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ABSTRACT: Migration kinetics of oxygen vacancies in BiFeg 9sMng sO3 thin
film were investigated by the temperature -dependent leakage current as well as
the electric field and temperature-dependent impedance spectroscopy. The
BiFe( 9sMn 05O3 is of an abnormal leakage behavior, and an Ohmic conduction
is observed regardless of varied temperatures and electric fields. The temperature-
dependent impedance spectroscopy under different resistance states is used to
illuminate different leakage behavior between BiFeq 9sMng 05O3 and pure BiFeOs.
The impedance spectroscopy under a high resistance state shows that the first
ionization of oxygen vacancies is responsible for the dielectric relaxation and
electrical conduction of BiFe( 9sMng 0sO3 in the whole temperature range of 294
to 474 K; the BiFeO; exhibits similar dielectric relaxation and electrical conduc-
tion behavior in the low-temperature range of 294—374 K, whereas the short-
range motion of oxygen vacancies was involved in the high-temperature range of
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374—474 K. The impedance spectroscopy under a low resistance state demonstrates that the dielectric relaxation and conduction
mechanisms almost keep unchanged for BiFe 9sMng ¢sO3, whereas the hopping electrons of Fe’T—Vo —Fe*" and Fe’t —Fe " are
responsible for its dielectric relaxation and conduction mechanism of BiFeOj. Different impedance spectroscopy under low and high
resistance states confirms that an abnormal leakage behavior of BiFe, 9sMng ¢5O5 is related to different migration kinetics of oxygen

vacancies, obviously differing from that of BiFeOs.
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1. INTRODUCTION

Lead-free multiferroic BiFeO3 (BFO) thin film exhibits a pro-
mising application in the ferroelectric random access memory,
due to its giant remanent polarization of P, &~ 100 #C/cm?*' >
a high Curie temperature of T. ~ 1104 K,* and environ-
mental friendliness.”® In contrast, a fatal problem that seriously
hinders the practical application of BFO is the high leakage
current at room temperature.9 Some attempts or new methods
have been conducted to reduce the leakage current of BFO thin
films.b>107 15 Among those methods reported before, the site
engineering (ions substitution) is a very promising tool to not
only reduce leakage current but also improve the ferroelectric
properties of BFO thin films.”"*~'* The Mn>" substitution for
the Fe site is a leading candidate for improving the ferroelectric
properties of BFO thin films by greatly reducing its room-
temperature leakage current in a high electric field region,'®™'®
and even a 256 Mbit has been fabricated by using a Mn-doped
BFO thin film capacitor."® Although it is believed that the low leakage
current in a high electric field region is responsible for the impro-
vement in the polarization of BFO thin films,"” the related physical
mechanism underlying it is still an open question.

It is believed that the electrical behaviors of BFO-based thin
films are correlated to the oxygen vacancies,”® >* and especially
the leakage current density in a high electric field region directly
determines its ferroelectric behavior.”> Recent research has also
confirmed oxygen vacancies are responsible for the high leakage
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current of BFO thin films,>°>* and the high leakage current for

BFO results from the generation of a number of oxygen vacancies
induced by the loss of bismuth and the shift of Fe*" to Fe*™.
Oxygen vacancies, which easily migrate toward the electrode
interface under the ac electric field, degrade the polarization of
ferroelectric thin films by pinning the domain walls.”>~>° Because
oxygen vacancies dominate the electrical behavior of BFO-based
thin films, it would be therefore of a great value to study the
migration kinetics of oxygen vacancies in BFO thin films by the
complex impedance spectroscopy,”* providing deep insights
into how the oxygen vacancies modulate the electrical behavior
of BFO thin films. In addition, the impedance spectroscopy under
different resistance states in the present work is an effective tool
for understanding the migration kinetics of oxygen vacancies in
the Mn-modified BFO thin film (BiFey9sMng ¢sO3; BEMO) and
illuminating the reason why the leakage behavior of BFMO
is different from that of pure BFO,'”" where the dielectric relaxation
and conduction mechanisms for BEMO were of little concern
until now. As a result, these related works mentioned above
undoubtedly help guide future research or the enhancement
in the electrical properties and the understanding in the related
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Figure 1. (a) XRD patterns for the BEMO, BFO, SRO, and Pt coated silicon substrate. (b) P—E loop, and (c) 2P, and 2E_ values vs applied electric fields

of BFMO and BFO.

physical mechanisms of Mn-doped BFO thin films, which make it
better apply in the high density data storage.

