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a  b  s  t  r  a  c  t

An  approach  is  used  to improve  the  remanent  polarization  of  BiFeO3 thin  films,  where  the  BiFe0.96Zn0.04O3

thin  film  with  (1 1 1) orientation  was  grown  on  the  SrRuO3/SrTiO3(1 1 1)  substrate  by  rf  sputtering.  A
higher  dielectric  constant  and  a  lower  dielectric  loss  are  demonstrated  for the  BiFe0.96Zn0.04O3 thin  film  as
eywords:
ismuth ferrite
iant polarization
ite engineering
rTiO3 substrate

compared  with  those  of  pure  BiFeO3 thin film. The  introduction  of  Zn  deteriorates  the  magnetic  properties
of  BFO  thin  films.  A  giant  polarization  value  of  2Pr ∼  268.5  �C/cm2 is  induced  for  the  BiFe0.96Zn0.04O3 thin
film as  confirmed  by PUND,  owing  to the  (1 1 1)  orientation,  the  introduction  of  Zn,  and  a  low  leakage
current  density.

© 2011 Elsevier B.V. All rights reserved.
rientation

BiFeO3 (BFO) with a rhombohedrally distorted perovskite struc-
ure has been recently given to much attention because of its
arge polarization value, a high Curie temperature (TC ∼ 1104 K),
nd G-type antiferromagnetic (TN ∼ 644 K) behavior at above room
emperature [1–6], which promises as a candidate material for
he high-density ferroelectric random access memory and several
ther technologically demanding applications [1,2]. However, its
igher leakage current density at room temperature seriously hin-
ers the potentially feasible applications that have been considered
or the BFO thin films [7].

Several different measurements have been conducted for
mproving the ferroelectric properties of BFO thin films by reduc-
ng the leakage current density at room temperature, such as
he employment of a single crystal substrate [3,8], the use of
n appropriate buffer layer [9–11], the construction of a mul-
ilayer structure [12,13],  and the cation substitutions for the Bi
nd Fe sites in the crystal structure [14–17].  However, the fer-
oelectric properties are not ideal for the BFO thin films except
or the use of a single crystal substrate together with the orien-
ation modification [3,8]. A remnant polarization of Pr ∼ 55 �C/cm2

as observed for the (1 0 0)-oriented BFO thin film deposited on
he SrRuO3/SrTiO3(1 0 0) substrate [3].  Moreover, a larger polariza-
ion of Pr ∼ 100 �C/cm2 has been induced for the (1 1 1)-oriented
FO thin film deposited on the SrRuO3/SrTiO3(1 1 1) substrate [8].
he Zn – modified BFO thin film with a polycrystalline perovskite

rown on the Pt/TiO2/SiO2/Si(1 0 0) substrate has exhibited a large
emanent polarization of Pr ∼ 73 �C/cm2 when measured at the low
emperature of 80 K, but it is very difficult to get good P–E loops at

E-mail address: yuanyuwang0216@163.com

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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room temperature due to the involvement of a high leakage cur-
rent density [15]. Moreover, a giant remanent polarization value
of Pr ∼ 146 �C/cm2 is only obtained for the BFO thin film with a
tetragonal structure when measured at a low temperature of 90 K
[18]. Therefore, it seems very difficult to exceed this polarization
value for the BFO thin films when measured at room tempera-
ture, and even there are few reports on a polarization value of
Pr > 100 �C/cm2 for the BFO thin film when measured at room tem-
perature.

In the present work, we hope to further improve the ferroelec-
tric properties of bismuth ferrite thin films by combining the site
engineering, the single crystal substrate, and the orientation mod-
ification, where the BiFe0.96Zn0.04O3 (BFZO) thin film with (1 1 1)
orientation was  grown on the SrRuO3/SrTiO3(1 1 1) substrate by
radio frequency (rf) sputtering. Its ferroelectric properties were tai-
lored, and a giant polarization value of 2Pr ∼ 268.5 �C/cm2 has been
induced for the BFZO thin film, owing to a (1 1 1) orientation, the
introduction of Zn, and a low leakage current density. It is a promis-
ing way  to further improve the ferroelectric properties of bismuth
ferrite thin films.

