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a b s t r a c t

Multiferroic BiFeO3 thin films were deposited on SrRuO3-buffered quartz substrates by off-axis radio
frequency magnetron sputtering. The BiFeO3 thin film exhibits the desired multiferroic behavior
(2Pr ∼ 97.41 �C/cm2 and 2Ms ∼ 10.3 emu/cm3). On the basis of the temperature- and frequency-
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dependent impedance studies, oxygen vacancies are shown to be responsible for the dielectric relaxation
and conduction in the BiFeO3 thin film, where the scaling behavior of imaginary part of the electric mod-
ulus suggests that the relaxation mechanism does not change over the temperature range investigated.

© 2010 Elsevier B.V. All rights reserved.
ultiferroic properties
mpedance study

. Introduction

Multiferroic BiFeO3 (BFO) possesses a giant remanent polar-
zation, a room-temperature magnetization, and a high Curie
emperature (Tc = 1103 K) [1–3], promising as a candidate mate-
ial for a high-density ferroelectric random access memory and
everal other technologically demanding applications [1–3]. How-
ver, its large leakage current hinders the potentially feasible
pplications that have been considered for the BFO thin films
2,3].

Several different attempts have been made to reduce the leak-
ge current for BFO thin films, for example, by the use of an
ingle crystal substrate [4,5], an appropriate buffer layer [6–9],
onstruction of a multilayer structure [10–12], and ion substitu-
ions for Bi and/or Fe [6,13,14]. In the past, single crystal substrates
nd silicon substrates have been widely used to deposit BFO thin
lms [4–7,11,12], where the ferroelectric behavior are strongly
ffected by the type of substrates [13]. It is thus rather difficult
o characterize the intrinsic behavior of BFO thin films. Although
uartz is a widely used substrate material, there have been few
eports on the multiferroic behavior and electrical conduction of

FO thin films deposited on the quartz substrate with a SrRuO3
SRO) buffer layer. Therefore, we focused on the electrical prop-
rties and physical mechanism of BFO thin films deposited on the
uartz substrates.
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In this work, the BFO thin film was in situ deposited on the
SRO-buffered quartz substrate by off-axis radio frequency (rf) sput-
tering, where the multiferroic behavior and electrical conduction
were investigated. Desired multiferroic behavior is clearly observed
for the BFO thin film. Oxygen vacancies are involved in the dielectric
relaxation and conduction, as demonstrated by the temperature-
and frequency-dependent impedances.

2. Experimental procedures

The BFO thin film was deposited on the quartz substrate by off-axis rf sputtering
with a SRO buffer layer. The two-inch BFO ceramic target was synthesized by solid
state reaction of the mixed oxides of Fe2O3 and Bi2O3 with 20 mol% excess Bi2O3. The
SRO buffer layer was first in situ deposited on the quartz substrate at the substrate
temperatures of 680 ◦C, and then the BFO thin film was in situ deposited on the
SRO/quartz substrate at the substrate temperature of 600 ◦C. They were deposited
under a rf power of 130 W, at a base pressure of 10−6 Torr and a deposition pressure of
10 mTorr with Ar and O2 at a ratio of 4:1. The growth rate of the BFO thin film and SRO
buffer layer was about 2.1 and 1.5 nm per minute, respectively. The thickness of the
BFO thin film and SRO buffer layer was controlled at ∼260 and ∼90 nm, respectively.
Circular top Au electrodes of 0.1 mm in diameter were sputtered on the film surface
using a shadow mask in order to investigate the electrical behavior of the BFO thin
film.

The phases present in and the film texture were analyzed by using X-
ray diffraction (XRD) (Bruker D8 Advanced XRD, Bruker AXS Inc., Madison, WI,
Cu K�). Field emission scanning electron microscopy (FE-SEM) (Philips, XL30)
was employed to study the cross-section and surface morphology of the BFO
thin film. Magnetic behavior of the BFO thin film was characterized by using

Superconducting Quantum Interference Devices (SQUID, MPMS, XL-5AC, San
Diego, CA). Their ferroelectric and leakage behavior were studied by using the
Radiant precise workstation (Radiant Technologies, Medina, NY) and a Keith-
ley meter (Keithley 6430, Cleveland, OH). An impedance analyzer (Solartron
Grain Phase Analyzer) was used to characterize the dielectric and impedance
behavior.
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Fig. 1. (a) XRD pattern, (b) Raman spectra, (c) surfac

. Results and discussion

Fig. 1(a) shows the XRD pattern of the BFO thin film deposited
n the quartz substrate with a SRO buffer layer. The BFO thin film
as a well crystallized perovskite phase structure with random
rientation. Fig. 1(b) shows the Raman spectra for the BFO thin
lm. The A1 and E-symmetry normal modes for R3c symmetry
ould be clearly observed in the wavelength range investigated,
hich is in agreement with the Raman active vibrational modes

f BFO (R3c) reported [15], confirming that the BFO thin film is
f a rhombohedral crystalline structure. Fig. 1(c) and (d) shows
he surface morphology and cross-section for the BFO thin film.
he thicknesses of BFO and SRO layers were ∼260 and ∼90 nm,

espectively, where the film grains appear to be equiaxed. The film
urface morphology and cross-section appear to be dense, crack-
ree, and well adhered on the SRO buffer layer and the quartz
ubstrate.

ig. 2. (a) Ferroelectric behavior, (b) PUND curve, (c) dielectric behavior, and (d) magnet
FO thin film.
phology, and (d) cross-section for the BFO thin film.

