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The leakage current behaviours of polycrystalline BiFeOgs thin films are investigated by using both conductive

atomic force microscopy and current—voltage characteristic measurements. The local charge transport pathways are

found to be located mainly at the grain boundaries of the films. The leakage current density can be tuned by changing

the post-annealing temperature, the annealing time, the bias voltage and the light illumination, which can be used

to improve the performances of the ferroelectric devices based on the BiFeOgs films. A possible leakage mechanism is

proposed to interpret the charge transports in the polycrystalline BiFeOs films.

Keywords: polycrystalline BiFeO3 thin films, local leakage current, conductive atomic force mi-

Croscopy
PACS: 77.55.Nv, 73.50.Pz, 73.50.-h

1. Introduction

Due to their combined ferroelectric and ferromag-
netic properties, multiferroic materials have received
great attention for applications in the high density
information storage, the multifunctional magnetoelec-
trical sensors, etc.[!'2 Among various multiferroic ma-
terials, BiFeOs (BFO) is the most promising candi-
date due to its high ferroelectric and magnetic or-
dering temperatures (ferroelectric Curie temperature
~1103 K and Néel temperature ~ 640 K).[>4 How-
ever, BFO thin films exhibit a relatively high leakage
current density, which restricts their possible appli-
cations. It has been reported that small quantities
of Fe?T ions and oxygen vacancies in the BFO are
responsible for the high leakage current.[>%l Various
efforts have been made to reduce the leakage current,
and the doping with transition metal ions, such as
Mn3*, Cr?*, and Co?*, at the A site of the perovskite
(ABOg) structured BFO lattice are found to be an ef-
fective way.[7~9 In addition, various buffer layers, such
as BaSrTiOs and Lag gSrg oMnO3,1911) inserted into
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the electrode/BFO interface can effectively reduce the
leakage current.

Prior to effectively reduce and control the leak-
age current in the multiferroic material, the leakage
mechanism needs to be known. The effects of temper-
ature, electrode, and thickness on the leakage current
of the BFO film have been studied in detail. Pabst
et al.l'? reported that the Poole-Frenkel (PF) emis-
sion was dominant for a high-quality epitaxial BFO
film. Yang et al.l'3 found that the leakage mecha-
nism in Pt/BFO/SrRuOs3; strongly depended on the
temperature and the voltage polarity. Although many
efforts have been made to reduce the leakage current
and to understand the leakage mechanism in the BFO
film, the microscopic leakage behaviours as well as
the mechanism are still not clear due to the compli-
cated charge transport pathways, such as the grain
interior,['4~16] the grain boundary,!!-!8] and even the
domain wall.' In this paper, we investigate local
leakage current behaviours of a polycrystalline BFO
(poly-BFO) film in a microscopic way. The local
charge transport pathway imaged by using the con-
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ductive atomic force microscopy (CAFM) is found to
be related to the film fabrication process and the de-
vice working parameters. Our study provides an ef-
fective way to manipulate the conduction behaviour
and pushes forward the understanding of the leakage
mechanism in the poly-BFO film.

2. Experiment

Poly-BFO thin films were deposited onto commer-
cial Pt/Ti/SiO2/Si substrates by using the chemical
solution deposition. Bismuth nitrate (Bi(NO3)3-H20)
and iron nitrate (Fe(NOg3)3-9H20) were used as the
starting materials. In order to compensate the ex-
pected Bi loss during the post-annealing treatment,
an excess of 2 mol% bismuth nitrate was added. The
poly-BFO thin films were deposited by spin coating
with the BFO solution at a speed of 5000 rpm for 10 s,
and followed by preheating at 300 °C for 10 min on
a hot plate in air. These processes were repeated six
times to obtain a desired thickness of about 250 nm.
Furthermore, different annealing processes were used
to obtain various phase structures. The crystal struc-
tures and the topographies of the films were checked
by the X-ray diffraction (XRD) and the atomic force
microscopy (AFM), respectively. The 100 pm di-
ameter copper top electrode pads with a thickness
of 200 nm were deposited on the tops of the poly-
BFO films by using the electron-beam evaporation.
The current—voltage characteristics were measured us-
ing Keithley 4200 semiconductor characterization sys-
tems. The local conductance was mapped by using
a conductive atomic force microscope (Dimension V,
Veeco) equipped with a conductive cantilever. The
bottom electrode (Pt layer) was electrically connected

to a metal sample stage with a conductive tape.

