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Abstract Effects of rare earth Dy and transition metal

(TM = Cu, Co and Mn) ions co-doping on the structural,

electrical and ferroelectric properties of the BiFeO3 thin

films prepared on Pt(111)/Ti/SiO2/Si(100) substrates by

using a chemical solution deposition method were investi-

gated. All thin films formed as randomly oriented poly-

crystalline, with no detectable impurity or secondary phases.

Among the thin films, the (Bi0.9Dy0.1)(Fe0.975Mn0.025)O3

thin film exhibited well saturated hysteresis loops with

remnant polarization (2Pr) of 51 lC/cm2 and low coercive

electric field (2Ec) of 685 at 935 kV/cm and low leakage

current density of 1.4 9 10-5 A/cm2 at 100 kV/cm. The

enhanced properties observed in the co-doped thin films

could be considered as being the results of the suppression

of ionic defects and of the modified microstructure.

Keywords BiFeO3 � Thin films � Chemical solution

deposition � Electrical properties � Hysteresis loops

1 Introduction

Bismuth ferrite (BiFeO3; BFO) is one of the potential single

phase multiferroic compounds in which ferroelectricity and

magnetism coexist at room temperature. Both its magnetic

and ferroelectric transition temperatures are relatively high

(643 and 1,100 K, respectively) [1]. BFO has been synthe-

sized in bulk and thin film forms. However, in thin film form

BFO exhibits superior ferroelectric properties due to small

lattice strain [2]. BFO is proposed as an active alternative for

the toxic lead zirconium titanate in ferroelectric devices

owing to its large polarization [3, 4]. Recent years, consid-

erable attention has been paid to this material because of its

fundamental coupling phenomena of the multiple order

parameters. Though, BFO showed superior ferroelectric

properties, low resistivity due to large electrical leakage,

high coercive field and poor hysteresis are considered as

major obstacles for the fabrication of practical devices [5–7].

A more active way to improve electrical and ferroelec-

tric properties relies on substituting different ions into the

A-site or B-site of the perovskite BFO [8]. In general,

doping of rare earth (RE = La, Gd, Eu, Nd and Tb, etc.)

ions to the Bi-site and transition metal (TM = Co, Ni, Cu,

Mn, Cr, Mo, and Ti, etc.) ions to the Fe-site was strongly

recommended to reduce the leakage current density and to

improve the ferroelectric properties [8–13]. The rare earth

ions doping into BFO stabilizes the perovskite structure by

controlling Bi evaporation [14]. According to the literature,

the conduction band of BFO is related to the d orbital

electronic state of the Fe3? ion, the Fe-site doping by

transition metal ions can have a strong influence on phys-

ical properties by changing the electronic structure [7].

Doping of the transition metal ions also controls Fe2?/Fe3?

valence fluctuation through charge compensation [12].

It has been reported that Bi-site substitutions by rare

earth ions with smaller ionic radius would induce more

buckling in the Fe–O–Fe bond angle accompanying a

smaller tolerance factor leading to a more insulating

character [8]. The ionic radius of Dy (1.25 Å) with the

co-ordination number of twelve is much smaller than that

of Bi (1.36 Å), therefore, it can be easily substitute to the

Bi-site of BFO. Substitution of the Dy3? is expected to the

large structural distortion [15].

In this study, pure BiFeO3 and co-doped (Bi0.9Dy0.1)

(Fe0.975TM0.025)O3±d (TM = Mn, Co and Cu) thin films
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were prepared on Pt(111)/Ti/SiO2/Si(100) substrates by

using a chemical solution deposition method. The doping

effects on the microstructures of the co-doped thin films

were investigated by using X-ray diffraction patterns,

Raman spectra and scanning electron microscopy. The

electrical and the ferroelectric properties for the co-doped

thin films were also investigated and the results are dis-

cussed in detail.

