JOURNAL OF APPLIED PHYSICS 104, 104106 (2008)

Ferroelectric properties of chemically synthesized perovskite

BiFeO;—PbTiO; thin films

Wataru Sakamoto,? Asaki Iwata, and Toshinobu Yogo
Division of Nanomaterials Science, EcoTopia Science Institute, Nagoya University, Furo-cho, Chikusa-ku,
Nagoya 464-8603, Japan

(Received 27 July 2008; accepted 7 October 2008; published online 19 November 2008)

Ferroelectric BiFeO;—PbTiO; thin films with near morphotropic phase boundary composition were
synthesized on Pt/TiO,/Si0O,/Si substrates by chemical solution deposition. Perovskite
BiFeO;—PbTiO; single-phase thin films were successfully fabricated at 600 °C by optimizing
several processing conditions, such as the PbTiO5 content. Typical ferroelectric polarization-electric
field (P-E) hysteresis loops were observed for (1-x)BiFeO;—-xPbTiO; (x=0.2, 0.3, 0.4, 0.5)
thin films, which contained some leakage current components at room temperature. In the low
temperature region, the BiFeO;—PbTiOj thin films demonstrated improved insulating resistance and
exhibited relatively saturated P-E hysteresis loops. Among these films, 0.7BiFeO5-0.3PbTiO; thin
films exhibited the largest remanent polarization, and the remanent polarization (P,) and coercive
field (E,.) at =190 °C were approximately 60 «C/cm? and 230 kV/cm, respectively. Furthermore,
Mn doping of the BiFeO;—PbTiO; thin films was effective in changing the dominant leakage
current factors and improving the ferroelectric properties of the resultant thin films at room
temperature. The P, and E_. values of 5 mol % Mn-doped 0.7BiFeO5-0.3PbTiO; films at room
temperature were approximately 40 uC/cm? and 100 kV/cm, respectively. Potentially large
remanent polarization (~90 wC/cm?) was also demonstrated by the BF-PT thin films. © 2008

American Institute of Physics. [DOI: 10.1063/1.3026527]

I. INTRODUCTION

Recent research has focused on the application of ferro-
electric materials with giant ferroelectric polarizations, in
thin-film form, in ferroelectric random access memories, and
piezoelectric and electro-optic thin-film devices. Progress in
thin-film processing of several functional materials has led to
the achievement of miniaturization, high integration, and
high performance of electronic devices. Among the several
ferroelectrics, BiFeOs-based compounds have received great
attention and have been extensively studied because they
have both ferroelectric and ferromagnetic orderings, afford-
ing the possibility of applications in new types of devices."?
BiFeO; is a well-known and representative material, with
both ferroelectric (T-=830 °C) and antiferromagnetic (Ty
=370 °C) properties.3 “ The crystallographic structure of the
BiFeO; single crystal is reported to be a rhombohedrally
distorted perovskite structure,” which provides weak ferro-
magnetism at room temperature because of a residual mo-
ment caused by a canted spin structure.”® At =196 °C, the
spontaneous polarization of BiFeO; single crystals has been
reported to be 3.5 uC/cm? along the (100) direction and
6.1 uC/cm? along the (111) direction.” BiFeO; thin films
with large remanent polarizations (>50 wC/cm?) were fab-
ricated by pulsed laser deposition with precise oxygen-
partial-pressure control."®? BiFeO; thin films, chemically
deposited using an alcohol solution, were also shown to pos-
sess improved saturation properties of P, and E,., which were
modified by the doping of rare earth ions.'>'? However, in
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general, the preparation of pure BiFeO; compounds without
impurity phases is difficult due to the low stability of Bi in
perovskite BiFeOs;. For thin-film fabrication, the BiFeO;
phase is often crystallized on substrates, along with the for-
mation of a Bi-deficient second phase, such as Bi,Fe,Oq. The
formation of Bi,Fe, Oy tends to degrade the surface morphol-
ogy owing to an exaggerated grain growth, leading to poor
electrical properties.13 Therefore, the crystallization of per-
ovskite BiFeO; single phase is indispensable for fabricating
thin films with desired performance. Moreover, BiFeO; films
usually exhibit a relatively large leakage current density,
which might be attributed to the oxygen vacancies induced
by the volatilization of Bi, as reported in case of the
Bi,Ti;O, system.'*'"” The involved reduction in Fe** to Fe?*
might affect the low electrical resistivity of BiFeO; thin
films. 1618 Thus, the observation of well-saturated ferroelec-
tric polarization-electric field (P-E) hysteresis loops is quite
difficult, and improvements in the structural stability and in-
sulating resistance of BiFeO; are absolutely necessary for
practical applications of BiFeO;.