3. Results and discussion

Figure 1 shows the XRD patterns for the poly-
BFO films annealed at various temperatures for
10 min. No distinct peak is observed with the an-
nealing temperature below 450 °C, indicating that
the as-deposited film is amorphous. As the anneal-
ing temperature increases, the diffraction peaks of the

BFO perovskite phase are observed, suggesting that

the BFO films start to crystallize. The intensity of the
BFO peak is increased with the increase of the anneal-

ing temperature, indicating the improvement on the

crystallinity.
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Fig. 1. XRD patterns of poly-BFO thin films prepared
on Pt/TiO2/SiO2/8Si substrates and annealed at various
temperatures. The peaks of substrate are marked with
stars.

The morphologies and the local current distribu-
tions of the poly-BFO films annealed in various pro-
cesses were studied by means of the CAFM. Figure 2
shows the AFM and the corresponding CAFM images
for the poly-BFO films annealed at various temper-
atures for 10 min under a constant bias voltage of
500 mV. The scanning size is 1.0 umx1.0 pm. The
AFM images show that with the increase of the an-
nealing temperature, the grain sizes of the poly-BFO
films grow up. The local charge transport pathways
of the poly-BFO films simultaneously obtained by the
CAFM are mostly located at the grain boundaries,
while the grain interior exhibits the insulating be-
haviour, as marked in Fig. 2. For the annealing tem-
perature lower than 650 °C, no charge transport path-
way is observed at the bias voltage of 500 mV. With
the increase of the annealing temperature, the number
of the charge transport pathways increases. Further-
more, the effect of the annealing time on the local
leakage current behaviour of the poly-BFO film was
also studied. The annealing time ranged from 1 min
to 10 min, while the annealing temperature was fixed
at 650 °C. The CAFM images show that no charge
transport pathway is formed until the annealing time

increases up to 10 min.
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Fig. 2. (colour online) Topography images ((a)—(

) and the corresponding CAFM images ((e)—(h)) of poly-BFO films

under a bias voltage of 500 mV. The films are annealed for 10 min at temperatures of 450 °C ((a)and(e)), 550 °C ((b)
and (f)), 650 °C ((c) and (g)), and 700 °C ((d) and (h)). The scanning area is 1 pm?.

Fig. 3.
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(colour online) Topography images ((a)—(d)) and the corresponding CAFM images ((e)—(h)) of poly-

BFO films under a bias voltage of 500 mV. The films are annealed at 650 °C for times of 1 min ((a) and (e)),
2 min ((b) and (f)), 5 min ((c) and (g)), and 10 min ((d) and (h)). The scanning area is 1 pm?.

Based on the results shown in Figs. 2 and 3, we
conclude that the amorphous phase and the small
grain are helpful to reduce the leakage current in the
poly-BFO films.
age currents have been observed in Pb(Zr,Ti)O3 and
BiFeO3 BiCrOjs films,[2%2! the leakage current den-
sity is low for the small-grain film as observed in the
poly-BFO films.
limited conduction theory,?? the low leakage current

Similar grain size dependent leak-

According to the grain boundary

density for the small-grain film is due to the inter-grain
depletion layers formed at the grain boundaries. The
local space charge near the grain boundaries inhibits
the current flow. Consequently, the overlapped deple-
tion regions of the neighboring grain boundaries give
rise to the low leakage current. While in the large-
grain film, the depletion regions of the neighboring

grain boundaries cannot overlap, which provide the
pathways for the charge transport and result in the
high leakage current.

