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Abstract

Effects of (Nd, Cu) co-doping on the structural, electrical and ferroelectric properties of BiFeO; polycrystalline thin film have been
studied. Pure and co-doped thin films were prepared on Pt(111)/Ti/SiO,/Si(100) substrates by using a chemical solution deposition
method. Significant improvements in the electrical and the ferroelectric properties were observed for the co-doped thin film.
The remnant polarization (2P,) and the coercive field (2E,) of the co-doped thin film were 106 pC/cm? and 1032 kV/cm at an applied
electric field of 1000 kV/cm, respectively. The improved properties of the co-doped thin film could be attributed to stabilized perovskite

structures, reduced oxygen vacancies and modified microstructures.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Multiferroic bismuth ferrite BiFeO; (BFO) has been
intensively studied and also projected for the replacement
of toxic lead zirconium titanate in integrated microelec-
tronic memory devices due to its large remnant polariza-
tion [1-3]. Formation of the stable single phase, low
crystallization temperature and high Curie (7,.~1103 K)
and Néel (Ty~643 K) transition temperatures are major
advantages of the BFO compared to other perovskite
multiferroic materials [3].

There are many techniques established for the fabrica-
tion of the BFO thin films [4]. Among these techniques, a
sol—gel based chemical solution deposition (CSD) method
is uncomplicated to achieve homogeneous thin film over
large area, with easy-to-maintain stoichiometry, and low
processing temperature [5]. However, the BFO thin film
fabricated via a CSD method attains easy electrical break-
down and difficulties were found in measuring the satu-
rated ferroelectric hysteresis loop due to large leakage
current density [2,6,7]. The large leakage current density in
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the BFO thin film is believed to mainly originate from
oxygen vacancies, volatilization of Bi ions, valence fluctua-
tion of Fe’* ions (Fe?™/Fe’ 1), impurity phases and poor
microstructures [8,9]. There are immense ongoing researches
to control the leakage current density and to improve the
ferroelectric properties of the BFO thin film via different
approaches, such as use of single crystal substrates, forming
resistive buffer layers, construction of multilayer structures,
making solid solutions and cationic substitution [10].

Inclusion of impurities into Bi- and Fe-sites of the BFO
using rare earth (Eu, La, Nd, Gd, Sm, Ho, etc.) and
transition metal (Ni, Cr, Ti, Mn, Sc, etc.) ions has been
strongly suggested to control the factors which cause large
leakage current density and to improve the ferroelectric
properties of the BFO [11,12]. The rare earth ions doped
into Bi-sites stabilize the perovskite structure, retain the
non-centrosymmetry and control the vaporization of Bi
ions [9,13,14]. The transition metal ions at Fe-sites reduce
the valence fluctuation of Fe’™ ions and fill oxygen
vacancies based on the valence compensation [9].

There are limited studies on rare earth and transition metal
ions co-doped BFO thin films. It is important to investigate
the effects of co-doping elements on the improvements of
electrical and multiferroic properties of the BFO thin film.
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In this study, effects of (Nd, Cu) co-doping on the structure
and the electrical properties, such as leakage current, dielec-
tric and ferroelectric properties, were investigated and the
results are discussed in detail.

2. Experimental procedure

All chemicals were purchased from Aldrich and used for
the precursor solution preparation without further purifi-
cation. The raw materials used for the precursor solutions
were bismuth nitrate pentahydrate (Bi(NO3)s;-5H>0)
(99.99%), iron nitrate nonahydrate (Fe(NOs);-9H,0)
(99.99%), neodymium nitrate hexahydrate (Nd(NOs), - 6H,0O)
(99.999%) and copper nitrate hemi-hydrate (Cu(NOs),-
2.5H50) (99.99%). Initially, 2-methoxyethanol (99.9%) and
ethylene glycol (99.99%) were mixed together by constant
stirring at 40 °C in a water bath for 30 min and used as a
solvent. Bismuth nitrate pentahydrate (5 mol% excess) was
added to the mixed solvent and stirred for 30 min. To the
above Bi-solution acetic acid (99.99%) was added to make a
weak acid medium and to catalyze the reaction and stirred for
30 min in turn. Finally, iron nitrate nonahydrate was added to
form the BFO precursor solution. The resulting solution was
subjected to continuous stirring for 3 h at room temperature.
For the doping experiment, before the addition of iron nitrate
nonahydrate, a measured quantity of neodymium nitrate
hexahydrate was added separately, copper nitrate hemi-
hydrate was added to this and stirred for 30 min in turn.
The resulting mixture was stirred for 3 h at room temperature.
The concentration of all final solutions was adjusted to 0.1 M.