The BiFeO;—ABOj; solid solution systems have attracted
great attention as a solution for improved structural stability.
Among perovskite ABO; compounds, PbTiO;5 is a stable
ferroelectric perovskite oxide with a Curie temperature of
490 °C. A solid solution of BiFeO; and PbTiO; was reported
to exhibit high Curie temperatures from the ferroelectric to
paraclectric phases.'’ A (1-x)BiFeO;—xPbTiO; system is
expected to provide the desired structural stabilization, and
its electrical properties can be enhanced using the morpho-
tropic phase boundary (MPB). According to the previous
studies, the MPB of the (1-x)BiFeO;—xPbTiO; system is
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located around the x=0.3 composition.lg’21 Furthermore, the
La- and Ga-modified BiFeO;—PbTiO; ceramics have excel-
lent ferroelectric and piezoelectric properties near the MPB
composition, separating the rhombohedral and tetragonal
phases.22

On the other hand, the substitution of various ions in the
Fe-site of BiFeO; thin films has been examined for improv-
ing the insulating resistance. Mn- and Cr-doped BiFeOj; thin
films demonstrated improved ferroelectric properties, prob-
ably resulting from the reduced leakage current.”?* These
results indicate that Fe-site substitution can be a good solu-
tion for fabricating BiFeO;—PbTiO; thin films with good
electrical properties.

These facts make a modified BiFeO;—PbTiO; solid so-
lution with near MPB composition attractive for applications
requiring excellent temperature stability properties, such as
in ferroelectric, piezoelectric, and novel thin-film
devices. Therefore, in this work, the fabrication and charac-
terization of  perovskite  (1-x)BiFeO;—xPbTiO; (x
=0.2, 0.3, 0.4, 0.5) thin films with near MPB composi-
tion, on Si-based substrates, have been performed by chemi-
cal solution deposition (CSD). A CSD process using metal-
organic compounds is expected to provide high homogeneity,
fabrication at low temperatures, and precise control of the
chemical composition. The crystallization, surface morphol-
ogy, and ferroelectric properties of the chemically derived
perovskite BiFeO;—PbTiO; thin films on Pt/ TiO,/SiO,/Si
substrates were examined. Furthermore, Mn doping of the
BiFeO;—PbTiO; thin films was investigated as a method for
improving the ferroelectric properties of the resultant thin
films at near room temperature.

Il. EXPERIMENTAL DETAILS

Bi(O'CsH )3, Fe(OC,Hs)s, Pb(CH;CO0),,
Ti(O'C53H;)4, and Mn(O'C5H;), (Kojundo Chemical, Japan)
were selected as starting materials for the preparation of (1
—x)BiFeO;—xPbTiO; (x=0.2, 0.3, 0.4, 0.5) (BF-100xPT)
precursor solutions. When Mn-doped BF-PT thin films were
fabricated, the chemical compositions of the precursor solu-
tions were set at (1-x)Bi(Fe;_,Mn,)O;-xPbTiO; (x
=02, 0.3, 04, 0.5, y=0, 0.01, 0.03, 0.05) (BF,_,M,
—100xPT). 2-methoxyethanol, as a solvent, was dried over
with molecular sieves and distilled before use. Amounts of
Bi(O'CsH,,);, Fe(OC,Hs);, Pb(CH;COO0),, Ti(O'C5H,),,
and Mn(O'C;H;),, corresponding to the desired composi-
tions, with 3 mol % of excess Bi and 5 mol % of excess Pb,
were dissolved in absolute 2-methoxyethanol. Then, the
mixed solution was refluxed for 20 h, yielding a 0.2M ho-
mogeneous brown-colored precursor solution. Since the
starting metal-organic compounds are extremely sensitive to
moisture, the entire procedure was conducted in a dry nitro-
gen atmosphere.