Since no charge transport pathway is observed in
the amorphous sample, this suggests that the amor-
phous phase can act as a barrier layer to hinder the
charge transport. The existence of the amorphous
phase in the crystalline matrix and its content ra-
tio seem to be responsible for the observed anneal-
ing parameter dependence of the local charge trans-
port behaviour in the poly-BFO film. Therefore, it
is expected that the charge transport can be modu-
lated by precisely controlling the amorphous phase.
In order to check the above scenario, two types of
samples, amorphous-BFO /5-poly-BFO and poly-BFO
films, were prepared, and their current behaviours

117701-3
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were measured. For the poly-BFO sample, all the six
BFO layers were annealed at 650 °C for 10 min. For
the amorphous-BFO/5-poly-BFO sample, the first five
layers were annealed at 650 °C for 10 min, the sixth
layer was preheated only at 300 °C for 10 min. With-
out any further annealing process, the sixth BFO layer
remained in the amorphous phase and acted as a buffer
layer. The current-voltage characteristics indicate
that the leakage current density of the amorphous-
BFO/5-poly-BFO film is reduced by two orders of
magnitude as compared with that of the poly-BFO
film, as revealed in Fig. 4. This result proves that the
amorphous BFO layer is a good barrier to hinder the
charge transport and reduce the leakage current.
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Fig. 4. Current—voltage characteristics for Cu/poly-BFO /Pt
and Cu/ amorphous-BFO/5-poly-BFO /Pt capacitors.

Besides the effect of the annealing processes, we
also investigated the charge transports of the poly-
BFO films operated at different bias voltages and un-
der different conditions of light illumination. Figure
5 shows a series of topography images and the cor-
responding CAFM images at bias voltages ranging
from 10 mV to 1000 mV for the poly-BFO films. The
CAFM images show that under a small bias voltage of
10 mV, a few charge transport pathways are formed.
As the bias voltage increases, both the charge trans-
port pathways and the local current intensities in-
crease, leading to the nonlinear current—voltage char-
acteristics in the poly-BFO films. This scenario has
also been confirmed by the experimental macroscopic
transport measurement. [23]

Photovoltaic effects have been observed in the
BFO

forms.[24=26] Here, we measure the effect of light illu-

in both single crystal and epitaxial film

mination on the leakage current of the poly-BFO film.
Figure 6 shows the photo-induced local charge trans-
ports of the poly-BFO films measured by the CAFM.
Under light illumination, more charge transport path-
ways are generated than that in the dark. This en-
hanced photocurrent is likely to result from the light-
induced carriers in the poly-BFO film. Since it is uni-
versally believed that the photovoltaic effect in the fer-
roelectric material is related to the light-induced car-
riers and their separation under an electric field.[27:28]

200 nm

Fig. 5. (colour online) Topography images ((a)—(c)) and the corresponding CAFM current images ((d)—(f)) of

a poly-BFO film annealed 650 ° for 10 min sequentially gathered from the same location at bias voltages of
10 mV ((a) and (d)), 100 mV((b) and (e)), and 1000 mV ((c) and (f)). The shown scanning area is 1 pm?.
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Fig. 6. (colour online) Topography images ((a) and (b)) and corresponding CAFM images in the dark (¢) and

under the illumination (d). The scanning area is 0.8 pmx0.8 pm.

4. Conclusion

The leakage current behaviours of poly-BFO films
are investigated by using both the CAFM and the I
From the CAFM images, the lo-
cal charge transport pathways of the poly-BFO films

V' measurements.

are found to be located mainly at the grain bound-
ary regions. Furthermore, the leakage current density
can be tuned by changing the post-annealing temper-
ature, the annealing time, the bias voltage and the
light illumination. These results enable us to control
the leakage current behaviours of the BFO films and
hence improve the performance of the BFO film-based
device.
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