2 Experimental details

The starting materials used for the precursor solutions were

bismuth nitrate pentahydrate (Bi(NO3)3�5H2O), iron nitrate

nonahydrate (Fe(NO3)3�9H2O), dysprosium nitrate hexahy-

drate (Dy(NO3)3�6H2O), manganese nitrate hydrate

(Mn(NO3)2�xH2O), cobalt nitrate hexahydrate (Co(NO3)3�
6H2O) and copper nitrate hemihydrate (Cu(NO3)2�2.5H2O).

Ethylene glycol (6 mL) and 2-methoxyethanol (4 mL) were

mixed together by constant stirring at 40 �C in a water bath

for 30 min and used as a solvent. Bismuth nitrate pentahy-

drate (1.5280 g) (5 mol % excess) was added to the mixed

solvent and stirred for 30 min. To the above Bi-solution

acetic acid (2 mL) was added to catalyze the reaction and

stirred for 30 min. Finally, iron nitrate nonahydrate

(1.2120 g) 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 experiments, a

measured quantity of dysprosium nitrate hexahydrate

(0.1316 g) was added to the Bi-solution containing bismuth

nitrate pentahydrate (1.3752 g), transition metal nitrate

(manganese nitrate hydrate 0.0134 g, cobalt nitrate hexa-

hydrate 0.0218 g and copper nitrate hemihydrate 0.0174 g)

was added to the Bi–Dy solution, separately and stirred for

30 min in turn. Finally, iron nitrate nonahydrate (1.1817 g)

was added. The resulting mixture was stirred for 3 h at room

temperature. The concentrations of all final solutions were

adjusted to 0.1 M.

All thin films were deposited on Pt(111)/Ti/SiO2/Si(100)

substrates by using a spin coating method at a constant

spinning rate of 3,000 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 subjected to conventional annealing at 550 �C

for 30 min under a nitrogen atmosphere for crystallization.

Platinum (Pt) electrodes with areas of 1.54 9 10-4 cm2

were deposited on the top surface of the thin films by ion

sputtering through a metal shadow mask to form a capac-

itor structure.

The structures of the thin films were investigated by using

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

spectroscope (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 mea-

sured 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).

3 Results and discussion

The X-ray diffraction (XRD) patterns of the pure BiFeO3

(BFO) and the rare earth and transition metal co-doped

(Bi0.9Dy0.1)(Fe0.975TM0.025)O3±d (TM = Mn, Co and Cu,

represented as BDFMn, BDFCo and BDFCu) thin films

deposited on Pt(111)/Ti/SiO2/Si(100) substrates are shown

in Fig. 1a. All diffraction peaks of the thin films were

indexed with reference to the perovskite BFO structure

[JCPDS No. 72-2035]. From the XRD analysis, for all thin

films, randomly oriented polycrystalline distorted rhom-

bohedral perovskite structure has been observed. Absence

of additional/secondary peaks in the diffraction patterns of

the co-doped thin films confirms that dopants concentration

below the solubility limit of the BFO. From the magnified

XRD patterns (Fig. 1b, c), the mild higher angle shifts in

the peak positions at the 2h values of 22.5� (100) and 32�
(100)/(1�10) were observed for the co-doped thin films. This

indicates small changes in the lattice parameters of the co-

doped thin films. In addition, the diffraction peaks corre-

sponding to (100)/(1�10) planes were clearly separated for

the pure BFO thin film while the peaks were appeared as

broad in the co-doped thin films (Fig. 1c). However, we

Fig. 1 a XRD patterns of the BFO, BDFMn, BDFCo and BDFCu

thin films deposited on Pt(111)/Ti/SiO2/Si(100) substrates. Magnified

XRD patterns in the vicinities of b 2h = 22.5� and c 2h = 32.0� to

show the lattice distortion in the co-doped thin films
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believed that all the thin films show the rhombohedral

symmetry without changing the original crystal structure.