BiFe0.96Zn0.04O3 thin films were deposited by rf sputtering,
where the ceramic targets of SrRuO3 and Bi1.10(Fe0.95Zn0.05)O3
were synthesized by the solid state reaction. The oxide mixture
of Bi1.10(Fe0.95Zn0.05)O3 was  calcined at ∼700 ◦C in air for 3 h to
form the desired phase, and followed by sintering at ∼800 ◦C for
2 h. The SrRuO3 buffer layer was  firstly grown on the SrTiO3(1 1 1)
substrate at the substrate temperature of ∼650 ◦C, and the BFZO
thin film was  then deposited on the SrRuO3/SrTiO3(1 1 1) sub-

strate at the substrate temperature of ∼620 ◦C. They were deposited
under a rf power of ∼80 W,  and at a deposition pressure of ∼1.0 Pa
with Ar and O2 at a ratio of 4:1. The chemical composition of
BiFe0.96Zn0.04O3 thin films is confirmed by the energy dispersive
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Fig. 3. M–H curves of BFO and BFZO thin films.

leakage current density of the BFZO thin film.
ig. 1. XRD pattern for the BFZO thin film deposited on the SrRuO3/SrTiO3(1 1 1)
ubstrate, where the insert is diagram for the Au/BFZO/SrRuO3 capacitor.

-ray spectroscopy (EDX). Circular Au electrodes of 0.10 mm in
iameter were sputtered on the film surface using a shadow mask

n order to investigate the electrical properties of the thin films.
The phases of thin films were analyzed by using X-ray diffrac-

ion (XRD) (DX-1000, Dangdong, PR China). Magnetic properties of
hin films were measured by using the superconducting quantum
nterference device. Their ferroelectric behavior was  studied by the
adiant precise workstation (RT2000 Tester, USA). An HP 4294 ana-

yzer was used to characterize the dielectric behavior. The leakage
urrent was measured by using a Keithley meter (Keithley 6430,
leveland, OH).

Fig. 1 shows the XRD pattern of the BFZO thin film deposited on
he SrRuO3/SrTiO3(1 1 1) substrate. The film has a pure phase, and
o secondary phases were detected except for these peaks of the
ubstrate. Moreover, the (1 1 1) orientation was induced for the BFO
hin film, owing to the induced growth of the SrRuO3/SrTiO3(1 1 1)
ubstrate.

Fig. 2(a) plots the dielectric constant (εr) and dielectric loss
tanı) of BFO and BFZO thin films, measured at the frequency of
00–106 Hz and at room temperature. The εr value of the BFZO thin
lm is higher than that of the BFO thin film, owing to the intro-
uction of Zn [19]. Moreover, a lower tan ı value is demonstrated
or the BFZO thin film as compared with that of the BFO thin film,
wing to the involvement of a lower charge defects concentration,
s confirmed by the leakage current density in Fig. 2(b). Fig. 2(b)
hows the leakage current density vs applied electric field for the

FO and BFZO thin films, measured at room temperature. The BFZO
hin film has a lower leakage current density than that of the BFO
hin film, confirming the involvement of a low charge defect con-

Fig. 2. (a) Dielectric properties and (b) log(I) vs
Fig. 4. P–E loops for the BFZO thin film deposited on the SrRuO3/SrTiO3 substrate,
where the inserts are 2Pr and 2Ec values as a function of driving electric fields as
well  as PUND measurement.

centration in BFZO. The formation of defect complexes between
(Zn2+

Fe3+ )′ and (VO2− )•• may  result in a lower leakage current density
for the BFZO thin film, and similar phenomenon has been observed
elsewhere [20]. The employment of a single crystal substrate and
the Zn substitution should largely contribute to the decrease in the
Fig. 3 shows the M–H curves of BFO and BFZO thin films, mea-
sured at room temperature. The introduction of Zn affects the
saturation magnetizations (Ms) value of BFO thin films, that is, the

 E curves for the BFO and BFZO thin films.
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[21]  J.G. Wu,  J. Wang, Electrochem. Solid-State Lett. 13 (12) (2010) G105.
Fig. 5. P–E loops for (a) the BFZO thin film deposited on the SrRuO3/SrTiO3(1 0 0

FZO thin film has a lower Ms value than that of the BFO thin film.
he decrease in Ms value can be attributed to the introduction of
he nonmagnetic Zn composition [15,21]. The Zn2+ substitution for
e3+ can suppress the formation of Fe2+, and generates more oxy-
en vacancies in BFO [20]. Therefore, the Fe2+ cannot contribute to
he improvement of magnetic properties of BFO thin films [22].

