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Abstract BiFeO3 (BFO) thin films were prepared on Pt/TiO2/Si substrate by r.f. magnetron sputtering. The

effects of deposition pressure on electrical properties were investigated using measurement of dielectric

properties, leakage current and polarization. When BFO targets were prepared, Fe atoms were substituted

with Mn 0.05% to increase electrical resistivity of films. (Fe +Mn)/Bi ratio of BFO thin films increases with

increasing partial pressure of O2 gas. The deposited films showed the only BFO phase at 10 mTorr, the

coexistence of BFO and Bi2O3 phase at 30~50 mTorr, and the only Bi2O3 phase at 70 mTorr. The crystallinity

of BFO films was reduced due to the higher Bi contents and the decrease of surface mobility of atoms at high

temperature. The porosity and surface roughness of films increased with the increase of the deposition

pressure. The films deposited at high pressure showed low dielectric constant and high leakage current. The

dielectric constant of films deposited at various deposition pressures was 84~153 at 1 kHz. The leakage current

density of the films deposited at 10~70 mTorr was about 7 × 10−6 ~ 1.5 × 10−2A/cm2 at 100 kV/cm. The leakage

current was found to be closely related to the morphology and composition of the BFO films. BFO films showed

poor P-E hysteresis loops due to high leakage current. 
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1. Introduction

Multiferroic materials have attracted considerable interest

for potential application in spintronic and sensor devices

and new memories due to their simultaneous effects of

ferroelectricity and ferromagnetism.1,2) Among multiferroic

materials, BiFeO3 (BFO) is known to be the only material

that exhibits ferroelectromagnetism at room temperature.

Bismuth ferrite crystallizes in a rhombohedrally distorted

perovskite structure with both ferroelectric (TC = 1103K)

and antiferromagnetic (TN = 643K) characteristics.3-5) 

In recent years, electrical properties and crystal growth

of BFO materials have been widely researched. BFO

films have been fabricated by chemical solution deposition

(CSD),6) pulsed laser deposition(PLD),7) and r.f. magnetron

sputtering method.8,9) The films prepared by these methods

possess large polarization value and low crystallization

temperature. However, many researchers pointed out that

BFO thin films showed low electrical resistivity caused by

defects and nonstoichiometry in the films. The major

contributor to electrical leakage of BFO films was known

to the valence fluctuation of Fe ions, creating oxygen

vacancies for charge compensation.10) Generally, The

polarization-electricfield (P-E) hysteresis loops of BFO

films measured at R.T. are non-saturated because of the

existence of a leakage current component. Also, the

electrical properties of BFO films are changed by

composition and micro-structure. 

In this work, BFO films were deposited using r.f.

magnetron sputtering technique. The aim of this study is

to evaluate the effects of deposition pressure, one of

important process parameters on electrical properties of

BFO films. Also, the relationships between microstructure

and electrical properties of films were investigated. 

 

2. Experimental Procedure

BiFeO3 thin films were deposited on platinized silicon

substrates using a conventional r.f. magnetron sputtering

system. BFO ceramic targets were prepared by powder

sintering methods from Bi2O3 and Fe2O3 powders of high

purity (>99.99%). Fe atoms were substituted with Mn

0.05% to increase electrical resistivity of films. After

working chamber was pumped down to 1 × 10-6 Torr,

sputtering gas mixture (Ar + O2) was injected and then,
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BFO films were deposited at various pressures of 10 mTorr

to 70 mTorr. The target was pre-sputtered for 10 min. in

order to eliminate contamination of target and maintain

homogeneity of target composition. The detailed deposition

conditions were described in Table 1. The crystal structure

of the films was determined by X-ray diffraction (XRD,

Panalytical X’pert pro) employing Cu kα radiation and

Ni filter. The microstructure and composition of BFO films

were determined using scanning electron microscopy and

energy dispersive x-ray spectroscopy (SEM-EDX, Jeol

JSM-6700F) and the roughness of films was measured

with atomic force microscopy (AFM, Park system XE-

100). In order to carry out the electrical measurement,

platinum top electrode with 100 nm thickness and 100 µm

diameter were deposited using dc sputtering, that is, metal-

insulator-metal (MIM) capacitors with a Pt/BFO/Pt/TiO2/

Si structure were fabricated. The dielectric constant and

dissipation factor as a function of frequency were measured

using a impedance-gain phase analyzer (Hewlett-Packard

4194A). The current-voltage (I-V) measurements were

performed with a picoammeter (Hewlett-Packard 4140B)

under conditions of a 0.1V voltage step and a delay time

of 0.1s. The polarization(P)-electric field(E) hysteresis loop

was examined using a ferroelectric test system(Radiant

Technologies, RT66A).