The small changes in lattice parameters and the peak

broadening imply distortion in the rhombohedral lattice

due to the incorporation of co-doping elements [16]. The

internal stress induced by the chemical substitution leads

small distortion in the crystalline lattices of (Dy, TM) co-

doped BFO thin films [8, 16]. Recently, Barrionuevo et al.

[17] reported the internal stress induced in the Co doped

BFO thin film without any structural transformation. Sim-

ilarly, Singh et al. [18] reported the distortion in the rare

earth (La) and transition metal (Mn) ions co-doped BFO

thin films. According to Huang et al. [19], the Mn doped

BFO thin film keeps a single phase as the Mn content

increases up to 15 %. The distortion in perovskite BFO due

to internal stress induced by the co-doping elements has

significant influence on the ferroelectric properties [16, 17].

The Raman scattering spectra for the pure BFO and the

(Dy, TM) co-doped BFO thin films measured at room

temperature are shown in Fig. 2. By fitting the measured

spectra and decomposing the fitted curves into individual

Lorentz components, the exact peak positions have been

obtained. According to the group theory, there are 13

(4A1 ? 9E) active modes predicted for the rhombohedrally

distorted space group R3c [1, 20]. All of the Raman modes

observed in the pure BFO and the co-doped thin films are

in good agreement with those for the rhombohedrally dis-

torted (R3c) perovskite structure. The Raman modes

observed in the low frequency A1 modes are attributed to

the Bi–O vibration and the high frequency E modes are

related to the Fe–O vibration [21]. The ionic radius of the

Dy3? (1.25 Å) with twelve coordination is smaller than that

of the Bi3? (1.45 Å). Hence, the rare earth Dy can readily

substitute into the Bi site. As shown in Fig. 2, for the co-

doped thin film, the changes in peak intensity and the peak

broadening were observed at low frequencies. These are

attributed to the dispersion of the Bi–O bonding by doping

of rare earth Dy3? ion for Bi sites [22]. The Dy substitution

leads to the local disorder in the Bi–O bonding, which in

turn broadened the low frequency A1 modes of the co-

doped BFO [22]. Since the concentrations of the transition

metal ions are relatively low, they show less significant on

the Raman modes of the perovskite BFO in the high fre-

quency region. However, the appearance of intense Raman

peak at 621 cm-1 for the BDFCu and the BDFMn thin

films implies the formation of deformed [(Fe, Cu)O6] and

[(Fe, Mn)O6] octahedra through Jahn–Teller (J–T) effect

[23–25]. The J–T effect describes the geometrical defor-

mation, which often occurs in the transition metal ions

within octahedral configuration [26]. In general, the J–T

effect pronounces with the transition metal ions having d9

and d4 electronic configuration under rare earth environ-

ment [25, 26]. Hence, substitution of Mn3? (d4 electronic

state) and Cu2? (d9 electronic state) into the Fe site of the

BFO leads more geometrical deformation in the perovskite

oxygen octahedran through J–T effect [23, 24]. The small

shifts in the peak positions at high frequencies for the co-

doped thin films might be related to the transition metal ion

dopants on the Fe-site of the BFO. All the Raman active

modes for the pure and the co-doped thin films are given in

Table 1.

The surface morphologies and the cross-sectional

micrographs of the BFO, BDFMn, BDFCo and BDFCu thin

films are shown in Fig. 3. The difference in surface mor-

phologies of the co-doped thin films compared to the pure

BFO clearly implies that influence of rare earth and transition

metal ions on the nucleation of BFO. From the top view of the

SEM images, larger grains were observed in the pure BFO. In

the case of the co-doped thin films, the smaller grains were

aggregated as large grains-cluster. Both rare earth and tran-

sition metal ions act as heterogeneous nucleation centers for

the perovskite structure, which in turn influence grains and

facilitates aggregation [27]. The thicknesses of the thin films

Fig. 2 Raman scattering spectra with decomposed active modes of

the BFO, BDFMn, BDFCo and BDFCu thin films

Table 1 Assignment and comparison of the observed Raman fre-

quencies of the BFO, BDFMn, BDFCo and BDFCu thin films

A1-1 A1-2 A1-3 E-2 E-3 E-5 E-7 E-9

Assigned Raman modes (cm-1)

BFO 149 168 216 256 283 333 471 602

BDFMn – 162 210 248 288 334 485 621

BDFCo – 170 213 248 290 345 – 608

BDFCu – 164 – 234 285 335 493 617
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measured from the SEM cross-sectional micrographs were

approximately 300 nm (BFO) and 400 nm (BDFMn,

BDFCo and BDFCu), respectively.

