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Abstract Bi0.9Gd0.1Fe0.9Co0.1O3 (BGFC) films were

deposited successfully on Pt(111)/Ti/SiO2/Si(100) and

SrRuO3 (SRO)/Pt(111)/Ti/SiO2/Si(100) substrates by radio

frequency magnetron sputtering. Effects of sputtering

power, buffer layer and film thickness on ferroelectric

properties of the sputtered BGFC films were studied. X-ray

diffraction demonstrated that all films had a single per-

ovskite-type structure. Highly (012) and (024)-oriented

BGFC films were formed on Pt(111)/Ti/SiO2/Si(100) and

SRO/Pt(111)/Ti/SiO2/Si(100) substrates. The ferroelectric

test indicated that the leakage current density of BGFC

films sputtering at 40 W was smaller than that of BGFC

films sputtering at 120 W, and its ferroelectric property

was better than that of BGFC films sputtering at 120 W.

Furthermore, the leakage current density of BGFC film

with SRO buffer layer was improved and reduced by one

order of magnitude under the same film thickness and

sputtering power, comparing with the leakage current

density of BGFC film without SRO buffer layer on Pt(111)/

Ti/SiO2/Si(100) substrate. The ferroelectric property of

BGFC thick film is better than that of BGFC thin film

under the same sputtering power and applied electric field.

The logJ–logE plots of BGFC films indicated that the

leakage mechanisms of BGFC films with sputtering power

of 40 and 120 W belong to the space-charge-limited

conduction and Ohmic conduction, respectively. The

mechanisms of the effects of sputtering power, buffer layer

and film thickness on the ferroelectric properties of BGFC

films were discussed.

1 Introduction

Multiferroic materials, which exhibit the coexistence of

ferromagnetism, ferroelectricity and/or ferroelasticity, have

been studied intensively because they offer a wide range of

potential applications in information storage process,

spintronics, multi-state memories, as well as due to their

interesting fundamental physics [1–3]. Among the multi-

ferroics, BiFeO3 (BFO) has attracted a great deal of

attention after the discovery that it exhibited intrinsic large

polarization (100 lC/cm2) along [111] direction [4–6]. To

date BFO is still the only known single phase multiferroic

material due to its unique combination of room temperature

ferroelectric (with Curie temperature TC & 810 �C) and

antiferromagnetic (with Néel temperature TN & 380 �C)
properties [1, 7].

However, the relatively modest magnetization and large

leakage current observed in bulk BFO samples limit the

device applications of this material. Recent studies on

nanowires, nanoparticles, and thin films show the weak

ferromagnetism and enhanced ferroelectric properties of

BFO material owing to the size effect [8, 9]. On the other

hand, the ferroelectric and magnetic properties of BFO can

be modified by doping with rare-earth or alkaline earth, and

transition metals either at A-site, B-site, or A–B-site

[10–13]. But the effect of transition metal and rare earth

ion dopants on structure and multiferroic properties of BFO

thick film is rarely reported so far. Kang et al. [14] reported

that the parasitic phase of c-Fe2O3 had an important effect
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University, Ürūmqi 830052, China

123

J Mater Sci: Mater Electron (2016) 27:10173–10179

DOI 10.1007/s10854-016-5094-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-5094-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-5094-0&amp;domain=pdf


on the magnetization of the sputtered BFO thick film, but

the good ferroelectric property could not be obtained in the

thick film. Lee et al. [15] reported that the resistance and

capacitance of hydrothermally grown BFO thick films with

compressively strained, partially relaxed epitaxial layers,

and a mixture of polycrystalline and amorphous BFO

layers, were significantly lower than those of the epitaxial

layers, but their electric polarizations do not become sat-

urated and show a small remnant polarization value.

