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1  Introduction

In recent years, multiferroic materials with the coexist-
ence of at least two ferroic orders (ferroelectric, (anti-)fer-
romagnetic and ferroelastic) have gained widely attention 
because of the coupling between electric and magnetic fer-
roic orders (magnetoelectric coupling). The characteristic 
makes it possible to control ferroelectric polarization with 
magnetic field or to control magnetism by electric field, 
which is potential for spintronic devices, multi-state mem-
ories, magnetoelectric devices and so on [1–3]. Bismuth 
ferrite (BiFeO3, short for BFO) is the most popular room-
temperature single phase multiferroic materials, which has 
high Curie temperature (TC ~ 830 °C) and Néel temperature 
(TN ~ 370 °C) [4–6]. But the practical applications of BFO 
have been restricted owing to two reasons. On the one 
hand, it is difficult to synthesize single phase BFO because 
that the volatilization of Bi2O3 and phase decomposition 
at high temperature fabrication process are prone to result 
in some impurity phases such as Bi2Fe4O9, Bi25FeO40 [7]. 
On the other hand, the leakage current of BFO materials 
is higher as a result of the existence of Fe2+ and oxygen 
vacancies (Vx

O
+ 2Fe

3+
→ V

⋅⋅

O
+ 2Fe

2+) [8]. In order to 
obtain single phase BFO thin films with excellent ferroelec-
tricity and low leakage current, several attempts such as ion 
substitution [9–14], introduction of buffer layer [15, 16], 
epitaxy [17], control of thickness [18, 19] have been con-
ducted. Moreover, the heat treatment in oxygen atmosphere 
for BFO materials can inhibit the formation of oxygen 
vacancy and make its leakage current decrease in theory so 
as to enhance its ferroelectricity based on the above analy-
sis. Go et al. [20] found that the BFO thin films annealed 
in O2 have higher remnant polarization and lower leakage 
current. Prashanthi et al. [21] found that the BFO thin films 
annealed in O2 is single phase and have more sufficient 
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crystallinity and lower surface roughness compared with 
the samples annealed in air and nitrogen, and XPS results 
confirmed that the Fe ion of BFO thin films annealed in O2 
is 3+ valence state, and the Fe ion of the films annealed in 
air and nitrogen is mainly 2+ valence state. But Singh et al. 
[22] prepared BFO thin films in various atmosphere (oxy-
gen, air and nitrogen) and found that the films annealed in 
nitrogen have lower leakage, better ferroelectric and mag-
netic properties than that of the samples annealed in air and 
oxygen. The ferroelectric and magnetic properties of the 
sample annealed in air are better than that of the sample 
annealed in oxygen, but the leakage current of the sample 
annealed in oxygen is lower. Liu et  al. [23] sintered BFO 
ceramics in H2, Air and O2 respectively and found that the 
sample sintered in H2 atmosphere has higher spontane-
ous polarization, but the spontaneous polarization of the 
sample sintered in O2 atmosphere is the lowest. Moreover, 
Simões et al. [24] found BFO thin films annealed in air has 
lower leakage current and superior ferroelectric property 
to the sample annealed in oxygen. The similar results have 
been gotten by Kim et  al. [25]. As mentioned above, the 
effects of annealing atmosphere (especially air and oxy-
gen) on phase formation and electric properties of BFO 
thin films are controversial. Meanwhile, the ferroelectric 
domain of BFO thin films is an intrinsic critical factor that 
influences its electric properties, and the effect of anneal-
ing atmosphere on domain structure has not been done 
systematically. Thus, we fabricated BFO thin films in dif-
ferent annealing atmosphere (air and oxygen) and studied 
systematically the effects of annealing atmosphere on crys-
tal structure, surface morphology, dielectric properties, fer-
roelectric properties and domain structure.