Figure 4a shows variation of leakage current density (J) as

a function of an applied electric field (E) for the pure and the

co-doped thin films. The measured leakage current densities

of the BFO, BDFMn, BDFCo and BDFCu were 2.5 9 10-2,

1.4 9 10-5, 2.7 9 10-5 and 1.2 9 10-4 A/cm2, respectively

at an applied electric field of 100 kV/cm. The measured

leakage current densities of the BDFMn and the BDFCo are

three orders lower than that of the BFO thin film. The decrease

of leakage current density in the co-doped thin film is mainly

attributed to the effective reduction of the defect careers

through charge compensation [28]. Additions of rare earth

elements are reported to stabilize the perovskite structure by

controlling Bi evaporation and oxygen vacancy formation

[14]. Furthermore, the small ionic radius of the Dy induces

more buckling in the Fe–O–Fe bond angle accompanying a

smaller tolerance factor leading to a more insulating character

[8]. Co-doping of transition metal ion controls the Fe2?/Fe3?

charge fluctuation in perovskite BFO and further reduces the

leakage current density. Among the thin films, the BDFMn

thin film showed the lowest leakage current density, which

might be attributed to the more changes in the [FeO6] octa-

hedra through J–T effect. Presence of Fe and Mn in the same

lattice [(Fe, Mn)O6] leads more tilting in the perovskite

octahedra under rare earth environment [29, 30]. These

crystallographic changes observed in the BDFMn thin film

have strong influence on the electrical and the ferroelectric

properties [31]. Furthermore, substitution of the Mn3? for

Fe3? maintains charge neutrality in the perovskite BFO

structure. The leakage current densities of the BDFMn and the

BDFCo thin films were found to be same order. The dense

Fig. 3 SEM morphologies of

the BFO, BDFMn, BDFCo and

BDFCu thin films with cross-

sectional micrographs

Fig. 4 a Leakage current densities of the BFO, BDFMn, BDFCo and

BDFCu thin films and b log(J)–log(E) characteristics of the thin films
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microstructure with large grains leads improved electrical

properties in the BDFCo thin film compared to the BDFCu

thin film. However, the J value of the BDFCu was found to be

two orders lower than that of the pure BFO, which indicates an

effective reduction of oxygen vacancies through charge

compensation by Dy and Cu ions [28].

The conduction mechanisms for the leakage current

densities observed in the pure BFO and the co-doped thin

films were studied by logarithmic plots of the leakage

current density versus applied electric field (log(J)–log(E))

as shown in Fig. 4b. The linearity of the lines with respect

to applied electric field for the pure and the BDFCo thin

films with the slope (S) value *1.0 indicates Ohmic con-

duction mechanism and is dominated by thermally stimu-

lated free electrons [32]. The leakage current for Ohmic

conduction can be expressed as [32]

J ¼ elNeE;

where e is the electron charge, l is the free carrier mobility,

Ne is the density of the thermally stimulated electrons and

E is the applied electric field.

At low electric field region, both the BDFMn and the

BDFCu showed Ohomic conduction mechanism. However,

the change of the slope value from S * 1 to S * 2 with

an increase of applied electric field for the thin films

implies the change of conduction mechanism from Ohomic

to space charge limited (SCL) conduction [32, 33]. With an

increase of electric field, the density of free electrons due to

charge carriers becomes injection larger than the density of

thermally stimulated electrons [32]. The current density for

SCL conduction is given by [32]

JSCL ¼
9leoerh

8

V2

d3

� �
;

where V is the applied voltage, er is the static dielectric

constant, eo is the permittivity of free space, d is the

thickness of thin film and h is the ratio of the total density

of free electrons to the trapped electrons.