Although Pradhan et al. [16–18] reported the effect of

Gd doping on structural, electrical and magnetic properties

of BFO electroceramics. It is observed that the materials

showed room temperature enhanced electric polarization as

well as ferromagnetism when rare earth ions Gd was doped

in BFO. Chakrabarti et al. [19] reported that the magnetic

and dielectric properties of BFO nanoparticles were

enhanced by Co doping. Peng et al. [20] reported that the

remanent magnetization of co-doped BFO thin film was

significantly enhanced compared with that of the pure BFO

film prepared under similar conditions. However, the fer-

roelectric property of Bi0.9Gd0.1Fe0.9Co0.1O3 (BGFC) thick

films fabricated by a radio frequency magnetron sputtering

method has seldom been reported. Thus, the effect of Gd

and Co co-doping on ferroelectric property of BFO films is

ambiguous. One of our aims in the present study is that the

ferroelectric property of BFO films can be further enhanced

by Gd and Co co-doping at Bi–Fe-site of BFO films, in

comparison with the reported data in the references

[14, 15]. Another aim in this paper is that the effect of

sputtering power and SrRuO3 (SRO) buffer layer on fer-

roelectric property of BGFC films will be studied.

Thus, in this work, single-phase BGFC films have been

prepared on Pt(111)/Ti/SiO2/Si(100) and SRO/Pt(111)/Ti/

SiO2/Si(100) substrates by a radio frequency magnetron

sputtering method. The effects of sputtering power, SRO

buffer layer and film thicknesses on structure and ferro-

electric properties of BGFC films were investigated. The

results show that sputtering power, buffer layer and film

thickness have an important influence on the ferroelectric

properties of BGFC films.

2 Experimental procedure

All the sputtered BGFC and SRO targets used in our

experiment are commercially available ones, which were

synthesized by the conventional solid-state reaction

method. A base pressure of 4 9 10-4 Pa was achieved

before sputtering. To clean up target surface residual

contaminants, a pre-sputtering of the target was carried out

about 10 min prior to SRO deposition, and then SRO

buffer layer (*50 nm) was sputtered on Pt(111)/Ti/SiO2/

Si(100) substrate with a substrate temperature of 650 �C

using gas mixtures of Ar and O2 (4:1) at a partial pressure

of 2.2 Pa. The BGFC films were grown on Pt(111)/Ti/

SiO2/Si(100) and SRO/Pt(111)/Ti/SiO2/Si(100) substrates

by RF sputtering method with the similar sputtering con-

ditions, respectively. The details of deposition conditions,

such as substrate temperature, RF sputtering power, and

deposition time, are given in Table 1. The different depo-

sition conditions are distinguished by sample numbers

(BGFC1, BGFC2, BGFC3 and BGFC4). For electrical

measurements, top Pt electrodes (diameter *200 lm)

were deposited on BGFC films through a mask on the films

by sputtering equipment (JS-1600).

The thicknesses of BGFC films prepared on Pt(111)/Ti/

SiO2/Si(100) and SRO/Pt(111)/Ti/SiO2/Si(100) substrates

were measured by a step profiler (XP-200, AMBios). The

structure of BGFC films was analyzed by an X-ray

diffractometer (D-MAX 2200 VPC, RIGAKU) with Cu Ka
radiation. The polarization or leakage current density-ap-

plied field characteristics of BGFC films were obtained

using a ferroelectric test system (Precision Premier II,

Radiant). The surface images of BGFC films were mea-

sured by thermal FE Environment scanning electron

microscope (SEM: Quanta 400, Dutch Philips).

3 Results and discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of

BGFC films on Pt(111)/Ti/SiO2/Si(100) and SRO/Pt(111)/

Ti/SiO2/Si(100) substrates with sputtering power of 40 and

120 W. From XRD analysis, all BGFC samples are

indexed with reference to the perovskite-type rhombohe-

dral structure [21, 22]. Figure 1a illustrates the XRD pat-

terns of BGFC1 and BGFC2 films grown on Pt(111)/Ti/

SiO2/Si(100) substrates with different deposition time

under sputtering power of 40 W. As shown in Fig. 1a, the

diffraction intensity of (012) and (024) peaks for BGFC2

film is stronger than that of BGFC1 film due to a larger

thickness. Figure 1b shows the XRD patterns of BGFC3

and BGFC4 films deposited on Pt(111)/Ti/SiO2/Si(100)

