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Abstract (1-x)BiFeO3-xCaTiO;3 ((1-x)BFO-xCTO, x = 0,
0.05, 0.10, 0.15, 0.20) thin films were successfully grown on
Pt(111)/Ti/Si0,/Si(100) substrates using a sol-gel spin
coating method. The structure stabilities of BFO thin films
were improved by introducing CTO due to the increase of
their tolerance factor. The X-ray diffraction patterns indi-
cated that all the samples had a single perovskite structure.
The merging phenomenon of (110) and (104) diffraction
peaks demonstrated a distortion of the lattice structure in
BFO thin films by introducing CTO. The atomic force
microscope showed all the samples had dense, crack-free and
uniform morphology. The leakage current density decreased
with the increasing of CTO contents. At the applied electric
field of 300 kV/cm, the leakage current density of the
0.85BFO-0.15CTO was 1.42 x 10~® A/cm?, which is about
4 orders of magnitude lower than that of the pure BFO thin
film (5.78 x 10~* A/cmz). The leakage conduction mech-
anism showed Ohmic conduction for all thin films in the low
electric field region. In the high electric field region, the
leakage mechanisms were dominated by the space-charge-
limited current behavior for 0.80BFO-0.20CTO and the
Fowler-Norheim tunneling for (1-x)BFO-xCTO (x = 0.10,
0.15) thin films. The remnant polarization (2P,) and spon-
taneous polarization (P,) of (1-x)BFO-xCTO (x = 0.10,
0.15, 0.20) were obviously improved. The 0.85BFO-
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0.15CTO thin film showed the best ferroelectricity with large
remnant polarization of 39.88 uC/cm? while the remnant
polarization of the pure BFO was 3.74 nC/cm? at the electric
field of 300 kV/cm. The absorption edges of (1-x)BFO-
xCTO thin films are blue-shift with the increasing of x value.
The structural, optical properties and ferroelectricity of BFO
thin films were improved by introducing CTO.

1 Introduction

Multiferroic materials are well-known, which simultane-
ously have two or more properties of ferromagnetism, fer-
roelectricity and ferroelasticity [1-4]. It attracts enormous
attention because of its potential applications, such as
information storage, spintronic devices and sensors [4, 5].
BiFeO; (BFO) is the most promising room-temperature
multiferroic material with high Curie (Tc ~ 1103 K) and
Neel temperature (Ty ~ 643 K) [4]. BFO has a rhombo-
hedral distorted perovskite structure with space group R3c.
The origin of ferroelectricity is ascribed to the stereo-
chemically active Bi 6 s* lone pair electron, while the weak
ferromagnetism originates from the residual moment of the
Fe* spin structure [6, 7]. The large leakage current, poor
ferroelectric hysteresis loops and weak ferromagnetism
hinder the application of BFO. In order to overcome the
shortage of BFO, the effective methods including the
improved process of fabricating BFO thin film [8-10],
doping/co-doping [11-13], BFO-ABOj; bilayered structure
[14, 15] and solid-solutions [16—18], were reported. BFO-
ABO; solid-solutions become more interesting, because it
can enhance the multiferroic properties of BFO. But most of
the studies were about ceramic materials [19, 20]. Singh
et al. [5] reported BFO-BaTiO; ceramics have some
impacts on the ferromagnetism and explained the origin of
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weak ferromagnetism in terms of the Dzyaloshinskii-Mor-
iya interaction and dilution effects of the Fe’" sublattice.
Lahmar et al. [21] investigated the interplay of BFO-
LaMnOj; solid solution thin films. The addition of LaMnOj3
to BFO thin films induced the structural change, reduced the
leakage currents and improved the ferroelectric properties.
Also, the correlations between distortion, leakage current
and polarization properties were found. The smaller leakage
current and the higher polarization were obtained at the
higher distortion. Mutiferroic BFO-PbTiOj thin films have
been studied [22, 23], which exhibit the low dielectric loss,
the weak ferromagnetism and the slim ferroelectric hys-
teresis loops. Liu et al. [24] reported that both ferroelectric
(P, = 12.5 uC/cm?) and magnetic properties are signifi-
cantly improved in (SrgsCags)TiO3-BFO ceramics. The
improvement of ferroelectricity is mainly due to the sup-
pressed leakage current, and the enhanced magnetism
originates from the destruction of previous spiral structure
for the partial substitution of Fe> by Ti*" ions. Wang et al.
[25] reported that the BFO-CaTiO5; (CTO) ceramics could
improve its structure stability and multiferroic characteris-
tics with the increased dielectric constant, the improved
ferroelectricity and the enhanced remnant magnetization. A
remnant polarization of 0.28 uC/cm? was found in the
0.80BFO-0.20CTO solid-solution ceramic. Although the
enhanced ferroelectric properties of BFO-CTO solid solu-
tions have been reported, the polarization is still not high.
Moreover, as far as we know, the effects of CTO on optical
characteristics and the leakage mechanisms of BFO-CTO
thin films have not been reported. For fabricating BFO-CTO
solid solutions, several methods have been reported such as
solid state reaction, chemical solution deposition and so on
[21, 25, 26]. Comparing with other methods, sol-gel spin
coating technique is the candidate method for preparing
BFO-CTO thin films due to uniform thickness, simplest and
cost effective [15]. Therefore the better improvement in
ferroelectric properties and lower leakage current of BFO-
CTO thin films can be expected by a sol-gel method. The
optical properties and the leakage mechanisms of BFO-
CTO thin films are studied in this paper.

