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Ferroelectric properties and fatigue endurance of 5% Mn-substituted BiFeO3 (BFO) films deposited on iridium (Ir) and
platinum (Pt) electrodes have been discussed. 5% Mn-substituted BFO thin films have been formed on Ir/Ti/SiO2/Si(100)
and Pt/Ti/SiO2/Si(100) substrates by chemical solution deposition (CSD). X-ray diffraction patterns have proved that BFO
films on both Ir and Pt electrodes have distorted rhombohedral R3c structure. It has been found in electrical measurements that
leakage current density in the BFO films on Ir electrodes is higher than that in the film on Pt electrode, which is probably due
to the lower Schottky barrier height of Ir than Pt. The maximum remanent polarization (Pr) and the minimum coercive electric
field in BFO films on Ir electrodes were 82 mC/cm2 and 0.3MV/cm, respectively, at an applied electric field of 2MV/cm and
a measurement frequency of 10 kHz. It has also been found that decrease of the annealing temperature to 525 �C is effective to
improve the fatigue endurance. [DOI: 10.1143/JJAP.47.2230]
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1. Introduction

Ferroelectric random access memories (FeRAMs) have
been attracting much attention because of their non-
volatility, low power consumption, and high operation
speed, and now FeRAMs are widely used in radio frequency
identification (RFID) tags and integrated circuits (IC) cards.
So far, successful fabrication of 64Mb chips has been
achieved using PbZrxTi1�xO3 (PZT) as a ferroelectric film.1)

However, in the next generation of FeRAM chips with a
higher density, new ferroelectric materials with larger
remanent polarization and lower coercive field are neces-
sary.

It has been reported that BiFeO3 (BFO) thin films formed
by pulse laser deposition (PLD) possess a giant remament
polarization beyond 90 mC/cm2.2) A polarization of 100 mC/
cm2 has also been achieved at room temperature (RT) in our
previous research in Mn-substituted BFO thin films formed
by chemical solution deposition (CSD) on Pt bottom
electrode.3) However, fatigue endurance in BFO films has
not been investigated yet. It is well known that Ir or IrO2

electrodes are effective to improve the fatigue endurance
in PZT capacitors.4,5) Thus, in this paper we investigate
structural and ferroelectric properties of BFO films deposited
on Ir electrodes and compare them with those on Pt
electrodes.

2. Experiments

An Ir bottom electrode was formed on SiO2/Si(100)
substrate using a thin Ti buffer layer by radio frequency (RF)
sputtering. Both Ti and Ir films were deposited at RT.
Typical thicknesses of Ti and Ir films are 15 and 120 nm,
respectively. A part of the Ir film was annealed for
crystallization [denoted as Ir (A)] at 550 �C for 5min in
vacuum before deposition of a BFO film and another part
was used without annealing [denoted as Ir (N)] to deposit
a BFO film on it. A Pt/Ti/SiO2/Si substrate was also used
for comparison, in which the Pt film was deposited by

RF sputtering at RT. A stoichiometric 5% Mn-substituted
BiFeO3 (BFO) solution of 0.33mol/kg (Toshima) was spin-
coated at 3000 rpm for 30 s on the Ir and Pt electrodes. Then
it was baked on a hotplate at 240 �C for 3min, and calcined
at 350 �C for 10min in air. After this process, a BFO film of
20–30 nm thickness was formed. This process was repeated
about 20 times to obtain films with suitable thickness.
Finally, the films were annealed at 525, 550, 575, and 600 �C
for 10min in nitrogen atmosphere.

Next, Ir and Pt top electrodes of 3:14� 10�2 and 0:79�
10�2 mm2 in size were deposited at RT by electron beam
evaporation through a shadow mask. Pressure during
deposition was typically 5� 10�6 Torr. Atomic force mi-
croscopy (AFM) was used to check the surface roughness of
bottom electrodes and BFO films. Scanning electron mi-
croscopy (SEM) was employed to examine cross-section of
the film. Crystal structures of the films were determined by a
multipurpose X-ray diffractometer (XRD). Electrical proper-
ties of MFM (M: metal, F: ferroelectric) capacitors were
measured by a ferroelectric test system (Toyo FCE fast) and
a precision semiconductor parameter analyzer (HP 4156C).