The BiFeO;—PbTiO; (BF-PT) thin films were fabricated
using the precursor solution by spin coating at 2500 rpm for
30 s on Pt/TiO,/SiO,/Si substrates. As-deposited BF-PT
precursor films were dried at 150 °C for 5 min and calcined
at 400 °C at a rate of 10 °C/min for 1 h in an oxygen flow.
After five drying and calcining cycles, the calcined layers
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FIG. 1. XRD patterns of the (1-x)BiFeO;—xPbTiO; (BF-100xPT) thin
films on Pt/TiO,/SiO,/Si substrates after heat treatment at 600 °C. (a)
BF-20PT, (b) BF-30PT, (c) BF-40PT, and (d) BF-50PT.

were crystallized at various temperatures by rapid thermal
annealing for 1 h in an oxygen flow. The coating and calcin-
ing cycles were repeated ten times (including two heat treat-
ments for crystallization) until the film thickness reached ap-
proximately 500 nm. The processing conditions for the thin-
film fabrication were optimized compare to a former report
by the authors.”!

The crystallographic phases of prepared BF-PT thin
films were characterized by x-ray diffraction (XRD) (Rigaku,
RAD RC) analysis using Cu K« radiation with a monochro-
mator. The surface morphology and thickness of the crystal-
lized thin films were observed by atomic force microscopy
(AFM) (SII NanoTechnology, SPI3800N) and scanning elec-
tron microscopy (JOEL, JSM-5600), respectively. The elec-
trical properties of the film were measured using Pt top elec-
trodes of 3.14X 10™* cm?, deposited by dc sputtering onto
the surface of BF-PT films, followed by annealing at 400 °C
for 1 h. The Pt layer of the Pt/ TiO,/SiO,/Si substrates was
used as a bottom electrode. The electrical properties of
BF-PT thin-film capacitors were evaluated with an
impedance/gain phase analyzer (SI-1260, Toyo Corp.) and a
ferroelectric test system (FCE-1, Toyo Corp.) at room tem-
perature. The leakage current density-electric field (J-E)
characteristics of the BF-PT thin films were characterized
with an electrometer/high resistance meter (Keithley Instru-
ments, Model 6517A). Measurement of the ferroelectric
properties of the thin films at low temperature was conducted
in a wafer cryostat (Sanwa, WM-363—1) under vacuum (1.0
Pa).

lll. RESULTS AND DISCUSSION
A. Crystallization of BF-PT thin films on substrates

Figure 1 shows XRD patterns of the (I
—x)BiFeO;—xPbTiO3 (BF-100xPT, x=0.2, 0.3, 0.4, 0.5)
thin films, fabricated on Pt/TiO,/SiO,/Si substrates after
heat treatment at 600 °C. Although the crystallographic
phase was similar to cubic (pseudocubic), BF-20PT, BF-
30PT, BF-40PT, and BF-50PT thin films crystallized in per-
ovskite BF-PT single phase with random orientation. When
the BF-PT thin films with a PbTiO; content less than
20 mol % were fabricated under similar conditions, diffrac-
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FIG. 2. (Color online) AFM images of the (1-x)BiFeO;—xPbTiO;
(BF-100xPT) thin films on Pt/ TiO,/SiO,/Si substrates after heat treatment
at 600 °C. (a) BF-20PT, (b) BF-30PT, (c) BF-40PT, and (d) BF-50PT.

tions corresponding to the second phases, such as Bi,Fe, O,
were observed with those of perovskite BF-PT in their XRD
profiles. Crystallization in perovskite BF-PT is seems to be
due to the stabilization of the perovskite phase by the forma-
tion of a solid solution with PbTiO5;. Moreover, at a crystal-
lization temperature of 700 °C, the BF-20PT thin films with
a relatively low PbTiO; content crystallized in a mixture of
perovskite BF-PT and Bi,Fe,O4. The formation of second
phases, such as the Bi,Fe,Oq phase, is attributed to the low
structural stability of perovskite BF-PT and the volatility of
Bi and Pb ions at high temperature. In BF-PT systems, the
stability of the perovskite phase is believed to decrease with
an increase in BiFeO; concentration. On the other hand, BF-
30PT, BF-40PT, and BF-50PT thin films crystallized in
single-phase BF-PT at 600-700 °C, which was supported
by an absence of diffraction of the second phase in this com-
position range. This is because an increase in PbTiO5; con-
centration in BF-PT enlarged the process window for the
synthesis of perovskite single-phase BF-PT thin films.