In this work, BFO modified by introducing CTO with
different content were prepared on Pt(111)/Ti/Si0,/Si(100)
substrates using a sol-gel method. The structural, ferro-
electric and optical properties of (1-x)BFO-xCTO (x = 0,
0.05, 0.1, 0.15, 0.2) thin films were investigated and the
leakage mechanisms were discussed in detail.

2 Experimental details
(1-x)BFO-xCTO (x = 0, 0.05, 0.1, 0.15, 0.2) thin films

were grown on Pt(111)/Ti/SiO0,/Si(100) substrates by the
sol—gel spin coating method. Bismuth nitrate pentahydrate
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(Bi(NOs);.5H,0), iron nitrate nonahydrate (Fe(NO3)3.9
H,0O), calcium nitrate tetrahydrate (Ca(NOj3),.4H,0),
tetrabutyl titanate ([CH3(CH,);0]4Ti) as the raw materials
were used to synthesize the precursor solutions.
Bi(NO3);.5H,0O (excess 5 % to compensate the Bi loss)
and Fe(NO;);.9H,0 were dissolved in 2-methoxyethanol
and ethylene glycol mixture. After stirring for an hour, a
small amount of acetic anhydride was added into the
solutions to form the pure BFO precursor solutions.
Finally, the proper ratios of Ca(NOj3),.4H,O and [CHj3
(CH,)30]14Ti were added to acquire the (1-x)BFO-xCTO
(x =0, 0.05, 0.1, 0.15, 0.2) precursor solutions. Then the
solutions were stirred continuously for 2 h. The final con-
centration of the solutions was 0.25 mol/L.

The precursor solutions were spin-coated on the Pt(111)/
Ti/Si0,/Si(100) substrates. Each layer was deposited at
3000 rpm for 30 s and prefired at 350 °C for 10 min. This
process was repeated for several times to obtain the desired
thickness. Then, the films were carried out by a rapid
thermal processor at 550 °C for 15 min.

The structure of (1-x)BFO-xCTO films was identified by
X-ray diffractometer (XRD, D-MAX 2200 VPC,
RIGAKU) with Cu K« radiation (A = 0.154 nm). The
microstructure and surface roughness characterization were
carried out by using atomic force microscope (AFM;
BRUKE Dimension fastscan). The thickness of thin film
was measured by thermal FE environment scanning elec-
tron microscope (SEM, Quanta 400, Dutch Philips).The
ferroelectric properties and leakage current density of all
films were obtained using a ferroelectric test system (Pre-
cision Premier II, Radiant). The optical properties were
measured using transmittance spectra (UV/vis Lambda 28S,
Perkin- Elmer).

