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Abstract

BiFeO; (BFO), Tb-doped BiFeO; (BTFO) and Tb—Cr co-doped BiFeO3; (BTFCO) thin films were successfully prepared on SnO,: F (FTO)/
glass substrates by a sol-gel method. The influence of Tb and Cr co-doping on the structure, leakage current, charge defects, dielectric and
ferroelectric properties of the BTFCO thin film was investigated systematically. X-ray diffraction (XRD) and Raman spectroscopy results clearly
reveal the structure transition and (110) preferentially oriented film texture for the co-doped thin film. BTFCO thin film becomes more compact
structure and uniform than that of the other two films. The improved electrical properties of BTFCO thin film are observed in comparison with the
BFO thin film. Furthermore, the highly enhanced ferroelectric property with a giant remanent polarization (2P,=161.60 pC/cm?) and the
decreased leakage current density (3.76 x 107> A/em? at 200 kV/ecm) via co-doping Tb and Cr are obtained. The X-ray photoelectron
spectroscopy (XPS) analyses clarify that the ratios of Fe**/Fe’™ in the BFO and BTFCO thin films are calculated as 45:55 and 26:74,

respectively, which indicate that the presence of Fe>™ ions is suppressed with co-doping Tb and Cr.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Multiferroic materials with ferroelectricity and anti-
ferromagnetism in the same phase have attracted great atten-
tion due to their potential applications in multifunctional
devices [1]. One of the interesting multifunctional materials
is BiFeO; and it is the only known material exhibiting good
ferroelectromagnetism at room temperature, because of a high
Curie temperature (1043 K) and a high Neel temperature
(647 K) [2,3]. Besides pulsed-laser deposition (PLD) and RF
sputtering [3,4], a large remanent polarization (P,) in BFO thin
films prepared by a sol-gel method has also been reported in
previous literatures [5,6] which has many advantages in mass
production of thin films, such as easy control of stoichiometry,
low processing temperature, and low cost. However, the
limitation for the applications of BiFeOj; films is large leakage
current density at room temperature. So, the highly conductive
nature of BiFeO; makes it difficult to obtain the excellent
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ferroelectric properties [7]. In particular, it has been strongly
suggested that the site-engineering concept should be applied
to the decrease leakage current density and to improve the
ferroelectric properties of BFO thin films [8].

A- and B-sites of co-doped BFO thin films have been widely
investigated recently, in which Bi*" in the A-site was partially
replaced by La’™ or Nd** [9] while Fe’" in the B-site was
partially replaced by high-valence Mn**, V°*, or Mo®*
simultaneously [10-13]. Hong et al. have reported that the
leakage current density of BFO films could be decreased by
Sm-Ti co-substitution (1.5 x 1075 A/cm? at 300 kV/cm) [14].
Wen et al. reported that the improved ferroelectric property
was found in BFO thin films co-substituted with Pr/Mn and the
film showed a large remanent polarization of 62 pC/cm?” and a
reduced coercive field of 217 kV/ecm [15]. However, some
studies also denoted that substitution of ions with higher
(lower) valence for Fe** jons in BFO thin films would produce
cation vacancies or anion vacancies [16].

Upon the above, Tb®* and Cr’* were chosen as the
appropriate candidates to substitute Bi** and Fe’* in BFO
thin films, respectively. Thus, it was expected that Tb and Cr
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co-doping would further enhance the ferroelectric properties of
BFO thin films. In this paper, Tb and Cr co-doped BiFeOj; thin
films were synthesized: part of Bi*" ions was substituted by
Tb**, and part of Fe>* was substituted by Cr°*. The films were
grown on FTO/glass substrates by a sol—-gel method. Electrical
properties of Tb and Cr co-substituted BFO thin films have
been measured. In addition, the effects of co-substitution on
the electrical properties, such as the improved dielectric
property and ferroelectric property have been demonstrated.

