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1. Introduction  

As an oxide with perovskite structure, Bismuth ferrite (BiFeO3, BFO) has been studied 
from 1970s (Teague, et al. 1970; Kaczmarek, et al. 1975).  The structure and magnetic 
properties of BFO were confirmed before 1970s. As reported, the crystal structure of BFO 
is perovskite with rhombohedral distortion and the space group is R3c. BFO is G-type 
antiferromagnetic. It was controversial about whether BFO was ferroelectrics until the 
hysteresis loop of single crystal BFO was measured in 1970 (Teague, et al. 1970). 
According to Teague’s results, the single crystal BFO was anisotropy. The remnant 
polarizations (Pr) along the (100) and (111) direction were 3.5μC/cm2 and 6.1μC/cm2 at 
the temperature of liquid nitrogen, respectively. However, because of the higher leakage 
current in the bulk BFO, it was difficult to measure the ferroelectric properties of BFO at 
room temperature. The problem of higher leakage blocks not only the studies of the 
electrical properties of BFO, but also the application of BFO in electrical devices. In 2003, 
the epitaxial BFO films with higher electrical resistivity and higher remnant polarization 
was fabricated by pulsed laser deposition (PLD) method (J. Wang, 2003). The value of Pr 
of the epitaxial BFO films is about 50μC/cm2. This value is larger than that of the 
traditional ferroelectrics such as Pb(Zr,Ti)O3 (PZT), BaTiO3 (BTO). If the BFO film with 
larger Pr can be used in ferroelectric memory (FeRAM), the size of the storage cell can be 
reduced and the storage density can be increased (Maruyama, 2007). More studies on BFO 
films are carried out (Eerenstein, 2005; Zavaliche, 2005; Singh, 2007; Hauser, 2008; Liu, 
2008; Yang, 2008). Even though the leakage mechanism in epitaxial BFO film has been 
studied (Pabst, 2007), the higher leakage current is still an obstacle for the study and 
application of polycrystalline BFO films. Compared to the epitaxial BFO films grown on 
perovskite structure substrate, the applications of polycrystalline BFO on silicon wafer are 
broader in the field of microelectronic devices. In this chapter, polycrystalline BFO films 
are fabricated by different physical and chemical methods on buffered silicon and 
perovskite structure substrate. The structural and electrical properties of these 
polycrystalline BFO films are investigated.  
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2. Experiments 

Considering the universality of our conclusion for different polycrystalline BFO films, the 
samples studied in this work are fabricated by two different methods, PLD and chemical 
solution deposition (CSD) methods. The former is a typical physical method of film 
deposition. The later is a chemical method. At the same time, different materials are used as 
substrate. For the samples prepared by PLD, n-type silicon covered by a layer of (La,Sr)CoO3 
(LSCO) is used as substrate. The layer of LSCO acts as bufferlayer for the growth of BFO and 
bottom electrode for the electrical measurement. For the samples prepared by CSD, the single 
crystal SrTiO3 (STO) covered by LaNiO3 (LNO) is used as substrate.  

2.1 The fabrications of BFO films by PLD method 
For the preparation of polycrystalline BFO films by PLD method, single-side polished 
silicon wafer is used as substrate. Before the deposition of BFO film, a layer of LSCO is 
deposited on the surface of silicon wafer by PLD. The component of the LSCO target is 
(La0.5Sr0.5)CoO3. The component of BFO target is Bi1.05FeO3. The excess bismuth is used to 
compensate the evaporation of bismuth at higher temperature during the growth of BFO 
films. The depositions of LSCO and BFO are carried out in a vacuum chamber with 
background pressure lower than 10-4 Pa. A KrF excimer laser with the wavelength of 248 nm 
is used for the deposition. During the deposition of LSCO layer, the oxygen pressure in the 
chamber is about 25 Pa. The temperature of the silicon wafer is 650oC (Li, 2009). Details 
about the deposition conditions are listed in table 1. The deposition of LSCO layer is carried 
out for 20 minutes. After the deposition, the oxygen pressure in the chamber increased to 50 
Pa and maintained for 30 min. The thickness of the LSCO layer is about 200 nm obtained 
from the scanning electronic microscope.  
 

