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ABSTRACT: A method is used to improve the electrical properties of BiFeOj; thin
films by modifying the Bi content in ceramic targets, where all thin films were prepared o
on SrRuQ;/Pt/Ti0,/Si0,/Si(100) substrates by radio frequency sputtering. The Bi E
content in the ceramic target strongly affects the electrical properties of BiFeOj; thin
films. BiFeO, thin films prepared by using the ceramic target of Bi/Fe ~ 1.15 with a £ | "Gkl
molar ratio demonstrate a low leakage current density and a low dielectric loss. ¢
Moreover, a larger remanent polarization of 2P, &~ 167.6 uC/cm” is also demonstrated
for the BiFeOj thin films prepared by using the ceramic target of Bi/Fe & 1.15, together
with an improved fatigue behavior. Therefore, it is an effective way to improve the
electrical properties of bismuth ferrite thin films by modifying the Bi content in ceramic

targets.
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ultiferroic materials have received considerable attention
because of the coexistence of ferroelectricity, (anti)-
ferromagnetism, and ferroelasticity.'~® Among those, BiFeO,
(BFO) lead-free multiferroic material demonstrates some
promising and potential applications in the field of multifunc-
tional devices, solar energy devices, ferroelectric random access
memory, spintronics, and several other technologically
demanding applications because of its giant remanent polar-
ization of P, ~ 100 uC/cm?’~'" a high Curie temperature of
T. ~ 1104 K’ the coexistence of ferroelectricity and
antiferromagnetism,3’4 and environmental friendliness.”™ "' In
contrast, a large leakage current density at room temperature
seriously hinders the practical application of BFO.">"®
Several methods have been conducted to improve the electrical
properties of BFO thin films by reducing its leakage current
density,””'"'*™*" for example, the use of a single-crystal
substrate,>”'"'* the employment of an oxide buffer layer,'*'®
the use of site engineering,'*'*~>" the construction of a multilayer
structure,””* and control of the deposition parameters.** >’
Among those attempts, some deposition parameters (ie., oxygen
partial pressure, kinetic growth parameters, and deposition
temperature) are very promising tools to not only reduce leakage
current but also improve the multiferroic properties of BFO thin
films.>*~*" For example, enhanced ferroelectric properties have
been demonstrated in BFO thin films by choosing an optimum
deposition temperature during sputtering.”**> The oxygen
content during radio frequency (xf) sputtering has affected the
leakage current density and multiferroic behavior of BFO thin
films with a sintering aid of CuO, and a larger remanent
polarization has been induced by optimizing the oxygen
content.”’ Tt is believed that the loss of Bi is partly responsible
for a high leakage current density in BFO thin films,">™" 2Bi**+
30%" — Bi,O;(evaporation) + 2V5>~ + 3V>*. As shown in the
above equation, if Bi** ions volatilize in BFO, oxygen vacancies
(Vo) and bismuth vacancies (V*~) will be generated, resulting
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in a higher conduction of BFO-based materials.">™> Therefore, it
becomes critical to control or modify the bismuth content of
BFO thin films during the preparation of ceramic targets and the
deposition of BFO thin films by using rf sputtering. Although the
if sputtering has been successfully demonstrated for the
deposition of BFO thin films,"" it is difficult for tf sputtering to
control the chemical composition of deposited thin films. Except
for the oxygen content and the deposition temperature during rf
sputtering, the chemical composition of ceramic targets may be
also beneficial to the electrical properties of BFO thin films.
Moreover, there are few systematical reports on the effect of the
Bi content in ceramic targets on the electrical properties of BFO
thin films prepared by rf sputtering.

In this letter, a method is used to enhance the electrical
properties of BFO thin films by tailoring the Bi content in
ceramic targets, and BFO thin films have been prepared on
SrRuO,(SRO)/Pt/Ti0,/Si0,/Si(100) substrates by rf sputter-
ing. The effects of the Bi content in ceramic targets on the
electrical properties of BFO thin films were mainly investigated.
An enhanced remanent polarization and an improved fatigue
behavior are also demonstrated in BFO thin films prepared by
using the ceramic target of Bi/Fe = 1.15, together with a low
leakage current density. As a result, it is an effective way to
improve the electrical properties of bismuth ferrite thin films by
modifying the Bi content in ceramic targets.

