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Abstract

The preferentially (100)-oriented 0.9Na0.5Bi0.5TiO3–0.1BiFeO3 (NBT–BFO) solid solution thin films with and without Ce substitution were
grown on a LaNiO3(100)/Si substrate via a metal organic decomposition method. The effects of Ce doping on the crystalline structure, leakage
current and ferroelectric property of NBT–BFO thin film were investigated. The diffraction peaks of NBT–BFO shift to higher diffraction angle
as a result of shrinkage in the unit-cell volume by Ce substitution. At higher electric fields, the NBT–BFO film presents Poole–Frenkel emission
consistent with the high leakage current, whereas in the Ce-doped NBT–BFO film, the dominant mechanism is changed to space-charge-limited
conduction, and the leakage current density is reduced by two orders of magnitude. Compared with rounded ferroelectric polarization hysteresis
loops of NBT–BFO film, substantial enhancement of ferroelectricity has been achieved in Ce-doped NBT–BFO film, with a remanent
polarization (Pr) of 32.3 μC/cm2. The capacitance–voltage curves of Ce-doped NBT–BFO film show butterfly shape, and the degree of
ferroelectricity is enhanced more and more with increasing applied voltage.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, due to the increasing environmental problems, the
high-performance lead-based piezoelectric compounds such as
the Pb(Zr,Ti)O3 family have been legally restricted in widely
used integrated devices. Out of the various other possibilities,
the A-site complex perovskite Na0.5Bi0.5TiO3 has been con-
sidered as one of the key candidates [1,2]. Nonetheless, at
present, the ferroelectric and piezoelectric properties of
Na0.5Bi0.5TiO3 cannot be compared with those of the lead-
based family [3,4]. To improve the electrical performance, one
approach is to dope Na0.5Bi0.5TiO3 with an appropriate ferro-
electric material to form a solid solution. BiFeO3 is a well-known
lead-free multiferroic material with a very large ferroelectric
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remanent polarization (Pr) of up to �55 mC/cm2 [5]. It is also a
rhombohedral perovskite belonging to the R3c space group,
which is the same as that of Na0.5Bi0.5TiO3. Previous work has
shown that Na0.5Bi0.5TiO3 and BiFeO3 can form a continuous
R3c solid solution ceramic material at room temperature [6], and
thus, BiFeO3 is highly compatible for coupling with Na0.5Bi0.5-
TiO3. Till now, little investigation has been carried out on
Na0.5Bi0.5TiO3 thin film with a small concentration of BiFeO3

dopant.
The electrical characterization of a ferroelectric film is

fundamentally based on three type of measurements: polariza-
tion–electric field hysteresis loop (P–E), current–voltage (I–V),
and capacitance–voltage (C–V) characteristics. In this experi-
ment, these measured results have been analyzed and corre-
lated in the case of Na0.5Bi0.5TiO3–BiFeO3 films with and
without Ce substitution. In addition, in order to minimize the
additional effects caused by randomly-oriented polycrystalline
films [7], (100)-oriented Na0.5Bi0.5TiO3–BiFeO3-based solid
solution thin films were fabricated. In this work, Ce doping
ghts reserved.
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of Na0.5Bi0.5TiO3–BiFeO3 thin film has been investigated as a
means of improving the insulating and ferroelectric properties.
Un-doped Na0.5Bi0.5TiO3–BiFeO3 thin film was also studied
for comparison.
2. Experimental procedure

(100)-oriented un-doped 0.9Na0.5Bi0.5TiO3–0.1BiFeO3 (NBT–
BFO) and 0.9Na0.5Bi0.5TiO3–0.1BiFeO3þ0.5 mol% Ce(NO3)3 �
6H2O (Ce: NBT–BFO) thin films were fabricated on a LaNiO3

(LNO)(100)/Si substrate by metal organic decomposition. The
details of the preparation of the precursor solutions have been
reported elsewhere [8]. The precursor solution was deposited onto
LNO(100)/Si by spin coating and annealed layer by layer at
500 1C for 10 min. Au top electrodes were deposited on the film
using a sputtering system through a shadow mask with a diameter
of 200 μm for electrical measurements. The thicknesses of the
two films were all estimated to be 300 nm, as measured by a step
profilometer. The structure was examined using an X-ray
diffractometer (XRD, Bruker D8). A standard ferroelectric tester
(Radiant Technologies) was used to measure the insulating and
ferroelectric properties. The C–V characteristic was measured
using an impedance analyser (HP4294A).
3. Results and discussions