3. Results and Discussion

The surface morphologies of bottom electrodes were
measured by AFM, as shown in Fig. 1. Surface of Ir bottom
electrode was significantly changed by annealing. The root
mean square (RMS) roughness of Ir electrode was 0.86 nm
(a) before annealing and 5.14 nm (b) after annealing, and it
was 2.44 nm for Pt electrode (c). Surfaces of BFO films
formed on Ir (N), Ir (A), and Pt electrodes are shown in
Figs. 1(d)–1(f), respectively. All samples were annealed at
550 �C for 10min. Larger grain size in the BFO film on
Ir (A) might be caused by rougher surface of its bottom
electrode, compared to those on Ir (N) and Pt electrodes. The
cross-sectional SEM image of BFO film on Ir (N) electrode
is shown in Fig. 2 which shows that the BFO film thickness
is 400 nm. XRD patterns of 5% Mn-substituted BFO films on
Ir and Pt electrodes are shown in Fig. 3, which demonstrates
that all BFO films are well crystallized in a rohmbohedrally
distorted R3c perovskite structure with no secondary phase.�E-mail address: ishiwara.h.aa@m.titech.ac.jp
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The figure also shows that crystallites in the BFO film on
annealed Ir electrode have a preferred (110) orientation.

Figure 4(a) shows leakage current density vs electric field
(J–E) characteristics of 5% Mn-substituted BFO thin films
on Ir and Pt electrodes. The highest leakage current density
is 0:9� 10�2 A/cm2 in the Ir/BFO/Ir (A) structure and the
lowest value is 0:5� 10�2 A/cm2 obtained in Pt/BFO/Pt
structure at an applied electric field of 0.5MV/cm. Leakage
currents in the Pt/BFO/Ir (A) and the Pt/BFO/Ir (N)
structures are located between the Ir/BFO/Ir (A) and Pt/
BFO/Pt structures. The higher leakage current in the Ir/

BFO/Ir (A) structure is presumed to originate from (1) the
large grain size and the rough interface between film and
electrode, and (2) lower Schottky barrier height of Ir (work
function: 5.27 eV) than Pt (work function: 5.65 eV). Such a
Schottky barrier model has been proposed for the leakage
current mechanism in MFM capacitors at a high electric
field.6,7) The relation between higher leakage current and
larger grain size coincides with the results obtained by
Chung et al.8) It is also shown in Fig. 4(b) that leakage
current increases and breakdown field degrades with the
increase of annealing temperature.

Figure 5(a) shows the polarization vs electric field (P–E)
properties of 5% Mn-substituted BFO thin films on Ir and
Pt electrodes annealed at 550 �C. Top electrodes in these
samples were Pt and the hysteresis loops were measured at
10 kHz at RT. Saturated polarizations were obtained in the

Fig. 1. Surface morphologies of (a) non-annealed Ir, (b) annealed Ir, and

(c) Pt electrodes, the RMS roughness values are 0.86, 5.14, and 2.44 nm

from (a) to (c) and 5% Mn-substituted BFO films on (d) non-annealed Ir,

(e) annealed Ir, and (f) Pt electrodes.

Fig. 2. Cross-sectional image of a 400 nm thick BFO film on non-

annealed Ir electrode.
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Fig. 3. XRD patterns of 5% Mn-substituted BFO films on annealed Ir,

non-annealed Ir, and Pt electrodes.
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Fig. 4. J–E characteristics of (a) 5% Mn-substituted BFO films on Ir and

Pt electrodes measured at RT and (b) variation with annealing temper-

ature.
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three structures. No good P–E hysteresis loops could be
measured for the Ir/BFO/Ir (A) capacitor, because of its
large leakage current and low breakdown field. At an applied
electric field of 2MV/cm all samples show almost the same
coercive field (2Ec) of around 0.6–0.7MV/cm, while the
remanent polarization (Pr) is largest (82 mC/cm2) in the Pt/
BFO/Ir (A) structure and it is smallest (64 mC/cm2) in the
Pt/BFO/Pt structure. Ir electrode seems to be effective in
increasing Pr of BFO capacitors due to the preferred (110)
orientation in the BFO film on Ir. However, further
investigation is necessary to ascertain that the increase in
Pr is not an apparent one due to high leakage current density.

The impact of annealing temperature has been demon-
strated in the Pt/BFO/Ir (N) structure. As shown in
Fig. 5(b), hysteresis loops were hardly changed by annealing
temperature except that the maximum applied electric fields
decrease in the samples annealed at temperatures of 575 and
600 �C. Because of the lower applied field, Pr in the same
sample at 575 �C is smaller than that in the samples annealed
at 525 and 550 �C. In the 600 �C annealed sample, however,
Pr is again increased, which is considered to be the apparent
increase due to the high leakage current density of the film
[Fig. 4(b)]. The impact of declined applied electric field
leads to a minor loop shown in the figure. The slight
decrease of Pr can be compensated by ideally increasing
electric field. In this way, Pr in sample annealed at 600 �C
will be uniquely a little larger than others; this result is
coincident to Fig. 4(b) in which leakage current for sample
annealed at 600 �C is also higher. It is still unclear how much
the contribution of leakage current is counted in Pr

measurement. It is also shown that 525 �C is acceptable
to be used as the annealing temperature, which is lower

by 25 �C than the conventionally employed temperature
(550 �C) in fabrication of BFO thin films.

