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The BiFeO3-based film is one of the most promising candidates for lead-free piezoelectric film devices. In this work, the  
1 μm-thick Bi(Fe0.93Mn0.05Ti0.02)O3 (BFMT) films are grown on the ITO/glass substrate using a sol–gel method combined with 
spin-coating and layer-by-layer annealing technique. These films display a large saturated polarization of 95 μC/cm2, and a rema-
nent polarization of 70 μC/cm2. Especially, the films are self-poled caused by an internal bias field, giving rise to asymmetric 
polarization-electric field (P-E) loops with a positive shift along the x-axis. A stable self-polarization state is maintained during 
the applied electric field increasing to 1500 kV/cm and then decreasing back. The weak dependence of P-E loops on frequency 
(1–50 kHz) and temperature (25–125°C) indicate that the internal bias field can be stable within a certain frequency and tempera-
ture range. These results demonstrate that the self-polarized BFMT thick films can be integrated into devices without any poling 
process, with promising applications in micro-electro-mechanical systems.
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1. � Introduction

Nowadays, with the integration and miniaturization of 
electronic devices, it has aroused wide interest to integrate 
functional materials into micro-electro-mechanical systems 
(MEMS). Piezoelectric materials are one of the most suitable 
functional materials in MEMS devices. Instead of the bulk 
piezoelectric materials, piezoelectric films, on behalf of lead 
zirconate titanate (PZT) and lead magnesium niobate-lead 
titanate (PMN-PT), have been integrated into various 
devices using MEMS processes, including energy harvesters,  
micro-actuators and micro-sensors.1–4

In order to realize lead-free applications, lead-free 
piezoelectric films are widely studied, such as, (Na0.5,Bi0.5)- 
TiO3-BaTiO3 (NBT-BT),5,6 (K,Na)NbO3 (KNN)7,8 and  
BiFeO3 (BFO).9,10 For realizing the good performance of film- 
based MEMS devices, the thickness of the piezoelectric film 
is usually greater than 1 μm.11,12 Besides, a poling process 
by an external electric field is crucial prior for the films to 
obtain an excellent piezoelectric response, which is difficult 
in MEMS devices.7,12,13 If the films are self-poled, this poling 
difficulty can be overcome and even the poling process can 
be eliminated.5,14 Some as-deposited films with self-polariza-
tion have been discovered in recent years. The NBT-BT film 
can exhibit an upward self-polarization by an internal bias 
field, originating from the interface effect.5 A negative build-
in field of 175 kV/cm is formed in the BFO film, with a large 

transverse piezoelectric coefficient (e31,f ~ −2.8 C/m2).10 In 
addition to the greatly beneficial for device application, an 
enhanced photoelectric conversion efficiency has also been 
obtained in the self-polarization films. For example, the sig-
nificant photovoltaic effect can be observed in BFO-based 
film, on account of that the electrons and holes could be sep-
arated by the internal electric field.15,16

Lead-free BFO has been investigated greatly, with a 
high Curie temperature of 1103 K17,18 and a large polarization 
of 100 μC/cm2,19,20 which indicates that BFO can be a prom-
ising candidate for piezoelectric MEMS applications. How-
ever, the pure BFO films suffer a severe leakage behavior, 
owing to the volatilization of Bi and the valence transition of 
Fe ions.21–24 Thus, only a few BFO film-based MEMS devic-
es have been reported,9 and the self-polarized BFO films have 
attracted enormous attention.10,25 It has been reported that the 
oxygen vacancies can be suppressed by the introduced Mn2+, 
thus effectively reducing the leakage current of BFO-based 
films.26,27 Besides, it also acts as a sintering acid.7 The sub-
stitution of high valance Ti4+ ions for the Fe site can reduce 
the cation valance transformation from Fe3+ to Fe2+, which 
can also help to decrease the leakage current.21 In our previ-
ous work, the strong self-polarization phenomenon was ob-
served in the 300 nm-thick (Mn,Ti)-codoped BFO-based film  
deposited on flexible mica substrate.23 A preferred upward 
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polarization state was obtained with an internal bias field 
of 284 kV/cm under 2000 kV/cm. The film also exhibited  
an outstanding piezoelectric performance. Nevertheless, for 
better application, it is still a challenge to fabricate BFO-
based films with thickness >1 μm and stable self-polarization.