B. Surface morphology of BF-PT thin films

Figure 2 shows AFM images of the (Il
—x)BiFeO;—xPbTiO; (BF-100xPT, x=0.2, 0.3, 0.4, 0.5)
thin films prepared at 600 °C on Pt/TiO,/SiO,/Si sub-
strates. These images show that the surface morphology of
the BF-PT thin films did not depend greatly on the PT con-
tent within this composition range. A tendency toward larger
grain size distribution was observed in the films with increas-
ing PbTiO; ratio. The root-mean-square (rms) roughness val-
ues of the BF-20PT, BF-30PT, BF-40PT, and BF-50PT thin
films, as demonstrated in Fig. 2, were 2.8, 3.5, 2.5, and 2.6
nm, respectively. As the crystallization temperature in-
creased, the surface morphology of the BF-20PT thin films
degraded. The BF-20PT thin films, in particular, crystallized
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FIG. 3. The leakage current density of the (1-x)BiFeO;—xPbTiO;
(BF-100xPT) thin films on Pt/TiO,/SiO,/Si substrates after heat treatment
at 600 °C (measured at room temperature). (a) BF-20PT, (b) BF-30PT, (c)
BF-40PT, and (d) BF-50PT.

at higher temperatures, exhibiting a larger rms roughness
(>10 nm). This might be due to the exaggerated grain
growth through the formation of the second phase (e.g.,
Bi,Fe,O4) accompanied by the volatilization of Bi and Pb
ions. Tyholdt et al. reported exaggerated grain growth of
chemically derived BF thin films, accompanied by the for-
mation of a second (Bi,Fe,Oo) phase."> Although the grain
growth proceeded with increasing heat treatment tempera-
ture, the rms roughness of the perovskite BF-30PT, BF-40PT,
and BF-50PT thin films was smaller than 10 nm, and the
surface morphology did not change much over the crystalli-
zation temperatures. Therefore, the stabilization of perov-
skite phase is important for the fabrication of BF-PT thin
films with good surface morphology, without exaggerated
grain growth, over a wide temperature range. Based upon the
XRD and AFM data, the BF-PT thin films prepared at
600 °C were selected for comparison of their electrical prop-
erties, especially the ferroelectric properties of the BF-PT
thin films with various PbTiO; content.

C. Leakage current and ferroelectric properties of the
BF-PT thin films

The BF-based thin films tend to exhibit low insulating
resistance, therefore, analysis of their leakage current behav-
ior is very important. The composition dependence of leak-
age current properties at room temperature was investigated.
Figure 3 shows the leakage current density of the BF-PT thin
films as a function of the electric field. Although all the films
exhibited low insulating resistance, their leakage current
density was decreased with increasing PT content. The for-
mation of a solid solution with PT leads to the stabilization
of the perovskite structure and a reduction in the effects of
the oxygen vacancy, accompanied by volatilization of Bi or
Pb. Leakage current behavior of typical ferroelectric thin
films was observed in case of the BF-PT thin films with a
PbTiO5 above 30 mol %. However, the leakage current den-
sities of the films showed an abrupt increase with the applied
field at 50-60 kV/cm. Moreover, all the samples exhibited
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FIG. 4. (Color online) P-E hysteresis loops of the (1 —x)BiFeO;—xPbTiO;
(BF-100xPT) thin films on Pt/TiO,/SiO,/Si substrates after heat treatment
at 600 °C (measured at room temperature). (a) BF-20PT, (b) BF-30PT, (c)
BF-40PT, and (d) BF-50PT.

