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Pure BiFeO3 �BFO� and 3, 5, and 7 at. % Mn-substituted BFO �BFMO� films were formed by
chemical solution deposition with a crystallization temperature of �550 °C. The leakage current
density in a BFO film was found to be subject to space-charge-limited conduction, instead of
Poole–Frenkel emission. Moreover, the serious transient effect from the traps was observed,
indicating the density of trap states is relatively high in the BFO film. On the contrary, the leakage
currents in BFMO films were found to be subject to trap-free Ohmic conduction. © 2009 American
Institute of Physics. �doi:10.1063/1.3231073�

The multiferroic BiFeO3 �BFO� offers great potential ap-
plications in the nonvolatile ferroelectric random access
memory and magnetic data storage due to its large remanent
polarization �Pr� and coupling of ferroelectricity and
ferromagnetism.1–4 Moreover, its high Curie temperature of
1103 K makes it function stably even at high temperature.5

Additionally, the use of lead-free BFO avoids toxicity in the
ferroelectric products. However, one of the serious problems
that hamper the application of BFO is the high leakage cur-
rent density �J�, which is unwanted in the memory devices.
In addition, variation of leakage current mechanisms has
been observed in the ion-substituted BFO films.

Pabst et al.6 previously reported that the Poole–Frenkel
�PF� emission was predominant in the high quality epitaxial
BFO film ��175 nm� formed by pulsed laser deposition
�PLD�. And the temperature-dependent leakage mechanisms
in Pt /BFO /SrRuO3 thin film capacitors with a nominal 200
nm thick BFO film formed by PLD were reported by Yang
et al.7 As shown in that paper, from 80 to 150 K, the leakage
current was found to show space-charge-limited-conduction
�SCLC� behavior at an electric field above E0 �onset electric
field of the SCLC mechanism� at both positive and negative
biases, which resulted in symmetric leakage current curves.
From 200 to 350 K, it was subject to bulk-limited PF emis-
sion at electric field above 45 kV/cm for negative bias, and
interface-limited Fowler–Nordheim �FN� tunneling at an
electric field above Et �onset electric field for FN tunneling�
for positive bias, which resulted in asymmetric leakage cur-
rent curves. The uncertainty for leakage current mechanisms
in epitaxial BFO films triggered the interests to analyze leak-
age mechanisms in the polycrystalline BFO films. In this
letter, we focus on a close investigation on the leakage cur-
rent mechanisms which, without doubt, will help guide the
future researches aimed at enhancing the resistivity of BFO
films.

The polycrystalline pure BFO and 3, 5, and 7 at. %
Mn-substituted BFO �BFMO� films were formed on
Pt /Ti /SiO2 /Si substrates via chemical solution deposition
�CSD�. The crystallization temperature for BFMO films is
550 °C to achieve the optimal properties, and it was de-

creased to 500 °C for BFO film to achieve a high electrical
breakdown field. The detailed fabrication process and mea-
surements were described in Ref. 3. As is well known, the
major free carriers in perovskite BFO film are electrons due
to the abundance of oxygen vacancies, each of which is able
to easily provide at most two free electrons to the conduction
band.8 The oxygen vacancies were reported9 to form an en-
ergy level in the forbidden band of BFO, which is located at
0.6 eV below the conduction band edge, i.e., the electrons
from the oxygen vacancies are able to be emitted in the con-
duction band much more easily than those from the valance
band since BFO shows a large band gap value, which was
reported to be 2.5–2.8 eV.10,11

Additionally, the band gap of BiFeO3–BiMnO3
nanocheckerboard cubic structure with alternation of Fe and
Mn atoms in z direction was reported to be much smaller
than that of the pure BFO �0.95 eV when distorted along
�111� direction�.12 It is worth noting that the distortion along
�111� direction indicates that the lattice structure is a rhom-
bohedrally distorted perovskite, which is consistent to the
one detected in polycrystalline BFMO films.3 That is, substi-
tution of Mn for Fe atoms in a BFO film will severely induce
a narrowed band gap, and it gives rise to an increase of
intrinsic density of free electrons ni based on the Boltzmann
approximation13 as shown in Eq. �1�

ni = pi = �NcNv � exp�−
Eg

2kT
� , �1�

where pi is the intrinsic density of hole, Nc is the density of
states �DOS� at bottom of conduction band, Nv is the DOS at
the top of valence band, Eg is the energy band gap, k is the
Boltzmann constant, and T is the absolute temperature.