3 Results and discussion

Figure la displayed the XRD patterns of (1-x)BFO-xCTO
(x =0, 0.05, 0.1, 0.15, 0.2) thin films in the range of 20
from 20° to 60°. The detectable diffraction peaks matched
well with the distorted perovskite-type rhombohedral
structure for the pure BFO thin film. No impurity phase
was observed in all samples. Figure 1b shows that the
(110) and (104) diffraction peaks of (1-x)BFO-xCTO
(x = 0.05, 0.1, 0.15, 0.2) were merged into one peak in the
vicinity of 32° compared with that of BFO, which inferred
that the structure of (1-x)BFO-xCTO (x = 0.05, 0.1, 0.15,
0.2) transformed from rhombohedral to orthorhombic
structure [12, 27]. The merged peaks move to the larger
angles with increasing CTO content, which reveals the
lattice constants decrease according to the Bragg equation.
This can be attributed to the substitution of Bi*"
(0.103 nm) for Ca** (0.099 nm) and Fe’" (0.0645 nm) for
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Fig. 1 a The XRD patterns of (a)
(1-x)BFO-xCTO thin films and
b the enlarged XRD patterns
from 31° to 32.5°

Intensity (arb.units)

Ti** (0.0605 nm). For ABO;-type perovskite structure, the
Goldschmidt tolerance factor (¢) can be calculated by [28]

= M’ (1)
V2(Rg + Ro)

The R4, Rp and R, are the ionic radius of A, B and O,
respectively. The tolerance factor are 0.84229, 0.84232,
0.84235, 0.84237, 0.84240 for (1-x)BFO-xCTO (x = 0,
0.05, 0.10, 0.15, 0.20) thin films, respectively. Therefore,
the structural stabilities of (1-x) BFO-xCTO thin films were
improved.

Figure 2a—e show the AFM images of (1-x)BFO-xCTO
(x =0, 0.05, 0.10, 0.15, 0.20) thin films in an area of
1.0 x 1.0 pm?. All the samples have dense, crack-free and
uniform morphology. The root-mean-square (RMS) surface
roughness values of the (1-x)BFO-xCTO thin films with
x =0, 0.05, 0.10, 0.15, 0.20 are 6.56, 3.31, 2.92, 2.43,
3.00 nm, and the average grain size are 110.07, 81.71,
67.89, 71.48, 85.48 nm, respectively. Compared with pure
BFO, it’s obvious that the surface roughness and the
average grain size decrease with increasing CTO content.
Figure 2f shows the cross section SEM images of pure
BFO. As shown in Fig. 2f, the thickness of thin film is
about 300 nm.

Figure 3 shows the plot of leakage current density
(J) versus applied electric field (E) for (1-x)BFO-xCTO
(x = 0,0.05,0.10, 0.15, 0.20) thin films. All the J-E curves
exhibit good symmetry at negative and positive biases. At
the applied electric field of 300 kV/cm, the leakage current
density of (1-x)BFO-xCTO (x = 0, 0.05, 0.10, 0.15, 0.20)
thin films are 5.78 x 107%, 1.75 x 107 5.21 x 107%,
1.42 x 107® and 5.56 x 107> A/cm?, respectively. The
leakage current density decreases with increasing the CTO
contents except the 0.80BFO-0.20CTO. The leakage cur-
rent density of 0.85BFO-0.15CTO thin film is the lowest,
which is about 4 orders of magnitude lower than that of
pure BFO thin film. According to the morphology of the
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samples, the surface roughness and the average grain size
decrease with increasing CTO content. The reduction of the
oxygen vacancies lead to the decrease of the leakage cur-
rent, which results from that the bond energy of Ca-O is
larger than that of Bi-O when the Ca ions substitute for A
site [26], and the Ti ions substitute for B site could prevent
the change of valence state of Fe ions [29].