In this work, we focus on the fabrication of self-polar-
ization thick films on indium tin oxide (ITO)/glass substrate. 
The 1 μm-thick Bi(Fe0.93Mn0.05Ti0.02)O3 (BFMT) films are 
prepared using a sol–gel method. The films display large 
saturated polarization with 95 μC/cm2 and remanent polar-
ization with 70 μC/cm2. An intrinsic strong self-polarization 
is obtained for the BFMT thick films. Moreover, the self-
polarization state is stable during the electric field increasing 
to 1500 kV/cm and then decreasing back, or in the frequency 
range of 1–50 kHz, or at working temperatures varying from 
25°C to 125°C.

2. � Experimental Procedure

The Bi(Fe0.93Mn0.05Ti0.02)O3 thick films were grown on 
ITO/glass substrate using a spin-coating method fol-
lowed by a layer-by-layer annealing process. To prepare 
the BFO-based precursor solutions, bismuth nitrate pen-
tahydrate [Bi(NO3)3·5H2O], iron (Ⅲ) nitrate nonahydrate 
[Fe(NO3)3·9H2O], and manganese (Ⅱ) acetate tetrahydrate 
[Mn(CH3COO)2·4H2O] were dissolved together in the mixed 
solvents of ethylene glycol [HOCH2CH2OH] and acetic 
acid [CH3COOH] with magnetic stirring at room tempera-
ture. Based on the volatility of bismuth (Bi) during thermal 
treatment, 5 mol.% excess Bi was added in this work. Tetra-
butyl titanate [Ti(OC4H9)4] fully dissolved in acetylacetone 
[C5H8O2] was added to the solution. In order to improve 
the uniformity of the precursor solution and the quality of 
the thick films, polyethylene glycol (PEG) was added to the 
mixed solution. The above solution was continuously stirred 
for more than one day to form a transparent and stable solu-
tion. Finally, the BFMT precursor solution with a concen-
tration of 0.5 mol/L was obtained. For the preparation of the 
thick films, the precursor solution was spin-coated on the 
ITO/glass substrate at 3000 rpm for 30 s. The spin-coated 
wet films were treated at 250°C for 5 min on a hot plate, and 
then the films were annealed at 500°C for 8 min in a rapid 
annealing furnace. The above spin coating and heat treatment 
process was repeated 15 times, and ultimately the BFMT 
films with a thickness of 1 μm were obtained.

The crystal structure of BFMT thick films was identi-
fied and analyzed in the 2θ range of 20–60° using an X-ray 
diffractometer (XRD, Bruker D8 Advance, Germany). The 
surface morphology and cross-sectional structure were stud-
ied by field-emission scanning electron microscope (FESEM, 
Zeiss Geminni300, Germany). The grain size was analyzed 
by Nano Measurer software. In order to conduct electrical 
performance test, Pt electrodes with a diameter of 200 μm 

were sputtered on the sample surface through a shadow 
mask as the top electrodes. Polarization-electric field (P-E) 
hysteresis and leakage current density-electric field (J-E) 
curves were characterized by a standard ferroelectric tester  
(aixACCT TF3000, Germany). The X-ray photoelectron 
spectroscopy (XPS) was performed by an XPS instrument 
(Thermo Escalab 250XI, UK). The temperature-dependent P-E 
measurements were performed by a temperature-controlled 
probe station (Linkam-HFS600E-PB2, UK). The capacitance 
was measured by an impedance analyzer (HP4294A, US).

3. � Results and Discussion

As shown in Fig. 1, the typical crystal structure of BFMT thick 
films was revealed by the X-ray diffraction (XRD) with a 2θ 
ranging from 20° to 60°. The structure of the standard ITO/
glass substrate was also included in the figure. Obviously, all 
the characteristic diffraction peaks of the BFMT thick films 
match well with the rhombohedral R3c structure,28 exclud-
ing the XRD pattern of the ITO/glass substrate. Moreover, no 
impurity or secondary phase can be detected, demonstrating 
the homogeneity of the precursor solution and the suitability 
of the annealing process. The strong (012) and (110) diffrac-
tion peaks of the sample can be found, which is consistent 
with the previously reported result of pure BFO film on 
ITO.29 Therefore, the well-crystallized Mn and Ti co-doping 
BFO-based thick films are successfully prepared on the ITO/
glass substrate.

