75 µC/cm2) and comparable to that of BFO206/
BGFO150 layer thin film (Pr = 68.85 µC/cm2) [31, 32]. 
Furthermore, one can discover that the Ec of B1.05FMO 
thin film is the minimum (531 kV/cm) among all the sam-
ples, which can be attributed to the decrease of defects. 

J
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2
e
−
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Fig. 3   a Leakage current density (J) as a function of the electric field (E) for B1+xFMO (x = − 0.05, 0, 0.05, 0.1) film, b SEM images of the sur-
face morphology and cross-section diagram of B1.05FMO film
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Therefore, the ferroelectric performance of BFMO-based 
film is sensitive to the Bi content.

Figure  7 exhibits the room temperature frequency 
dependent dielectric constant (εr) and dielectric loss (tanδ) 
of B1+xFMO (x = − 0.05, 0, 0.05, 0.1) thin films in the range 
of 1 kHz to 1 MHz. For each film, the value of εr decreases 
slowly with the frequency increasing. This stems from the 
fact that the polarization cannot occur instantaneously at 
high frequency. As Bi content increases, one can observe 
that the εr increases first and then decreases. And then, the 
tanδ descends slowly and then raises with the growth of fre-
quency, which may be owing to the tanδ is prior affected by 
leakage current at low frequency region and dipole inertia 
is a major contributor to the dissipation factor at high fre-
quency region. When the excess content of Bi is 5 mol%, 
the values of εr and tanδ reach 210 and 0.02 at an applied 
frequency of 100 kHz, respectively. One can find that the εr 
and the tanδ are superior to Bi0.9Dy0.1Fe0.975Zn0.025O3 thin 
film (εr = 81, tanδ = 0.035) [33, 34].

According to the above research, the 5 mol% Bi-doped 
film has a larger remnant polarization and a smaller leak-
age current than other Bi doping samples. Figure 8 shows 
the normalized C–V curve of the B1.05FMO thin film. The 
curve features butterfly-type shape because of the switching 
of ferroelectric domains, which proves the thin film has bet-
ter ferroelectricity. The C–V curve doesn’t show symmetry 

about V = 0. It may be resulted from the difference of the 
work function between the bottom electrode and the top 
electrode. The tunability (T) reflects the ability to operate 
dielectric permittivity by electric fields and the tunability 
is defined by:

where the CE is the capacitance under the applied electric 
fields and the Cmax is the maximum capacitance. As a result, 
a maximum tunability of 88% was calculated. The higher 
tunability allows B1.05FMO thin films to be better used in 
microwave applications like matching networks and tunable 
filters, etc [35].

4 � Conclusion

To sum up, the 5 mol% Mn doped Bi1+xFeO3 (B1+xFMO, 
x = − 0.05, 0, 0.05, 0.1) thin films were grown on ITO/
glass substrates by chemical solution deposition. The con-
sequences manifest that the Bi nonstoichiometry plays a 
crucial part in the electric performance of B1+xFMO films. 
Among a series of samples, the B1.05FMO film has the 
lowest leakage current of 1.61 × 10−4 A/cm2 at 200 kV/cm, 

T(%) =
(Cmax − C

E
)

Cmax

× 100%

Fig. 4   Plots of leakage current conduction mechanism for B1+xFMO (x = − 0.05, 0, 0.05, 0.1) thin films: a Log(J)–Ln(E), b Ln(J/E2)–1/E 
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Fig. 5   The P–E hysteresis loops of B1+xFMO (x = − 0.05, 0, 0.05, 0.1) thin films

Fig. 6   Pr and Ec values as functions of excess Bi content annealed
Fig. 7   εr and tanδ as functions of frequency for B1+xFMO (x = − 0.05, 
0, 0.05, 0.1) thin films
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a larger remanent polarization (Pr ~ 68.3 µC/cm2), larger 
dielectric constant (~ 210), lower dielectric loss (~ 0.02) 
and larger tunability (88%). On basis of the experiment 
consequences, moderate Bi excess is testified to be feasi-
ble and workable to improve the electrical properties for 
BFO-based thin films.
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Fig. 8   C/Cmax–V curve of B1.05FMO thin film
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