Fig. 1 displays the X-ray diffraction patterns of NBT–BFO
and Ce: NBT–BFO films deposited on LNO(100)/Si. One can
see that both films show similar structure and highly-orientated
growth, as evidenced by strong (100) and (200) diffraction
peaks, without detectable secondary phase or diffraction peaks
from other directions. It is worth mentioning that the annealing
temperature in this experiment was as low as 500 1C, which
can be ascribed to the uniformity of the precursor solution and
the low nucleation temperature of BiFeO3, as well as the seeding
effect of perovskite-structured oxide electrode. Compared with
Na0.5Bi0.5TiO3, the diffraction peaks of NBT–BFO are shifted
towards lower angles, suggesting that BiFeO3 dissolves into
the lattice structure of Na0.5Bi0.5TiO3 [8]. The Ce substitution,
Fig. 1. XRD patterns for un-doped and Ce-doped NBT–BFO films fabricated
on LNO(100)/Si annealed at 500 1C.
however, can make the peaks of NBT–BFO shift slightly to
higher diffraction angles due to the fact that the ionic radius of Ce
is smaller than those of the replaced Bi and Na, indicating that
lattice distortion of the NBT–BFO ferroelectric layer is induced
by Ce doping.
The current density versus electric field (J–E) characteristic

of NBT, NBT–BFO and Ce: NBT–BFO films are shown in
Fig. 2(a). As can be seen, the insulating property of NBT is
improved slightly by BFO additive. However, the leakage
current of NBT–BFO is reduced by about two orders of
magnitude by Ce doping at higher electric field. The higher
leakage current density of NBT and NBT–BFO can be
ascribed to the extrinsic oxygen defects generated by the
volatility of Bi or Na, and even the presence of Fe2þ and Fe0Ti.
In Ce: NBT–BFO, however, the Ce ions would occupy the A-
site vacancies of V

00 0
Bi or V

0
Na, resulting in a decreased total

number of free carriers. Furthermore, the smaller grain sizes
can be observed for Ce: NBT–BFO in AFM images (see
Fig. 3). These factors can be responsible for the lower leakage
current for Ce: NBT–BFO. To get further insight into the
insulating properties, the conduction mechanisms for the
NBT–BFO and Ce-doped specimens were investigated by
fitting of the observed leakage current data, as shown in
Fig. 2(b) and (c), respectively.
It can be seen that, for E higher than 170 kV/cm, the J–E

curve of the NBT–BFO film is well fitted to the log–linear
form log(J/E)pE1/2, as indicated by the solid line in Fig. 2(b).
It is necessary to investigate whether the Poole–Frenkel (PF)
emission dominates the J–E behavior for NBT–BFO. In PF
emission, J can be determined by the following Equation
[9,10]:

JPF ¼ BEexp� EI

kT
� q

kT

ffiffiffiffiffiffiffiffiffiffiffi
qE

πε0εr

r� �
: ð1Þ

Therefore, the slope (α) of the log(J/E)�E1/2 curve (i.e., the
optical-frequency εr) based on PF emission can be described as

α ¼ q3=2

kT
ffiffiffiffiffiffiffiffiffiffiffi
πε0εr

p : ð2Þ

In Eqs. (1) and (2), B is a constant, E the applied electric field,
EI the ionization energy of the traps in the film, k the
Boltzmann constant, T the absolute temperature, q the electro-
nic charge, and ε0 the permittivity of free space. The value of
the relative optical-frequency permittivity, εr, calculated from
the slope of the fitting is about 4 using Eq. (2). Moreover, the
refractive index of pure Na0.5Bi0.5TiO3 thin film has been
reported to be n¼2.16 [11]. The optical-frequency permittivity
can be then found to be εr¼n2¼4.67 for Na0.5Bi0.5TiO3,
which is very close to the calculated εr value of the NBT–BFO
film. Thus, we can conclude that the dominant conduction
current at higher electric field in NBT–BFO film is dominated
by PF emission. In the low field region, the fitting for NBT–
BFO on a log(J/E)�E1/2 scale results in an unreasonable εr of
17, which excludes the PF conduction. A slope of about 1,
however, is obtained in the log J versus log E plot, consistent
with a contribution from Ohmic conduction (JpEα: αE1).
Therefore, a combination of the two mechanisms is present for



Fig. 2. (a) Leakage currents measured for NBT, NBT–BFO and Ce: NBT–BFO thin films, (b) plots of log(J/E) versus E1/2 for NBT–BFO, and (c) log(J) versus log
(E) for Ce: NBT–BFO.

Fig. 3. AFM images of (a) NBT–BFO and (b) Ce: NBT–BFO thin films.
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the NBT–BFO film. This is not surprising, as PF emission has
normally been identified as the dominant mechanism in higher
electric field in ferroelectric perovskite [10,12].

Fig. 2(c) exhibits a plot of log J versus log E for the Ce:
NBT–BFO film. At low applied electric field, the curve
follows normal Ohmic conduction (JpEα: αE1). In this
region, the injected electrons from the electrode can be swiftly
transported via the conduction band, resulting in a drift current.
When the electric field increases, the curve can be modeled in
terms of space-charge-limited current (SCLC). This type of
conduction arises from the formation of space charge area,
which acts to impede the current as charges are injected into
the film from the electrode at a rate larger than that of travel
though the film. The Ohmic to SCLC transition electric field,
EΩ-SCLC, is given by Eq. (3) [13]. With increasing electric
field, more electrons are injected into the film, and the empty
traps are filled. The current density J increases exponentially at
the rate of α¼2.41, in the so-called trap-distributed region.
Then, the current steeply rises with a slope of 6.15 on the
double logarithmic plot because any further charge is then
straightaway injected into the conduction band. The trap-filled
voltage limit, ETFL, can be expressed as Eq. (4) [13]. Finally,
the slope becomes 2.43 according to Child's law conduction
at high electric field. Therefore, there are also two types of
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leakage current mechanisms, i.e., Ohmic and SCLC, competing
to dominate as the electric field varies in the Ce: NBT–BFO
film:

EΩ�SCLC ¼ 8qn0d
9θε0εr

; ð3Þ

ETFL ¼
8qdN t

9ε0εr
: ð4Þ
Fig. 4. Room temperature ferroelectric properties measured at 1 kHz in
dynamic mode: (a) NBT–BFO film and (b) Ce: NBT–BFO film. The values
of Pr and EC of Ce: NBT–BFO as a function of the electric fields are shown in
the inset.

Fig. 5. The dc bias voltage dependence of the norm
In Eqs. (3) and (4), θ is a constant, n0 the electron density of the
film, εr the permittivity of film, ε0 the permittivity of free space,
q the electronic charge, d the thickness of the film, and Nt the
concentration of shallow traps. Here, the EΩ-SCLC and ETFL for
the NBT–BFO thin film can be estimated from the experimental
results in Fig. 2(c) and are about 52 and 112 kV/cm,
respectively.
Fig. 4 shows typical P–E hysteresis loops of the pure and

Ce-doped NBT–BFO films. The P–E loops of NBT–BFO at
different applied electric fields are all very round in shape. The
“huge” polarization mainly originates from the charge injection
and space charge contribution [14,15]. The leakage current in
the NBT–BFO film was overwhelming, even after the applied
voltage was reduced to 4 V. It can also be observed that the
coercive field, EC, is very high, which is also coupled with the
low resistance. However, the NBT–BFO with Ce ion substitu-
tion shows much improved P–E loops, in which the electrical
leakage feature is greatly reduced. At 800 kV/cm, the remnant
polarization (Pr) is 32.3 μC/cm2, which is among the highest in
all the Na0.5Bi0.5TiO3-based thin films reported so far [16–19].
Also, this value is much larger than that (�26 μC/cm2) for
0.3Na0.5Bi0.5TiO3–0.7Bi(Fe0.95Mn0.05)O3 prepared by chemi-
cal solution deposition [20]. The coercive field (ECE120 kV/
cm) for Ce: NBT–BFO is also about 50% smaller than that
(ECE250 kV/cm) of the chemical solution deposition sample.
It should be noted that the P–E loops for Ce: NBT–BFO are
shifted along the electric field axis. This may be due to two
factors: (i) the asymmetry of the top and bottom electrodes and
(ii) the presence of internal bias. As can be seen from the inset
of Fig. 3(b), the Pr and EC of Ce: NBT–BFO tend to saturate as
the applied electric field increases.
The normalized C–V curves were measured by sweeping the

voltage from a negative bias to a positive one (up sweep) and
then sweeping back (down sweep). In this measurement,
hysteresis between the up- and down-sweep directions was
observed, as shown in Fig. 5. Usually, the C–V curve exhibits
a butterfly shape, in which the capacitance value measured at
each bias voltage point represents the slope of the ferroelectric
hysteresis (polarization–voltage: P–V) at the corresponding
applied voltage. For Ce: NBT–BFO, the butterfly shape is
obtained for all applied voltages. Higher capacitance variation
(i.e., a relatively sharp feature), which is related to the
polarization, is observed, especially at higher sweeping cut-
off voltages higher than 716 V. This demonstrates that the
degree of ferroelectricity of NBT–BFO is increased by doping
with Ce ions [21]. The correlations between the C–V
alized capacitance for the Ce: NBT-BFO film.
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characteristic and the P–E loop observed from Fig. 3(b) are
indicated by two aspects: (i) the switching asymmetry
observed in the P–E loop can also be found in the C–V curve
and (ii) the applied voltages corresponding to the two max-
imum capacitances measured at certain sweeping voltages can
be related to the corresponding coercive voltages (VC). The VC

evaluated from the C–V measurement is usually smaller than
that determined from the P–E loop, due to the fact that the P–E
is acquired in a dynamic switching process, while the C–V is a
quasistatic measurement [7].

4. Conclusions

In summary, preferential (100)-oriented Ce: NBT–BFO and
NBT–BFO thin films have been successfully grown on an
LNO(100)/Si substrate at the low temperature of 500 1C.
Studies of leakage properties reveal that in higher electric
fields, the dominating conduction mechanisms for NBT–BFO
and Ce: NBT–BFO are PF emission and SCLC conduction,
respectively. More importantly, Ce substitution can effectively
suppress the leakage current of NBT–BFO, and thus induce a
high remanent polarization Pr of 32.3 μC/cm2. Futhermore, the
C–V hysteresis curve is the fingerprint of the polarization
reversal. Based on the above results, we can conclude that Ce-
doped NBT–BFO solid solution thin films may have great
potential for future applications in environment friendly ferro-
electric devices.
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