Target LSCO BFO 
Frequency of pulse 5Hz 3Hz 
Oxygen pressure 25Pa 3Pa 

Substrate temperature 650oC 700oC 
Deposition time 20min 90min 

Holding temperature 650oC 495oC 
Holding oxygen pressure 50 Pa 3Pa/1.01×105 Pa 

Holding time 30min 30min 

Table 1. The deposition conditions of LSCO and BFO films grown on silicon wafer by PLD 
method. 

The oxygen pressure in the chamber during the deposition of the polycrystalline BFO films 
is 3 Pa. the temperature of the substrate is kept at 700oC. Details about the deposition 
conditions of BFO films are also listed in table 1. The deposition of BFO films is carried out 
for 90 minutes. After the deposition, the BFO films are cooled to 495oC slowly and held for 
30 min in a certain oxygen pressure. In order to study the effect of oxygen vacancies, two 
kinds of BFO films are fabricated by PLD. For the BFO film containing less vacancy of 
oxygen, the oxygen pressure in the chamber is 1.01×105 Pa when the sample is held at 495oC 
for 30min. For the sample containing more vacancy of oxygen, the oxygen pressure in the 
chamber is just 3 Pa when the sample is kept at 495oC for 30min (Li, 2008).  
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2.2 The fabrications of BFO films by CSD method 
Regarding the preparation of polycrystalline BFO films by CSD method, single crystal 
STO is used as substrate. A layer of LNO is fabricated on the surface of STO before the 
preparation of BFO films. The layer of LNO is also fabricated by CSD method and is used 
as bottom electrode. Both STO and LNO are perovskite structure and smaller crystal 
constant than BFO. Therefore, the substrate and the LNO layer can induce the growth of 
BFO films. The fabrication of LNO layer by CSD method is same to the way has been 
reported in literature (Meng, 2001). For the synthesizing of LNO precursor, lanthanum 
nitrate and nickel acetate are used as starting materials. The mixture of acetic acid and 
water are used as solvent. Lanthanum nitrate and nickel acetate with a stoichiometric 
molar ratio of 1:1 are dissolved in the solvent. The concentration of the precursor is 
0.3mol/L. For the preparation of the LNO layer, the LNO precursor is spin-coated on STO 
substrate at 3000rpm for 20 s. the wet film is dried at 180oC for 300s in a rapid thermal 
process furnace. Then the dried film is calcined at 380oC for 300s for the organic 
compound pyrolyzing. Finally, the amorphous film is annealed at 650oC for 300s for 
crystallization. The cycle of coating and thermal process are repeated six times to obtain 
LNO layer with expected thickness.  
In regard to the synthesizing of BFO precursor, bismuth nitrate and nickel acetate are used 
as starting materials. Acetic acid is used as solvent (Li, 2005). The fabrication of BFO film is 
also contained two steps, spin-coating precursor on LNO covered STO substrate and rapid 
thermal process in furnace. The precursor is spin-coated at 4000rpm for 20 s. The film is 
dried at 180oC for 240s, pyrolyzed at 350oC for 240s, and annealed at 600oC for 240s. Two 
kinds of BFO films with different electrical resistivity are fabricated. 

2.3 The crystalline and electrical characterizations 
The crystallinity of BFO, LSCO, and LNO films is characterized by x-ray diffraction (XRD) 
using Cu Kα as radiation source (D/MAX-2550V, Rigaku Co.). During the XRD 
measurement, the continuous θ-2θ scanning mode with the interval of 0.02o is used. All XRD 
characterizations are carried out at room temperature. For the electrical measurement, 
platinum is used as top electrode. Platinum dots with the diameter of 2×10-2cm are 
sputtered onto the surface of the polycrystalline BFO films using a shadow mask. The 
ferroelectric properties are measured using a ferroelectric test system (Permier II, Radiant 
Technologies, Inc.). During the measurement, the frequency of the alternating current (ac) 
signal is 1 kHz. Two triangle waves with different polarity are used as the applied voltage. 
Before each measurement of hysteresis loop, a pre-polar voltage is applied on the film. The 
dielectric properties of the polycrystalline BFO films are measured using an impedance 
analyzer (Hewlett-Packard 4194A). The voltage of the small ac signal is 0.05V. The 
frequency dependence of the permittivity and dielectric loss is measured in the frequency 
range from 100 Hz to 1 MHz. The voltage dependence of the permittivity is measured at 1 
MHz. The leakage current behaviour of the polycrystalline BFO films under dc voltage bias 
is measured using an electrometer (Keithley 6517A). Besides the electrical measurements 
carried out at room temperature, the temperature dependence permittivity and leakage 
current measurements are carried out at different temperatue and the temperature is 
controlled with an accuracy of ±0.5K using a variable temperature micro-probe stage (K-20, 
MMR technologies, Inc.). 
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3. Crystalline structures 

Because the impurity has great effects on the electrical properties of the BFO films, it is 
important that the studied polycrystalline BFO films do not contain any impurity or 
parasitical phase. The structure of the polycrystalline BFO films fabricated by PLD and CSD 
on different substrates is investigated firstly. 