All thin films were deposited on Pt(111)/Ti/SiO,/Si(100)
substrates (Inostek, Korea) by using a spin coating method
at a constant spinning rate of 3000 rpm for 20 s. After spin
coating, the wet thin films were prebaked at 360 °C for
10 min on a hot plate. The coating and the prebaking were
repeated 12 times to obtain the desired film thickness.
Finally, all thin films were annealed at 550 °C for 30 min
by using a conventional annealing process under a nitro-
gen atmosphere for crystallization.

In order to measure electrical properties, Pt electrodes
(with areas of 1.54 x 10~* cm?) were deposited on the top
surface of the thin films by ion sputtering through a metal
shadow mask to form a capacitor structure. The structures
of the thin films were investigated by using an X-ray
diffractometer (Rigaku, MiniFlex II) and a Raman spec-
troscope (Jasco, NRS-3100). Surface morphologies and
film thicknesses were analyzed by using a field emission
scanning electron microscope (Tescan, MIRA II LMH).
The ferroelectric hysteresis loops of the thin films were
measured at a frequency of 10 kHz with triangular pulses
by using a standardized ferroelectric test system (Modified
Sawyer-Tower circuit with oscilloscope). The leakage
current densities of the thin films were measured by using
an electrometer (Keithley, 6517A). The dielectric proper-
ties of the thin films were studied by using an LF
impedance phase analyzer (HP, 4192A).

3. Results and discussion

The X-ray diffraction (XRD) patterns of the pure BiFeO;
(BFO) and the BiOA()NdOA1F€0A975CUOA02503,5 (BNFC) thin
films deposited on Pt(111)/Ti/SiO,/Si(100) substrates are
shown in Fig. 1(a). Both the thin films were indexed with
reference to the perovskite BFO structure [JCPDS No. 72-
2035]. The randomly oriented rhombohedral perovskite
structure has been observed for the thin films. There were
no additional peaks for the secondary or impurity phases.
However, for the co-doped thin film, small changes in the
diffraction patterns corresponding to (100) and (100)/(110)
planes were observed. From the magnified XRD patterns
(Fig. 1(b) and (c)), a slightly higher angle shift in the peak
position at the 20 values of 22.5° (100) and 32° (100)/(110)
was clearly observed in the BNFC thin film. This indicates
changes in the lattice parameters of the BNFC thin film.
Furthermore, the diffraction peaks corresponding to (100)/
(110) planes were clearly separated for the pure BFO thin
film while the peaks were broad in the co-doped BNFC thin
film (Fig. 1(c)). This broadening indicates distortion in the
rhombohedral lattice of the BNFC thin film due to the
internal chemical pressure induced by the co-doping ele-
ments [12]. The distortion caused by the doping elements
has large influence on the polarization of the BFO based
thin film [12,15].

The specific site of rare earth and transition metal ions in
the BFO was investigated by using Raman scattering spectra.
Fig. 2 shows Raman scattering spectra for the pure BFO and
the co-doped BNFC thin films. According to the group
theoretical calculation, there are 13 (44,+9F) fundamental
active modes estimated for the rhombohedrally distorted space
group R3c [16]. All of the major active modes that appeared in
the pure BFO and the co-doped thin films are in good
agreement with those for the rhombohedrally distorted (R3c¢)
perovskite structure. By fitting the measured spectra and
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Fig. 1. XRD patterns of the BFO and the BNFC thin films deposited on
Pt(111)/Ti/SiO,/Si(100) substrates. Magnified XRD patterns in the vici-
nities of (a) 20=22.5° corresponding to (100) and (b) 20=32.0° corre-
sponding to (110)/(110) planes.
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Fig. 2. Raman scattering spectra with fitted curves (thick solid lines) and
the decomposed active modes (thin solid lines) of the BFO and the BNFC
thin films.

