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Abstract The effects of Nd and Zn co-doping on the

structural, electrical, and multiferroic properties of the

BiFeO3 thin film were investigated. Pure BiFeO3 (BFO)

and (Nd, Zn) co-doped Bi0.9Nd0.1Fe0.975Zn0.025O3-d

(BNFZO) thin films were prepared on Pt(111)/Ti/SiO2/

Si(100) substrates by using a chemical solution deposition

method. X-ray diffraction and Raman scattering analyses

revealed the formation of polycrystalline distorted rhom-

bohedral perovskite structures for both of the thin films. As

compared to the pure BFO, a low leakage current density

of 6.68 9 10-5 A/cm2 (at 100 kV/cm), large remnant po-

larization (2Pr) of 60 lC/cm2, and low coercive field (2Ec)

of 773 kV/cm (at 1,000 kV/cm) were observed for the co-

doped BNFZO thin film. Furthermore, the BNFZO thin

film showed enhanced magnetization when compared to

the BFO thin film. These results indicate that the randomly

oriented BNFZO thin film would be a useful nontoxic al-

ternative for lead-containing multiferroic applications.

1 Introduction

The perovskite-based bismuth ferrite BiFeO3 (BFO) has

attracted considerable interest because of its room-tem-

perature multiferroic properties. In fact, it is the only room-

temperature multiferroic material with high ferroelectric

and magnetic transition temperatures, namely at 1,100 and

643 K, respectively [1]. BFO is known to have a rhom-

bohedrally distorted perovskite structure with a R3c space

group [2]. In the BFO crystal structure, a perovskite unit

cell has a lattice parameter, arh of 3.965 Å with a rhom-

bohedral angle of 89.4� at room temperature [3]. It was also

described in the hexagonal crystal structure with lattice

parameters, ahex of 5.58 Å and chex of 13.90 Å. A large

ferroelectric polarization has been reported along the

pseudocubic [111]c axis, which is equal to the hexagonal

[001]hex [3, 4]. In multiferroic BFO, the lone pair of

electrons (6s2) on the Bi ion acts as a source of ferro-

electricity, whereas the magnetic properties originate from

the partially filled d-orbital of the Fe3? ion [5]. Its

unusually large polarization and nontoxic nature afford

BFO as a potential alternative for the highly toxic ferro-

electric lead zirconium titanate [6].

In spite of its many advantages, BFO exhibits a low

electrical resistivity due to a large leakage current, which

leads to serious complications in practical ferroelectric

devices [7]. The occurrence of a large electrical leakage in

BFO has been attributed to the existence of oxygen va-

cancies and secondary phases, valence fluctuation of the Fe

ions, rough surface features, and poor interfacial quality

[8–12]. Doping of the Bi- and Fe-sites of the BFO with rare

earth (RE) and transition metal (TM) ions has been strongly

recommended as a way to reduce the leakage current

density and to improve the multiferroic properties [13–18].

The use of RE ions as a dopant weakens the stereochemical

activity of the Bi3? 6s2 electron pairs, thereby resulting in

the degradation of the ferroelectric polarization [19–21].

TM ions are known to reduce the concentration of oxygen

vacancies by way of charge compensation [18]. Therefore,

co-doping BFO with both RE and TM ions could be con-

sidered crucial for improving the ferroelectric properties of
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this material. A few reports describing the improvement of

the electrical and ferroelectric properties of (Nd, TM) and

(RE, Zn) double-ion modified BFO thin films have been

published [22, 23]. However, to the best of our knowledge,

(Nd, Zn) co-doped BFO thin films have not yet been

studied before.

This study involved the preparation of both pure BiFeO3

(BFO) and (Nd, Zn) co-doped Bi0.9Nd0.1Fe0.975Zn0.025O3-d

(BNFZO) thin films on Pt(111)/Ti/SiO2/Si(100) substrates

by a chemical solution deposition method to investigate the

structural, electrical, ferroelectric, and magnetic properties.