In this work, the BFMO thin film was deposited in situ on the
SrRuO;(SRO)/Pt(111)/TiO,/Si0,/Si(100) substrate by radio
frequency (rf) sputtering. We focus on studying the physical
mechanisms underlying the abnormal leakage behavior of the
BFMO thin film by the migration kinetics of oxygen vacancies using
the temperature-dependent impedance spectroscopy under low/
high resistance states, and explain why the BEMO thin film has
different leakage behavior as compared with that of pure BFO.

2. EXPERIMENTAL SECTION

The BEMO thin film was in situ deposited onto the SRO/ Pt(111)/
Ti/Si0,/Si(100) substrate by using rf sputtering technique. A SRO
buffer layer of ~100 nm in thickness was first grown in situ by rf
sputtering on the Pt/TiO,/Si0,/Si(100) substrate at the substrate
temperature of 680 °C, and then the BEMO thin film was deposited
in situ on the SRO/Pt/Ti0,/Si0,/Si(100) substrate at the substrate
temperature of 570 °C. They were both deposited under a rf power of
120 W, and at a base pressure of 3.0 X 10° Torr and a deposition
pressure of 10 mTorr with Ar and O, at a ratio of 4:1, giving rise to a
growth rate of ~2.0 nm/min for the BFMO layer. The resultant
thickness of BEMO was measured to be ~240 nm. For comparison,
the pure BFO thin film was grown at the same deposition condition and
substrate. Circular Au electrodes of 0.20 mm in diameter were sputtered
on the film surface by using a shadow mask in order to investigate their
electrical behavior.

The phase structure of thin films was analyzed by using X-ray
diffraction (XRD) (Bruker D8 Advanced XRD, Bruker AXS Inc.,, Madison,
WI, CuKa). The temperature -dependent leakage current of thin films
was measured by using a Keithley meter (Keithley 6430, Cleveland,
OH). The ferroelectric behavior of thin films was studied by using the
Radiant precise workstation (Radiant Technologies, Medina, NY). An
impedance analyzer (Solartron Gain phase Analyzer) was used to charac-
terize the dielectric relaxation and conduction behavior of thin films.

3. RESULTS AND DISCUSSION

Figure la shows the XRD patterns of BEMO and BFO thin
films as well as the SRO bufter layer, together with the Pt-coated
silicon substrate. BFMO and BFO thin films are of a polycrystal-
line structure with a (110) orientation, and no secondary phases
were detected. The BFO thin films, which are directly deposited

on the Pt/Ti0,/Si0,/Si(100) substrate without the SRO buffer
layer, exhibit a polycrystalline structure with the formation of one
or more secondary phases."' However, the (110) orientation
together with a high phase purity in the present work was
induced for BEMO and BFO by using the SRO buffer layer of
(110) orientation, as shown in Figure.la. Figure 1b shows the
P—E loop of Au/BFMO/SRO and Au/BFO/SRO capacitors,
measured at room temperature and the frequency of 3.3 kHz.
The square shaped P—E hysteresis loop with a remanent pola-
rization (2P,) of ~159.8 #C/cm” and the coercive field (2E.)
of ~559.1 kV/cm were obtained for a BFMO thin film under an
applied electric field of ~727.0 kV/cm, whereas the pure BFO
thin film with a slight roundish shape exhibit a lower 2P, value
and a higher 2E value. The enhancement in 2P, value of BEMO
could be attributed to the improvement of the breakdown chara-
cteristic and the low leakage current density in the high electric
field region,17 together with a (110) orientation."? Figure 1(c)
shows the maximum electric field dependence of 2P, and 2E,
values for BEMO and BFO. The 2P, value of BFMO seems to
reach saturation for the maximum applied electric field higher
than ~500 kV/cm, and reaches a maximum value of 2P,~159.8
UC/cm” at the applied electric field of ~727.0 kV/cm. However,
the BFO thin film is difficult to reach saturation due to a high
leakage current density. This 2P, value of BEMO is much better
than that of the pure BFO thin film, and is also compared with
those of (110)-oriented BFO thin films deposited on SRO/
SrTiO;(110) substrates.”"* It is of great interest to note that the
asymmetrical P—E curve is demonstrated for the BEMO thin
film. Two factors should contribute to the asymmetrical P—E
curve of the BEMO thin film. First, the P—E hysteresis curve of
the BFMO ferroelectric capacitor with asymmetric electrode
materials is shifted due to the different work function between
the top (Au) and bottom (SRO) electrodes.**** Second, an
internal field within the BFMO ferroelectric thin film is built by
the imprint process. Electrical charges trapped at the electrode
and ferroelectric interfaces during the imprint stress are respon-
sible for the internal field build-up and screen the spontaneous
polarization internally.>*

