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The effects of cobalt doping on the electrical conductivity of La0.1Bi0.9Fe1�xCoxO3 (LBFCO, x¼ 0,

0.01, 0.03) ceramics were investigated. It is found that the leakage current increases with cobalt

dopant concentration in LBFCO. On the application of bias voltage LBFCO ceramics with cobalt

doping exhibits resistive switching effects at room temperature and threshold switching effects at

elevated temperatures (50 �C and 80 �C). X-ray photoelectron spectroscopy of LBFCO ceramics

show that cobalt dopant is bivalent as an acceptor, which induces an enhancement of oxygen vacancy

concentration in LBFCO ceramics. Possible mechanisms for both resistive switching and threshold

switching effects are discussed on the basis of the interplay of bound ferroelectric charges and mobile

charged defects. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4743013]

I. INTRODUCTION

Reversible resistive switching (RS) behaviors have been

extensively investigated in recent years, due to their potential

applications in nonvolatile resistance random access memory

(RRAM) devices.1 RRAM have been demonstrated to pos-

sess advantages such as low-power consumption, high-speed

operation, and high-density integration. Many transition

metal oxides were found to exhibit the RS behavior. Further-

more, RS was also observed in oxides with perovskite struc-

ture, such as Pb(Zr,Ti)O3 and BiFeO3 (BFO).2–6 Therein,

BFO is one of the most actively studied materials, due to its

multiferroic properties and potential in applications of mem-

ory and magnetoelectric devices.2–6 Regarding its electric

conduction, the containing of transition metal with unpaired

d electron results in a relatively small optical gap and gives

rise to a high concentration of charged impurities and

defects. It is reported that a metal-insulator transition could

be induced by hydrostatic pressure in single crystals of

BFO.7 Moreover, the variation of optical band gap and con-

ductivity at domain walls were also observed in BFO films,8

which indicates the possibility to stabilize some conducting

sates in those multiferroic ceramics.

Recently, Yang et al. reported the observation of a resis-

tive switching behavior in capacitors comprised of Ca-doped

BFO films and SrRuO3 electrodes, which was attributed to

the doping-driven competition between energetically con-

ducting and insulating ground states.3 RS behaviors were

also found in Pt/BFO/SrRuO3 capacitors, but they have been

ascribed to the polarization modulated barriers height at both

electrode/ferroelectric interfaces.2,4 Moreover, based on a

certain type of defects (ionic or electronic) mediated conduc-

tion mechanisms, unipolar9 and bipolar5,10 resistive switch-

ing behaviors were reported in pure or doped BFO thin films.

Furthermore, it was reported that when the electric polariza-

tion is flipped by an external voltage, the electric conduction

in bulk BFO crystals is highly nonlinear and unidirectional,

showing RS behaviors upon polarization reversal.5 However,

up until now, the possibility to induce RS effect in polycrys-

talline BFO ceramics has never been considered. Actually,

the switchable diode effect has been rarely reported in BFO

ceramics and the mechanism behind the switchable diode

effect remains unclear.

In this paper, we present the experimental results of re-

versible RS behaviors observed in La0.1Bi0.9Fe1�xCoxO3

(x¼ 0, 0.01, 0.03) ceramics. We found that the electrical

conductivity of ceramics of composition La0.1Bi0.9Fe1�x

CoxO3 increases with Co dopant concentration and they

exhibit RS effects on application of dc bias voltage. The mech-

anism for the observed doping-driven modulation of resistivity

was discussed, based on the electronic structures of ceramics

by x-ray photoelectron spectroscopy (XPS) investigation.

II. EXPERIMENT

The La0.1Bi0.9FeO3 (LBFO), 1% Co-doped LBFO

(La0.1Bi0.9Fe0.99Co0.01O3, LBFCO1), and 3% Co-doped

LBFO (La0.1Bi0.9Fe0.97Co0.03O3, LBFCO3) ceramics were

prepared by a modified rapid sintering process (MRSP).

Detailed description for synthesis can be found elsewhere.11

The phase analysis crystalline structure of the ceramic sam-

ples was examined by x-ray diffraction (XRD, Rigaku

D-max 2500 PC) using Cu Ka radiation. For the measure-

ment of electrical properties, these ceramic discs were pol-

ished and coated with silver paste on both sides as electrodes

to form the capacitor structure. Ferroelectric polarization and

leakage current versus electric field (J-E) were measured

with an Aixacct model TF 2000 ferroelectric device ana-

lyzer. In order to minimize the influence of the polarization

of charge carrier on the leakage current data, a relatively
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long delay time of 5 s was used, i.e., the current measurement

was performed after each application of bias voltages for 5 s.

The valence state of elements was examined by x-ray photo-

electron spectroscopy (ESCALab220i-XL) using 300 W

AlKa (1486.6 eV) radiation.