3.1 The crystalline structure of BFO films fabricated by PLD method 
Figure 1 shows the XRD curves of the polycrystalline BFO films grown on LSCO covered 
silicon substrate and thermal treated at different oxygen pressure. The XRD curve of LSCO 
film grown on silicon wafer by PLD method is also exhibited in the figure. The indexes of 
each diffractive peak are labelled in the figure. The indexes of pseudo-cubic structure are 
used for BFO films. 
 

20 30 40 50 60

(2
1
1
)∗

(2
0
0
)∗

(1
1
1
)∗

(1
1
0
)∗

(1
2
1
)

(1
2
0
)

(2
0
0
)

(1
1
1
)

(1
1
0
)

(1
0
0
)∗

(La
0.5

Sr
0.5

)CoO
3

BiFeO
3
 treated at 3 Pa

In
te

n
s
it
y
 (

a
.u

.)

2θ (Degree)

BiFeO
3
 treated at 1.01∗10

5
Pa

(1
0
0
)

 
Fig. 1. The XRD patterns of (La0.5Sr0.5)CoO3 film and BiFeO3 films fabricated by PLD method 
and thermal treated at different oxygen pressure. The labels contained a star (*) indicate the 
diffractive peaks of LSCO. The indexes of pseudo-cubic structure are used to label the 
diffractive peaks of BFO films.  

There is no any trace of impure phase in the XRD curves of the polycrystalline BFO films 
thermal treated at 1.01×105 Pa or 3 Pa. Neither LSCO nor BFO films exhibit (100) preferential 
orientation even the (100) silicon wafer is used as substrate. The position of the diffractive peak 
does not show perceptible shift for the two kinds of BFO films thermal treated at different 
oxygen pressure. It indicates that the thermal process at different oxygen pressure does not 
affect the crystalline structure of the polycrystalline BFO films. The pseudo-cubic crystal 
constant calculated from the XRD curve is about 3.96Å. This value is close to the value of bulk 
BFO (JCPDS: 74-2016). Therefore, even the crystal constant of LSCO is smaller than that of 
BFO, the mismatch between BFO and LSCO has no effect on the crystalline structure of the 
polycrystalline BFO films. Moreover, the full width at half maximum (FWHM) of the 
diffractive peak has no obvious variety. It indicates that the size of the crystal grain in the two 
kinds of BFO films is not influenced by the difference of the thermal process. 
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3.2 The crystalline structure of BFO films fabricated by PLD method 
Figure 2 shows the XRD curve of polycrystalline BFO film grown on LNO covered (100)STO 
substrate. The position and relative intensity of the diffractive peak for bulk BFO is also 
exhibited in the figure. The data of the bulk BFO comes from JCPDS and is used to discuss 
the difference between the polycrystalline film and bulk.  
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Fig. 2. The XRD patterns of BiFeO3 films grown on LaNiO3 covered (100)SrTiO3 substrate by 
chemical solution deposition. The data of bulk BiFeO3 (JCPDS: 74-2016) is also displayed in 
this figure using short straight line. The height of the straight line represents the relative 
intensity of the diffractive peak. 

Compared with the BFO films grown on LSCO covered (100) silicon substrate by PLD 
method, the BFO film grown on LNO covered (100) STO substrate exhibits highly (100) 
preferential orientation. It can be ascribed to the inducement from the substrate with 
perovskite structure and smaller mismatch between BFO, LNO and STO. The existence of 
(110) and (104) diffractive peaks indicate that the BFO film is not epitaxial monocrystalline 
film but polycrystalline film. Compared with the XRD data of BFO bulk, the diffractive 
peaks shift towards higher angle. This means that the out-of-plane crystal constant of the 
BFO film is smaller than that of BFO bulk.  