The ionic radius of Nd3? (1.27 Å) is smaller than that of

Bi3? (1.45 Å); therefore, the former is readily able to

substitute into the Bi-site of the BFO. Furthermore, Bi-site

substitution by Nd3? ions could be expected to reduce the

Bi volatility, suppress the formation of oxygen vacancies,

and control the leakage current density [9], which is also

reduced when the Fe-site is doped with Zn2? [8, 9].

Therefore, the use of Nd and Zn ions to substitute the Bi-

and Fe-sites of BFO could potentially modulate the elec-

trical and ferroelectric properties of the material, because

the advantageous effects of both of these sites can be

utilized.

2 Experimental details

The raw materials used for the preparation of the precursor

solutions were bismuth nitrate pentahydrate [Bi(NO3)3-

5H2O], iron nitrate nonahydrate [Fe(NO3)3�9H2O],

neodymium nitrate hexahydrate [Nd(NO3)3�6H2O], zinc

nitrate dihydrate [Zn(NO3)2�2H2O], 2-methoxyethanol (2-

MOE), and ethylene glycol (EG). A mixture of 2-MOE and

EG was prepared by stirring for 30 min at 40 �C and

was used as the solvent. Bismuth nitrate pentahydrate

(5 mol% excess) was added to the above solvent and

stirred for 30 min. To the above Bi-solution, acetic acid

was added as a catalyst and stirred for 30 min. In the

preparation process of the precursor solutions, acetic acid

performs the role of a modifying ligand, and it also acts

as an acid catalyst for the hydrolysis of the metal

alkoxide [24]. In addition, it was also used to maintain

the viscosity of the entire precursor solution to enable

the thin film coating process to proceed in a uniform

manner. Neodymium nitrate hexahydrate and zinc nitrate

dihydrate were added to the Bi-solution with 30-min

stirring intervals. Finally, iron nitrate nonahydrate was

added to form the BNFZO solution. The resulting

BNFZO solution was subjected to continuous stirring for

3 h to attain homogenization. A pure BFO precursor

solution was also prepared as a reference by using the

same method. The concentrations of the final solutions

were adjusted to approximately 0.1 M.

A standard spin-coating method was used to prepare the

BFO and the BNFZO thin films on Pt(111)/Ti/SiO2/Si(100)

substrates at a constant spinning rate of 3,000 rpm for 20 s.

The wet films were prebaked at 360 �C for 10 min on a hot

plate. The desired film thickness was obtained by repeating

the coating and prebaking processes 12 times, after which

both thin films were annealed at 550 �C for 30 min by a

conventional thermal annealing process under a nitrogen

atmosphere for crystallization. The Pt electrodes (with ar-

eas of 1.54 9 10-4 cm2) were deposited on the top sur-

faces of the thin films by ion sputtering through a metal

shadow mask to create a capacitor structure for electrical

measurements.

An X-ray diffractometer (Rigaku, MiniFlex II) and a

Raman spectroscope (Jasco, NRS-3100) were used to study

the structures of the thin films. A field emission scanning

electron microscope (Tescan, MIRA II LMH) was used to

analyze the surface morphologies and the film thicknesses

of the BFO and BNFZO thin films. The leakage current

densities of the thin films were measured by an elec-

trometer (Keithley, 6517A). The ferroelectric hysteresis

loops of the thin films were measured at a frequency of

1.25 kHz with triangular pulses by a standardized ferro-

electric test system (Radiant Technologies Inc., Precision

LC). The room-temperature magnetic properties of the thin

films were measured by using a physical property mea-

surement system (Quantum Design Inc., PPMS-7).