III. RESULTS AND DISCUSSION

The XRD patterns of the ceramics were shown in Fig. 1.

The indexed Bragg reflections show no traces of impurity

phases in all ceramic samples. All XRD profiles show split

reflections at 2h¼ 39.5� and 57.2�. This indicates that as cobalt

doping up to 3 at. % at Fe site, the rhombohedral structure of

LBFO does not change appreciably, except a minor upward

shift of peak position. It has been indicated that single phase

material can be obtained for x< 0.36 in BiCoxFe1�xO3.
12 Fur-

thermore, the XRD data were detailed analyzed by Rietveld

refinement method, considering that the samples have rhombo-

hedrally distorted perovskite structure with R3c space group.13

The lattice parameters are refined as a¼ b¼ 5.5804 Å,

5.5752 Å, and 5.5739 Å, c¼ 13.8290 Å, 13.8257 Å, and

13.8244 Å for LBFO, LBFCO1, and LBFCO3 ceramics,

respectively. We can see that the lattice parameters are decreas-

ing with cobalt concentration. It is calculated that for increas-

ing the cobalt concentration, there is a gradual shrinkage in

unit cell volume of ceramics from 372.87 Å3 to 372.26 and

371.96 Å3. This could be ascribed to the smaller ionic radius of

cobalt (Co3þ, 0.63 Å and Co2þ, 0.74 Å) than that of ion (Fe3þ,

0.64 Å and Fe2þ, 0.76 Å),14 which clearly confirms that the

cobalt is successfully doped in the lattice of LBFO ceramics.

J-E characteristics with the linear scales in the bias

range of 610 kV/cm are shown in Fig. 2(a) for all samples.

It can be seen that Co doping has a strong influence on the

electric properties of the LBFCO ceramics. With increasing

Co doping concentration, the J is enhanced dramatically.

Figs. 2(b)–2(d) show the J-E curves for LBFCO ceramics in

the bias range of 6150 kV/cm. The J exhibits a nonlinear

relationship with E at higher bias region and it shows strong

dependence on the scanning direction of E. In measurement

process, the bias voltage was swept from 0 ! 150 ! 0!
�150! 0 kV/cm with a step of 1 kV/cm. As the cobalt con-

centration is increased, there is an obvious enhancement in J

values. Similar results have also been reported in acceptor

ions doped BiFeO3 ceramics and thin films.3 Moreover, for

increasing cobalt doping concentration, the J-E curves show

more and more distinct hysteresis behaviors, indicating that

cobalt doping results in a RS effect in LBFCO ceramics.

As reported in our recent work,11 LBFO ceramics synthe-

sized with MRSP method has high resistances, which guaran-

tees the observation of saturated polarization loops and

switching current at room temperature. Hence, in highly resis-

tive LBFO ceramics, the current hysteresis is small enough to

be ignored (Fig. 2(a)). However, in LBFCO ceramics with

cobalt doping, the leakage current shows profound distinct

hysteresis behavior, as shown in Fig. 2(d). When the E is

swept from 0 ! 150 kV/cm, the leakage current significantly

FIG. 1. XRD patterns of La0.1Bi0.9Fe1�xCoxO3 (x¼ 0, 0.01, 0.03) ceramics.

FIG. 2. (a) J-E characteristics in the bias

range of 610 kV/cm for LBFO ceramics

with various Co concentrations. J-E

curves in the bias range of 6150 kV/cm

for (b) LBFO, (c) LBFCO1, and

(d) LBFCO3 ceramics.
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increases following a nonlinear feature after �100 kV/cm and

reaches a compliance value of 1000 lA/cm2 at �150 kV/cm.

After reversing the electric field (150 ! 0 kV/cm), the leak-

age current exhibits higher values than those in forward scan-

ning process, resulting in current loops. In negative bias

region, similar hysteresis loop also exists in J-E curves for

Co-doped LBFO ceramics. When the maximum driving elec-

tric field E decreases, the hysteresis loop becomes smaller.15

The ferroelectric properties were characterized by prob-

ing the ferroelectric polarization and displacement current

versus electric filed (P-E, Id-E) of LBFCO ceramics. In order

to preclude leakage current effect, switching current were

measured at high frequencies. Typical P-E and Id-E curves at

1 kHz, shown in Fig. 3, were measured on a 0.4-mm-thick

LBFCO3 ceramic sandwiched with Ag electrodes at room

temperature. The clear peaks in Id-E curve confirm the pres-

ence of intrinsic ferroelectricity. With the maximum electric

field of 150 kV/cm, the remnant polarization of �11 lC/cm2

was observed with a coercive field (Ec) of 79 kV/cm.

