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Abstract

The effects of Ce substitution on the structural and electrical properties of multiferroic BiFeOs thin films grown on LaNiO3/Si(1 00) substrates
by a sol-gel process have been reported. X-ray diffraction data confirmed the substitutions of Ce into the Bi site with the elimination of all
secondary phases under a substitution ratio x = 15%. The dielectric constants of the films increased from 90 to ~260 below 100 kHz with 5% molar
Ce substitution and the films showed enhanced dielectric behavior. We observed a substantial increase in the remnant polarization (P,) with Ce
substitution and obtained a maximum value of ~71 w.C/cm? by 5% molar Ce incorporation. The leakage current behavior at room temperature of
the films was studied and it was found that the leakage current density decreased from 107° to 10~ A/cm? for 5% molar Ce-substituted films under
a field 150kV/cm. The reduction of dc leakage current of Ce-substituted films is explained on the basis of relative phase stability and improved

microstructure of the material.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnetoelectric multiferroics, being a class of materials that
have electric, magnetic, and structural order parameters in the
same phase, have attracted considerable interests for their simul-
taneous ferroelectricity, ferromagnetism and ferroelasticity.!~*
Recently, ferroelectromagnetism is extensively studied because
of the potential to provide a wide range of applications, includ-
ing the emerging field of spintronics, memory,> and data-storage
media.* BiFeO3 (BFO) crystallizes in a thombohedrally dis-
torted perovskite structure with both ferroelectric (7, ~ 830 °C)
and antiferromagnetic (T ~ 370 °C) characteristics.>> The spe-
cific characteristics, such as a simple crystal structure, a high
Curie temperature (electrical), and a high Néel temperature
(magnetic), are advantageous for research and various appli-
cations.
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However, it is well known that BFO suffers from high leak-
age currents, which in turn lead to a unsaturated P—E hysteresis
loop at room temperature if care were not taken on the con-
trol of the processing parameters such as the oxygen pressure
during the pulsed laser deposition process and the annealing
temperatures.>® The leakage problem is more severe for BFO
films prepared on Pt/Ti/SiO,/Si substrates using the chemical
solution deposition methods. Although the leakage current of
BFO films can be reduced by doping high valence ions such as
Ti** and Nb>*, saturated ferroelectric hysteresis loops are still
not be able to be observed in BiFe;_, Ti, O3 and BiFe;_,Nb, O3
films.”% Recently, Singh et al. have reported that the leakage
current density of BFO films can be decreased by doping Mn>*
ions at Fe>* sites.” Furthermore, a well saturated hysteresis loop
with a P; value of 100 wC/cm? can be observed in a 5% Mn-
doped BFO film at room temperature. The enhancement of the
ferroelectric properties can also be found in Cr-doped BiFeO3
films.!0 This suggests that isovalent ion substitution is more
effective not only in reducing the leakage current but also in
improving the ferroelectric properties of BFO films compared
to the substitution using high valence ions. According to Uchida
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and Singh, it seems to that BFO films doped with lanthanides
(such as La and Nd) exhibit lower values of P~ 50 |LC/CIII2
in comparison with those doped with Mn or Cr for the same
doping content,'!"'2 while Hu reported larger P; values of about
80 wC/ecm? by Gd substitution.

As a rare earth element, few attentions have been paid to
Ce doping effects on BFO thin films. In the present work, we
report the effect of Ce substitution on the crystalline structure
and electric properties to BFO thin films. Moreover, LaNiOs3 is a
type of excellent perovskite structural conductive oxide and was
extensively used as under electrode to prepare ferroelectric film.
Preferentially oriented ferroelectric film can be easily obtained
on it.!3 In our work, nitrate salt of Bi, Fe, and Ce were used as
starting materials and Ce-substituted BFO films were deposited
on LaNiO3/Si substrates by sol-gel process and substantially
enhanced ferroelectric and dielectric property was observed.