4. Electrical properties of polycrystalline BFO films 

Ferroelectric hysteresis, dielectric response and leakage behaviour are the primary electrical 
characterization of ferroelectric films. Most of these electrical performances are related to the 
temperature. In this section, the electrical properties of polycrystalline BFO films fabricated 
by different methods are studied at different temperature. 

4.1 Dielectric response of polycrystalline BFO films 
The frequency dependence of capacitance and loss tangent of polycrystalline BFO films 
fabricated by PLD and CSD methods are shown in figure 3 and figure 4, respectively.  
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Fig. 3. The frequency dependence of capacitance and loss tangent of BFO films prepared by 
PLD method and thermal treated at 1.01×105 Pa (black) or 3 Pa (red). 

The capacitance of BFO film treated at 1.01×105 Pa decreases approximatively linearly with 
the frequency increasing. The value of loss tangent keeps about 0.08 at the frequency range 
between 100 Hz and 100 kHz, and rises to about 0.17 when the frequency achieves to 1 
MHz. the capacitance of the BFO film treated at 3 Pa decreases faster than that of the film 
treated at 1.01×105 Pa. The loss tangent of the film treated at 3 Pa is larger than that of the 
film treated at 1.01×105 Pa. The loss tangent increases with the frequency decreasing in the 
frequency range between 100 Hz and 1 kHz. The increase of loss tangent at lower frequency 
range suggests that the dc leakage current is higher in this BFO film. In addition, there is a 
broad relaxation peak near 105 Hz in the loss tangent curve.  
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Fig. 4. The frequency dependence of capacitance and loss tangent of BFO films prepared by 
CSD method. 
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Similar phenomena can be observed from the frequency dependence of capacitance and loss 
tangent of BFO films fabricated by CSD method, as shown in fig. 4. The frequency 
dependence of capacitance and loss tangent of BFO film with higher resistivity is similar to 
the results of the BFO film prepared by PLD method and thermal treated at 1.01×105 Pa. The 
capacitance of the BFO film with lower resistivity decreases faster than that of the BFO films 
with higher resistivity, and an obvious relaxation peak can be observed from the frequency 
dependence of loss tangent. Similar results have also been reported in pure and lanthanum-
substituted BFO film (Singh et al., 2007). According to Singh’s result, the leakage current in 
BFO films can be depressed greatly by substituting part bismuth using lanthanum. The 
frequency dependence of relative dielectric constant of pure BFO film varies distinctly 
compared with that of the lanthanum-substituted BFO film. A broad relaxation peak exists 
in the frequency dependence of loss tangent of the pure BFO film but can not be observed in 
the frequency dependence of loss tangent of the lanthanum-substituted BFO film. All of 
these results suggest that the evident variety of permittivity and the broad relaxation peak 
in the frequency dependence of loss tangent are relative to the higher leakage current in the 
polycrystalline BFO films. Because that the BFO films fabricated by PLD method and 
thermal treated at different oxygen pressure, the density of the vacancy of oxygen is 
different. The results of BFO films fabricated by PLD method also confirm that the dielectric 
relaxation in the BFO films with lower electrical resistivity is relevant to the defect of 
oxygen. 
Dielectric relaxation process related to the vacancy of oxygen usually follows the Debye-
type law. This kind of process can be represented by the empirical expression established by 
Cole and Cole (Cole & Cole, 1941) 

 
*

11 ( )
s

cole
i α

ε ε
ε ε

ωτ
∞

∞ −

−
= +

+
 (1) 

Where ε*cole is the complex dielectric constant, εs is the static dielectric constant, ε∞ is the 
dielectric constant at high frequency, ┬ is relaxation time and ω is the circular frequency. α is 
a parameter which is used to describe the distribution of relaxation time. The value of α is 
between 0 and 1. When α equals to 0, the equation (1) is simplified to Debye model, which 
has a certain relaxation. Besides the dielectric relaxation related to oxygen vacancies, there 
are some other factors which have contributions to the dielectric response in the 
polycrystalline BFO films with lower electrical resistivity. These factors exist also in the BFO 
films with higher electrical resistivity. The dielectric response of these factors does not 
display the Debye-type relaxation and can be represented by universal dielectric response 
(UDR) model. In this model, the real part and imaginary part of complex dielectric constant 
can be described respectively as (Lunkenhjeimer et al.,2002; Tselev et al., 2004)  
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where εrT and ε”T are the real part and imaginary part of complex dielectric constant. ┫dc is 
the dc electric conductivity, which is induced by the leakage current. ┫0 is a pre-power term 
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and s is a parameter with the value between 0 and 1. Considering the dielectric response 
related to the oxygen vacancies and all the other dielectric response processes, the frequency 
dependence of complex dielectric constant of the BFO films with lower electrical resistivity 
should following a model which is constituted by Cole-Cole’s model and UDR model. The 
expression of the model is  