Fig. 2(a) plots P–E loops of the BFO thin film measured at room
temperature and 5 kHz. It exhibits a well established hysteresis
loop, where its 2Pr value is higher than those of BFO thin films
[10–12]. To better understand the switchable polarization behav-
ior of the BFO thin film, the pulsed polarization positive up negative
down (PUND) measurement was performed at a pulse width of
0.2 ms and room temperature, which was plotted in Fig. 2(b). The
polarization value measured by PUND is slightly reduced as com-
pared to that measured by P–E loops [Fig. 2(a)], confirming that
the electrical leakage does not play a big part in the ferroelectric
behavior. Fig. 2(c) plots the frequency dependence of the relative
permittivity (εr) and loss tangent (tan ı) for the BFO thin film, which
shows the εr and tan ı values of 109 and 3.78% at 10 kHz, respec-

tively. The low tan ı values for the BFO thin film indicates that
the dielectric behavior is related to the low movable charge den-
sity, which is confirmed by the low leakage current in the insert
of Fig. 2(c) [16]. The low leakage current is a contributing param-

ic behavior of the BFO thin film, where the insert in (c) is the curve of J vs. E for the
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ig. 3. (a) Complex modulus and master loss, (b) scaling behavior of master spectr
ime vs. 1000/T plots, and (e) dc conductivity vs. 1000/T for the BFO thin film.

ter for its large polarization value. Magnetization measurement
n the BFO thin film deposited on the SRO/quartz and quartz sub-
trates was conducted at room temperature, the result of which
s plotted in Fig. 2(d), where a weakly saturated magnetic loop
2Ms ∼ 10.3 emu/cm3) is shown for BFO/quartz.

The electric modulus data are often useful for understanding
he different relaxations [17], and the real and imaginary (M′ and

′′) parts of electrical modulus of BFO thin film as a function of
requencies at different temperatures are shown in Fig. 3(a). The
eak position of relaxation frequency is gradually shifted towards
igher frequencies with increasing temperature, indicating that the
elaxation rate for the process increases with increasing tempera-
ure [18]. An increase in temperature leads to a decrease of the
alue of M′ in the low frequency range, but stays almost unchanged
t higher frequencies. The scaling behavior of the imaginary part
f electric modulus is shown in Fig. 3(b), representing the scaling
ehavior at different temperatures. They could be largely scaled

n a single master curve for electric modulus, suggesting similar
hermal activation energy within the sample over the temperature
ange investigated. Fig. 3(c) shows the frequency dependence of
ormalized Z′′/Z′′

max and M′′/M′′
max peaks. The peak positions for

′′/Z′′
max and M′′/M′′

max do not overlap but are very close to each
ther, indicating a mixture of localized and long-range relaxations
19].

In accordance to the inverse of the maximum frequency peak

osition in imaginary (M′′) of electrical modulus, i.e., �m = 1/ωm, the
emperature dependence of the characteristic relaxation time was
etermined and plotted in Fig. 3(d), which follows the Arrhenius

aw � = �o exp(ER/kBT) [18]. From the fitting, the value of activa-
ion energy is calculated to be ∼0.84 eV. Oxygen vacancies (VO

••)
frequency dependence of normalized Z′′/Z′′
max and M′′/M′′

max peaks, (d) relaxation

are therefore the very likely mobile charges, which often play
an important role in the dielectric relaxation for BFO thin films
[20]. The calculated value of activation energy suggests that the
involvement of oxygen vacancies, where the short-range motion
of VO

•• is responsible for the dielectric relaxation in the BFO
thin film deposited on the SRO/quartz substrate [21]. The tem-
perature dependence of �dc can be described by the equation
of �dc = �dcoexp(−Ea/kBT), where �dc0 is the pre-exponential fac-
tor, Ea is the activation energy of dc charge carriers, and kB is
the Boltzmann constant. In Fig. 3(e), the ln �dc is plotted as a
function of reciprocal temperature, where two linear segments
of different slopes can be identified, at high and low tempera-
tures respectively. The two Ea values, determined from the slopes
of the two linear fragments, are 0.89 eV at T > 374 K and 0.39 eV
at T < 374 K, respectively. The variation in Ea values with increas-
ing temperature suggests that the conductivity process is changed
with temperature. At T < 374 K, the Ea ∼ 0.39 eV value indicates
that the first-ionization of oxygen vacancies is responsible for
conduction [19,21]. At T > 374 K, it is likely that the short-range
motions (Ea ∼ 0.89 eV) of VO

•• give rise to electrical conduction
[19,21]. The calculated value of ER is also close to that of Ea

at high temperatures, confirming that the same type of charge
carriers is responsible for both dielectric relaxation and conduc-
tion.
4. Summary

Multiferroic BiFeO3 thin film was grown on the SrRuO3-buffered
quartz substrate by off-axis radio frequency magnetron sput-
tering. The good multiferroic behavior (2Pr ∼ 97.41 �C/cm2 and
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Ms ∼ 10.3 emu/cm3) were obtained for the BFO thin film. On the
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