Table 1
Assignment and comparison of the observed Raman frequencies of the
BFO and the BNFC thin films.

Raman active modes A,-1 A,-2 A;-3 E-2 E-3 E-5 E-7 E-8 E-9

BFO (cm™") 147 168 216
BNFC (cm™}) 154 169 227

259 287 337 469 517 607
257 273 335 476 520 619

decomposing the fitted curves into individual Lorentz compo-
nents, the peak positions have been obtained. The Raman
modes observed in the low frequency region are mainly related
to the Bi-O vibration and the high frequency E modes are
related to the Fe-O vibration [16,17]. As shown in Fig. 2, for
the BNFC thin film, changes in peak intensity and peak
broadening were observed at low frequencies. These are
attributed to the dispersion of the Bi-O bonding by doping
of rare earth Nd** ion for Bi sites [18]. The small shift in the
peak positions at high frequencies for the co-doped BNFC
thin film might be related to the Cu dopants on the Fe sites
[19]. All observed Raman active modes for the pure BFO and
the BNFC thin films are given in Table 1.

The surface morphologies of the thin films are shown in
Fig. 3. From the top view of the SEM images, change in
the surface morphology has been clearly observed for the
co-doped thin film compared to the pure BFO thin film.
Inclusion of the Nd** and the Cu®" ions into the BFO
was observed to increase the grain size and reduce the
grain boundary. However, non-uniformity in the size
distribution of the grains was observed in the BNFC thin
film compared to the pure BFO thin film. The formation of
non-uniform grain size for the BNFC thin film might be
attributed to the variant distribution of Nd** and Cu®* in
the BFO matrix. Similar microstructural features have
already been observed for the (La, Ni) co-doped BFO thin
film [2]. The variation in the film thicknesses of the pure
and co-doped thin films is represented in the cross sectional
images.

Fig. 4(a) shows leakage current densities (J) as functions
of applied electric field (E) for the pure BFO and the BNFC
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Fig. 3. SEM images of the surface morphologies and cross-sectional views
of the BFO and the BNFC thin films.

thin films. From the leakage current density analysis, the J
value of the BNFC thin film was three orders lower than
that of the pure BFO thin film. The measured leakage
current density of the BFO thin film at an applied electric
field of 100 kV/em was 2.58 x 1072 Ajem®. At the same
applied electric field, the leakage current density for the
BNFC thin film was 1.15x 107> A/em®. The reduced
leakage current density in the co-doped BNFC thin film
could be associated with the decrease of oxygen vacancies,
the control of valence fluctuation of Fe’t ions and the
improved microstructure by the Nd and Cu co-doping
elements [20]. It is well documented that the presence of
small amount of rare earth ions at Bi sites suppresses
volatilization of Bi ions and stabilizes the perovskite
structure [9,13]. The high bond dissociation energy of the
Nd-O bond (703 + 34 kJ/mol) compared to that of the Bi—
O bond (343 + 6 kJ/mol) controls the volatilization of Bi
ions and stabilizes the perovskite structure [9]. Doping of
divalent Cu®>" ion obstructs the formation of Fe?™ ions and
controls the Fe**/Fe’™ charge fluctuation [8], but favors
the formation of oxygen vacancies [13]. The possible
mechanism for the formation of oxygen vacancies by
Cu®" ions at Fe-sites could be described using Kroger—
Vink notations as follows:

2Cu0 - 2Cu}, + 0%+ Ve,

where V{5 represents the oxygen vacancy with two positive
charges and O represents the null charge on oxygen.
That is, when two Fe** ions are substituted by two Cu®™
ions, oxygen vacancy with two positive charges is
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Fig. 4. (a) Leakage current densities of the BFO and the BNFC thin films
measured at room temperature and (b) log (J)-log (E) characteristics of
each film showing the conduction mechanisms.

introduced to maintain the charge neutrality [13]. The
oxygen vacancy can form a defect dipole with 2Cu’g. as
[2Cu},— Vg 1* [21]. Thus, the dipoles formed by the charge
compensation may lead to the decrease of leakage current
density and the increase of polarization in the BFO thin
film [21]. In the perovskite octahedra, different positions of
oxygen vacancy lead to different electrostatic attractions
between the defect carriers in the [2Cup,—Vg 1 dipoles.
This means that different electrical fields is required to
break the dipole and to form the corresponding charge
carriers [21].