2 � Experimental procedure

The BFO thin films were prepared by sol–gel method and 
spin-coating technique. Bismuth nitrate ([Bi(NO3)3·5H2O], 
99.5%) and iron nitrate ([Fe(NO3)3·9H2O], 99.5%) 
were used as raw materials. 2-methoxyetha-
nol ([HOCH2CH2OCH3], 99.5%) and acetic acid 
([CH3COOH]], 99.5%,) were used as mixed solvent (the 
volume ratio of 2-methoxyethanol to acetic acid was 2:1). 
Firstly, the solution were prepared by adding bismuth 
nitrate and iron nitrate in the molar ratio of Bi: Fe = 1.1:1 
(excess of Bi to compensate its loss during annealing pro-
cess) to the mixed solvent and the solution was continu-
ously stirred at 20 °C for 30  min to ensure complete dis-
solution of bismuth nitrate and iron nitrate. Secondly, 
acetic anhydride ([C4H6O3], 99.5%) as dehydrating agent 
was added to the solution. It is noteworthy that citric acid 
([C6H8O7], 99.5%, the molar ratio of citric acid to metallic 
cation is 1:1) as a chelating agent should be added when 

the temperature of solution decreases to 25 °C, which is 
because that the exothermal dehydration reaction can result 
in the sharp rise of temperature easy to produce precipita-
tion. Moreover, the viscosity of the solution was adjusted 
by adding ethanol amine ([C2H7NO], 99.5%). Finally, a 
certain amount of 2-methoxyethanol was added to adjust 
the concentration of the solution to be 0.3  mol/L. And 
then the transparent and reddish-brown precursor solu-
tion was obtained after stirring and aging for 48 h at 25 °C. 
The amorphous films were deposited on the Pt(100  nm)/
Ti(30  nm)/SiO2(500  nm)/Si(500  μm) substrate by spin-
coating technique at 3000 rpm for 20 s by spin processor. 
After spin coating, the films were annealed in different 
atmosphere (air and oxygen) in conventional tube furnace 
at 600 °C for 15  min respectively. To obtain the desired 
thickness of thin films, the processes of spin coating and 
annealing were repeated several times.

The phase analysis of the films were performed at room 
temperature by X-ray diffraction (DX-2700 model, Dan-
dong Fangyuan, China, Cu Kα). The thickness of thin films 
is about 300 nm examined in a stylus profiler (P-7, KLA-
Tencor, USA). The Au top electrode with a diameter of 
200 μm and a thickness of 50 nm was deposited on the thin 
films by DC magnetron sputtering (JGP280, SKY, China). 
The room temperature ferroelectric hysteresis loops of thin 
films were measured by ferroelectric test system (TF2000E, 
aixACCT, Germany). The room-temperature capacitance 
of BFO films was determined by impedance analyzer 
(LCR, HP 4980 A, Agilent, USA). The dielectric constant 
was calculated by the following equation:

where C is the capacitance (F), ε0 is the free space dielec-
tric constant value (8.85 × 10− 12  F/m), A represents the 
capacitor area (m2) and t represents the thickness (m) of 
the films. The surface morphology and domain structure 
of BFO thin films were obtained in AFM (Atomic Force 
Microscopy) mode and PFM (Piezoelectric Force Micros-
copy, 3  V AC voltage is applied on tip) mode by scan-
ning probe microscopy (NTEGRA Prima, NT-MDT, Rus-
sia). Tip was CSG01 type (PtIr coated with radii of about 
10 nm, resonant frequency of 9.8 kHz, and spring constant 
of 0.03 N/m, NT-MDT, Russia).

3 � Results and discussion

3.1 � Microstructure

X-ray diffraction patterns of BFO thin films annealed in 
air and oxygen atmosphere are shown in Fig. 1. The refine-
ment of crystal structure has been done by Jade 6.0 soft-
ware. Table 1 shows the lattice constants of BFO thin films. 

(1)� = Ct∕�
0
A
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Firstly, the main phase of the thin films annealed in air and 
oxygen atmosphere is BFO phase (R3m group, JCPDS Card 
No. 72-2112). But there are some diffraction peaks around 
26.5°, 29.3° and 33°, 62° which belong to impurity (Bi2O2.3 
and Bi25FeO40) in the sample annealed in air, which may 
result from the kinetics of phase formation influenced by 
the annealing atmospheres. According to the intensity of 
diffraction peaks of BFO phase, it is found that the thin 
films annealed in oxygen atmosphere is single BFO phase 
and have more sufficient crystallinity than that of the sam-
ple annealed in air, which indicates that oxygen annealing 
atmosphere is more beneficial to improve the crystallinity 
and purity. To obtain the purity of BFO thin films, the XRD 
quantitative analysis was done. The mass fraction of BFO 
phase was calculated by the equation as follows:

where WBFO is the mass fraction of BFO, n is the number 
of impurity phase. IBFO and IXi are the intensity of reflec-
tion of (hkl) in BFO and the impurity phase (Bi25FeO40 
and Bi2O2.3), respectively. KBFO (8.89), KX1 (5.91) and KX2 
(6.94) are the RIR value of BiFeO3, Bi25FeO40, and Bi2O2.3, 
respectively. The mass fraction of BFO phase annealed in 