Figure 4 illustrates the room temperature P-E hysteresis
loops of (1-x)BFO-xCTO thin films measured at the
electric field of 9 V. As shown in Fig. 4, the well-defined
P-E hysteresis loops are obtained for all the thin films. The
values of remnant polarization (2P,) and spontaneous
polarization (P,) are shown in Table 1. It’s obviously seen
that the 2P, and P, of the samples increase and reach the
maximum (x = 0.15) and then decrease with the increas-
ing content of CTO. The 2P, and P; of 0.85BFO-0.15CTO
are 39.88 and 49.27 uC/cmz, while that of pure BFO are
3.74 and 7.86 pC/cm?®. Compared with the pure BFO, the
2P, and P, of 0.85BFO-0.15CTO approximately enhance
ten times. This can be attributed to the reduction of leak-
age current density for BFO modified by introducing CTO.
The ferroelectric property of BFO is originated from Bi
6s° lone pair [30]. Wang et al. [6] found that the Ti doped
BFO improved the remnant polarization because of sta-
bilizing the ferroelectric distortion rather than influencing
the origin of ferroelectricity. Kim et al. [26] reported that
0.7BiFe03-0.3CaTiOj; thin film would improve the ferro-
electricity due to the lattice distortion. So BFO modified
by CTO could not make apparent effects on the origin of
ferroelectricity. The enhancement of ferroeletricity for
(1-x)BFO-xCTO samples is ascribed to the more
stable ferroelectric distortion and reduction of oxygen
vacancies. What’s more, the grain size of a sample may
affect the polarization. It can be explained by the grain
boundary, which is the weak ferroelectric region. The
value of polarization may decrease as the grain size
becomes smaller [29].
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Fig. 3 The leakage current densities of (1-x)BFO-xCTO thin films

There are many different leakage mechanisms, which
were widely used to investigate the J-E characteristics of
BFO thin films. The possible conduction mechanisms
include Ohmic conduction, the Schottky emission (SE), the
Fowler-Norheim (FN) tunneling, the space-charge-limited
current (SCLC) and the Poole-Frenkel (PF) emission. The
SE and FN tunneling are interface-limited conduction,
whereas the SCLC and PF emission are bulk-limited con-
duction [31-33].
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Fig. 4 Room temperature ferroelectric hysteresis loops of (1-x)BFO-
xCTO thin films measured at £300 kV/cm

Table 1 The values of P, and 2P, of the (1-x)BFO-xCTO thin films

CTO content (at.%) 0 5%  10% 15% 20 %
P, (uClem?) 786 952 3067 4927 2348
2P, (uClem?) 374 477 2619 3988  10.77
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The Ohmic conduction is expressed by [29, 33]
JO = ne:uEa (2)
logJo = log E + log(nep), (3)

where e is the electronic charge, n is the number of charge
carriers, and  is the carrier mobility and E is electric field.
The slop value of log J versus log E is around 1, indicating

that the dominant leakage mechanism is Ohmic
conduction.
The SCLC can be expressed as [29, 31]
Ousoe,E?

J = 4

SCLC 8d 4)

Oueye?

log Jscrc = 21og E + log%a (5)

where u is the carrier mobility and E is electric field, & is
the permittivity of free space, and ¢, is relative dielectric
constant of films, and d is the film thickness. The slop value
of log J versus log E is around 2, indicating that the
dominant leakage mechanism is SCLC. The linear rela-
tionship of log J versus log E at a positive bias is shown in
Fig. 5a. The slopes of (1-x)BFO-xCTO (x = 0, 0.05, 0.10,
0.15, 0.20) thin films at lower electric field are 1.06, 1.12,
1.09, 1.17 and 1.14, respectively. It suggests that the
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conduction behavior is Ohmic conduction. The slope value
of 0.80BFO-0.20CTO thin film is 2.36 in the electric field
above 1.78 x 107 V/m, in agreement with SCLC behavior.
While the slope values for (1-x)BFO-xCTO (x = 0.10,
0.15) are 3.93 and 4.54 in the electric field above
1.53 x 107 V/m. It suggests that there are discrete traps
embedded in the background of continuously distributed
traps in ferroelectric thin films, which will induce a vertical
regime with infinite slope in log J versus log E plots [31].
There are no such regimes in the plots, so the traps should
be continuously distributed.