 
* * *

cole Tε ε ε= +  (3) 

where ε* is the complex dielectric constant of polycrystalline BFO films with lower electrical 
resistivity, ε*cole and ε*T are the complex dielectric constant contributed by the relaxation 
processes related to oxygen vacancies and the dielectric response process following UDR 
model respectively. For the polycrystalline BFO film fabricated by PLD method and thermal 
treated at 3 Pa, the measured circular frequency dependence of complex dielectric constant 
and fitting results according to equation (3) is shown in fig. 5 (Li, 2008). The values of some 
parameters in the model are listed in table 2. 
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Fig. 5. The measured circular frequency dependence of complex dielectric constant and the 
fitting results for the polycrystalline BFO films fabricated by PLD method and thermal 
treated at 3 Pa.  

According to the fitting results, the electrical resistivity of the polycrystalline BFO film 
fabricated by PLD and thermal treated at 3 Pa is less than the orders of magnitude 109Ω·cm. 
This result coincides with the published work (Eerenstein, 2005). The lower electrical 
resistivity means higher leakage current in the films, which obstructs the measurement of 
ferroelectric properties of polycrystalline BFO films. 
 

┬ 
(s) 

┫dc 
(Ω-1·cm-1) 

┫0 
(Ω-1·cm-1) 

α s 

3.35×10-6 2.61×10-9 2.02×10-11 0.60 0.72 

Table 2. Values of some parameters used in the Debye and UDR combinatorial model. 
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Besides the relaxation process related to defect of oxygen, the interfacial polarization which 
occurs between the ferroelectric film and the electrode has significant impact on the 
measured dielectric response. Liu et al. have reported their results on the interfacial 
polarization between BFO films and the electrode (Liu, 2008). If there is the dielectric 
response induced by the interfacial polarization, the measured frequency dependence of 
capacitance will change significantly when different dc bias voltage applied on the samples 
(Zhang, 2005; Liu, 2008). The frequency dependence of capacitance of the polycrystalline 
BFO film fabricated by PLD and thermal treated at 3 Pa is measured under dc bias voltage 
between 0 and 3V. The results are shown in Fig. 6. In contrast to the results reported by Liu 
et al. (Liu, 2008), the curves of the frequency dependence of capacitance measured under 
different dc bias voltage almost overlap for our sample. A small difference between the 
curves can be observed from the enlarged plot. The difference dues to the nature of 
ferroelectrics that dielectric constant changes with the applied dc voltage. It is indicated that 
the dielectric response contributed by interfacial polarization between the BFO film and 
electrode can be ignored in our sample. 
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Fig. 6. The frequency dependence of capacitance of the polycrystalline BFO films fabricated 
by PLD method and thermal treated at 3 Pa measured at different dc bias voltage (0V and 
3V). The inset figure exhibits the enlarged parts of the curves nearby 100 kHz. 

Now, it is confirmed that the Debye-type relaxation process in polycrystalline BFO films 
with lower electrical resistivity is related to oxygen vacancies. More research is needed to 
investigate how the oxygen vacancies work. The dielectric relaxation process related to 
oxygen defects in the polycrystalline BFO films fabricated by CSD method with lower 
electrical resistivity is studied at different temperature. 
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Figure 7 display the temperature dependence of capacitance and loss tangent of 
polycrystalline BFO film with lower electric resistivity prepared by CSD method in the 
temperature range between 230K and 430K. The results are measured at different frequency. 
The capacitance decreases with the increase of the measuring frequency at a certain 
temperature. This result is consistent with the frequency dependence of capacitance of 
polycrystalline BFO films prepared by PLD method. A broad peak can be observed in the 
temperature dependence of loss tangent. The peak position shifts to higher temperature 
with the increase of the measuring frequency.  
 