and SRO/Pt(111)/Ti/SiO2/Si(100) substrates under sput-

tering power of 120 W, respectively. Both films show

almost the same polycrystalline structure. Highly (012) and

(024) preferred orientations of BGFC4 film are more

apparent than that of BGFC3 film, which indicated that

SRO buffer layer was very favorable to the grain growth of

BGFC film as expected. The higher crystallinity of BGFC

film on SRO-buffered substrate should result from their

similarity of the crystal structure and the lattice constant

between SRO and BGFC.

The surface morphology of BGFC films was studied by

SEM. The microscopy images are shown in Fig. 2. All

films show uniform, smooth, and dense microstructure
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without porosity and crack. The statistical particle sizes of

BGFC1, BGFC2, BGFC3 and BGFC4 films by using a

computer software (nano measurer 1.2) are approximately

78, 97, 108, and 130 nm, respectively. The particle size

scales of BGFC films indicate that sputtering power, buffer

layer and film thickness have a little impact on grain

structures and surface morphologies of BGFC films.

The polarization–electric field (P–E) hysteresis loops of

BGFC1 and BGFC2 films measured at room temperature

with different applied voltages are shown in Fig. 3a–b.

Figure 3c shows the P–E hysteresis loops of BGFC2 film at

100 V with different frequencies. The inset shows that the

remanent polarization of BGFC2 film decreases with the

increasing of frequencies. Figure 3d shows the electric

field dependence of remanent polarization in BGFC1 and

BGFC2 films at 1 kHz. As evident from Fig. 3d, the

remanent polarizations of BGFC1 and BGFC2 films

increase monotonically with the increasing of applied

electric field. However, the remanent polarization of

BGFC2 film is larger than that of BGFC1 film under the

same electric field due to larger grain size and thicker

thickness, which is consistent with the results reported in

the literatures [23–25]. The ferroelectric enhancement with

thicker thickness could come from the elongation of the

BGFC out-of-plane lattice constants [24] and the decreas-

ing of the biaxial residual stress between the BGFC film

and the Pt(111)/Ti/SiO2/Si(100) substrate with increasing

film thickness [25].

Figure 3e–g show the P–E hysteresis loops of BGFC3

and BGFC4 films measured at room temperature. The

remnant polarizations (Pr) and coercive fields (Ec) of

BGFC3 and BGFC4 at 90 V, 20 kHz are 4.87 lC/cm2,

668 kV/cm and 7.93 lC/cm2, 55 kV/cm, respectively. The

2Pr of BGFC4 film at 90 V, 1 kHz is 40 lC/cm2 from

Fig. 3g. Figure 3h shows the electric field dependence of

remanent polarization of BGFC3 and BGFC4 films. The

remanent polarizations of BGFC3 and BGFC4 films

increase monotonically with the increase of applied electric

field. As evident in Fig. 3h, BGFC4 film shows higher

remnant polarization than that of BGFC3 film at the same

electric field due to the high quality grain growth of

BGFC4 film with SRO buffer layer, which is in agreement

with XRD results of Fig. 1b.

Figure 4 shows the leakage current density versus

applied electric field (J–E) characteristics of BGFC films.

The leakage current density of each film increases mono-

tonically at negative and positive biases as the electric field

is increased. From Fig. 4a, the leakage current density of

Table 1 Deposition conditions

of BGFC films by RF

magnetron sputtering method

Deposition parameters Sample nos.