 

3. Results and Discussion

Fig. 1 shows the (a) deposition rate and (b) composition

ratio of BFO films as a function of deposition pressure

and working gas ratio (Ar:O2). The deposition rate of

films deposited using gas ratio of 1:1 revealed 18, 17.8,

11.3 and 7.4 nm/min. at chamber pressure of 10, 30, 50

and 70 mTorr, respectively. The decrease of deposition

rate at higher deposition pressure is due to increase of

scattering with the gas atoms. BFO films show higher

deposition rate at higher argon partial pressure and lower

working pressure. The decrease in deposition rate with

increasing the partial pressure of O2 gas is related to the

less efficient sputtering ion concentration.11) From Fig. 1(b),

(Fe + Mn)/Bi ratio decreases with the increase of the

deposition pressure, irrelevant to gas mixing ratio. It seems

that the decrease of (Fe + Mn)/Bi ratio at higher deposition

pressure and oxygen partial pressure result in a decrease

of sputtering yield by forming of Fe-rich oxide before the

surface equilibration of composition in target. In this study,

Ar:O2 gas ratio of 1:1 is selected for preparation of BFO

films. 

Fig. 2 shows XRD patterns of the BFO films deposited

under various pressure with Ar:O2 gas ratio of 1:1. All

deposited films were annealed using rapid thermal

annealing (RTA) at 550oC in N2 atmosphere for 5min for

crystallization. XRD patterns indicated that BFO films

had a polycrystalline structure characterized by a rhom-

bohedrally distorted perovskite. Besides the formation of

Table 1. Preparation conditions of BiFeO3 thin films.

Target-substrate distance 60 mm

Substrate Pt/TiO2/Si

Base pressure of chamber 5 × 10-6 Torr

Deposition pressure 10~70mTorr

R.F. power 200W

Sputtering gas (Ar:O2) 1:1, 1:3

Substrate temperature Room temp.

Fig. 1. deposition characteristics of BiFeO3 films as a function

of deposition pressure and gas ratio; The change of (a)

deposition rate and (b) composition ratio.
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BFO phase, the second phases including Bi2O3 phase were

observed above 30 mTorr. Bi2O3 phase was frequently

observed in BFO films prepared by various methods.12-14)

The intensity of peaks decreased with increasing the

deposition pressure and the BFO peaks disappeared at

70 mTorr. It is inferred that the crystallinity of BFO films

reduces due to the higher Bi contents and the decrease of

surface mobility of atoms on the substrate with increase

of the deposition pressure.

Fig. 3 shows SEM surface images of BFO films

deposited as a function of deposition pressure. The SEM

images indicated that the porosity of films increase with

increasing deposition pressure. The increase of porosity

with deposition pressure is due to that high deposition

pressure decreases mean free path of sputtered particles,

resulting in a decrease of the kinetic energy of arriving

atoms. Accordingly, it is evident that the growth of dense

films from atoms with low kinetic energy is difficult.

Also the high porosity may be caused by the rich Bi2O3

phase at high pressure.

The effects of deposition pressure on the AFM mor-

phologies of the BFO films are shown in Fig. 4. As a

deposition pressure increase, average roughness of films

increase. Average roughness of each film was 2.1, 10.9,

13.9 and 30.5 nm at 10, 30, 50 and 70 mTorr, respectively.

Because of atomic shadowing effects, the surface roughness

can increase with film thickness. However, the similar

roughness tendency was shown in films with similar

thickness prepared by controlling the deposition time. For

Fig. 2. XRD patterns of BiFeO3 films deposited on Si substrate

as a function of deposition pressure.

Fig. 3. SEM surfaces morphologies of BiFeO3 films deposited at various deposition pressure; (a) 10mTorr, (b) 30mTorr, (c)

50mTorr and (d) 70mTorr.
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high sputtering pressure where the deposition rate is low,

the surface roughness is large. This is attributed to the

increase of the grain size and less nucleation density

which increases the average surface roughness. The reduced

surface roughness at low pressure could be reasons for

the enhancement of the dielectric and leakage current

behaviors in BFO films. 