2. Experimental procedure

The Bij_,Ce,FeO3 (BCFO) films were prepared on
LaNiO3/Si(1 00) substrates by the sol-gel process. The prepa-
ration method of LaNiO3/Si(100) (see Ref. 14). Before
spin coating the LaNiO3/Si(100) substrates were cleaned
by ultrasonication in alcohol and acetone repeatedly. The
BCFO precursor solutions were prepared using bismuth nitrate
[Bi(NO3)3-5H,0], iron nitrate [Fe(NO3)3-9H,0] and cerium
nitrate [Ce(NO3)3-6H, 0] as starting materials. Bismuth nitrate,
cerium nitrate and ion nitrate were mixed with a proper molar
ratio and dissolved at room temperature in 2-methoxyethanol
and stirred for 30 min. The molar percent ratios of Ce were deter-
mined according to the composition formula of BCFO, in which
x=0.00 (pure BFO), 0.05, 0.10 and 0.15. The molar ratios of Bi
to Ce are 1:0, 95:5,9:1 and 8.5:1.5, respectively. Then sufficient
acetic anhydride was added to dehydrate and ethanolamine was
added to adjust the viscosity under constant stirring. The con-
centration of the stock solutions was adjusted to 0.3 M by adding
2-methoxyethanol. The above processes were performed in an
ambient atmosphere at room temperature. The depositions were
carried out by spin coating at 4000 rpm for 15 s. The as deposited
wet films were pre-annealed at 350 °C for 3 min and followed
by an annealing at 500 °C in air for 4 min. The above procedures
were repeated several times to obtain the desired thickness.

The structure of the films was analysed by XRD. The XRD
patterns were recorded with an X-ray diffractometer with Cu Ka
radiation. The morphology was analyzed by scanning electron
microscopy. For electrical measurements, Au dots of 0.1 mm?
were deposited through a mask on the films by evaporation.
Before measuring, the films were annealed at 300 °C for 20 min
to get full contact with the electrodes. The dielectric property
was measured with a HP 4294A LCR meter. Ferroelectric hys-
teresis loops and leakage current density were obtained using a
precision work station (Radiant Technology).

3. Result and discussion

Fig. 1 shows the XRD patterns of the BCFO films on
LaNiOs3/Si(1 0 0) substrates annealed at 500 °C in air. The effect
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Fig. 1. XRD patterns of a BiFeOs3 film and Bij_,Ce,FeO3 (x=0-0.15) thin
films.

of Ce substitution on the structure of BCFO thin films was ana-
lyzed in the range of 0—15 mol%. From which we can see that all
films are fully crystallized since intense peaks can be observed.
BCFO thin films with x=0-0.10 have been identified as poly-
crystalline perovskite structure without secondary phases, while
in the film with x=0.15, pyrochlore phase can be observed. Fur-
thermore, the (1 0 1) peak corresponding to perovskite structure
shift slightly towards the small angle and it is originated from
the Ce. A site substitution since the radius of Ce?* is a little
larger than that of Bi**

Surface morphologies of BCFO films with different Ce con-
tents ranging from 0% to 15 mol% are shown in Fig. 2(a)—(d).
It is clear that the surfaces of the films with x=0 and 0.05 are
smooth and the average grain sizes are about 100 and 50 nm,
respectively. Therefore by the Ce substitution, the average grain
size was reduced. As for the films with x=0.10 and 0.15,
the grain size is reduced further and non-crystal phase can be
observed in the film with x=0.15 and it is accord with the XRD
results. Moreover, their surfaces are coarser.

Fig. 3 shows the leakage currents density as a function
of electric field measured at room temperature. For the case
of BFO film, the leakage current density increases rapidly
with the increasing of electric field before it gets break-
down at about 150kV/cm. The leakage current density is
about 2.0 x 1076 A/em? at 150 kV/cm. While for the case of
BCFO films with x=0.05-0.15, the leakage are lower than
2 x 1079 A/cm? under a higher field of 300kV/cm. Further
more, the leakage current density vs. electric field curves show
well symmetry. It can be seen that the doping of Ce can reduce
the leakage current of BFO thin film in the whole electric field
region. Similar phenomenon has been observed in Mn-doped
BFO films.” Among all BCFO films, BCFO film with x=0.05
shows the lowest leakage current, which is more than two orders
of magnitude lower than that of the BFO film before breakdown.
Interestingly, the leakage current does not decrease monotoni-
cally with the increase of the Ce content, although it has been
demonstrated that doping of lanthanides can suppress the for-
mation of oxygen vacancies in ferroelectric films.!> The physics
buried in these phenomena is still unclear so far. Based on the
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Fig. 2. SEM images of a BiFeOs3 film and Bi;_,Ce,FeO3 (x=0-0.15) films.

SEM results, it can be concluded that the smaller grain size
should be another origins responsible for the lower leakage
currents density for BCFO thin films compared to that of the
undoped one.