The interfacial-limited SE arises from the energy dif-
ference in Fermi levels between a metal and a semicon-
ductor where carrier transportation has to overcome the
potential barrier, and it can be expressed by [32]

—(¢pp — er/eE [4mepK)

kgT

JSE 63 1 ¢B
Ty N S— U R YY) 7
"7 TN\ x dnak kel n(4), @

e3

k3T? x 4mego?’

: (6)

JSE = AT2 exp[

K

(b) -19 LA
N:
-
o
g
4
=
~
o
&=
=
N’
=
= 23 A 0.90BFO-0.10CTO
v 0.85BF0-0.15CTO
4.4x10° 4.8x10° 5.2x10° 5.6x10°
12 12
E " (V/m)
(d) -41
A
-42 J _
-~ 4 a=629 A Ay
< an
A A
s -43 1 aad v v
S~ ) A AAA v
o X A A v
E 44 J aat s v
\A4 v
3 0=-8.16
-45 4 v"v"yv Vv,
Vv
A 0.90BFO-0.10€TO
-46 4 v 0.85BFO-0.15CTO
1E-7 1E-6
1/E (m/V)

Fig. 5 The leakage current densities versus electric field characteristics of the (1-x)BFO-xCTO thin films. a Ohmic conduction and SCLC, b SE,

¢ PF emission and d FN tunneling
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where A is Richardson constant, ¢p is the Schottky barrier
height, K is the optical dielectric constant, T is the tem-
perature and kg is Boltzmann constant. Figure 5b shows
In(J/T?) versus E'? plots of (1-x)BFO-xCTO (x = 0.10,
0.15) thin films at a positive bias. The refraction index
(n) of BFO is 2.5, and the optical dielectric constant
(K = n?) is 6.25. The linear fittings are obtained, and the
values of K calculated according to Eq. (5) for (1-x)BFO-
xCTO (x = 0.10, 0.15) thin films are 0.603 and 0.45. These
values are quite smaller than 6.25, suggesting there is no
SE emission in the thin films.

The PF emission arises from the field-assisted thermal
ionization of trapped carriers into the conduction band of
thin films, and is described by [31, 32]

—(¢; — e\/eE[meoK
Jpr = AE exp (9; — ey eE/meok) ) )
kgT
JpF el L
h—=,/———F - In(A 10
"E T\ BT xmk kT n(4), (10)
3
K ¢ (11)

K3T? x mego?’

where A is constant, ¢; is the trap ionization energy, K is
the optical dielectric constant, T is the temperature and kp
is Boltzmann constant. Figure 5c shows In(J/E) versus E 172
curves of (1-x)BFO-xCTO (x = 0.10, 0.15) thin films at
high electric field. The slope values can be obtained
according to the linear fitting and K values of (1-x)BFO-
xCTO (x = 0.10, 0.15) are 3.82 and 2.65 according to
Eq. (7). The values are not close to 6.25, so the PF emis-
sion should be ruled out.

The FN tunneling is the effect that the injection of
charge carriers into an insulator layer from electrodes may
take place by tunneling through an interfacial energy bar-
rier. It can be expressed as [32, 33]
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(13)
where B and C are constant, ¢; is the potential barrier
height. Figure 5d shows the In(J/E?) versus (1/E) at posi-
tive bias. The linear relation with the negative slope are
obtained for (1-x)BFO-xCTO (x = 0.10, 0.15) thin films.
At the high electric field, the leakage currents show the FN
tunneling behavior. The FN tunneling mechanism demon-
strates the formation of a partial depletion layer between
thin film and the electrode.