In J-E curves shown in Figs. 2(b)–2(d), the magnitude of

E is larger than the value Ec of LBFCO. Hence, during the

sweeping process of E, the ferroelectric domains would be

aligned, accompanying with RS behaviors in Ag/LBFCO/Ag

capacitor. This indicates that the conductive states of

LBFCO ceramics correlates with the direction of ferroelec-

tric polarization. To examine the influences of polarization

reversal on the electric conductivity of capacitor, a positively

(or negatively) poling pulse (6 kV, 10 ms) was applied to the

top Ag electrode to polarize the Ag/LBFCO3/Ag into Prþ

(or Pr-) states. After turning off the poling E, the J-E curves

were measured. Fig. 3(b) shows the J-E curves for Pr
þ and

Pr
� states for Ag/LBFCO3/Ag capacitors at room tempera-

ture. The currents in Pr
þ state with solid circle symbols

increases exponentially with positive voltage but increases

slowly with negative one, indicating a forward diode-like

rectifying characteristic, whereas for the Pr
� state, the J

exhibits a reverse diode-like behavior. As shown in

Fig. 3(b), when the direction of ferroelectric polarization is

the same to that of leakage current, the J exhibits large val-

ues. The similar diode-like conduction phenomena have also

been observed for a variety of ferroelectric materials, includ-

ing single crystals and thin films of BiFeO3.2–4 For a typical

p-n junction diode, the forward current density follows an

exponential relationship with bias voltage formulated by

J ¼ A exp
qV

akBT
; (1)

where q is the electron charge, V is bias voltage, a is a con-

stant called the ideality factor, and kB is the Boltzmann con-

stant. The rectification ratios defined as the ratios of the

positive current divided by the negative one at 675 kV/cm

are 5.1, and 13.6 for Pr
þ and Pr

� states, respectively.

The E dependence of current density is highly non-linear,

and there exists a significant asymmetry with respect to the

polarity of E. This asymmetric electronic transport nature with

symmetric Ag electrodes indicates that the observed resistive

switching behaviors are governed by the bulk characteristics

of LBFCO ceramics. In order to understand electronic trans-

port mechanism in LBFCO capacitors, we investigated the

detailed electric field dependence of current density with sym-

metric Ag electrodes. The possible conduction mechanisms

including the interface-limited Schottky emission, bulk-

limited Poole-Frenkel (PF) emission, and space-charge-lim-

ited current (SCLC) conduction were examined for the

observed J-E curves.11 It appears that the bulk-limited SCLC

mechanism is the dominant conduction route, rather than the

Schottky or PF emission, as indicated by the power-law

relations shown in the Fig. 3(c). On the other hand, in resistive

switching effect, the rectification direction switches when

electric polarization is flipped by large external voltage

pulse, proving that the RS effect is associated with the bulk

FIG. 3. (a) Typical ferroelectric hystere-

sis loop and displacement current of

LBFCO3 ceramics under the frequency

of 1 kHz at room temperature; J-E curves

(b) in linear scale and (c) log scale for

LBFCO3 ceramics measured at the bias

voltage of 675 kV/cm in Pr
þ and Pr

�

states at room temperature, which indi-

cates the forward and reverse diode-like

characteristics; (d) at 50 �C and 80 �C,

J-E curves for LBFCO3 ceramics exhibit

threshold switching behaviors.
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properties of LBFCO ceramics. Furthermore, we examined

the influence of an asymmetric configuration with Ag and In
electrodes on the electronic transport properties of LBFCO

ceramics. Although Ag and In have different work functions

(4.3 eV for Ag and 3.8 eV for In), J-E characteristics are

almost identical to the configuration with symmetric Ag elec-

trodes, irrespective of the type of electrode. All of these obser-

vations indicate that the diode effect and resistive switching

behavior stems primarily from the bulk characteristics of

LBFCO, rather than an interfacial effect.

The J-E curves of LBFCO3 were also investigated at ele-

vated temperatures. It is found that the J increases drastically

with temperature from room temperature to 80 �C. The most

intriguing phenomenon is a symmetric threshold switching

(TS) behavior at a higher temperature instead of the asymmet-

ric diode-like characteristics. Fig. 3(d) shows the typical J-E

curves measured at 50 �C and 80 �C. In J-E curve probed at

50 �C, in scanning range from 0! 110 kV/cm, the J increases

with the applied voltage, which is in the “off” state. This state

can be divided into three parts, a linear part (0! 85 kV/cm),

a second part (85! 100 kV/cm) following the Poole-Frenkel

relation,16 and a third part (100! 110 kV/cm) with exponen-

tially increase of current. After threshold voltage (Vth)

�110 kV/cm, the further increase in the E switches the capaci-

tor to an “on” state. In “on” state, a reducing of bias voltage

results in a returning of current to zero. Similar TS behaviors

are also observed in J-E curves of 80 �C except the higher cur-

rent density and smaller Vth values.