250 300 350 400
0.0

0.2

0.4

ta
n

δ

Temperature (K)

 3 kHz

 30 kHz

 100 kHz

100

200

C
a

p
a

c
it
a

n
c
e

 (
p

F
)

 
Fig. 7. The temperature dependence of capacitance and loss tangent of the polycrystalline 
BFO films fabricated by CSD method. 

The temperature corresponds to the maximum of loss tangent at a certain measuring 
frequency is denoted as Tm. The value of Tm increases with the increase of the measuring 
frequency. The relationship between the logarithm of frequency and the reciprocal of Tm is 
plotted in Fig. 8 Inset. The relationship between the logarithm of measuring frequency and 
the reciprocal of Tm is nearly linear. It is suggested that the relationship between the 
measuring frequency and Tm following the Arrehenius law, which can be expressed as 
(Samara, 2003) 

 0 exp
B m

E
f f

k T

 
= − 

 
 (4) 

Where f0 is the pre-exponential term and E is the activation energy for the relaxation 
process, kB is the Boltzmann’s constant.  
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Fig. 8. The temperature dependence of loss tangent of the polycrystalline BFO films 
fabricated by CSD method. The value of Tm increases with increase of the measuring 
frequency. The Inset displays the relationship between the measuring frequency and the 
reciprocal of Tm. The straight line is linear fitting for the experimental data. 

According to the result of linear fitting, the activation energy for the relaxation process 
related to oxygen vacancies is about 230 meV. As reported, the activation energy for dipolar 
relaxation in ferroelectrics is about 100~400meV (Samara, 2003). Therefore, the relaxation 
process with the activation energy of 230 meV in our samples may be a kind of dipolar 
relaxation process related to oxygen vacancies. Besides the vacancy of oxygen, another 
primary defect is Fe2+ (Palkar, 2002; Yun, 2003; Y. P. Wang, 2004). Therefore, it is suggested 
that the dipolar which induced this relaxation process is composed by vacancy of oxygen 
and Fe2+ (Vo-Fe2+). It should be pointed out that the transfer of polaron in ferroelectrics also 
has the dielectric response similar to what has been observed above. But the activation 
energy for transfer of polaron is lower than the value calculated from our samples in the 
order of magnitude (Bidault, 1995). Therefore, the possible contribution from the transfer of 
polaron is excluded.  

4.2 Ferroelectric and leakage behaviors of polycrystalline BFO films 
As mentioned above, the higher leakage current in polycrystalline BFO films is related to the 
presence of a large number of oxygen vacancies. For the BFO film with higher electrical 
resistivity prepared by CSD method, the ferroelectric properties can be measured at lower 
temperature. The hysteresis loops and voltage dependence of capacitance of the sample 
measured at 70K are shown in Fig. 9.  
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Fig. 9. The hysteresis loops under different applied voltages for the polycrystalline BFO film 
fabricated by CSD method. The inset displays the voltage dependence of the capacitance. 
Both ferroelectric hysteresis and the voltage dependence of the capacitance are measured at 
70 K. 

As shown in Fig. 9, the hysteresis loop exhibits the trend of saturation when the applied 
voltage is higher than 16V. The difference between the sample under positive bias and 
negative bias may be induced by the different top and bottom electrodes. Correspondingly, 
the voltage dependence of capacitance also shows an asymmetric butterfly-shape curve. 
According to the definition (Park, 2000) 

 max min max( ) /tunability C C C= −  (5) 

where Cmax and Cmin are the maximum and minimum of the capacitance under different 
applied voltage, the tunability of capacitance for the polycrystalline BFO film prepared by 
CSD method is about 22% at 70K.  
However, when the temperature increases, the leakage current rises rapidly. The leakage 
current is so high that the film is breakdown before saturation under an applied voltage at 
room temperature. The measurements on the ferroelectric properties are impossible for this 
BFO film. Therefore, it is useful to study the leakage behaviour and the relationship between 
the leakage current and temperature. 
The conductance of the polycrystalline BFO film prepared by CSD method is measured 
under different voltage at the temperature range between 80K and 350K. The results are 
exhibited in Fig. 10 (Sun, 2006). 
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Fig. 10. The temperature dependence of conductance under different applied voltage of BFO 
film prepared by CSD method. The labels nearby each lines is the voltage applied on the 
film. (Sun, 2006) 

In the semi-log plot, the relationship between the conductance and the reciprocal of 
temperature is approximately linear. This relationship follows the Poole-Frenkel (PF) 
emission (Pabst, 2007; Yang, 2008), which can be expressed as 