Figure 2(a) shows the surface morphology of the BFMT 
thick films grown on the ITO/glass substrate. It can be found 
that the BFMT thick films exhibit a homogeneous structure 
with dense and uniform nanoscale grains, suggesting that the 
films are well crystallized. Besides, some pinholes are scat-
tered on the surface, which can be due to the volatilization of 
organic components during the layer-by-layer annealing pro-
cess.30 One-hundred randomly selected grains were analyzed 

Fig. 1.  XRD 2θ-scan patterns of ITO/glass substrate and BFMT 
thick films.
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to obtain the grain size distribution as exhibited in the  
inset of Fig. 2(a). The average grain size is approximately  
70 nm, which is much smaller than that of pure BFO film 
(~120 nm).31,32 The cross-sectional image of the BFMT/ITO/
glass heterostructure is presented in Fig. 2(b). The smooth and 
evident film/substrate interface can be obviously observed, 
and the thickness is approximately 1 μm for the BFMT films.

The variation of the leakage current density (J) with the 
electric field (E) is illustrated in Fig. 3(a). It can be seen that 
the leakage current density increases with the increase of the 
applied electric field. In addition, the J-E curve is asymmetric 
under the applied positive and negative electric field, which 
can be caused by the asymmetry of the top (Pt) and bottom 
(ITO) electrodes.33 The leakage current density measured at 
300 kV/cm (~ 30 V) is ~ 3×10−4 A/cm2, which is much lower 
than the pure BFO film (~ 1×10−1 A/cm2 at 300 kV/cm).34 
For clarity, Fig. 3(b) plots the logarithmic dependence of J 
as a function of E. As can be seen, the J under positive bias 
can be divided into three regions, all of which have a slope 
close to 1. Meanwhile, the J under negative bias increases 
monotonically with a slope of 1.06. Therefore, the curves 
can be consistent with Ohmic conduction (J∝Eα: α~1).35 For 
BFO-based films, the energy level of the oxygen vacancy is 
very close to the conduction band. Therefore, the electrons 
trapped by VÖ are easily activated to the conduction band by 
the electric field, resulting in severe leakage behavior.21

The XPS spectrum was carried out to analyze the valance 
states of Mn and Ti, as shown in Fig. 4. In Fig. 4(a), the peaks 
observed at the binding energy of 641.0 eV and 652.1 eV 
correspond to Mn2+ ions, while the peak located at 641.5 eV 
is related to Mn3+ ions.36 The Ti 2p spectrum in Fig. 4(b) is 

fitted with three peaks as 465.2 eV for Ti4+ 2p1/2, 459.4 eV 
for Ti4+ 2p3/2, 457.0 eV for Ti3+ 2p3/2.37 Besides, the peak at 
465.0 eV is determined to be the Bi 4d3/2 of Bi that overlaps 
with the Ti 2p.38 These results indicate that Mn2+ and Ti4+ are 
successfully introduced into the thick films.

In the case of the BFMT thick films, the reduced leak-
age current density can be attributed to the following three 
aspects: (i) The generation of oxygen vacancies caused by 
the volatilization of Bi is suppressed owing to 5 mol.% exces-
sive Bi. (ii) The substitution of Ti ion for Fe ion can effec-
tively inhibit the transformation from Fe3+ to Fe2+ to some 
extent. (iii) The VÖ can be reduced due to the substitution of 
low-valence Mn ions for Fe3+. Thus, the oxygen vacancy can 
be decreased to a certain extent, thereby reducing the leakage 
current density.

The room temperature polarization-electric field (P-E) 
loops of BFMT thick films were measured at 10 kHz. As 
shown in Fig. 5(a), the typical and saturated P-E loops can be 
obtained for the BFMT thick films. Under the applied electric 
field up to 1500 kV/cm, and the values of saturated polar-
ization (Ps) and remanent polarization (Pr) are about 95 and  
70 μC/cm2, respectively, which are much improved compared 
to pure BFO films.31,32 The asymmetric P-E loops under dif-
ferent electric fields can be observed with a positive offset 
along the x-axis. Moreover, a similar asymmetry can be found 
in the corresponding switching current curve, as presented 
in Fig. 5(b). There exist two sharp current peaks in the I-V 
curve, which can be related to domain switching, revealing 
the ferroelectric nature of the BFMT thick films.6

Note that the coercive field (Ec) obtained from the P-E 
loop and I-V loop is almost the same, with asymmetry pos-
itive coercive field (Ec

+) and the negative one (Ec
−). Such 

asymmetry characteristic indicates that an internal bias field 
(Eint) is presented in the BFMT thick films.39 The Eint can be 
calculated by the formula: Eint = (Ec

+ + Ec
−)/2.16,40 Figure 5(c) 

exhibits the relationship between the internal bias field and 
the electric field. The internal bias field is up to 145 kV/cm 
under 500 kV/cm, suggesting the intrinsic state of the BFMT 
thick films with a strong self-polarization. For comparison, 
the P-E loops of the 12-layer and 18-layer BFMT thick films 
were executed under 1000 kV/cm, as shown in the inset. The 
Eint of 12-layer BFMT films is 130 kV/cm with a large Ec, 
and the Eint of 18-layer is 68 kV/cm. Compared with the other 
two films, the 15-layer BFMT films with a thickness of 1 μm 

Fig. 2.  (a) Surface morphology and (b) cross-sectional structure of 
BFMT thick films. The inset shows the relevant grain distribution.