The leakage current mechanism was analyzed using
logarithmic plot of leakage current density versus applied
electric field (log(J)-log(E)) as shown in Fig. 4(b). For the
pure BFO thin film, the linear slope (S~ 1) over the entire
region of applied electric field indicates Ohmic conduction
mechanism [22]. The co-doped BNFC thin film showed
Ohmic conduction (S~ 1) mechanism in the low electric field
region, which is dominated by thermally stimulated free
electrons. However, at high electric fields, the slope value was
observed to be S~2, indicating a change in the conduction
mechanism from Ohmic conduction to space charge limited
conduction [22]. This indicates that the density of free
electrons due to carrier injection becomes greater than the
density of thermally stimulated electrons [23].

The ferroelectric polarization—electric field (P—FE) hyster-
esis loops for the thin films are shown in Fig. 5. From the
hysteresis loop analysis, the co-doped BNFC thin film
shows improved ferroelectric properties, such as large

80
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Fig. 5. Ferroelectric P-E hysteresis loops of the BFO and the BNFC thin
films measured at room temperature at 10 kHz frequency.

remnant polarization (2P,) and low coercive field (2E.),
compared to the pure BFO thin film. The measured 2P,
and 2E, values of the BFO and the BNFC thin films were
35.2 pC/em? and 1363 kV/em (at 1068 kV/cm) and 106 pC/
ecm? and 1032kV/em (at 1000 kV/cm), respectively. The
poor ferroelectric properties observed in the pure BFO thin
film are attributed to the large leakage current density [8].
The formation of oxygen vacancies and the charge fluctua-
tion of Fe’* (Fe?™/Fe’™) in the perovskite structure are
unfavorable for the polarization switching, leading to the
decrease of P, value [24]. Moreover, large grain boundary
with small grains also results in low P, and large leakage
current in the pure BFO thin film. The increase of remnant
polarization and the decrease of coercive field in the BNFC
thin film are well correlated with the decrease of leakage
current density and the lattice distortion caused by the co-
doping elements [12]. Fig. 6 shows the variation of 2P, and
2E. as functions of applied electric field. The values of 2P,
and 2F. increase with the increase of applied electric field.
In addition, the 2P, values for the BNFC thin film are well
saturated compared to those of the pure BFO thin film.
Frequency dependent dielectric properties for the BFO
and the BNFC thin films were measured at room
temperature by varying the frequencies from 100 Hz to
1 MHz. As shown in Fig. 7, the dielectric constants of the
thin films gradually decrease with the increase of fre-
quency. The dielectric constants of the BFO and the
BNFC thin films were 121 and 140 respectively, at an
applied frequency of 1kHz. At the same frequency, the
measured dielectric losses for the pure BFO and the BNFC
thin films were 0.049 and 0.038, respectively. The high
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Fig. 6. Variations of 2P, and 2E, as functions of applied electric field of
the BFO and the BNFC thin films.
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Fig. 7. Dielectric constants and dielectric losses as functions of frequency
of the BFO and the BNFC thin films.

dielectric constant and the low dielectric loss of the BNFC
thin film are correlated with the large remnant polarization
and the low leakage current density.

4. Conclusions

Effects of (Nd, Cu) co-doping on the structural, elec-
trical and ferroelectric properties of the BFO thin films
prepared on Pt(111)/Ti/SiO,/Si(100) substrates via a che-
mical solution deposition were investigated. The distorted
rhombohedral perovskite structures for the pure BFO and
the co-doped thin films were confirmed by using XRD and
Raman scattering analysis. Significant improvements, such
as reduced leakage current density and increased remnant
polarization, were observed for the co-doped thin film. The
leakage current density of the co-doped thin film was three
orders lower than that of the pure BFO thin film. It is
concluded that the (Nd, Cu) co-doping into BFO leads to
dense microstructure, decreasing of leakage current and

saturated hysteresis loop with large polarization and low
coercive field.
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