Two-inch Bi,FeO; (x = 0.9, 1.00, 1.0S, 1.10, 1.15, and 1.20)
ceramic targets were synthesized by a solid-state reaction of
constituent oxides, namely Bi,O; and Fe,0;. Powder mixtures
of these oxides were calcined at ~750 °C in air for 6 h to form
these phases, and then these green bodies were sintered
at ~830 °C for 2 h to form these polycrystalline ceramic targets.
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Figure 1. (a) XRD patterns of BFO thin films with the ceramic targets of different Bi content, and (b) Bi content of BFO thin films as a function of

Bi content in ceramic targets.
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Figure 2. (a) J—E curves and (b) dielectric behavior of BFO thin films as a function of Bi content in ceramic targets.

BiFeO; thin films were deposited by rf sputtering from Bi FeO,
ceramic targets, and BiFeOj thin films with a fixed thickness of
~250 nm were deposited on SRO/Pt/TiO,/SiO,/Si(100)
substrates at the same substrate temperature of ~570 °C.
BiFeOj thin films were deposited at a rf power of ~120 W, and
the rf deposition was carried out at a base pressure of ~3.0 X 107
Torr and a deposition pressure of 10 mTorr with Ar and O,
at the ratio of 4:1. The SRO buffer layer was deposited by rf
sputtering at the same substrate temperature of ~650 °C under a
tf power of 80 W, and the rf deposition was carried out under a
base pressure of 3.0 X 107° Torr and a deposition pressure of
10 mTorr with Ar and O, at a ratio of 4:1. Circular Au electrodes
of diameter 0.20 mm were sputtered on the film’s surface using a
shadow mask in order to investigate their electrical properties.

The phase structure of thin films was analyzed by using the
X-ray diffraction (XRD) (Bruker D8 Advanced XRD, Bruker
AXS Inc.,, Madison, WI, CuKa). Ferroelectric properties of thin
films were studied by using the Radiant precise workstation
(Radiant Technologies, Medina, NY). The leakage current
density of thin films was measured by using a Keithley meter
(Keithley 6430, Cleveland, OH).

Figure la shows the XRD patterns of BFO thin films
prepared by using the ceramic targets with different Bi content.
All thin films appear to be pure phase in the measurement
range of XRD. Moreover, the mixture of (110) and (111)
orientations is demonstrated for all BFO thin films regardless of
the Bi content in ceramic targets. The Bi content in BFO thin
films as a function of the Bi content in ceramic targets is shown
in Figure 1b. The Bi concentration of BFO thin films is
obviously different from those in ceramic targets, that is, the Bi
content of BFO thin films is lower than those of ceramic
targets, giving for example a BFO thin film with x &~ 1.00 from
a BFO ceramic target with x &~ 1.15. The large difference in the

1183

Bi content between BFO thin films and ceramic targets should
be attributed to the loss of bismuth during the preparation in
ceramic targets and the deposition in thin films.

Figure 2(a) shows the J—E curves of BFO thin films prepared
by using the ceramic target of different Bi/Fe ratios. BFO thin
films prepared by using the ceramic target of Bi/Fe < 1.15 have
a much higher leakage current density than those of thin films
prepared by using the ceramic target of Bi/Fe > 1.15. The loss
of Bi often results in the generation of more oxygen and
bismuth vacancies in BFO thin films,"*~"* and the equation of
the defect chemistry for BFO is listed below: 2 Bi**+30%” —
Bi,O; (volatization) + 2Vy>~ + 3Vy*". Therefore, a higher
leakage current density of BFO thin films prepared by using
the ceramic target of Bi/Fe < 1.15 could be attributed to the
involvement of more Vi~ and 3V,*". Figure 2b shows the
dielectric behavior of BFO thin films as a function of Bi content
in ceramic targets, measured at f = 10 kHz and room temp-
erature. The dielectric constant (¢,) of BFO thin films gradually
increases with an increase in the Bi content of ceramic targets
because of the involvement of different conductivity.”® More-
over, BFO thin films prepared by using the ceramic target of
Bi/Fe < 1.15 demonstrate a higher dielectric loss (tan &) as
compared with those of thin films prepared by using the ceramic
target of Bi/Fe > 1.15, which is well in agreement with the
change of the leakage current density in Figure 2a. The low tan
0 value confirms the involvement of a low defect charge in BFO
thin films prepared by using the ceramic target of Bi/Fe = 1.1S.