Panels a and b in Figure 2 show the log(I)—log(V) curves of
the BEMO thin film, measured at negative and positive bias in
the temperature range of 294—374 K. At room temperature,
the BEMO thin film is subject to an Ohmic conduction with the

2505 dx.doi.org/10.1021/am2003747 |ACS Appl. Mater. Interfaces 2011, 3, 2504-2511



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

(b)

1 8

0 ( ) o~1.02

a a-1.00

~10 0~0.97

< 0~1.10

Z 10° o~1.02
%J) 20°C
5 40 °C
=10 60 °C
80 °C

4 100 °C
1010_2 —

10" 10°
Log (V) (V)

Log (Q (pA)

10" 10°
Log (M) (V)

Figure 2. Log I vs log V curves of BEMO as a function of measurement temperature in (a) negative and (b) positive directions.
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Figure 3. Various fits of these data are shown to determine the leakage mechanism at positive position: (a) SCLC, (b) Schottky barrier,

(c) Poole—Frenkel emission, and (d) F—N tunneling,

exponentials of a~1 regardless of positive and negative bias, as
shown in the precision for the Ohmic fitting in panels a and b in
Figure 2. In addition, the a value remained constant with rising
temperature from 294 to 374 K, confirming the temperature-
independent leakage mechanisms for BEMO. Therefore, the Ohmic
conduction is responsible for BEMO regardless of negative and
positive bias.

In the past, some possible mechanisms were used to char-
acterize the leakage behavior of BFO thin films, where two kinds
of bulk-limited and interface-limited conductions are included.
Of all the possible mechanisms, four mechanisms are commonly
observed in other perovskite oxides, such as the space-charge-
limited conduction (SCLC), interface-limited Schottky emis-
sion, bulk-limited Poole-Frenkel (PF) emission, and the inter-
face-limited Fowler—Nordheim (F—N) tunneling. They could
be described by the following eqs 1—4.% 7

oueEy ,
= E 1
]SCLC 8d ( )
5 ¢ — /@ E/4megK
Js = AT e — KpT (2)
Er — \/qE/megK
Jor = BEe— ~ ®™T (3)

N
]FN = CE2€ Ew (4)

where K is the optical dielectric permittivity, and A, B, and C are
the constants; ¢, E, and ¢ are the height of Schottky barrier, the
trap ionization energy, and potential barrier height, respectively.
In the present work, we want to know whether other leakage
mechanisms are involved into the BEMO thin film except for the
Ohm conduction. According to eq 1, it was plotted as J vs E2 for

identifying the SCLC mechanism of the BEMO thin film at a
positive electric field. As shown in Figure 3a, a linear region was
clearly observed, confirming the involvement of the Ohmic con-
duction into the BFMO thin film. Similar analysis on the leakage
behavior of the BEMO thin film was carried out by using eqs 2—4
for determining whether the Schottky barrier, PF emission, or
F—N tunneling dominates the leakage current of the BEMO thin
film. The optical dielectric permittivity (K) value can be con-
sidered in order to further analyze the operating leakage mechan-
ism underlying the BFMO thin film, where the K can be derived
from the slope of these plots in a linear fitting region. The
refraction index (1) is usually determined to be ~2.5 for BFO,*
and a K value is calculated to be ~6.25 by the equation of
K = n>* The K values of ~0.03 and 0.82 obtained from the
Schottky and PF plots b and ¢ in Figure 3 are greatly deviated
from that reported for BFO, indicating that the Schottky and PF
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Figure 4. Various fits of these data are shown to determine the leakage mechanism at negative position: (a) SCLC, (b) Schottky barrier,

(c) Poole—Frenkel emission, and (d) F—N tunneling,
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Figure 5. Log J vs log E curves of BFO thin films, where the insert is
F—N tunneling.