Fig.  3.  (a) Leakage current density-electric field (J-E) curve of 
BFMT thick films; (b) log (J) versus log (E) under positive and neg-
ative biases.

Fig. 4.  XPS spectrums of (a) Mn 2p and (b) Ti 2p.
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exhibit a large Eint as 105 kV/cm with a relatively small Ec. 
Thus, further investigations into the self-polarization of the 
1 μm-thick BFMT films were carried out. Meanwhile, the Eint 
comparisons of some self-polarization films are summarized 
in Table 1.1,5,16,24,41 The BFMT thick films in this work exhibit 
a relatively large internal bias field.

The Eint can originate from several possible factors: (i) The 
asymmetric top and bottom electrodes.1,42 The different work 
functions of Pt and ITO electrodes lead to different barrier 
heights at the Pt/BFMT and BFMT/ITO interfaces, which can 
promote an internal bias field. (ii) Oxygen vacancies defect 
layer.23,24 Since the deposited first film layer near the bottom 
electrode experiences more annealing processes, the oxygen 
vacancies can be accumulated at the BFMT/ITO interface, 
leading to the building up of an internal bias field. (iii) Defect 
dipoles.43 Oriented defect dipoles, such as (MnFe)′−(VÖ), can 
be formed in the BFMT thick films, generating an internal 
bias field and resulting in self-polarization.

To further study the self-polarization properties of the 
BFMT thick films, the P-E loops under different electric field 
sequences were measured, as shown in Fig. 6. The whole 
test process can be described as the BFMT thick films being 
tested from low electric fields to high electric fields, and the 
P-E loops under different electric fields are shown as the 
black lines in the figure. On the contrary, when the electric 
field comes back, the test results from the high electric field 
to the low electric field are displayed by red lines.

As can be seen in Fig. 6, the black curves and red curves 
are almost coincident. That is, the asymmetrical two curves 

exhibit the same positive shift under the same electric field, 
even experiencing from a low electric field to a high electric 
field and then back. This result indicates the existence of a 
stable self-polarization state.

In addition, it is worth noting that the asymmetry of 
curves becomes weaker with the increase of the electric 
fields, which is consistent with Fig. 5(c). As discussed above, 
there are three factors contributing to the internal bias field. 
The influence of electrodes on the weakened asymmetric 
characteristic can be excluded because top and bottom elec-
trodes (Pt and ITO) are stable throughout the whole test. The 
electric field-induced rearrangement of oxygen vacancies 
can occur under high electric field,30 which may lead to the 
reduction of the internal bias field. Besides, the aligned defect 
dipoles, which can promote self-polarization, may be broken 
during the high electric field measurement. The broken defect 
dipoles can also attribute to reduce the internal bias field.

Wide-operating frequency and high thermal stability 
are very important in the practical application of devices. 
Figure  7(a) shows the P-E loops of the BFMT thick films 
measured in the frequency range from 1 kHz to 50 kHz 
under 800 kV/cm at room temperature. Note that the satu-
rated hysteresis loops can be maintained under all the test 
frequencies. Meanwhile, it can be found that the P-E loop 
is weakly frequency dependent, that is, the slope of dP/dE 
remains almost the same. The corresponding values of Ps, 
Pr and Eint at different frequencies are exhibited in Fig. 7(b). 
As the measuring frequency decreases from 50 to 1 kHz,  
the Ps and Pr values increase from 54 to 58 μC/cm2 and  

Fig. 5.  (a) Room temperature P-E loops of BFMT thick films measured at 10 kHz. (b) P-E loop and corresponding switching current curve 
under 1300 kV/cm at 25°C and 10 kHz. (c) Internal bias field of BFMT thick films at various electric fields. The inset exhibits the P-E loops 
of BFMT thick films with 12, 15 and 18 layers under 1000 kV/cm.

Table 1.  Internal bias field (Eint) of self-polarization films.