(2)
W

BFO
=

I
BFO

I
BFO

+
n
∑

i=1

I
Xi
K
BFO

K
Xi

air and oxygen atmosphere by Eq.  (2) is 88.7 and 97.6% 
respectively, which indicates that the thin films annealed 
in oxygen atmosphere approach to single phase. Secondly, 
the lattice constant and rhombohedral angle of the sample 
annealed in oxygen atmosphere are larger than that of the 
sample annealed in air (shown in Table 1).

Figure  2 shows the surface morphology of BFO thin 
films annealed in air and oxygen atmosphere. Firstly, it is 
observed that both of BFO thin films are smooth, dense and 
uniform. The average grain size of the sample annealed in 
air and oxygen atmosphere is 64 and 72  nm respectively. 
Our results are different from Prashanthi’s results [21]. In 
Prashanthi’s work, they found that the average grain size 
of BFO thin films annealed in O2 was smaller than that of 
the films annealed in air, which may be due to creation of 
oxygen vacancies which affect grain growth by changing 
the diffusion flux of oxygen vacancy [21, 24]. The reason 
for our different results is unclear. Secondly, the root mean 
square roughness (RMS) of BFO thin films annealed in 
air and oxygen atmosphere is 9.019 and 7.509 nm respec-
tively, indicating that annealing in oxygen atmosphere can 
enhance the thickness uniformity. In summary, annealing 
in oxygen atmosphere is more beneficial to form single 
phase BFO thin films with good thickness uniformity and 
smoothness.

3.2 � Electric properties

3.2.1 � Dielectric properties

The frequency dependences of the dielectric properties of 
BFO thin films annealed in different atmosphere at room 
temperature are shown in Fig. 3. Firstly, it is evident that 
the dielectric constant of BFO thin films annealed in air 
and oxygen atmosphere decreases with increasing fre-
quency. The behavior of dielectric constant with frequency 
is attributed to the fact that the electric dipoles are not able 
to catch up with the change of AC electric field at higher 
frequency, thus leading to relaxation phenomenon. Sec-
ondly, the dielectric constant of BFO thin films annealed in 
oxygen atmosphere is higher than that of the films annealed 
in air, which may result from two reasons. On the one hand, 
the average grain size of BFO thin films annealed in oxygen 
atmosphere is larger than that of the films annealed in air. 
It is well known that the dielectric constant of ferroelectric 

Fig. 1   XRD patterns of BFO thin films annealed in different atmos-
phere

Table 1   Crystal structure of 
BFO thin films annealed in 
different atmosphere

Annealing 
atmosphere

Lattice parameters Crystal structure Rhombohe-
dral angle 
(°)a (nm) b (nm) c (nm)

Air 0.3948 0.3948 0.3948 Rhombohedral (PDF No. 72-2112) 89.4
Oxygen 0.3994 0.3994 0.3994 Rhombohedral (PDF No. 72-2112) 89.86
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Fig. 2   AFM images of BFO thin films annealed in a air and b O2

Fig. 3   Frequency dependences of dielectric properties of BFO thin films annealed in different atmosphere a ε─log(f), b tanδ─log(f)
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grain in is higher than that of non ferroelectric grain bound-
ary, which indicates that the dielectric constant of BFO thin 
films with larger grain size is higher. On the other hand, 
the existence of impurity phases in the films annealed in 
air may result in its lower dielectric constant. Thirdly, the 
dielectric loss of BFO thin films annealed in oxygen atmos-
phere is lower than that of the films annealed in air, which 
can be due to the lower oxygen vacancy concentration and 
higher purity of BFO phase in the sample annealed in oxy-
gen atmosphere [22, 26]. Moreover, the dielectric loss of 
BFO thin film annealed in oxygen atmosphere keeps almost 
constant when frequency is lower than 1  MHz and then 
increases at higher frequency. But the dielectric loss of the 
sample annealed in air decreases firstly and then increases 
as frequency increases.