2. Experimental

The pure BiFeO; (BFO), BipggTbg;FeO; (BTFO)
and BiggoThg 11Feq05Crp 203 (BTFCO) thin films were
prepared by a sol-gel method. For the preparation of
Bi, _,Tb,Fe; _,Cr,O3 precursor solutions, Tb(NOj3)3-6H,0,
Cr(NO3); - 9H,0, Fe(NO3); - 9H,0 and Bi(NO3); - SH,O were
used as the starting materials. To compensate for Bi loss
during the annealing process, 5 mol% excess Bi(NOs); - SH,O
was added. These solutions were mixed in 2-methoxyethanol.
Acetic anhydride was used as the dehydrating agent. The
volume ratio of 2-methoxyethanol and acetic anhydride was
3:1. Ethanol amine was used to adjust the viscosity. The
concentration of cations was adjusted to 0.3 mol/L by the
addition of 2-methoxyethanol. The solutions were stirred at
room temperature for 2 h to obtain the homogeneous precursor
solutions. The above processes were performed in an ambient
atmosphere. FTO/glass was used as the substrate. Depositions
were carried out by spin-coating with a speed of 4000 rpm.
The deposited wet films were preheated at 200 °C on a hot
plate for 5 min. The dried films were inserted into a furnace at
550 °C under an air atmosphere for crystallization. These
procedures were repeated 14 times to obtain the desired
thickness of films. In order to measure the electrical properties,
Au top electrodes (with areas of 0.502 mm?) were deposited on
the top surface of the thin films by ions sputtering through a
metal shadow mask. After annealing at 300 °C for 20 min, the
electrodes could completely contact with the film. Hence, a
capacitor was obtained, and it was ready for -electric
properties tests.

The prepared films were studied by a range of characteriza-
tion methods. Japan Rigaku Company D/max-2200 X-ray
diffractometer was used to identify the structure and crystal-
linity of the thin films. With Cu target, the scanning step length
was 0.02° and operated at 40 kV and 40 mA. The initial angle
was 15° and the end angle was 70°. Raman spectroscopy
measurements were performed by a Horiba JYHR800 Raman
system equipped with an Ar ion laser excitation at 514.5 nm.
Laser power was kept below 20 mW to avoid local heating
effects. The micromorphology and thickness of the films were
observed by a field emission scanning electron microscopy
(FE-SEM, JSM-6700, JEOL, Japan). The electric hysteresis
loops and the leakage current were tested by an aix ACCT
TF-Analyzer 2000. DC voltage range was 0-15 V, voltage step
was 0.5V and the delay time was 1s. Agilent E4980A
Precision LCR Meter was used to measure the dielectric
properties of the thin films. The oxidation states of Fe ions

were investigated on surface of BFO and BTFCO thin films by
X-ray photoelectron spectroscopy (XPS, XSAMS800, Kratos
Ltd., Britain) and all binding energies were calibrated with
respect to Cls spectral line at 284.6 eV.

3. Results and discussion

Fig. la shows XRD patterns of BFO, BTFO and BTFCO
thin films prepared on FTO/glass substrates. Fig. 1b shows the
magnifications in the vicinities of 26 values of 32.0° and 57°,
respectively. All the films exhibit a polycrystalline perovskite
structure without secondary phases. The magnified XRD
patterns of BTFO film exhibit the merging of the (104) and
(110) peaks compared to the BFO counterpart, indicating that a
structural transition is created by 11% Tb-doping. However,
with the Tb and Cr co-doping, there are the remarkable
changes in the diffraction patterns. The (104) peak disappears
completely, while a high preferred orientation appears along
(110) crystal plane for the BTFCO thin film. From the
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Fig. 1. a XRD patterns of BFO, BTFO and BTFCO thin films. b XRD patterns
in the range of 26 from 31° to 33° and 55° to 60°.
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magnified XRD patterns, the (018) peak just vanishes and the
(300) peak becomes broad with doping Tb and Cr. XRD peaks
changing upon Tb-doping were previously reported as the
signature of structure transition [17]. Furthermore, the struc-
tural transition is resulted from the relatively small ionic radius
of the Tb>* (0.923 A) and Cr’* (0.615 A) ions compared to
that of Bi** (1.03 A) and Fe®* (0.645 A), respectively.

On the one hand, the co-doping of the rare earth and
transition metal ions can lead to the structural transition of
BFO thin films and the results are changed in the macroscopic
polarization [17]. On the other hand, the co-doping BTFCO
thin film shows the (110) preferred orientation as deposited on
FTO/glass substrate [18]. Therefore, the large polarization is
reasonably desired in the current work.

