
第25器第6期 

2006年 l2月 
红 外 与 毫 米 波 学 报 
J．Infrared Millim．Waves 

Vo1．25，No．6 

December，2006 

文章编号：1001—9014(2006)06—0401—04 

ELECTRICAL TRANSPoRT PRoPERTIES 

OF BiFeO3 THIN FILM 

SUN Jing—Lan， LI Ya-Wei， LI Tian—Xin， LIN Tie， CHEN Jing， MENG Xiang—Jian， CHU Jun．Hao 

(National Laboratory for Infrared Physics，Shanghai Institute of Technical Physics． 

Chinese Academy of Sciences Shanghai 200083，China) 

Abstract：DC electrical transport properties of perovskite BiFeO3 thin films were studied in the temperature range from 80K 

to 300K．The films with high or low resistance on SrTiO substrates were prepared by a chemical solution deposition method 

from the same precursor solution at difierent aged time．For the low resistance samples
， the voltage dependence of current is 

ohmic and temperature independent at low electric fields．At a medium strength of electric field
． it behaves 1ike a typical 

Schottky diode．For the high resistance samples it is found that electric carders move along the grain boundaries of the films 

with an activation energy of 0．57eV at low electric field while the conduction mechanism can be described with the Frenkel— 

Poole model with an energy barrier of 0．1 2eV at higher electric fields．The measurable maximum values of remnant polari— 

zation are 2．6~C／em and 28．8I~C／cm at the temperature of 85K for the two kinds of samples．respectively． 
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BiFeO3薄膜中的电学输运性质 

孙臻兰， 李亚巍， 李天信， 林 铁， 陈 静， 孟祥建， 褚君浩 
(中国科学院上海技术物理研究所 红外物理国家重点实验室．上海 200083) 

摘要：报道了铁酸铋薄膜样品在80K一300K温度范围直流电学输运性质的研究结果．利用同一前驱体不同老化时 

间，用化学溶液沉积法在钛酸锶衬底上制各出两种样品．在低阻样品中，低场下电流随电压变化遵从欧姆定律， 

电阻不随温度变化；而在中等强度外场下显示出肖特基二极管性质．在高阻样品中，低场下电流密度沿晶界分 

布，输运中的势垒能级为0．57eV；高场下电流的传输则遵从 Frenkel Poole模型，相关势垒能级0．12eV．低阻和高 

阻两种样品在85K温度下可测最大剩余极化分别为2．6~C／cm 和28．81~C／cm ． 

关 键 词：铁电铁磁薄膜；电学输运；铁酸铋薄膜 

Intr0ducti0n 

Muhiferroic materials possessing both ferroelec— 

tricity and ferromagnetism properties have attracted 

much attention because of their potential use in micro— 

electronic devices in recent years．As a lead—free ferro— 

electrics materials， BiFeO3 draws much interests not 

only for its biferroic nature but also its large remnant 

Dolarization【卜引
．  Such materia1s with thin film f0Hn 

may provide for significant potential applications in fu— 

ture．Several papers have reported that large remnant 

polarization(P，)is found in BiFeO3 thin films derived 

from physical methods， e．g．， PLD． However， no 

large value of P is observed in BiFeO3 thin films from 

a chemical soluti0n Hlethod[ ]
． Poor crystallization 

● 

quality of the films and large leakage currents are con— 

sidered to be responsible for the small P ．Comparing 

with other ferroelectric materials，e．g．，PZ r，BST， 

BiFeO has a much larger coercive electric field 

(E )̈ ,4j，which imposes much more strict limitations 
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Abstract: DC electrical transport properties of perovskite BiFe03 thin films were studied in the temperature range from SOK 

to 300K. The films with high or low resistance on SrTiO) substrates were prepared by a chemical solution deposition method 

from the same precursor solution at different aged time. For the low resistance samples, the voltage dependence of current is 

ohmic and temperature independent at low electric fields. At a medi~m strength of electric field, it behaves like a typical 

Schottky diode. For the high resistance samples it is found that electric earners move along the grain boundaries of the films 

with an activation energy of 0.57 eV at low electric field while the conduction mechanism can be described with the Frenkel­

Poole model with an energy barner of O. 12e V at higher electric fields, The measurable maximum values of remnant polari­
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Introduction 