Figure 6 shows the fatigue endurance in BFO thin films
on Ir and Pt electrodes. In the measurement, bipolar square
pulses of 0.4MV/cm in amplitude and 100 kHz in frequency
were applied to fatigue the films and 10 kHz triangular-
shaped pulses of 1MV/cm in amplitude were used to
measure the remanent polarization. Variation of Pr with
applied pulse cycles is shown in Fig. 6(a). As shown in the
figure, Pr in the Pt/BFO/Ir (A) structure increases from
32 to 70 mC/cm2 by application of 1� 107 pulses. On the
contrary, increase of Pr in the Pt/BFO/Pt and Pt/BFO/Ir
(N) structures is not significant even if 1� 107 pulses are
applied. Comparisons of the P–E hysteresis loops before
(solid lines) and after (broken lines) application of 1� 107

pulses are shown in Fig. 6(b), which show the different
behavior more clearly. In this measurement, the maximum
applied field was limited to 1MV/cm in order to avoid a
premature breakdown caused by the alternate applied pulses.
Thus, the BFO film is not fully polarized and the hysteresis
shape is strange. Antiferroelectricity is also reflected in the
hysteresis loops measured before fatigue. Apparently the
antiferroelectricity disappears after a number of pulses for
domain switching have been applied.

The evolution of hysteresis loop during fatigue was jointly
accompanied by diminishment of antiferroelectricity and
increase of leakage current which leads to an increasing Pr.
In Fig. 6(c) it revealed that leakage current in both structures
increased after 105 pulses applied. It further proved that
contribution of leakage current to increasing Pr could not be
ignored. As the matter of fact, the better fatigue endurance in
the Pt/BFO/Pt and Pt/BFO/Ir (N) structure might also be
related to the grain structure in the films, as discussed below.
Figure 6(d) shows the annealing temperature dependence
of the fatigue endurance, in which the Pr values for the
Pt/BFO/Ir (A) and Pt/BFO/Ir (N) structures are shifted
upwards by 40 and 20 mC/cm2, respectively. We could not
measure significant data for the samples annealed at 575 and
600 �C, because the leakage current increased rapidly after
application of small numbers of voltage pulses. As shown in
the figure, the fatigue endurance is much better in the sample
annealed at 525 �C.

As shown in Fig. 1, grains in BFO films on Pt and non-
annealed Ir electrodes are smaller and more regularly and
densely packed, owing to the smoother bottom electrode.
Thus, electric field is applied more uniformly to the films
and leakage current is reduced in these films. Furthermore,
defect density and oxygen vacancy concentration might be
low in the films with the regular grain structure. We assume
that this is another reason for the low leakage current
density.9) On the contrary, grains are larger and irregular in
the films formed on annealed Ir electrodes or annealed at a
high temperature like 575 or 600 �C. We assume that many
leakage current paths exist in these films and they further
increase by application of periodic voltage pulses. We
conclude from this discussion that the pronounced increase
in Pr in Figs. 6(a) and 6(d) is not due to the so-called wake-
up phenomenon in a ferroelectric film, but it is apparent
increase based on increase of leakage current in the films,
and that the annealing temperature of 525 �C is appropriate
from a viewpoint of the fatigue endurance.
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Fig. 5. (a) P–E hysteresis loops of 5%Mn-substituted BFO films on Ir and

Pt electrodes measured at RT and (b) variation with annealing temper-
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4. Conclusions

We compared the ferroelectric properties of 5% Mn-
substituted BiFeO3 films on Ir and Pt electrodes and
obtained the following conclusions. The surface of Ir
electrode becomes rough by annealing in vacuum and grains
in the BFO films deposited on the annealed Ir electrode [Ir
(A)] become large and irregular. On the other hand, grains
in the films deposited on non-annealed Ir [Ir (N)] and Pt
electrodes are small and dense, and no significant difference
has been observed between them. XRD analysis have
revealed that crystallites in the BFO films on the Ir (A)
electrode have a preferred (110) orientation. We assume that
this is a main reason why the remanent polarization in Pt/
BFO/Ir (A) structure is larger than those in Pt/BFO/Ir (N)
and Pt/BFO/Pt structures. The leakage current density in the
Pt/BFO/Pt structure is lowest and that in the Pt/BFO/Ir (A)
structure is highest. We assume that the lowest leakage
current in the Pt/BFO/Pt structure is due to the higher work
function of Pt than Ir, and the highest one in the Pt/BFO/Ir
(A) structure is due to the large and irregular grain structure,
as well as the lower work function of Ir. It has been found
that the fatigue endurance is closely related to the leakage
current in the film and concluded that the pronounced
increase in remanent polarization is not due to the wake-up
phenomenon in a ferroelectric film but it is apparent increase
due to the increase of leakage current.
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