In the case of BDFCu thin film, an abrupt increase of the

current with increase of the applied electric field, the slope

value changed to greater than 4 indicating the trap filled

limited (TFL) conduction mechanism [32]. It implies, at

high electric field region, the applied voltage forces all the

available traps to become filled and the excess charge

careers lead drastic increase of the current with the large

slope value. The voltage at which abrupt increase of the

current occurs is TFL voltage and given by [32]

VTFL ¼
eNtd

2

2e0er

where Nt is the total trap density. Thus, the leakage current

observed in the BDFCu were originated from Ohomic,

SCL and TFL conduction mechanisms.

The ferroelectric polarization–electric field (P–E) hys-

teresis loops of the BFO, BDFMn, BDFCo and BDFCu

thin films are shown in Fig. 5. The co-doped thin films

showed improved ferroelectric properties compared to the

pure BFO thin film. The low remnant polarization (2Pr) of

33 lC/cm2 and the large coercive field (2Ec) of 1,120 kV/

cm at an applied electric field of 935 kV/cm were observed

for the pure BFO thin film. The 2Pr and the 2Ec values of

the BDFMn, BDFCo and BDFCu thin films were 51 lC/

cm2 and 685 kV/cm, 31 lC/cm2 and 738 kV/cm and 50

lC/cm2 and 836 kV/cm at an applied electric field of

935 kV/cm, respectively. The measured electrical and

ferroelectric properties of the (Dy, TM) co-doped thin films

are better than that of Dy- alone doped BFO [34, 35].

Hence, the key role of transition metal ions in the

improvement of electrical and ferroelectric properties of

BFO thin film clearly inferred. There is a good consistency

between the leakage current density and the ferroelectric

properties of the thin films. The increase of 2Pr and the

decrease of 2Ec for the co-doped thin films are well cor-

related with the low leakage current density compared to

the pure BFO thin film. In addition to this, the lattice dis-

tortions due to the internal stress induced by the co-doping

elements also enhance ferroelectric polarization [17, 18].

Among the thin films, the BDFMn thin film shows better

ferroelectric properties than other thin films. The large

polarization and the low coercive field observed in the

BDFMn thin film are attributed to the low leakage current

density and the formation of highly deformed [(Fe, Mn)O6]

octahedra with distorted perovskite structure [31–36].

While the BDFCu thin film shows relatively large leakage

current density compared to the BDFMn and the BDFCo

thin films, hence it exhibits a poor hysteresis behavior.

In overall consideration, control of oxygen vacancies,

charge fluctuation, changes in microstructure and internal

stress due to the lattice distortion by the co-doping ele-

ments lead significant improvements in the electrical and

ferroelectric properties of the perovskite BFO.

Fig. 5 Ferroelectric P–E hysteresis loops of the BFO, BDFMn,

BDFCo and BDFCu thin films
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4 Conclusions

Effects of (Dy, TM) (TM = Mn, Co and Cu) co-doping on

the structural, electrical and ferroelectric properties of the

BFO thin films prepared on Pt(111)/Ti/SiO2/Si(100) sub-

strates via a chemical solution deposition were investigated.

The distorted rhombohedral perovskite structures for the

pure BFO and the co-doped thin films were confirmed by

using an XRD and a Raman scattering analysis. Significant

improvements, such as reduced leakage current density and

coercive field, were observed for the (Dy, Mn) co-doped

BFO thin film. The enhanced electrical and ferroelectric

properties in the BDFMn thin film could be explained by the

combined effects of reduced oxygen vacancies, internal

stress more deformation of [(Fe, Mn)O6] octahedra and

changes in microstructural features.
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