Taking account of free electrons donated by oxygen va-
cancies, its density in BFO or BFMO films increases with
either the density of electron donors �oxygen vacancies� or
intrinsic density of free electrons, thanks to mass action law,
which describes the density of free electrons caused by the
ionization of donors in semiconductors.13 Thus, it turns out
that the density of free electrons n0 will increase with Mn
substitution if assuming a constant density of oxygen vacan-
cies in the polycrystalline BFMO films. Figure 1 shows the
leakage current densities of pure BFO and BFMO films with
3, 5, and 7 at. % Mn-substitution ratios. By plotting, it has
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been found that the ohmic conduction dominates with an
exponential of a=1.2 in the BFO film in the low electric field
region, where the J is very low. Whereas, the J increases
rapidly with an exponential of a=6.1 with increase of elec-
tric field.

This phenomenon can be explained by Lampert’s14 tri-
angle, which expatiates on the SCLC in an insulator with
traps. In the insulator with traps, there are two types of leak-
age current mechanisms, ohmic conduction and SCLC, com-
peting to dominate when electric field varies. At a low ap-
plied electric field, the injected electrons from the cathode
can be swiftly transported via the conduction band, resulting
in a drift current �ohmic conduction�. With increase of an
electric field, more electrons are injected into the insulator,
giving rise to the unbalance of space charges, thus the SCLC
becomes to dominate. However, this variation of leakage cur-
rent mechanisms cannot occur instantaneously due to the ex-
istence of trap states in the forbidden band. Initially, the un-
neutralized charges at deep trap states are empty, and get to
be filled with increase of electric filed. This progress leads to
the increase of the Fermi level, giving rise to a sudden in-
crease of J with an exponential much greater than 1. The
threshold voltage for filling up electron traps is called trap
filled limited �TFL� voltage VTFL. As all traps are filled, the
SCLC with an exponential of a=2 will start predominating,
which is also called Child’s law. The Lampert’s triangle can
explain the leakage current mechanism in the BFO film
formed by CSD very well, as shown in Fig. 1. However, the
Child’s law was not observed due to the premature electric
breakdown.14

In case of BFMO films, the leakage current mechanism
was found to be only subject to Ohm’s law with the expo-
nentials of a=1.24, 1.06, and 1.05 for 3, 5, and 7 at. % Mn
substitution, respectively, and the precision for Ohmic fitting
was also improved with Mn-substitution ratio. This is caused
by the narrowed band gap in BFMO. With increase of Mn-
substitution ratio, the BFMO film is gradually transformed
from insulator to semiconductor and the density of free elec-
trons also increases in the same way. Due to the abundance
of free electrons, the ability of transporting injected electrons
is enhanced, leading to the increased drift current in the
BFMO films. According to the drift current law, J is deter-
mined by the density of free electrons if assuming the mo-
bility of electron is a constant. That is why the regular in-
crease of J with Mn-substitution ratio was observed. The

more detailed phenomenological analysis was reported pre-
viously in BFMO films with Mn-substitution ratios up to 50
at. %.15