It is well known that TS is the result of a negative differ-

ential resistance (NDR) behavior, which appears as a sudden

transition to a highly conductive state, once the applied elec-

trical field exceeds a critical voltage. It is reported that the TS

phenomenon has been observed in amorphous SbxSe1-x,16

chalcogenide glasses Ge2Sb2Te5,17 and NbOx (Ref. 18) films.

The TS behaviors were ascribed to the reversible phase

change between the amorphous and crystalline states induced

by Joule heating.19 In this study, the TS behaviors were

observed in polycrystalline LBFCO ceramics at elevated tem-

peratures, which may be related to high-density mobile

charges in polycrystalline ceramics. In order to investigate the

electronic structures of LBFCO, the valence band and core

levels of elements in LBCFO ceramics were studied by XPS.

Fig. 4(b) shows the XPS spectra of O 1 s core level of

LBFO and LBFCO3 ceramics. For LBFCO3, one of two

peaks is located at a lower binding energy of 529.88 eV,

which shifts 0.60 eV towards the high binding energy com-

pared to that of LBFO. The other peak in O 1 s core level

line is located at 531.76 eV. In LBFCO3 ceramics, the two

peaks may correspond to two types of oxygen atoms. The

former (OF) can be attributed to the main peak of oxygen

atoms in the LBFCO ceramic, while the latter (OL) is related

to the presence of oxygen vacancy.20 Comparing the ratio of

the fitted peak areas, concentration ratios of OF and OL in the

LBFO and LBFCO3 ceramics are 87:13 and 51:49, respec-

tively. This indicates that Co dopant results in an increase of

oxygen vacancy concentration in LBFCO ceramics.

Fig. 4(a) shows the XPS spectrum of Co2p core level of

LBFCO3 ceramics. The Co2p3/2 binding energy is located as

780.4 eV, which is inconsistent with the previously reports,

i.e., the binding energy is comparable to that of the energy of

corresponding photoelectrons of Co2þ in CoO.21 Therefore,

the XPS results demonstrate that the cobalt in LBFCO3

ceramics is in the þ2 valence state and plays a role of an

acceptor, which stimulates the formation of oxygen vacan-

cies by the reaction

2Co2O3 ) 4Co�Fe þ 3O2½volatization� þ2V2þ
O : (2)

Consequently, the cobalt doping leads to an enhancement of

oxygen vacancies concentration. The XPS valence band

spectra show that the positions of the valence-band top is

shifted to higher binding energy by �0.6 eV in LBFCO3

ceramics, demonstrating a shift of Fermi level (Ef) to higher

values.15 The similar effect was observed in Ca-doped

BiFeO3 films,3 i.e., the concentration of oxygen vacancies

modulate the energy position of Ef and thus modulates their

resistivity.

In LBFCO, under the high electric field, a neutral oxy-

gen vacancy (VO) acting as donors may also release one or

two electrons to become positively oxygen vacancies (V•
O or

V••
O). In Pr

þ state (Fig. 5(a)), under the influence of ferroelec-

tric domain movement and polarization reversal, the released

electrons would move and pile up near the bottom surface,

while the positively V•
O or V••

O would accumulate near the top

electrode. As a result, the positive oxygen vacancies and

negative ions are locally unbalanced, forming a p-n junction

like diode in Ag/LBFCO/Ag capacitor. This p-n junction

would lead to the diode-like J-E curves. Via applying the op-

posite electric field, the ferroelectric polarization could be

FIG. 4. XPS spectrum for (a) Co2p and (b) O1s core levels for LBFO and

LBFCO3 ceramics.
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reversed, accompanying with the redistribution of the mobile

charged carriers in the capacitor, which results in the forma-

tion of reverse diode-like J-E curves. However, at elevated

temperature, the mobility of the oxygen vacancies and

charged defects is enhanced. With increasing applied volt-

age, the mobile charged carriers, including oxygen vacancies

and traps, are able to align and form conducting paths as

shown in Fig. 5(b), which are called conducting filaments in

the filamentary mechanism.9 Due to the negatively tempera-

ture dependent resistance effect, the high current flowing

through the conducting filaments generates more heat. After

the bias voltage beyond Vth, this eventually leads to a switch

to the low-resistance state with large current density. As

decreasing the applied voltage, the leakage current decreases

dramatically and eventually return to the initial state.

IV. CONCLUSIONS

In summary, we report a resistive switching and a thresh-

old switching effect upon the application of an electrical field.

Both behaviors are a bulk effect rather than interface effect.

The Co2þ ions dopant gives rise to high concentration of oxy-

gen vacancies. As a result, the distribution of mobile charges

is locally unbalanced upon application of electrical fields,

which was thought as the reason for the observed resistive

switching and asymmetric J-E curves.
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