asymmetric behavior in the direction of the applied electric
field. This might be due to the complicated defect structure
of the films, the Pb, Bi, and oxygen vacancies seem to be
distributed nonuniformly in the thickness direction. Detailed
leakage current mechanisms are discussed in Sec. III D.
P-E hysteresis measurements were also performed to
characterize the ferroelectric property of the (I
—x)BiFeO;—xPbTiO; (BF-100xPT, x=0.2, 0.3, 0.4, 0.5)
thin films crystallized at 600 °C. Figure 4 shows the P-E
hysteresis loops of the (1 —x)BiFeO;—xPbTiO; (BF-100xPT,
x=0.2, 0.3, 0.4, 0.5) thin films measured at room tem-
perature. Although all the films showed ferroelectric hyster-
esis loops, saturated P-E loops were not observed in any film
because of the large leakage current in the high electric field
region. The leakage current components of the P-E loops
depended on the PT content, which is reflected in the leakage
current density curves of the films, as demonstrated in Fig. 3.
One of the major problems of BiFeOj-based thin films is
their low electrical resistivity, which makes the measurement
of their ferroelectric properties at room temperature difficult.
This is mainly due to the oxygen vacancies, accompanied by
the volatilization of Bi and Pb. In addition, the reduction in
Fe’* to Fe?* might degrade the insulation resistance in the
films. To suppress the conductivity and reveal the potential
polarization in the BF-PT thin films, measurement was per-
formed at low temperature. Figure 5 shows the P-E hyster-
esis loops of the (1-x)BiFeO;—xPbTiO; (BF-100xPT, x
=0.2, 0.3, 0.4, 0.5) thin films measured at —190 °C.
These thin films showed well-shaped ferroelectric hysteresis
loops with no leakage current component, compared to those
at room temperature (Fig. 4). Among these films, the BF-
30PT thin films showed the largest polarization. The remnant
polarization (P,) and coercive field (E,) of the
600 °C-prepared BF-30PT thin films were approximately
60 uC/cm?> and 230 kV/cm?,  respectively.  The
600 °C-prepared BF-20PT, BF-40PT, and BF-50PT thin
films exhibited P, values smaller than 40 uC/cm?. These P,
values were higher than those reported for the La- and Ga-
modified BF-PT bulk ceramics, and were as good or better
than those of the BF-PT thin films fabricated by pulsed laser
deposition with near MPB compositions.lg’25 However, the
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FIG. 5. (Color online) P-E hysteresis loops of the (1-x)BiFeO;—xPbTiO5
(BF-100xPT) thin films on Pt/TiO,/SiO,/Si substrates after heat treatment
at 600 °C (measured at —190 °C). (a) BE-20PT, (b) BE-30PT, (c) BF-40PT,
and (d) BF-50PT.

E. values of the BF-PT films were inferior to those of the
BF-PT-based ceramics. Improvements in the insulating resis-
tance and ferroelectric properties at ambient temperature are
necessary for practical application of the BF-PT thin films.

D. Change in the leakage current properties of the
BF-PT thin films by Mn doping

Mn-doped BF-PT thin films were fabricated in the same
manner as the BF-PT films, and the effects of Mn doping on
the leakage current properties and ferroelectric properties at
room temperature were investigated, as well as for the re-
ported Mn-doped BF thin films.>* The Mn ion has an ionic
radius similar to that of the Fe ion, and therefore, is easily
introduced into the perovskite lattice. All the Mn-doped
BF-PT thin films were crystallized in the single phase of
perovskite BF-PT, similar to the nondoped BF-PT thin films,
as shown in Fig. 1. Figure 6 shows the leakage current den-
sity of the Mn-doped BF-30PT thin films crystallized at
600 °C with various amounts of Mn as a function of the
electric field. In this case, the Mn content doped for the Fe-

Mn content
® : 0 mol%
V : 1 mol%
O : 3 mol%
¥ : 5 mol%

108

200 -150 -100 -50 0 50 100 150 200
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FIG. 6. The leakage current density of the Mn-doped 0.7BiFeO;-0.3PbTiO;
thin films on Pt/TiO,/SiO,/Si substrates after heat treatment at 600 °C
(measured at room temperature). Mn content: (a) 0 mol %, (b) 1 mol %,
(¢) 3 mol %, and (d) 5 mol %.
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site was 1, 3, and 5 mol %, and these Mn-doped BF-30PT
thin  films are described as  BF;qM,;-30PT,
BF(97Mq03-30PT, and BF;9sMs-30PT, respectively. As
shown in Fig. 6, above 3 mol % Mn doping of the BF-30PT
films produced a definite change in the leakage current be-
havior, while a Mn content of 1 mol % was less effective.
Increasing the amount of Mn doping produced lower leakage
current density in the higher electric field region (
>50 kV/cm), and higher leakage current density in the
lower electric field region (<60 kV/cm), as demonstrated in
Fig. 6. This tendency is consistent with that of the Mn-doped
BiFeOs (Ref. 24) and SrTiO; (Ref. 26) thin films reported by
Singh et al. and Morito et al. The electrical conductivity of
Mn-doped BF-PT thin films (more than 3 mol %) increased
as the amount of Mn dopant increased, as reported by several
researchers.”**” Moreover, improvement of the symmetric
properties of the J-E curves in positive (from bottom to up-
per electrode) and negative (from upper to bottom electrode)
applied field directions was also observed with Mn doping.
This is due to the change in the dominant factor, which de-
termines the leakage current from the interface-limited (be-
tween the film and electrode) to bulk-limited (BF-PT film)
conduction.