The limited X-ray diffraction patterns do not provide clear
and enough information about the effect of co-doping on the
BFO structure. The structure transition caused by the rare earth
(Tb") and transition metal (Cr’*) ions co-doping in the BFO
is further studied by Raman spectroscopy. Fig. 2 shows the
Raman spectroscopy of the BFO, BTFO and BTFCO thin
films measured at room temperature. All of the Raman modes
observed in the BFO thin film are identical to the rhombo-
hedrally distorted perovskite structure [19]. The peak position
is determined by the Lorentzian fitting as listed in Table 1.
Almost the Raman peaks of BTFO and BTFCO are shifted to
higher frequencies in comparison with BFO. The E-1 mode
associates with Fe ions and A;-1 mode is related to Bi ions
[20]. The larger shift of the A;-1 mode of BTFO to higher
frequency shows that Tb ions doping can produce significant
structural transition on Bi-sites. The peak positions of BTFCO
shift to low frequencies, and it can be attributed to the
incorporation of Cr’* ions at Fe-sites. Higher frequency
Raman modes are generally related to the vibrational modes
involving oxygen [20]. For the BTFCO, the Raman spectra
show quite different features from BFO. As shown in Table 1,
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Fig. 2. Raman spectra of BFO, BTFO and BTFCO thin films.

Table 1

A, and E modes for the BFO, BTFO and BTFCO thin films.

Assigned Raman modes (cm ™ D)

Samples

R
S

E-8

E-7

E-6

E-5

E-3

E-2

A3

E-1

608
618
612

535
514
511

471

471

352

266

277
288

221
226
236

172

142

BFO

334
332

243

174

147
145

BTFO

375

172

104

BTFCO
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Fig. 3. Surface and cross-sectional images of the BFO (a, b) and BTFCO (c, d) thin films.

the E-3 and A-3 modes of BTFCO shift to the higher frequency
compared to that of the BFO, while the E£-5 mode emerges
from the Raman spectroscopy. All these results indicate the
more rotation of the oxygen octahedra is caused by the
structure transition [20].

Fig. 3 shows the surface morphologies and the cross-
sectional micrographs of BFO and BTFCO thin films, respec-
tively. The morphological differences have been clearly
observed in the co-doped thin films compared to the pure
BFO. Large grains and some wide pores between the grains are
observed in the pure BFO. However, BTFCO thin film exhibits
that the Tb—Cr co-doping has a significant effect on the surface
morphology and grain size. BTFCO thin film shows a
relatively dense structure and improves uniformity of the grain
size in comparison with the BFO thin film. In the co-doped
thin films, the grain size is found to be reduced and the smaller
grains are aggregated as grains-cluster. The decrease of grain
size in the co-doped thin films can be interpreted by the
suppression of oxygen vacancy concentration, which results in
slower oxygen ion motion and consequently lowers the grain
growth rate [21,22]. At the same time, the surface blows up
many little bubbles. The little bubbles may be derived from the
unit cell distortion by co-doping Tb and Cr.

The typical dielectric properties of the BFO, BTFO and
BTFCO thin films are measured at room temperature by
varying the frequencies from 1kHz to 1 MHz. As shown in
Fig. 4a, the dielectric constants of the thin films are gradually
decreased with the increase of frequency. The dielectric
constants of the BFO, BTFO and BTFCO thin films are 116,
158 and 160 at the applied frequency of 1 MHz, respectively.
The dielectric losses (Fig. 4b) of the pure BFO, BTFO and

BTFCO thin films are 0.17, 0.13 and 0.14 at 1 MHz,
respectively. The high dielectric constant and low dielectric
loss of BTFO and BTFCO thin films are correlated with the
large remnant polarization and the low leakage current density.
As the frequency increases, the dielectric constants of BTFO
thin film decreased dramatically, which is believed to be
related to the increased contribution of DC conductivity due
to the space charges near the interfaces. The decrease of the
dielectric constants at the high frequency is attributed to the
fact that the polarizations with large relaxation times cease to
respond [23]. Moreover, in the high frequency section all the
thin films have the dramatic increase of the dielectric loss.
These results may be from two aspects: dipole resonance and
the differences between the top and bottom electrodes.

Fig. 5 shows leakage current density versus electric field
characteristics of BFO, BTFO and BTFCO thin films at
positive bias measured at RT. From the leakage current density
analysis, the leakage current density value of BTFCO thin film
is two orders lower than that of BFO thin film. The mea-
sured leakage current density of the BFO thin film is 1.43 x
107 A/em? at the applied electric field of 200 kV/cm. The
large leakage current mainly results from the oxygen vacancies
and iron valence (Fez+, Fe3+), as well as from various defects
such as stoichiometry, pores, cracks and interstices in the films
[24]. At the same applied electric field, the leakage current
density of BTFCO thin film is 3.76 x 107> A/em”. It is well
documented that the presence of a small amount of rare earth
ions at Bi sites suppresses volatilization of Bi ions and
stabilizes the perovskite structure [25]. One reason could be
due to control of the valence fluctuation and the reduction of
oxygen vacancies, which will be further explained in the
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Fig. 4. Relationship between frequencies and a dielectric constants and
b dielectric losses of BFO, BTFO and BTFCO thin films.
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Fig. 5. Leakage current densities of BFO, BTFO and BTFCO thin films.