3.2.2 � Ferroelectric properties

The room temperature hysteresis loops of BFO thin films 
annealed in air and oxygen atmosphere measured at 3 kHz 
are shown in Fig.  4. The remnant polarization (Pr) and 
coercive electric field (EC) are listed in Table 2. Firstly, the 
hysteresis loops of BFO films annealed in air are unable 

to reach a fully saturated state, and the hysteresis loops of 
BFO films annealed in oxygen atmosphere show well-satu-
rated characteristics. It may result from relatively more oxy-
gen vacancies of BFO thin films annealed in air caused by 
the volatilization of Bi and reduction of Fe3+ during anneal-
ing process. Furthermore, the presence of impurity phase 
(Bi25FeO40 and Bi2O2.3) in the sample annealed in air may 
be the other reason. Secondly, the remnant polarization of 
the sample annealed in oxygen atmosphere is much higher 
than that of the sample annealed in air, which is attributed 
to two reasons. On the one hand, the grain boundary is non 
ferroelectric and the smaller grain size make it difficult to 
form large ferroelectric domains, which reduces the effec-
tive contribution to total polarization so that the remnant 
polarization of BFO thin films with smaller grain size is 
lower [27, 28]. As mentioned previously, the grain size of 
the films annealed in oxygen atmosphere is larger than that 
of the films annealed in air. On the other hand, the higher 
purity of BFO thin films annealed in oxygen atmosphere is 
the important factor. Thirdly, the coercive field of the sam-
ple annealed in air is lower than that of the sample annealed 
in oxygen atmosphere. Moreover, the hysteresis loops of 
BFO thin films annealed in oxygen atmosphere show obvi-
ous asymmetric characteristics in the electric field axis and 
the loops significantly shift to the positive direction of elec-
tric field axis. It suggests that there is obvious internal bias 
field in the thin films annealed in oxygen atmosphere. The 
internal bias electric field (Eint) can be obtained according 
to the equation (Eint= (E+

C
− E

−
C
)∕2,E+

C
 and E−

C
 is the coer-

cive electric field in positive and negative electric field axis 
respectively). Eint of the thin films annealed in air and oxy-
gen atmosphere is 3.015 and 43.81 kV/cm respectively. In 
generally, the asymmetric hysteresis loops in ferroelectric 
thin films may result from the difference in work functions 
between the top and bottom electrodes [29] and the imprint 
phenomenon caused by defect (such as oxygen vacancy) 
[30]. For the BFO thin films annealed in air with the same 
electrode configuration (top and bottom electrode is Au and 
Pt, respectively), the hysteresis loop is almost symmetric 
along the electric field axis. It suggests that the difference 
of work function between the bottom and top electrodes 
(Pt: 5.65 eV, Au: 5.1 eV) is obviously not the main reason. 
In other words, the defect may be the important reason for 
asymmetric hysteresis loops in BFO thin films annealed in 
oxygen atmosphere. As mentioned above, it is easy to form 
oxygen vacancy during the heat treatment of BFO thin 
films. Oxygen vacancy (V⋅⋅

O
) or complex defect (V′′′

Bi
- V

⋅⋅

O
) 

located in the interface between films and electrodes and 
grain boundary promote local stoichiometry deviation and 
then result in asymmetric hysteresis loops. That is to say, 

Fig. 4   Room temperature hysteresis loops of BFO thin films 
annealed in different atmosphere measured at 3 kHz

Table 2   The remnant polarization (2Pr) and coercive electric field 
(2EC) of BFO thin films annealed in different atmosphere

Annealing atmosphere 2Pr (μC/cm2) 2EC (kV/cm)

Air 6.16 516.49
Oxygen 21.92 634.92
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the degree of asymmetry of hysteresis loop should enhances 
with the increasing concentration of oxygen vacancy. How-
ever, it is noteworthy that the hysteresis loops of BFO thin 
films with higher concentration of oxygen vacancy result-
ing from air annealing is almost symmetric, which may be 
due to that the applied electric field is not enough to make 
oxygen vacancy move to form imprint phenomenon in BFO 
thin films with smaller grain size although the concentra-
tion of oxygen vacancy is higher.