BGFC1 BGFC2 BGFC3 BGFC4

Ceramic target Bi0.9Gd0.1Fe0.9Co0.1O3

Deposition temperature (�C) 650 650 650 650

Base vacuum (910-4 Pa) 4 4 4 4

Working pressure (Pa) 2.2 2.2 2.2 2.2

Sputtering atmosphere (Ar:O2) 4:1 4:1 4:1 4:1

Sputtering power (W) 40 40 120 120

Deposition time (min) 120 300 120 120

Films thickness (nm) 320 800 900 900

Bottom electrode Pt Pt Pt SRO/Pt

Fig. 1 XRD patterns of BGFC

films with sputtering power of

a 40 W and b 120 W
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BGFC2 film is lower than that of BGFC1 film due to

thicker thickness, which can possess relatively low mov-

able charge density near the interface [26]. The leakage

current density of BGFC2 film is 7.0 9 10-7 A/cm2 at

2.0 9 105 V/cm. At a given electric field, the leakage

current density of BGFC4 film with SRO buffer layer is

lower than that of BGFC3 film without buffer layer from

Fig. 4b. The leakage current density of BGFC4 film is

reduced by one order of magnitude compared with that of

BGFC3 film. The decreased leakage current density

demonstrates that SRO buffer layer plays an important role

as a seed layer in stopping the charge movement from

BGFC layer to bottom electrode. That is consistent with the

results reported in the literature [27].

According to J–E characteristics of Fig. 4, the logJ–

logE plots of BGFC films are shown in Fig. 5. All loga-

rithmic plots have been fitted by Origin software. As can be

seen from Fig. 5, the logJ–logE behavior shows linear

characteristic with different slopes at whole electric fields.

The slopes of BGFC1, BGFC2, BGFC3 and BGFC4 films

are 1.80, 1.64, 1.11 and 1.13, respectively. These slope

values of BGFC3 and BGFC4 films are close to one and the

conduction behavior shows Ohmic conduction [28], which

is dominated by thermally stimulated free electrons of

BGFC3 and BGFC4 films. The injected electrons from the

cathode can be swiftly transported via the conduction band,

resulting in a drift current. Ohmic conduction can be

expressed by J = enlE, where J is the leakage current, e is
the electronic charge, n is the density of the thermally

stimulated electrons, l is the free carrier mobility, and E is

the applied electric field [29]. While these values of BGFC1

and BGFC2 films are much larger than one. It means that

the density of free electrons due to charge carrier injection

becomes larger than the density of thermally stimulated

electron in BGFC1 and BGFC2 films. Such a leakage

behavior indicates a power law relationship J � En (n[ 1),

which is a characteristic of space-charge-limited conduction

(SCLC) [30, 31]. SCLC arises from a current impeding

space charge forming as charges are injected into BGFC1

and BGFC2 films from the electrode at a rate faster than

Fig. 2 Surface topographies of BGFC films

cFig. 3 a–c, e–g P–E hysteresis loops of BGFC films measured in

different deposition parameters and d, h the electric field dependence

images of remanent polarization for BGFC films

10176 J Mater Sci: Mater Electron (2016) 27:10173–10179

123



J Mater Sci: Mater Electron (2016) 27:10173–10179 10177

123



they can travel through BGFC1 and BGFC2 films [32]. The

SCLC is considered as a normal leakage behavior and space

charges in BFO thin films originate from traps in the band

gap induced by oxygen vacancies [29, 30].

4 Conclusions

In summary, the effects of sputtering power, SRO buffer

layer and thickness on the structural and ferroelectric prop-

erties of BGFC films prepared by RF magnetron sputtering

method were investigated. XRD revealed that highly (012)

preferred orientation BGFC films were formed on Pt(111)/

Ti/SiO2/Si(100) substrates with a perovskite-type rhombo-

hedral structure. The preferred orientation of BGFC4 film

with SRO buffer layer was more prominent. The leakage

current density of BGFC films at 40w was reduced by one

order ofmagnitude comparedwith that at 120w.The remnant

polarization of BGFC4 film is higher than that of BGFC3

film due to the SRO buffer layer. The leakage current density

of BGFC2 film was reduced by two orders of magnitude

compared with that of BGFC1 film due to thicker thickness.

Both low sputtering power and buffer layer can reduce the

leakage current and improve the ferroelectric properties of

BGFC films. The results can help guide future work to

integrate the BGFC material into fundamental studies and

functional microelectronic devices.
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