3 Results and discussion

The X-ray diffraction (XRD) patterns of the BFO and the

BNFZO thin films prepared on Pt(111)/Ti/SiO2/Si(100)

substrates are shown in Fig. 1. X-rays with CuKa1 radiation

Fig. 1 XRD patterns of the BFO and the BNFZO thin films deposited

on Pt(111)/Ti/SiO2/Si(100) substrates. a Magnified XRD patterns

with Lorentz fitted curves in the vicinity of 2h = 32.08 corresponding

to (110)/(1�10) planes
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(k = 1.5418 Å) were used. The XRD peaks observed for

the BFO and the BNFZO thin films were indexed with

reference to the polycrystalline distorted rhombohedral

structure with a R3c space group [JCPDS No: 72-2035].

The XRD patterns contained no additional peaks corre-

sponding to secondary or impurity phases, implying that

the dopant concentrations did not reach the solubility limit

of the BFO. Furthermore, there was no observable change

in the lattice parameters for the BNFZO thin film, although

the film was observed to display a small change in the

diffraction patterns corresponding to the (110/1�10) planes.

As shown in Fig. 1a, the split peaks corresponding to the

(110/1�10) planes at 328 were clearly observed for the BFO

thin film, whereas the corresponding peaks overlapped and

appeared as a single peak on the diffraction pattern of the

BNFZO thin film. However, a Gaussian fitting clearly

indicated the presence of two peaks for the BNFZO thin

film. This result indicates that the strain induced by the

doping elements would increase the distortion induced in

the perovskite layers without changing the original struc-

ture [25, 26]. Structural distortion of this nature has been

reported to have a strong influence on the multiferroic

properties [25].

The specific BFO sites, at which Nd and Zn ion sub-

stitution occurs, were examined by a Raman scattering

spectral study. Figure 2 shows the Raman scattering

spectra for the BFO and the co-doped BNFZO thin films

measured at room temperature. The exact peak positions

were assigned by fitting the measured spectra and decom-

posing the fitted curves into their individual Lorentz

components. According to group theoretical studies, 13

(4A1 ? 9E) fundamental active modes are predicted for

rhombohedrally distorted perovskites with a R3c space

group [1]; hence, the active modes that were observed in

the present investigation are in good agreement with the

rhombohedrally distorted perovskite structure. The longi-

tudinal optical (LO) and transverse optical (TO) modes

were indexed for the BFO and the BNFZO thin films with

reference to the literature [27]. All of the observed Raman

active modes for the thin films are given in Table 1. For the

BFO thin film, the low-frequency Raman modes observed

at 137, 168, and 216 cm-1 were assigned as A1(1LO),

A1(2LO), and A1(3LO), with the high-frequency modes at

257, 279, 309, 341, 363, 467, and 610 cm-1 assigned as

E(TO), E(TO), E(TO), E(TO), E(TO), E(TO), and E(TO),

respectively. In the case of the BNFZO thin film, the

A1(1LO), A1(2LO), and A1(3LO) modes were observed at

142, 167, and 219 cm-1, respectively, whereas the Raman

modes at 274, 320, 370, 430, and 603 cm-1 were assigned

to the E(TO), E(TO), E(TO), E(TO), and E(TO) modes,

respectively. The A1 active modes observed in the low-

frequency region have been attributed to the Bi–O vibra-

tion and the high-frequency E modes to the Fe–O vibration

[28]. As shown in Fig. 2, for the BNFZO thin film, the peak

intensity was observed to change, and the peaks were ob-

served to broaden at low frequencies, both of which can be

attributed to the doping of the Bi-site of the BFO with Nd

ions [20]. Nd ion doping of the Bi-site of the BFO leads to

a dispersion of Bi–O bonding, which in turn affects the

active modes in the low-frequency region. The formation

of an intense peak at 603 cm-1 for the BNFZO thin film

was attributed to structural changes in the [FeO6] octahedra

and indicates the combined doping effects of the Nd and Zn

ions [29]. The small shifts of the peaks in the high-fre-

quency region of the spectrum of the co-doped BNFZO

thin film might be related to the doping of Zn ion into the

Fe-site [29].