Possible leakage current mechanisms for the ferroelec-
tric perovskite oxide thin films are two categorized as
interface-limited and bulk-limited conductions. Of all the
possible mechanisms typically observed in the ferroelectric
perovskite oxide thin films, based upon the data shown in
Fig. 6, interface-limited Schottky emission”’®**" is consid-
ered to be the first mechanism. The plots for £/ in In J for
0 and 1 mol % Mn-doped BF-30PT thin films in the applied
field area of Fig. 6 are shown in Fig. 7(a). Since a straight fit
to the data in Fig. 7(a) can be possible in relatively low
applied field area, Schottky emission is the dominant leakage
mechanism for these thin films within this electric field re-
gion. The plots for EY2 in In J/E of the films with 0, 1, 3,
and 5 mol % Mn doping are also shown in Fig. 7(b). When
the amounts of Mn doping are 1, 3, and 5 mol %, the
straight lines following the Poole—Frenkel trap-limited
conduction®* appear similar to that of the nondoped
BF-PT film (0 mol %) over 100 kV/cm. This conduction
mechanism involves consecutive hopping of charges be-
tween defect trap centers. The ionization of the trap charges
can be both thermal and field activated.® To identify the
mechanism that dominates the leakage current, it is neces-
sary to calculate the dielectric constant from the slopes of
these plots.zg*30 The dielectric constants of the BF-30PT
films with and without Mn doping, obtained from the Poole—
Frenkel plot [Fig. 7(b)], are found to be approximately 6.25
which is close to the expected value of the reported dielectric
constant.”®®>° This indicates that the leakage mechanism in
these BF-PT films is dominated by the Poole-Frenkel emis-
sions. Similar behavior of the Poole-Frenkel emission has
been recognized as the dominant leakage mechanism in lead-
based thin-film ferroelectric capacitors.zg’3 "In case of BF-PT,
the likely trap center is considered to be the Fe ions. It is
widely accepted that oxygen vacancies were formed during
heating cause a portion of the Fe** ions to transform into
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FIG. 7. (Color online) (a) In J vs E'2, (b) In(J/E) vs E"2, and (c) double
logarithm plots for the Mn-doped 0.7BiFeO;-0.3PbTiO; thin films on
Pt/TiO,/SiO,/Si substrates after heat treatment at 600 °C (measured at
room temperature).

Fe?*. These Fe ions are often thought to be responsible for
the high leakage current of the BF-based compounds.

On the other hand, at an applied field less than around
100 kV/cm, the Ileakage -current properties of the
BF( 97:M ¢3-30PT, and BF 9sM o5-30PT films did not match
either of these two mechanisms. The leakage current behav-
ior in the BF-30PT exhibited remarkable changes with a Mn
concentration above 3 mol % in this study. Therefore, the
In J-In E plot of the Mn-doped BF-30PT thin films in the
applied field area of Fig. 6 is characterized to examine the
difference in the leakage current mechanism from Mn doping
above 3 mol %, as demonstrated in Fig. 7(c). When the
amount of Mn doping exceeded 3 mol %, Ohmic
conduction®®*® was observed in a low applied field range
(<50 kV/cm), and the conduction mechanism changed
slightly for more than 50 kV/cm. This indicates that the in-
fluence of Schottoky-thermionic emission at the interface
area on the leakage current properties is reduced by Mn dop-
ing to BF-PT thin films even with a high work function Pt
electrode. The results showed that, in an electric field below
50 kV/cm, the Ileakage current density of the
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FIG. 8. (Color online) P-E hysteresis loops of the Mn-doped

0.7BiFe05-0.3PbTiO5 thin films on Pt/TiO,/SiO,/Si substrates after heat
treatment at 600 °C (measured at room temperature). Mn content: (a)
1 mol %, (c) 3 mol %, and (d) 5 mol %.