 

3

0

1
expPF I

B r

q V
c E

k T d
σ

πε ε

  
  = − −

    
 (6) 

where c is a constant and EI is the trap ionization energy which is related to the hopping of 
charge carrier. V is the voltage applied on the BFO film and d is the thickness of the BFO 
film. According to Pabst’s report, the PF emission is the dominant transport mechanism in 
epitaxial BFO films (Pabst, 2007). Therefore, it is reasonable that PF emission is also one of 
the dominant leakage mechanisms in polycrystalline BFO film. However, there is an 
obvious difference between the experimental results of epitaxial and polycrystalline films. 
For epitaxial BFO films, the slope of the line log(σ) vs. 1000/T varies linearly with the applied 
voltage (Pabst, 2007). But the slope of the lines in Fig. 10 has great difference. The lines can 
be divided into two groups according to their slope. According to equation (6), the 
relationship between the slope and the square root of the applied voltage can be expressed 
as 

 

3

0

1 1
' I

I
B r B B

q V E
slope E c V

k d k kπε ε
= − = −  (7) 
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The coefficient c’ is related to the dielectric constant εr. Regarding the data measured under 
higher applied voltage, the result is close to the epitaxial BFO film. However, for the data 
measured under lower applied voltage, the derived dielectric constant is one order of 
magnitude smaller than the reported value. In order to study the origin of the difference 
under different voltages, conductive tip atomic force microscopy (CAFM) is used.  
 

 
Fig. 10. The images of conductive tip atomic force microscopy (Area 1μm×1μm). (a) Surface 
morphology of the BFO film under 2.5 V voltage; (b) Current mapping of the BFO film 
under 2.5V voltage; (c) Surface morphology of the BFO film under 4.5 V voltage; (d) Current 
mapping of the BFO film under 4.5V voltage (Sun, 2006). 

Figure 10 displays the CAFM images with different voltages applied on the tip. When the 
applied voltage is 2.5V, the area of grain boundary is highlight in fig. 10(b). This means that 
the leakage current flows along the grain boundary. When the applied voltage rises to 4.5V, 
all the grain is highlight. This means the current flows primarily through the whole grains. 
Comparing to the results of the leakage measurements, it is inferred that there is a region 
with lower dielectric constant at the grain boundary area. This region is the transfer access 
for leakage current when the voltage applied on the samples is smaller (Sun, 2006). 

4.3 Ferroelectrics of polycrystalline BFO films on buffered silicon wafer 
Compared to the BFO films grown on STO substrate, BFO films grown on silicon wafer 
has broader application prospects once the leakage problem is resolved. Figure 11 exhibits 
the ferroelectric hysteresis of the polycrystalline BFO films grown on LNO buffer silicon 
wafer.  

(a) (b) 

(c) (d) 
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Fig. 11. The ferroelectric hysteresis of the polycrystalline BFO films grown on LNO buffer 
silicon wafer. 

The layer of BFO is grown by PLD method and the buffer layer/bottom electrode LNO is 
fabricated by CSD method. The measurements are carried out at room temperature. 
Compared to the LSCO buffer layer fabricated by PLD, LNO layer fabricated by CSD is a 
more suitable buffer layer for the growth of high quality polycrystalline BFO films. 
Compared to the epitaxial BFO films on buffered-STO substrate, the value of Pr of 
polycrystalline BFO films is smaller. But the value is still larger than that of PZT and BTO 
films. Therefore, it is useful for the substitution of PZT in FeRAM. 

5. Conclusion  

In summary, the polycrystalline BFO films are fabricated on buffered silicon wafer and STO 
substrates. The electrical processes in the polycrystalline BFO films are investigated. The 
existence of a large number of oxygen vacancies not only increases the leakage current in 
BFO films, but also influence the dielectric response of the polycrystalline BFO films. The 
dielectric response is contributed in the form of dipolar combined by oxygen vacancy and 
Fe2+. For the polycrystalline BFO films do not contain many oxygen vacancies, the Poole-
Frenkel emission is the dominant transport mechanism when the polycrystalline BFO film. 
A region with lower dielectric constant exists at the grain boundary in polycrystalline BFO 
films. This region is the primary leakage access when the polycrystalline BFO film is under 
lower applied voltage. These results have significance for the researches on the applications 
of film in microelectronic devices. 
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