The surface morphologies of the BFO and the BNZO

thin films are shown in Fig. 3 together with their cross-

sectional micrographs. The doping of Nd and Zn ions into

the Bi- and Fe-sites of BFO influences nucleation and leads

to significant change in the microstructural features. The

SEM image shows the surface morphology of the BFO thin

film to be rough with the formation of micropores, whereas

the BNFZO thin film exhibited a smooth surface in com-

parison. The Nd–O bond energy (703 kJ/mol) is higher

than that of the Bi–O bond (337 kJ/mol), which increases

the amount of heat that is released during film growth, in

turn stabilizing the structure to maintain the smooth surface

[30]. The thicknesses of the BFO and the BNFZO thin

films were approximately 300 and 350 nm, respectively, as

determined from the cross-sectional SEM images.

Figure 4 shows the plots of the leakage current densities

(J) as a function of the applied electric fields (E) for both

the BFO and the BNFZO thin films, for which J values of

2.58 9 10-3 and 6.68 9 10-5 A/cm2 were measured at an

applied electric field of 100 kV/cm, respectively. Thus, the

J value of the BNFZO thin film was found to be two orders

Fig. 2 Raman scattering spectra with fitted curves (thick solid lines)

and the decomposed active modes (thin solid lines) of the BFO and

the BNFZO thin films measured at room temperature
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of magnitude lower than that of the BFO thin film. The

large leakage current density of the BFO thin film is at-

tributed to the presence of a large number of oxygen va-

cancies [8], partially caused by the ease with which the Bi

ion is able to evaporate from BFO during the preparation of

the thin film [9]. The lower leakage current density of the

BNFZO thin film can be related to a decrease in the con-

centration of oxygen vacancies of which the energy levels

are very close to those of the conduction band in the per-

ovskite BFO [31]. Therefore, the formation of oxygen

vacancies would enable the material to readily conduct

electric current by promoting an electric cloud with respect

to the applied electric field [32]. In addition, the Nd–O

bond (703 kJ/mol) is stronger than the Bi–O (337 kJ/mol)

bond; hence, Nd substitution controls the Bi evaporation

and stabilizes the perovskite structure [9, 17, 18]. At the

Table 1 Comparison of the Raman frequencies observed for the BFO and the BNFZO thin films

Samples A1

(1LO)

A1

(2LO)

A1

(3LO)

E (TO)

BFO 137 168 216 257 279 309 341 363 467 610

BNFZO 142 167 219 - 274 320 - 370 430 603

Fig. 3 SEM images of the

surface morphologies and cross-

sectional views of the BFO and

the BNFZO thin films

Fig. 4 Leakage current densities of the BFO and the BNFZO thin

films
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same moment, the doping of divalent Zn ions into the Fe-

sites of the BFO was reported to enable the formation of a

defect complex between the Zn2? ion and oxygen vacan-

cies as represented by ½ðZn2þ
Fe3þÞ

0
� ðV��

O2�Þ� [32]. Breaking

this defect complex to provide free charge carriers to en-

able conduction requires a large electric field [32]. The

formation of grain clusters with a smooth surface might

also play a role in reducing the leakage current of the co-

doped BNFZO thin film.

The multiferroic properties of the BFO and the BNFZO

thin films were evaluated by investigating the ferroelectric

and ferromagnetic properties at room temperature. Figure 5

shows the ferroelectric polarization–electric field (P–

E) hysteresis loops of the BFO and the BDFZO thin films.

An analysis of the hysteresis loops revealed a small rem-

nant polarization (2Pr) of 36 lC/cm2 and a large coercive

field (2Ec) of 1,365 kV/cm at an applied electric field of

1,060 kV/cm for the BFO thin film. The 2Pr and the 2Ec

values of the BNFZO thin film were 60 lC/cm2 and

773 kV/cm at an applied electric field of 1,000 kV/cm,

respectively. The improved ferroelectric properties of the

BNFZO thin films are attributed to the combined effect of

co-doping with Nd and Zn ions. The use of ions with small

ionic radii and a large electronegativity as dopants leads to

a more pronounced off-center displacement in the BFO.