Films Substrate Synthetic method Thickness (nm) Eint (kV/cm) Reference

PMN-PT SRO/STO/Si Molecular beam epitaxy 3500 −38@600 kV/cm 1

NBT-BT Nb: STO Sol–gel 370 19@200 kV/cm 5

BFO FTO Sol–gel 343 ~40@100 kV/cm 16

BNFO FTO Chemical solution deposition 400 ~150@1000 kV/cm 24

BFO SRO/STO Pulsed laser deposition 250 ~76@240 kV/cm 41

BFMT ITO Sol–gel 1000 105@1000 kV/cm This work
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34  to 36 μC/cm2, respectively. The Eint varies from 116 to 
113 kV/cm, revealing that the self-polarization can remain 
stable in a wide frequency range. The weak dependence of 
P-E loops on frequency can be attributed to the fast switching 
of domains.23 This result demonstrates the good frequency 
stability of the sample.

The thermal stability of the BFMT thick films was evalu-
ated in this work by measuring under 800 kV/cm at 10 kHz in 
the temperature range of 25–150°C. As presented in Fig. 7(c), 
all the P-E loops exhibit typical saturated ferroelectric char-
acteristics with a little difference under various tempera-
ture measurement environments. To clarify the temperature 

Fig. 7.  (a) Frequency dependence of P-E loops and (b) corresponding Ps, Pr and Eint. (c) Temperature dependence of P-E loops, (d) Ps, Pr 
and Eint values as functions of temperature.

Fig. 6.  (Color online) P-E loops under different electric fields measured during increasing and decreasing electric fields (the black loops 
indicate the P-E loops measured under the positive increasing E and the red loops indicate the reverse decreasing E).
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dependence of the sample, Ps, Pr and Eint as functions of 
temperature are depicted in Fig. 7(d). As the temperature 
increases from 25°C to 150°C, the values of Ps and Pr show 
a slight increase of 8.9% and 16.8%, respectively. This result 
can be contributed to the low leakage current. Similar results 
have been obtained in Mn and Ti co-doping BFO-based film 
deposited on the flexible substrate.23 The values of Eint remain 
almost unchanged at 115 kV/cm over the temperature range 
of 25–125°C. However, the Eint drops rapidly to 108 kV/cm at 
150°C, which may be related to the decoupled defect dipoles. 
This result demonstrates that the self-polarization of BFMT 
thick films can be maintained in the temperature range of 
25–125°C.

The relationship between the capacitance and voltage was 
studied in this work to better understand the self-polariza-
tion. As presented in Fig. 8(a), the capacitance-voltage (C-V) 
loops of the BFMT thick films were measured under different 
direct current (DC) voltages, ranging from ±25 V to ±65 V. 
It is worth mentioning that the typical butterfly-shaped C-V 
loop with obvious asymmetry can be found in each curve. 
The asymmetric C-V loops shift toward the positive voltage 
region, which is consistent with the phenomenon observed 
in the P-E loops. ∆V, defined as (|Vp|-|Vn|)/2 (where Vp and 
Vn represent positive and negative switching voltage respec-
tively), is used to characterize the degree of shift, which also 
originates from the existence of the internal bias in the thick 
films.32,44,45 The ∆V gradually decreases with the increasing 
DC voltage, as can be seen in Fig. 8(c). At low voltages, the 
aligned defect dipoles maintained in the BFMT thick films 
can promote a self-polarization state, while these dipoles can 
be broken at high voltages.32,45,46

Figure 8(b) illustrates the frequency dependence of the 
C-V loops measured at a DC voltage of ±45 V. All the but-
terfly curves exhibit a right shift in the frequency range of 
100–1 kHz. Corresponding ∆V is calculated and displayed 
in Fig. 8(d). As can be seen, frequency can greatly affect the 
value of ∆V of the BFMT thick films. Evidently, ∆V shows a 
reducing tendency with the decrease in measuring frequency. 
Similar to the phenomenon under different DC voltages, the 
decrease of ∆V is due to the reduction of internal bias. As 
known, the broken defect dipoles can occur due to sufficient 
time at a low testing frequency.32,46,47 These results confirm 

that the defect dipoles can contribute to the formation of the 
internal bias field.

4. � Conclusion

In conclusion, the 1 μm-thick BFMT films with self- 
polarization are deposited on ITO/glass substrate by the sol-
gel technique. The BFMT is well crystallized without any 
detectable impurity and possesses small grain with ~70 nm. 
The asymmetric polarization-electric field loops and capaci-
tance-voltage loop indicate the existence of the internal bias 
field. The stable self-polarization state is confirmed by the 
measurement under different applied electric fields, frequen-
cies, and temperatures. The BFMT thick films with stable 
self-polarization are beneficial for fabricating piezoelectric 
MEMS devices.
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