Figure 3a shows the P—E hysteresis loops for the BFO thin
films as a function of Bi content in ceramic targets, measured at
5 kHz and room temperature. Similarity to the change of J—E
curves, a better P—E loop with a larger remanent polarization
(P,) is demonstrated in the BFO thin film prepared by using
the ceramic target of Bi/Fe = 1.15, whereas a nonsaturated and
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Figure 3. (a) P—E curves
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and (b) 2P, and 2E, values of BFO thin films as a function of Bi content in BFO ceramic targets.
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Figure 4. (a) Fatigue behavior of BFO thin films as a function of Bi content in BFO ceramic targets, and (b) fatigue behavior of BFO thin films
prepared by using the ceramic target of Bi/Fe = 1.15 as a function of measurement frequency, where the inset in b is P—E loops before and after

fatigue for such a thin film in b.

a low remanent polarization are observed for BFO thin films
prepared by using the ceramic target of Bi/Fe < 1.15 and Bi/Fe
> 1.15, as shown in Figure 3a. A 2P, value of ~167.6 uC/cm® is
demonstrated in the BFO thin film prepared by using the
ceramic target of Bi/Fe = 1.15, which is larger than those of
BFO thin films reported by other authors>'*'®!7192223 4
shown in Figure 3b. Several factors could be responsible for
the improvement in the ferroelectric properties of BFO thin
films in this work. First, a low leakage current density, which
by compensating the loss of Bi is largely responsible for the
improved ferroelectric properties of bismuth ferrite thin
films.">™"® Second, the mixture of (110) and (111) orientations
also improves the ferroelectric properties of BFO thin films,
where the [111] is the polar axis for the BFO materials.” "'
Figure 4a plots the fatigue behavior of BFO thin films as a
function of Bi content in ceramic targets, measured at f = 1 MHz
and the driven electric field of ~400 kV/cm. The BFO thin
film prepared by using the ceramic target of Bi/Fe=1.15
has a better fatigue behavior than those of thin films prepared
by using the ceramic target of Bi/Fe < 1.15 and Bi/Fe > 1.15,
where there is almost no change in the polarization value after a
switching cycle of ~1 X 10°. Moreover, the fatigue behavior of
BFO thin films is improved with the increase of Bi/Fe ratio,
owing to the decrease in oxygen vacancies.””*° Figure 4b plots
the frequency dependence of the fatigue behavior of BFO thin
films prepared by using the ceramic target of Bi/Fe = 1.1§
driven by triangular bipolar pulses under a fixed driving field
of ~400 kV/cm. The fatigue behavior is deteriorated with a
decrease in measurement frequencies from 1 MHz to 100 kHz.
When fatigued at a high frequency of 1 MHz, this film is
fatigue-free at the switching cycle of ~9.86 X 10°. However,
the fatigue endurance of this film gradually decreases with
increasing the switching cycles when fatigued at a low frequency
of 100 kHz, and the polarization value is lowered by ~23% from
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the initial value upon ~9.86 X 10° switching cycles. P—E loops
in the insert of Figure 4b confirm the change of the fatigue
endurance of BFO thin films prepared by using the ceramic
target of Bi/Fe = 1.15 as a function of measurement frequencies.
Some explanations have been used to illuminate this
phenomenon: when fatigued at a high fatigue frequency, oxygen
vacancies and deep traps in a film respond slowly to the driving
field, and the compensation of polarization charges is performed
mainly with free carriers from the top and bottom electrodes.®*
As a result, the polarization value does not change dramatically.
However, oxygen vacancies can migrate easily and trapped
charges respond steadily to the driving field when fatigued at a
low fatigue frequency. The rearrangement of oxygen vacancies
blocks the switching of ferroelectric domain, leading to a dramatic
decrease in polarization.” " Therefore, the low fatigue frequency
results in the degradation of fatigue behavior of this film.

In conclusion, a method is used to effectively enhance the
electrical properties of BiFeOj; thin films by tailoring the Bi
content in ceramic targets, and BiFeOj thin films were prepared
on SrRuQ,/Pt/Ti0,/Si0,/Si(100) substrates by radio fre-
quency sputtering. Effects of Bi content in ceramic targets
on the electrical properties of BiFeO; thin films have been
investigated. A low leakage current density and a low dielectric
loss are induced for the BiFeOj thin film prepared by using the
ceramic target of Bi/Fe = 1.15. Moreover, such a BiFeOj; thin
film also demonstrates a larger remanent polarization and an
improved fatigue behavior. Therefore, it is an effective way to
improve the electrical properties of bismuth ferrite thin films by
modifying the Bi content in ceramic targets.
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