emission can be ruled out for BEMO of this work. Subsequently,
we identify if the interface-limited F—N tunneling is involved
into the leakage behavior of BFMO. Figure 3d shows the In
(J/E?) as a function of 1/E of the BFMO thin film, according to
eq 4. As shown in Figure 3d, the interface-limited F—N tunneling
cannot dominate the leakage behavior of BEMO. The same
analysis was also conducted for the BFMO thin film at a
negative electric field, as plotted in Figures 4a—d. The inter-
face-limited Schottky emission, bulk limited PF emission, or
the interface-limited F—N tunneling cannot also dominate the
leakage behavior of the BEMO thin film at a negative electric
field. Therefore, the only Ohmic conduction governs the
leakage behavior of the BEMO thin film at varying tempera-
tures and electric fields, and the Ohmic conduction also largely
contributes to the enhancement of ferroelectric behavior of
the BEMO thin film. It has been reported that the Pt/BFO/
SRO capacitor is of the Poole—Frenkle emission and Fowler—
Nordheim tunneling,40 and the Poole-Frenkel emission is
involved into Pt/SRO/BFO/SRO/DSO structures,*' which
are different from the BEMO thin film in our work. Figure $
plots the log(J)—log(E) curves of the Au/BFO/SRO thin film,
measured at a positive electric field and room temperature.
The BFO thin film is subject to a SCLC behavior in a low
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Figure 6. Leakage current density vs electric field characteristics of BFO
and BEMO.

electric field region, while the interface-limited F—N tunnel-
ing dominates its leakage behavior in a high electric field
region, as shown in the insert of Figure 5. Therefore, the
introduction of Mn changes the leakage behavior of BFO thin
films in this work.

The J—E curves of BEMO are obviously different from that of
BFO in alow/high electric field region. Figure 6 plots the leakage
current density vs electric field curves of Au/BFO/SRO and
Au/BFMO/SRO capacitors, measured at room temperature.
In the low electric field region, the BFO thin film has a lower
leakage current density than that of BEMO. In contrast, the
much lower leakage current density is observed for BEMO as
compared with that of BFO in a high electric field region,
indicating that the breakdown characteristic is improved by
the Mn substitution for the Fe site in BFO. Similar phenom-
enon has been observed elsewhere.'” Subsequently, we focus
on the investigation of the physical mechanism underlying the
abnormal leakage behavior in BFMO by the temperature-
ependent impedance spectroscopy under different resistance
states.

Although the leakage behavior of BFMO is identified to
be an Ohmic conduction, the migration kinetics of charge
carriers underlying the abnormal leakage behavior is not well-
established. In the present work, the dielectric relaxation and

dx.doi.org/10.1021/am2003747 |ACS Appl. Mater. Interfaces 2011, 3, 2504-2511
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x 10 ' Hz to 1 X 10° Hz) of BEMO and BFO thin films at different

conduction behavior of charge defects in BFO and BFMO
were investigated by the complex impedance spectroscopy
under different resistance states. Our objective is to improve
the electrical properties by controlling the density and the
migration of charge carriers (oxygen vacancies). First, we carried
out the impedance analysis under a high resistance state. Panels
a and b in Figure 7 plot the frequency dependence of the real
part of impedance (Z') of BEMO and BFO at various tem-
peratures of 294—474 K, respectively. Their magnitudes of
7' decrease with an increase in both frequencies as well as
temperatures, indicating an increase in ac conductivity with
increasing temperatures and frequencies. The frequency depen-
dence of the conductivity can be described by the power-law
relationship.**

o(w) = 0(0) + Aw’

(5)

where 0(®) and 0(0) represent the total conductivity and the
frequency-independent dc conductivity, respectively; the w
is angular frequency; the A and s are angular frequency and
the temperature and material dependent parameters (0< s < 1),
respectively. With rising temperature, the flattened regions
become wider and are shifted toward a higher frequency, and
the frequency-independent plateau-like region is assigned to the
frequency-independent conductivity [0(0)], indicating the in-
volvement of frequency-independent 0,.. A frequency-depen-
dent conductivity region [0(w) ~ Aw®] is also clearly observed
with increasing frequencies. In addition, the flattened regions in
the low-frequency region for BEMO become much wider as
compared to that of BFO with rising temperature. The BEMO
has a higher conductivity (lower Z'). Bowen™ has shown that the
ac current flows through conductive paths (resistors) and is

2508

frequency-independent at low frequencies (R—C). At higher
frequencies (R ~ wC), the current begins to flow through
capacitive regions, and the conductivity becomes frequency
dependent. Since BFMO is more conductive, then the fre-
quency independent region is present at higher frequencies.
However, the BEMO thin film exhibits a lower resistivity
than that of the BFO film at the same measurement tem-
perature. This result is in agreement with their leakage
current in a low electric field region, further confirming that
the BEMO thin film has a higher leakage current as compared
with that of the BFO thin film at a low electric field region, as
shown in Figure 6.