Fig. 4 shows the P-FE hysteresis loops of the BCFO films
with Ce content of 0, 5, 10, and 15 molar percentages measured
at room temperature. All loops were obtained under a measur-
ing frequency of 1 kHz. The pure BFO thin film exhibits a poor
P-E hysteresis loop, which has been typically observed from
conductive ferroelectrics and it get breakdown with increased
bias electric field due to a large leakage current. In contrast, the
5% Ce substitution BCFO thin film shows well-saturated hys-
teresis characteristics with a large remanent polarization (P;) of
71 p,C/cm2 and a coercive field (E;) of 103 kV/cm at a maximum
applied electric field of 245kV/cm. The 10% Ce-substituted
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Fig. 3. Leakage currents as a function of electric field for a BiFeOs3 film and
Bij_,Ce FeO3 (x=0.0-0.15) thin films.

BFO thin film shows well-saturated hysteresis characteristics
with a large P; of 47 wC/cm? and a E. of 118kV/cm at the
same applied field to the 5% Ce-substituted BCFO film. The Ce-
substituted BCFO film annealed at 500 °C exhibits a decreased
remanent polarization and increased coercive field with increas-
ing Ce content. The ferroelectric properties with Ce substitution
in BCFO may be related to two main factors: one is the increased
rattling space of the oxygen octahedron due to larger Ce atom,
and the other is the decreased grain size with increased Ce con-
tents, since the strength of polarization is strongly related to
the grain size.'® It has been found that the polarizability in per-
ovskites (ABO3) is partially related with the sizes of A and B
cations. In general, a large A cation results in an increase in
polarizability, since the large A cation leads to “a larger rattling
space” available for B cation by increasing the size of the oxy-
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Fig. 4. Room temperature P-E hysteresis loops for a BiFeOs; film and
Bij_yCe,FeO3 (x=0-0.15) thin films.
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Fig. 5. Frequency relations of Bi;_,Ce,FeOs films. (a) Dielectric constant; (b) dielectric loss.

gen octahedron. The increased remanent polarization of BCFO
films with Ce content up to 5 mol% could be explained by the
substitution of larger Ce (1.19 A) ions for a part of Bi (1.03 A)
ions in BCFO, even though grain sizes were decreased resulting
a reduced polarization. In the case of 10 mol% Ce-substituted
BCFO film, the decreased volume fraction of dielectric polar-
ization with decreasing grain size could have predominant affect
on the remanent polarization. However, the exact mechanism for
the improved ferroelectric property of 5mol% Ce-substituted
BCFO film is not completely understood at this moment, which
should be investigated further.

We also studied the dielectric property of the BCFO films.
Fig. 5 shows the dielectric constant and dielectric loss vs. fre-
quency relations. The measuring frequency ranges from 5 kHz
to 1 MHz. It is easy to see from Fig. 5(a) that all films indicate
small dielectric dispersion at low frequency since at which the
dielectric constants decrease slightly with the frequency for all
films. It means that the films has good interface between the
BCFO film and LaNiO3 bottom electrodes. Moreover, the film
with x=0.05 show the largest dielectric constant while with the
increasing of x, the dielectric constant decreases at the same fre-
quency. The results are accord with the ferroelectricity results
and it means that by 5% Ce substitution, the ferroelectric prop-
erty of the BCFO film was enhanced since the dielectric constant
is mainly from the ferroelectric polarization in ferroelectrics.

The dielectric loss is shown in Fig. 5(b), at low frequency,
the dielectric loss decreases with frequency and it caused from
the contribution of space charge. All films have low dielec-
tric loss in the whole frequency range and the dielectric loss
increases drastically above 100 kHz. The results are similar to
the result that has been reported in our previous work.!” While
at high frequency, the BFO film has the least dielectric loss.
The relative large dielectric loss of 5 and 10% Ce-substituted
BFO film may be related to dipole resonance. Therefore new
polarization mechanisms have been introduced by the Ce
substitution.

4. Conclusions

Bi|—,Ce,FeO3 (BCFO) films with x=0, 0.05, 0.10 and 0.15
were prepared by a sol-gel method followed by annealing at

500 °C under air. It was confirmed that the films deposited on
LaNiO3/Si(100) substrates with x<0.15 consist of a single
phase with dense and smooth surface. A noticeable improve-
ment of hysteresis loops with better squareness than that of
BFO film was obtained for the 5 molar percent Ce-substituted
BCFO film. The remanent polarization and the coercive field
were 71 pC/cm? and 103kV/cm under a maximum applied
field of 245kV/cm, respectively. The leakage-current density
of a 5 molar percent Ce-substituted BFO thin film was signifi-
cantly decreased. Under 300 kV/cm, the leakage-current density
is 2.2 x 107 A/cm?. Moreover, the dielectric constant for the
film with x=0.05 are found substantially enhanced. These
results demonstrated that Ce substitution could be a simple
and effective method to obtain a film with a large ferroelec-
tricity.
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