BF; 97;M 3-30PT and BFysM( o5-30PT thin films followed
typical Ohmic conduction behavior, rather than the Schottky
emission as observed in the case of BF-30PT and
BF; 99M ¢;-30PT thin films, which is confirmed by the slope
of In J-In E (n=~1).>**"*? However, Ohmic conduction was
not dominant in a high electric field region when the Mn
doping increased to 5 mol %. It was found that conduction
from another mechanism, such as space-charge-limited cur-
rent conduction,%’zg_30 became dominant from 50 to 100 kV/
cm. The gradients of the fitting line [in Fig. 7(c)] were nearly
2.0 at an applied field of over 50 kV/cm. As previously men-
tioned, at a higher applied field over 100 kV/cm, the Poole—
Frenkel conduction was observed as the dominant leakage
mechanism similar to the BF-30PT and BF; oM ;-30PT
thin films [Fig. 7(b)].

As can be seen from Fig. 6, in the BF-30PT and
BF( 99oM( ;-30PT thin films, the leakage current density in-
creased steeply with an applied field of over 50 kV/cm,
whereas the BF;¢;M3-30PT and BF;¢sM5-30PT thin
films maintained a lower leakage current in higher applied
field regions. In this case, doped Mn might play an important
role as an acceptor of the hopping electrons between Fe’*
and Fe?* in the BF-PT film. These facts affect the ferroelec-
tric properties of the synthesized BF-PT thin films. The tem-
perature dependence of the leakage current behavior must be
evaluated to determine the optimum amount of Mn and to
clarify the mechanisms. This will be carried out in near fu-
ture.

E. Improved ferroelectric properties of the BF-PT thin
films due to Mn doping

Figure 8 demonstrates P-E hysteresis loops of the
BFj99My ;-30PT, BF;97:M(03-30PT, and BF;9sM 5-30PT
thin films measured at room temperature. The Mn-doped BF-
30PT thin films exhibited hysteresis loops with little leakage
component, compared to those of the BF-30PT thin film, as
shown in Fig. 4. This suggests that Mn doping of the BF-
30PT thin films is very effective in improving the electrical
resistivity for evaluating intrinsic polarization property. In
the BF goM ¢;-30PT thin films, only an electric field smaller
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FIG. 9. P-E hysteresis loops of the 5 mol% Mn-doped (1

—x)BiFeO;—xPbTiO; (BF-100xPT) thin films on Pt/TiO,/SiO,/Si sub-
strates after heat treatment at 600 °C (measured at room temperature). (a)
BF-20PT, (b) BF-30PT, (c) BF-40PT, and (d) BF-50PT.

than that applied for the BF;97M(3-30PT and
BF; 95sM ¢5-30PT thin films could be applied, which suggests
lower resistivity for breakdown of BF; goM, o;-30PT films.

Fang et al.> reported the MnO, doping effect in decreas-
ing the dielectric loss of iron-containing dielectrics, such as
Pb(Fe,4Sc;,4Nb;,»)O;3. Iron-containing ferroelectrics tend to
exhibit a large dielectric loss, which is thought to correlate
with a partial reduction of Fe’* to Fe?* ions during heat
treatment. This decrease in dielectric loss is thought to be
due to the compensation of the charge disproportion of Fe
ions from Mn ion doping. The effect of Mn doping on the
ferroelectric properties of the BF-30PT thin film was clearly
observed, as shown in Fig. 8. For these thin films, a doped
Mn ion can exist as Mn”>* and trap the hopping electrons
between Fe’* and Fe?* in the BF-PT film. Higuchi et al*
reported the determination of valency and site occupation of
Mn ions in the crystal structure for the Mn-doped
BiFeO;—BaTiO; (BF-BT) ceramics, observed by soft x-ray
absorption spectroscopy. In this case, doped Mn ions are lo-
cated at Fe sites and act as acceptors improving the electrical
properties of the BF-BT ceramics. The same effect also
seems to be observed in the current Mn-doped BF-PT thin
films in this study.