following XPS results analysis. In addition, the co-doping also
makes the contribution to the denseness of microstructure and
reduces the leakage current density.
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Fig. 6. a Ferroelectric P-E hysteresis loops of the BFO, BTFO and BTFCO
thin films and b evolution of P—E hysteresis loops of BTFCO thin films.

As shown in Fig. 6a, the electric hysteresis loops of BFO,
BTFO and BTFCO thin films are measured at 1 kHz at room
temperature. Saturated hysteresis loops with well-defined
rectangularity of the Tb and Cr co-doped films are obtained.
The remnant polarization of the co-doped films is much higher
than that of pure BFO thin film 2P,=2.08 pC/cmz). The 2P,
of BTFO and BTFCO thin films are 124.52 (at 1052 kV/cm)
and 161.60 pC/cm? (at 1010 kV/cm), respectively. In the pure
BFO thin film, a substantial number of oxygen vacancies are
created to compensate the positive charge deficiency caused by
the vaporization of Bi and the reduction of the Fe** ions to
Fe’™ [26]. Oxygen vacancy leads to structure distortion of the
ABOj; perovskite unit cell and the displacement of B-site ions
inhibited, resulting in the reduction of the remnant polariza-
tion. As shown in Fig. 6b, the evolution of the P—FE hysteresis
loops measured at 1 kHz during the course of increasing the
applied voltage from 10V to 80 V. As the applied voltage
increases, it can be found that both the P, and E. increase and
then become saturated for the electric field higher than
1000 kV/cm.

Furthermore, the increase of 2P, of the co-doped thin films
is consistent with the measured lower leakage current densities
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Fig. 7. XPS spectra of Fe ions in the BFO and BTFCO thin films. The insets
show that the Fe 2p;,, state contains most contributions from the Fe** ion
states.

compared with that of pure BFO thin film. In our study, due to
the higher crystallization and relatively good film quality, the
structure transition and (110) preferred orientation are
observed in XRD analysis and Raman spectroscopy. The
structure transition might be one of the main reasons for the
large ferroelectric polarization of the samples.

The oxidation states of Fe in BFO and BTFCO thin films are
investigated by XPS, and the Fe 2p peaks of BFO and BTFCO
thin films are shown in Fig. 7. The positions of Fe 2p;/, lines
are at around 710 eV, which means the coexistence of both
Fe** and Fe?" states. The Fe 2ps,, line of BTECO thin film
shifts a little to higher bonding energy in comparison with the
BFO, implying the higher content in Fe*™. By fitting the peaks
for the valence state of Fe ions, the ratios of Fe?*/Fe*" in the
BFO and BTFCO thin films are calculated as 45:55 and 26:74
respectively, indicating that BTFCO film has less Fe* ions.
This might also be evidence for the decrease of oxygen
vacancies, corresponding to the lower leakage current density
in BTFCO thin film [27]. In other words, Tb and Cr co-doping
favors the decrease of oxygen vacancies in BFO thin film,
resulting in ferroelectric property enhancement.

4. Conclusions

BFO, BTFO and BTFCO thin films are successfully
prepared by a sol-gel method. XRD patterns and Raman
spectroscopy reveal that BTFCO thin film shows the structure
transition and (110) preferred orientation. The co-doped
BTFCO thin film exhibits the improved electrical properties,
the lower leakage current density (3.76 x 107> A/em?® at
200 kV/cm), the higher dielectric constant (160 at 1 MHz)
and the lower dielectric loss (0.14 at 1 MkHz). The ratios of
Fe?*/Fe*" in the BFO and BTFCO thin films are calculated as
45:55 and 26:74 respectively, indicating that the presence of
Fe”" ions is suppressed in the BTFCO film. Furthermore, a
giant remnant polarization value (2P,=161.60 pC/cm?) and

the better saturated ferroelectric hysteresis loops are observed
in BTFCO thin film. These results can be explained by
structure transition and effective reduction of oxygen vacan-
cies. All these enhanced properties make this combination
ideal for practical applications.
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