The ionic radius of Nd3? (1.27 Å) is smaller than that of

Bi3? (1.45 Å). Therefore, it can easily substitute into the

Bi-site of the BFO. In addition, as the electronegativity

difference between Nd and O is larger than that between Bi

and O, the doping of Nd ions into the Bi-site of the BFO

might lead to a more pronounced off-center distortion,

which would in turn enhance the ferroelectric properties

[33]. However, the substitution of Nd3? ion into the Bi-site

has been reported to weaken the stereochemical activity of

the lone electron pair of Bi and the Bi–O covalent bonds,

which would in turn degrade the ferroelectricity [21]. In

this study, the (Nd, Zn) co-doped BNFZO thin film ex-

hibited enhanced ferroelectric properties compared to BFO

doped with Nd alone [34]. Hence, the role of the Zn ion

appears to be very important for the improvement of the

ferroelectric properties. The divalent Zn2? ions facilitate

the formation of the defect complex½ðZn2þ
Fe3þÞ

0
� ðV��

O2�Þ�,
which may also influence the ferroelectric polarization

[32]. Furthermore, the ability of the Nd and Zn ions to

stabilize the formation of the perovskite phase and to re-

duce the number of oxygen vacancies in the BNFZO thin

film favors a large polarization and a low coercive field.

The magnetic properties were studied by measuring the

magnetization (M) versus the magnetic field (H) hysteresis

loops of the BFO and the BNFZO thin films at room

temperature, and are shown in Fig. 6, in which it can be

seen that both of the thin films exhibited weak ferromag-

netism with well-saturated M–H hysteresis loops. The

measured remnant magnetization (2Mr) and coercive

magnetic field (2Hc) values of the BFO and the BNFZO

thin films were 0.028 emu/cm3 and 0.29 kOe, and 0.037

Fig. 5 Ferroelectric P–E hysteresis loops of the BFO and the BNFZO

thin films

Fig. 6 Magnetic M–H hysteresis loops of the BFO and the BNFZO

thin films
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emu/cm3 and 0.27 kOe at an applied magnetic field of

10 kOe, respectively. The magnetic structure of BFO was

demonstrated with respect to G-type antiferromagnetic

ordering, while it also exhibits a weak ferromagnetic

ordering due to canting of the electron spin in the unit cell

[35]. The magnetic interaction between the Fe ions can also

lead to spontaneous magnetization in the BFO thin film

[35]. This phenomenon might also be responsible for the

weak ferromagnetism that was observed for both of the

BFO and the BNFZO thin films. However, compared to the

BFO thin film, the BNFZO thin film exhibited enhanced

magnetization. This could be attributed to the structural

distortion caused by the Nd3? and Zn2? ions, which would

result in a tilting of the octahedra to release the locked

magnetization from the spiral spin structure of the BFO

[35].

4 Conclusions

The effects of (Nd, Zn) co-doping on the structural, elec-

trical, and multiferroic properties of the BFO thin films

prepared on Pt(111)/Ti/SiO2/Si(100) substrates via chemi-

cal solution deposition were investigated. Distorted rhom-

bohedral perovskite structures for the BFO and the BNFZO

thin films were confirmed by XRD and Raman scattering

analyses. Compared to the pure BFO, the co-doped

BNFZO thin film showed a large remnant polarization,

reduced leakage current density, and low coercive field.

The enhanced electrical properties of the BNFZO thin film

could be explained by the combined effect of the reduced

concentration of oxygen vacancies and changes in the

microstructural features. The enhanced multiferroic prop-

erties of the BNFZO thin film was related to structural

distortion.
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