Figure 8 shows the Cole—Cole plot of Z' versus Z" over a wide
frequency range (1 x 10" to 1 x 10° Hz) at varying tempera-
tures (294—474 K). Only a resolved semicircular arc can be
observed, which is assigned to the response of grain,44 and the
impedance decreases with rising temperature from 294 to 474 K,
as shown in panels a and b in Figure 8. For BEMO, the slope of
the lines decreases with rising temperature, and reaches real (Z')
axis at the temperature of 294 K, indicating the formation of a
semicircle. However, a semicircle for BFO was formed only at a
higher temperature of above 314 K. The peak height of Z' vs Z
plots is determined by Ry, so the gradual decrease in the
magnitude of Z" indicates a decrease in the resistance with rising
temperature, as confirmed by the shrinking semicircles in Cole—
Cole plots. That is, the semicircle becomes much smaller with
rising temperature, indicating the increase in the conductivity of
the samples.

Figure 9a plots the inverse of the peak frequencies (relaxations
time 7: T = 1/27Tf,,) as a function of temperature for BFO and
BFMO. The dielectric relaxation activation energy (Eg) value

dx.doi.org/10.1021/am2003747 |ACS Appl. Mater. Interfaces 2011, 3, 2504-2511



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

\;:12-
&is

-184

/T (K"

1513 , , . 2
0.0020 0.0024 0.0028 0.0032 0.0036  0.0020 0.002‘}n?k9)028 0.0032 0.0036

O BFMO

Figure 9. Arrhenius plots of (a) In 7 vs 1/T and (b) In 0 vs 1/T plots for the BEMO and BFO thin films under a high resistance state.

-6 4
O BFO O BFO
-84 (a) ——E=023¢V| 24 (b) ——E=0.19 ¢V
O BEFMO 0 O BFMO
g -104 ——E=040¢V] 2] ——E,=036 ¢V
o
@ -124 _E -44 _E—’-E—"E——_—E—_”E—
214 61
16 {I\E'\D\Q\EL o M
B, ~92.6 kV/em 107
-18+—= -12 . .

26 28 30 32 34
10007T (K ™)

26 34

28 30 | 32
1000/T (K™

Figure 10. Arrhenius plots of (a) In o' vs 1/T and (b) In 7 vs 1/T plots for the BEMO and BFO thin films under a low resistance state.

can be calculated according to the Arrhenius equation.*

T = Toexp(Er/ksT) (6)

where T, is the relaxation time at infinite temperature, kg is the
Boltzmann constant, and T is the absolute temperature. An Ex
value of ~0.46 eV is obtained for BEMO at the temperature of
294—474 K, whereas the BFO exhibits an Eg value of ~0.54 eV at
the temperature of 294—374 K and an Eg value of ~0.89 eV at
the temperature of 374—474 K. Different Ey values represent
different dielectric relaxation mechanisms for BFO and BEMO.
The Eg value in BFMO suggests the involvement of the first
ionization of oxygen vacancies, the first ionization of oxygen
vacancies is also involved into BFO at the temperature of
294—374 K, and the short-range oxygen vacancies at the
temperature of 374—474 K. Therefore, the Mn substitution
changes the type of the dielectric relaxation of BFO. Figure 9b
plots the Arrhenius plot of In 0 vs 1/T of BFO and BEMO thin
films. The temperature -dependent dc conductivity can be
described by the Arrhenius equation.

O4c = Odcoexp( — Ea/kBT) (7)

where 0, is a constant and E, is the electrical conduction
activation energy. The E, value of BEMO was 0.43 eV at the tem-
perature of 294—474 K, indicating that the first ionization of
oxygen vacancies is still responsible for the electrical conduction
regardless of varying temperatures. However, the E, value of
BFO depends on the measurement temperature, that is, the E,
value is ~0.53 eV for the temperature range of 294—374 K, and
the value is ~0.89 eV for the temperature range of 374—474 K.
The first ionization of oxygen vacancies is responsible for the
electrical conduction of BFMO, whereas the first ionization of
oxygen vacancies and the short-range oxygen vacancies was
involved into the electrical conduction of BFO at the tempera-
ture of 294—374 and 374—474 K, respectively. In the present