The leakage conduction mechanism is dominated by
Ohmic conduction for all thin films at the low electric field.
The bulk-limited SCLC behavior is responsible for the
conduction of 0.80BFO-0.20CTO in electric field above
1.78 x 107 V/m. Neither PF nor SE emission does exist in
the thin films. And the leakage currents show FN tunneling
for (1-x)BFO-xCTO (x = 0.10, 0.15) thin films at the high
electric field above 1.53 x 107 V/m.

Figure 6a shows the UV-visible absorption spectra of
(1-x)BFO-xCTO (x = 0, 0.05, 0.10, 0.15, 0.20) thin films.
According to the Tauc’s law [34], the relationship of
absorption coefficient and energy can be described as
oahy = A(hv—Eg)Uz, where A, h, v, E,, o are a constant,
Plank constant, light frequency, optical band gap and
absorption coefficient, respectively. The (chv)® versus hv
plots of all samples are shown in Fig. 6b, and the optical
band gap (E,) could be obtained from the tangent line of
the plots [35]. E, of (1-x)BFO-xCTO (x = 0, 0.05, 0.10,
0.15, 0.20) thin films are 2.34, 2.54, 2.59, 2.58, 2.60 eV,
respectively. Obviously, a little blue shift of the optical
band gap was presented when the CTO content increased

because the E, of CTO is ~ 3.5eV [36]. This
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Fig. 6 a UV-visible absorption spectra and b the (chv)® versus hv plots of (1-x)BFO-xCTO thin films
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phenomenon was maybe caused by the Burstein-Moss
effect [37, 38], which the Fermi energy lies inside con-
duction band, then E, will increase due to Pauli’s exclusion
principle.

4 Conclusions

(1-x)BFO-xCTO (x = 0, 0.05, 0.10, 0.15, 0.20) thin films
are successfully fabricated on the Pt(111)/Ti/Si0,/Si(100)
substrates by a sol-gel spin coating technique. The XRD
indicates that all the samples had a single perovskite
structure and BFO modified by introducing CTO have a
structural distortion. The AFM images show all the samples
had dense, crack-free and uniform morphology. The RMS
values of the (1-x)BFO-xCTO thin films with x = 0, 0.05,
0.10, 0.15, 0.20 are 6.56, 3.31, 2.92, 2.43 and 3.00 nm,
respectively. The average grain sizes are 110.07, 81.71,
67.89, 71.48 and 85.48 nm, respectively. The leakage cur-
rent density decreases with increasing the CTO contents
except 0.80BFO-0.20CTO. The 0.85BFO-0.15CTO has the
lowest leakage current density (1.42 x 10~% A/cm?), which
is about 4 orders of magnitude lower than that of the pure
BFO thin film. The leakage behaviors show Ohmic con-
duction for all thin films in the low electric field region. The
leakage mechanism is dominated by SCLC behavior for
0.80BFO-0.20CTO at high electric field (>1.78 x 10’
V/m), while FN tunneling is responsible for the conduction
of (1-x)BFO-xCTO (x = 0.10, 0.15) thin films at high
electric field (>1.53 x 10’ V/m). There are no PF and SE
emission effects in the films. The 2P, and P, of the samples
increase and reach the maximum (x = 0.15) and then
decrease with the increasing content of CTO. The 2 P, and
P, of (1-x)BFO-xCTO (x = 0.10, 0.15, 0.20) are enhanced.
Compared with other samples, the 0.85BFO-0.15CTO thin
film shows the best ferroelectric properties. The E, of (1-
x)BFO-xCTO thin films with x = 0, 0.05, 0.10, 0.15, 0.20
are 2.34, 2.54, 2.59, 2.58 and 2.60 eV, respectively. The
blue shift of E, occurs as x increased. In summary, the
stability of structure and the ferroelectric properties of BFO
were improved by introducing CTO.
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