Among the films in Fig. 8, the BF;¢sMo5-30PT thin
film has relatively well-shaped hysteresis loops and the larg-
est remanent polarization. Accordingly, the optimum Mn
concentration is determined to be about 5 mol %. Figure 9
shows the P-E hysteresis loops of the 5 mol % Mn-doped
BF-20PT, 30PT, 40PT, and 50PT thin films measured at
room temperature. Mn doping of 5 mol % reduced the leak-
age component and improved the ferroelectric properties
(higher P, and lower E,) of the BF-20PT, 40PT, and BF-
50PT thin films, as well as those of BF-30PT thin films. Both
5 mol % Mn-doped BF-40PT and BF-50PT films exhibited
hysteresis loops as good as those of 5 mol % Mn-doped BF-
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FIG. 10. (Color online) P-E hysteresis loops of the 5 mol % Mn-doped
(1-x)BiFeO3;—xPbTiO; (BF-100xPT) thin films on Pt/TiO,/SiO,/Si sub-
strates after heat treatment at 600 °C (measured at =190 °C). (a) BF-20PT,
(b) BE-30PT, (c) BF-40PT, and (d) BF-50PT.

30PT thin films near the MPB composition. The P, and E, of
5 mol % Mn-doped BF-20PT, 30PT, 40PT, and 50PT films
were approximately 35, 40, 45, and 40 uC/ cm?, and 120,
100, 75, and 75 kV/cm, respectively. Measurement at low
temperature was also performed, and the P-E hysteresis
loops of the Mn-doped BF-PT thin films at —190 °C are
shown in Fig. 10. Regardless of the film composition, all the
thin films exhibited relatively saturated ferroelectric hyster-
esis loops with no leakage current component. Among these
films, 5 mol % Mn-doped BF-30PT thin films showed the
largest polarization similar to that of nondoped BF-PT thin
films measured at —190 °C. The remnant polarization (P,) of
the 600 °C-prepared Mn-doped BF-30PT and BF-40PT thin
films was almost the same value (65 wC/cm?). The
600 °C-prepared BF-20PT and BF-50PT thin films exhibited
smaller P, values of approximately 45 and 55 uC/cm?, re-
spectively. When the applied electric field exceeded 1200
kV/cm, the 5 mol % Mn-doped BF-30PT thin films exhib-
ited a P, value of approximately 90 wC/cm?. This value was
obtained for polycrystalline thin films with no preferred ori-
entation. Therefore, larger ferroelectricity is expected to be
achieved by further control of the film orientation in the
direction of polarization. Because BF-PT compounds are
multiferroics, the magnetic properties of the BF-PT thin
films are also important, and currently under investigation.
We will report on the orientation control and multiferroic
properties of the BF-PT thin films in the near future.

IV. CONCLUSIONS

Ferroelectric (1 -x)BiFeO3;—xPbTiO;  (BF-100xPT,
x=0.2, 0.3, 0.4, 0.5) thin films with a thickness of 500 nm
were synthesized by CSD. Perovskite BiFeO;—PbTiO5
single-phase thin films with a rms roughness value less than
4.0 nm could be fabricated by optimizing the processing con-
ditions. Although the electrical resistivity was not suffi-
ciently high around room temperature, the potential ferro-
electricity of the synthesized films was revealed at low
temperatures. Among the BF-PT thin films with various
PbTiO5 concentrations, the BF-30PT thin films were found
to exhibit the largest P, value (60 wC/cm?) and E. value
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(230 kV/cm) at =190 °C. The Mn-doped BiFeO;—PbTiO5
thin films, however, showed reduced leakage current density
at higher electric fields and relatively well-shaped P-E hys-
teresis loops at room temperature. Mn doping of 5 mol %
was the most effective in improving the ferroelectric proper-
ties of the BiFeO;—PbTiO; thin films. The remanent polar-
ization (P,) and coercive field (E,) of the 5 mol % Mn-
doped 0.7BiFe03-0.3PbTiO; films at room temperature were
approximately 40 uC/cm? and 100 kV/cm, respectively.
These results demonstrate that the BiFeO;—PbTiO; thin
films have excellent ferroelectric properties, comparable to
or larger than those of lead zirconate titanate (PZT). This
provides scope for the practical application of these materials
in electronic thin-film devices using ferroelectricity.
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