To verify the validity of above analyses, the sweeping
and delay-time-dependent leakage current measurements
were conducted. As for the sweeping measurement, a pro-
grammed voltage which increases by 50 mV and the step is
kept for 10 ms with a variable delay time was applied up to
a certain voltage and then decreased to zero in the same way.
The delay time was set to zero in this sweeping measure-
ment. As shown in Fig. 2, the J in BFO was subject to SCLC
when the electric field decreased from the maximal applied
electric filed �500 kV/cm�. Since the film has experienced the
TFL region which means the deep traps are filled, the J did
not get back along the forward current curve, but followed
the Child’s law when the electric field decreased. Moreover,
it decreased rapidly to an extremely low level which was
beyond the measurement range when the electric field got
back to 50 kV/cm due to the filled electron traps. As ex-
plained by Rose,16 since the release of trapped charges which
indeed needs some time is not complete, a space charge bar-
rier is presented near the cathode, which seriously prevents
the entrance of electrons from the cathode into the insulator.
Therefore, the “undershoot” current which is lower than the
stationary one was observed in the BFO film.

On the contrary, the transient effect from the traps was
not observed in 3 and 5 at. % Mn-substituted BFO films, and
J curves for the forward and backward were almost over-
lapped, except for the 3 at. % Mn-substituted BFO in which
a tiny “undershoot” current was found. This indicates that J
in BFMO films is subject to a trap-free Ohmic conduction. In
another verification of validity as shown in Fig. 3, the J in
BFO film decreased to its stationary value when the delay
time was prolonged to 800 ms, since longer delay time en-
sures to diminish the transient response from the traps, but
the J curves in 5 at. % Mn-substituted BFO film measured
with delay time from 0 to 800 ms absolutely overlapped,
indicating the consistent conclusion of trap-free behavior.

Since the PF emission also states the trap effect in the
bulk, it is mandatory to investigate whether the PF emission
possibly occurs. Figure 4 shows BFO’s characteristics of
conductivity versus square root of voltage fitted according to
the equation of PF emission expressed as17

FIG. 1. �Color online� The leakage current characteristics for BFO and
BFMO films. Ohmic conduction at low electric filed region was confirmed
in BFO film, and it was extrapolated to be transformed into SCLC, but only
traps filled limited region can be seen �a=6.1�; whereas ohmic conduction
was always dominant in BFMO films.

FIG. 2. �Color online� The leakage current density properties of pure BFO
and 3 and 5 at. % Mn-substituted BFO films swept forward from 0 to 15 V
then backward from 15 to 0 V.
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�PF = c exp�−
EI

kT
�exp� q

kT
� qV

4��0Kd
� , �2�

where �PF is the conductivity for the insulator, c is a con-
stant, EI is the trap ionization energy, k is the Boltzmann
constant, q is the electron charge, V is the applied voltage, �0
is the dielectric constant of vacuum, K is the permittivity,
and d is the film thickness. The results showed the high-
frequency dielectric constant of BFO equal to 3.7 and 0.32
for the low and high electric field, respectively. Both of them
are much lower than the reported value 6.25, which comes
from the reflective index n according to K=n2 �n=2.5 for

BFO�.18 That is, the PF emission does not exist in the BFO
films formed by CSD at room temperature largely due to the
different fabrication process.

In conclusion, the J in BFO film formed by CSD was
found to be subject to SCLC instead of PF emission which
was reported in BFO formed by PLD. Moreover, the serious
transient effect from the traps was observed, indicating the
density of trap states is relatively high. Whereas, the leakage
current densities in BFMO films are subject to ohmic con-
duction with trap-free behavior due to the relatively high
density of free electrons caused by the narrowed band gap.
The band gap of BFMO is narrowed with increase of Mn-
substitution ratio, giving rise to an increase of free electrons
which is proportional to the level of J in BFMO films.
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FIG. 3. �Color online� The delay-time-dependent leakage current density
properties of pure BFO and 5 at. % Mn-substituted BFO films with variation
of delay time from 0 to 800 ms.

FIG. 4. �Color online� The leakage current density of pure BFO fitted into
log �-V1/2 relation with respect to PF emission, showing the calculated
dielectric constant K which is much smaller than 6.25.
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