3.3 � Domain structure

Figure 5 shows the AFM topography and PFM images of 
BFO thin films annealed in air and oxygen atmosphere. 
Firstly, the out of plane (OP) and in-plane (IP) phase 
images of the two thin films show the different phase con-
trast, indicating the different direction of polarization. It 
suggests that the polycrystalline BFO thin films annealed in 
air and oxygen atmosphere are polydomain state. As men-
tioned above XRD results, two polycrystalline BFO thin 
films annealed in air and oxygen atmosphere belong to the 
rhombohedral structure of BiFeO3 (R3m), indicating that 
the direction of polarization is <111>. The result suggests 
that the <111> polarization should have out-of-plane and 
in-plane polarization component. In the OP phase image 
(Fig. 5c, h), the bright region represents the domains with 
the polarization toward the bottom electrode (the direc-
tion of polarization is symbolized by ⊗), while the dark 
region represents the domains with the polarization upward 
(the direction of polarization is symbolized by ⊙). In the 
IP phase image (Fig.  5e, j), the bright region represents 
the domain with polarization toward the left direction (the 
direction of polarization is symbolized by ), and the dark 
region represents the domain with polarization toward the 
right direction (the direction of polarization is symbolized 
by ). Secondly, it is found that there are single domain 
state grain (such as the white circle region and blue cir-
cle region in Fig. 5a, c, e, and the yellow circle region in 
Fig.  5f, h, j) and polydomain state grain (such as the red 
circle region in Fig. 5a, c, e, and the red circle region and 
blue circle region in Fig.  5f, h, j) in two BFO thin films. 
According to the grain size of single domain and polydo-
main state grains, it is concluded that the single domain 
critical size of BFO thin films annealed in air and oxy-
gen atmosphere is 80–100 and 100–110  nm respectively. 
Moreover, it is also seen that the domains of some adjacent 
grains merge into single domain in two samples (such as 
the purple circle region in Fig. 5a, c, e, f, h, j). Thirdly, it is 
found that there are some non-neutral domain wall in two 
BFO thin films. For BFO thin films annealed in air, there 

is “tail to tail” domain wall (see the red circle region in 
Fig. 5a, c, e). And for BFO thin films annealed in oxygen 
atmosphere, there are “tail to tail” domain wall (see the red 
circle region in Fig.  5f, h, j) and “head to head” domain 
wall (see the blue circle region in Fig. 5f, h, j). “tail to tail” 
and “head to head” domain wall is negatively charged and 
positively charged respectively. Because there are a large 
number of oxygen vacancies in BFO thin films, BFO thin 
films show p-type electrical conductivity [29, 30]. There-
fore, the majority carriers such as positively charged hole 
and V ⋅⋅

O
 accumulate in “tail to tail” domain wall of p-type 

BFO thin films.

4 � Conclusions

In conclusion, BFO thin films were prepared via sol–gel 
spin-coating method and different annealing atmosphere 
and its microstructure, dielectric and ferroelectric proper-
ties, domain structure have been investigated. The XRD 
results indicate that the two BFO thin films annealed in air 
and oxygen atmosphere are rhombohedral perovskite struc-
ture, and oxygen atmosphere annealing is more beneficial 
to form pure BFO phase. According to AFM results, it is 
found that the BFO thin films annealed in oxygen atmos-
phere have better thickness uniformity and smoothness, and 
slightly larger grain size than that of the sample annealed 
in air. BFO thin films annealed in oxygen atmosphere have 
higher dielectric constant and lower dielectric loss than that 
of the sample annealed in air. And the remnant polarization 
of BFO thin films annealed in oxygen atmosphere is much 
higher than that of the sample annealed in air. The results 
suggests that the dielectric and ferroelectric properties of 
BFO thin films annealed in oxygen atmosphere are supe-
rior to that of thin films annealed in air. The PFM results 
show that single domain and polydomain state grains 
coexist in the BFO thin films annealed in air and oxygen 
atmosphere, and the single domain critical size of BFO 
thin films annealed in air and oxygen atmosphere is 80–100 
and 100–110  nm respectively. Moreover, BFO thin films 
annealed in air have negatively charged “tail to tail” domain 
wall, and BFO thin films annealed in oxygen atmosphere 
have both negatively charged “tail to tail” domain wall and 
positively charged “head to head” domain wall.

Fig. 5   Topography (a), OP PFM amplitude (b) and OP phase (c) IP 
PFM amplitude (d) IP phase (e) images of BFO thin films annealed 
in air. Topography (f), OP PFM amplitude (g) and OP phase (h) IP 
PFM amplitude (i) IP phase (j) images of BFO thin films annealed in 
oxygen atmosphere

▸
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