work, the E, value well-matches the E value, respectively, for the
BFO or BFMO thin film, confirming that the same type of charge
carriers is responsible for both dielectric relaxation and electrical
conduction. The activation energy is correlated to the density of
oxygen vacancies,*® that is, Fis ~2.0 eV for stoichiometric ABOs,
~1.0 eV for ABO, 95, ~0.5 eV for ABO, 4, and ~0 for ABO, .
Under a high resistance state, the BEMO thin film has a lower
activation energy, indicating the involvement of a higher density
of oxygen vacancies in BFMO. This result is also well in
agreement with the fact that the BFMO thin film has a higher
leakage current at room temperature in a low electric field region
as compared with that of BFO.

It is very important to investigate the migration kinetics of
oxygen vacancies under an external driving electric fields for
better understanding the leakage behavior of the BEMO thin
film. In the present work, the impedance spectroscopy under a dc
electric field of ~92.6 kV/cm is used to identify the difference in
the response of electrical conduction behavior of BFO and
BFMO, and further understand the migration kinetics of oxygen
vacancies in low and high resistance states. Panels a and b in
Figure 10 show the Arrhenius plots of In ¢ and In 7 vs 1000/T
plots for the BFO and BEMO thin films under the dc electric field
of ~92.6 kV/cm. The variation of the conductivity as a function
of temperature is plotted in Figure 10a. Their conductivity
increases with rising temperature. The E, values of BFO and
BFMO are 0.23 and 0.40 eV, respectively, indicating that the
hopping electrons and the first ionization of oxygen vacancies are
respectively involved into the conduction behavior of BFO and
BFMO under a low resistance state. Comparing Figure 9b with
Figure 10a, under an external dc electric field, the E, value
decreases dramatically from ~0.53 to 0.23 eV for BFO, whereas
the E, value almost keeps unchanged for BEMO. The E, values
under different resistance states indicate the involvement of the
different conduction mechanisms into two films, and the higher
E, value indicates that the conducting electrons are difficultly

2509 dx.doi.org/10.1021/am2003747 |ACS Appl. Mater. Interfaces 2011, 3, 2504-2511



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

activated. In the present work, the E, value of BFMO is higher
than that of BFO at a low resistance state, indicating it is more
difficult to activate the conducting electrons for BFMO under the
same electric field. Figure 10b shows the Arrhenius plot of In vs
1000/T plots for the BEMO and BFO thin films under the dc
electric field of ~92.6 kV/cm. Similarity to the change of the E,
values at different resistance states, the Eg value also almost keeps
unchanged for BEMO, while the Eg, value quickly decreases from
~0.54 to ~0.19 eV for BFO. The Ey values are ~0.19 eV and
~0.36 eV for BFO and BEMO, indicating that hopping electrons
and first ionization of oxygen vacancies are also responsible for
the dielectric relaxation of the BFO and BFMO thin films,
respectively, which is in accordance with the electrical conduc-
tion behavior. As mentioned above, the E is correlated to the
density of oxygen vacancies.*® Therefore, the BEMO thin film
exhibits a lower density of oxygen vacancies than that of pure
BFO under a low resistance state. The concentration of oxygen
vacancies determines the leakage current density of BFO.”%~**
This present result well matches the lower leakage current density
of BEMO observed in a high electric region, as shown in Figure 6.
The similarity in the E, value under different resistance states also
confirms the electrical conduction mechanism is electric field-
independent for BEMO, which is also in agreement with its leak-
age behavior.

4. CONCLUSION

The 5% Mn-modified BiFeO; thin film was deposited in situ
on the SrRuO;/Pt/SiO, /Si(100) substrate by rf sputtering. The
migration kinetics of oxygen vacancies in the BFMO thin film
was investigated in term of the temperature-independent im-
pedance spectroscopy under different resistance states. The leak-
age current of the BEMO thin film is dominated by an Ohmic
conduction regardless of varying temperatures and electric fields.
The dielectric relaxation and electrical conduction of BEMO is
governed by the thermal excitation of carriers from the first
ionization of oxygen vacancies over the entire temperature range
0f294 to 474 K, and is almost independent of the external electric
fields, which is obviously different from those of BFO. The im-
pedance spectroscopy in low and high resistance states success-
fully illuminates why the leakage current behavior of BFMO
obviously differs from that of BFO in low and high electric field
regions.
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