Fig. 4 shows the P–E loops of the BFZO thin film deposited on
he SrRuO3/SrTiO3(1 1 1) substrate, measured at 5 kHz and room
emperature. A saturated P–E loop is observed for such a thin film.
he insert in Fig. 4 plots the 2Pr and 2Ec values of the BFZO thin
lm as a function of applied electrical fields. At E > ∼250 kV/cm, the
emanent polarization slightly changes with an increase in applied
lectric fields, indicating that the BFZO thin film almost reaches a
aturation. The P–E measurement cannot completely exclude the
ffect of the leakage current, and the pulsed polarization positive
p negative down (PUND) measurement is performed at a pulse
idth of 0.2 ms  and room temperature for accurately represent-

ng the polarization behavior and excluding the contribution of the
eakage current towards the polarization, as shown in the insert
n Fig. 4. The switchable polarization obtained by the PUND mea-
urement is a little smaller as compared to that obtained from the
–E measurement, confirming that the leakage current density only
lays a smaller role in affecting the ferroelectric behavior for the
FZO thin film deposited on the SrRuO3/SrTiO3(1 1 1) substrate.
he BFZO thin film has a giant 2Pr value of ∼268.5 �C/cm2 when
easured at room temperature, which is superior to those of pure

FO thin films with (1 1 1) and other orientations [3,8–17], and is
lso much larger than that (2Pr ∼ 180.8 �C/cm2) of the BFO thin
lm deposited on the SrRuO3/SrTiO3(1 1 1) substrate in this work
Fig. 5(b)]. The crystal structure [18], the site engineering [14–17],
nd the orientation [3,8–10] usually contribute to the improvement
n the polarization of BFO thin films. In the present work, the (1 1 1)
rientation should largely contribute to the improvement in the
olarization value for the BFZO thin film, where the largest sponta-
eous polarization occurs in the (1 1 1) direction because the ions
re displaced along [1 1 1] directions from their equilibrium posi-
ions [23]. The site engineering further enhances the ferroelectric
ehavior of the BFZO thin film, where a large remanent polariza-
ion of 2Pr ∼ 146 �C/cm2 has been exhibited for the Zn -modified
FO thin film with a polycrystal structure when measured at a low
emperature of 80 K [15]. Moreover, a giant polarization value of the
FZO thin film is also induced by the low leakage current density
aused by using the SrTiO3 single crystal substrate and the intro-
uction of Zn. Moreover, according to

√
3P(1 0 0) = P(1 1 1) for the

ure BFO thin film [8],  the polarization value for (1 1 1) is also equal
o be

√
3P(1 0 0) for the BFZO thin film in this work, where the 2Pr
alue is about 160.6 �C/cm2 for the BFZO thin film deposited on the
rRuO3/SrTiO3(1 0 0) substrate, as shown in Fig. 5(a). Therefore, the
rientation, the site engineering, and the single crystal substrate

[

[

trate, and (b) the BFO thin film deposited on the SrRuO3/SrTiO3(1 1 1) substrate.

contribute to the giant remanent polarization of the BFZO thin film
in the present work.

In summary, the BiFe0.96Zn0.04O3 thin film was  fabricated
on the SrRuO3/SrTiO3(1 1 1) substrate by rf sputtering, and a
(1 1 1) orientation is induced due to the induced growth of
the SrRuO3/SrTiO3(1 1 1) substrate. A better dielectric behavior is
demonstrated for this film, while the magnetic properties of BFZO
thin films are degraded by the introduction of nonmagnetic Zn
compoistion. The (1 1 1) orientation, the Zn substitution, and a low
leakage current density totally result in a giant polarization value of
2Pr ∼ 268.5 �C/cm2 for the BiFe0.96Zn0.04O3 thin film. Therefore, it
is a promising approach to further improve the polarization value of
bismuth ferrite thin films by the mixed tools of the site engineering,
the single crystal substrate, and the orientation modification.
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