Fig. 5 shows the variation of dielectric constant and

dissipation factor (tanδ) as a function of frequency for

BFO films deposited at various pressures. The dielectric

constant and dissipation factor of BFO films exhibited

little dispersion at the high frequencies up to 5 MHz. The

dielectric constant of films shows 84 to 153 at 1kHz. The

decrease of dielectric constant at high deposition pressure

may be caused by appearance of a Bi-rich compound.

The dielectric constant of the films is similar to that of

films prepared by chemical solution deposition.15,16) Fig.

5(b) shows dissipation factor of films with deposition

Fig. 4. AFM surface morphologies of BiFeO3 films deposited at various deposition pressure; (a) 10mTorr, (b) 30mTorr, (c)

50mTorr and (d) 70mTorr.

Fig. 5. (a) Dielectric constant and (b) dissipation factor of BiFeO3 films as a function of frequency.
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pressure. The dissipation factor of films increases with

increasing the deposition pressure. The dissipation factor

of films deposited at 10~50 mTorr were 2 to 3.5% at 1kHz,

but films deposited at 70 mTorr showed very large

dissipation factor. It is reported that a structural disorder

can be caused by surface morphology and/or the lattice

disruption at the surface or the interface between film

and electrode.17) Since there is no dispersion due to the

space charges in the films, the increase of dissipation

factor at high deposition pressure is related to surface

morphology.

Fig. 6 shows the leakage current characteristics of BFO

films deposited on Pt/TiO2/Si substrate. In the measurement

of current-voltage, the applied voltage was swept from

-10 V to 10 V. As shown in the figure, leakage current

density increase gradually with increasing deposition

pressure. Generally, the leakage current is influenced by

the crystallinity, the composition and the surface roughness.

Higher gas pressure makes it hard to obtain thin films

with a compact structure. Therefore, the films at higher

pressure show a higher current density. Also, since Bi2O3

or Bi-rich composition is less resitive, the films deposited

at high pressure show high leakage current. The measured

leakage current density of the films deposited at 10~70 mTorr

was about 7 × 10-6 ~ 1.5 × 10-2 A/cm2 at an electric field

of 100 kV/cm. The film at 70 mTorr exhibited nearly four

orders higher leakage current density than that of film at

10 mTorr.

Fig. 7 shows polarization-electric field (P-E) hysteresis

curves of BFO films deposited on Pt/TiO2/Si substrate.

The P-E curves of films were measured at room tem-

perature. BFO films show poor loops, which is attributed

to the effect caused by the large leakage current. A poor

and distorted hysteresis loops were frequently observed at

BFO films showing large leakage current.18,19) Even the

leaky curve was not observed for the BFO film deposited

at 70 mTorr. 

4. Conclusion

In this work, the influences of deposition pressure on

electrical properties of Mn substituted BFO thin films

were demonstrated. The experiment results showed that

the deposition pressure play an important role in the

electrical properties of BFO films. The deposition rate of

films deposited using Ar:O2 gas ratio of 1:1 revealed

18~7.4 nm/min at chamber pressure of 10~70 mTorr. BFO

films showed the decrease of crystallinity and increase of

roughness at high deposition pressure. Since (Fe + Mn)/

Bi ratio decreases with the increase of the deposition

pressure, the main phase of films deposited at high

pressure is Bi2O3 phase instead of BFO phase. The films

deposited at high pressure showed low dielectric constant

and high leakage current. For BFO films deposited at

high pressure, the increase of leakage current was induced

by a Bi-rich composition and high porosity. The films

showed relatively high leakage current of 7 × 10-6 ~

1.5× 10-2 A/cm2 at 100 kV/cm. BFO films showed poor P-

Fig. 6. Leakage current characteristics of Pt/BiFeO3/Pt film

capacitors annealed at 550oC in N2 atmosphere for 5min.

Fig. 7. Polarization(P)-electric field(E) hysteresis loops of BiFeO3

films deposited at various deposition pressure.
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E hysteresis loops at room temperature due to the large

leakage current. Therefore, further detailed investigation is

required for the enhancement of leakage current properties.
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