Multiferroic materials possessing both ferroelec­

tricity and ferromagnetism properties have attracted 

much attention because of their potential use in micro­

electronic devices in recent years. As a lead-free ferro­

electrics materials, BiFe03 draws much interests not 

only for its biferroic nature but also its large remnant 

polarization I1 - 41 . Such materials with thin film form 

may provide for significant potential applications in fu-
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ture. Several papers have reported that large remnant 

polarization (P,) is found in BiFe03 thin films derived 

from physical methods, e. g., PLD. However. no 

large value of P, is observed in BiFe03 thin films from 

a chemical solution method[5 1• Poor crys~allization 

quality of the films and large leakage currents are eon­

sidered to be responsible for the small P,. Comparing 

with other ferroelectric materials, e. g. , PZT. BST, 

BiFe03 has a much larger coercive electric field 

(EJ [1 ,4J , which imposes much more strict limitations 
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on the leakage current of BiFeO3 films．In this paper， 

the transport properties of BiFeO3 thin films prepared 

on lanthium nickelate(LNO)coated strontium titanate 

(STO)substrates by a chemical solution deposition 

method are investigated． 

1 Experimental procedure and results 

The BiFeO3 thin films were prepared on LNO coa- 

ted SrTiO3(1 00)substrates．LNO coated SrTiO3 sub- 

strates were selected because of small lattice mismatch 

between them and BiFeO3 with a quasi—perovskite 

structure．Two kinds of samples，namely A and B， 

were obtained with the same precursor solution but dif- 

ferent aged time．Samples A were obtained with fresh 

precursor solution，while B was fabricated with the 

same precursor solution stored in ambient atmosphere 

f0r six months．Detailed fabrication process and struc- 

ture characterization of the films can be f(】und in Ref． 

[6]and[7]．The thickness of both kinds of samples 

is ～160nm．Pt top electrodes with an area of 1×10 

cm were sputtered onto the sample with a photolitho- 

graphic method． Ferroelectric property was character- 

ized with a RT66．The Keithley65 1 7 was employed to 

measure the weak leakage current under dc voltage bi— 

as．The variation of the temperature of the samples WaS 

controlled with a MMR temperature variation stage with 

micro probes． 

Fig 1 shows the ferroelectric properties and cur— 

rent versus voltage of the two kinds of samples at 85 K． 

It can be seen that the leakage current in samples A is 

one order higher than that in samples B．Both A and B 

show a distortion in the negative voltage range，which 

is caused by the leakage current(as will be discussed 

below)．Note that the P，of samples A is one order lar— 

ger than that of B． To have a deep insight into the 

mechanism which gives rise to the
．

1eakage current， 

careful investigations of dc electrical transport proper- 

ties of the samples were carried out in the temperature 

range from 80K to 300K． 

Upon the dc bias to a capacitor consisting of insu— 

lating film，three parts of current can be observed， 

charging current，absorbing current and leakage cur— 

rent．Theoretically the former two parts will vanish af- 

ter a sufficient long time of waiting．In samples A，a 

＼
、

、／／ 
．60．40．20 O 20 40 60 

MV／m 

(a)sampleA 

． 100 ．50 O 5O 1O0 

E{MV／m 

(b)sampleB 

Fig．1 Comparisons of ferroelectric and DC current versus 

voltage properties of the two kinds of samples at temperature of 

85K． 

图 1 85K温度下两种样品的铁电和直流电流电压特性 

比较 

steady state of leakage current can be obtained after a 

few seconds of the applying of the voltage．Fig．2 shows 

a typical|-V curve of the samples at 85 K in a log-log 

scale．The inset magnifies the linear and exponential 

parts of i-V curve at 85K． 

，-V measurement on the samples B is very difficult 

due to long waiting time to get a steady state． Mean— 

while，electrical or thermal break down may happen af- 

ter long stress time of dc bias． Fhus current versus 

temperature under constant dc bias was measured in． 

岛 
三 

Fig．2 LV curve at 85K for sample A．Three regions： 

Ohmic。exponentia1．and power law dependence of euwent 

on voltage are observed The curve represented by square 

is for negative voltage bias，circle for positive bias Inset： 

， V curve at low voltage bias 

图2 样品 A在 85K的直流电流电压特性 曲线分为 

欧姆型，指数型和幂指数型三个 域．方块代表反向 

电压 ，嘲阁代表正向电压所测结果．插图为低压下 ，一V 

曲线 

柏Ⅺ加m 0 m加∞柏 ĉ 
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on the leakage current of BiFe03 films. In this paper. 

the transport properties of BiFeOJ thin films prepared 

on lanthium nickelate (LNO) coated strontium titanate 

( STO) substrates by a chemical solution deposition 

method are investigated. 

1 Experimental procedure and results 

The BiFeOJ thin films were prepared on LNO coa­

ted SrTiOJ ( 100) substrates. LNO coated SrTiOJ sub­

strates were selected because of small lattice mismatch 

between them and BiFeOJ with a quasi-perovskite 

structure. Two kinds of samples. namely A and B. 

were obtained with the same precursor solution but dif­

ferent aged time. Samples A were obtained with fresh 

precursor solution. while B was fabricated with the 

same precursor solution stored in ambient atmosphere 

for six months. Detailed fabrication process and struc­

ture characterization of the films can be found in Ref. 

[ 6] and [7]. The thickness of both kinds of samples 

is -160nm. Pt top electrodes with an area of 1 x 104 

cm2 were sputtered onto the sample with a photolitho­

graphic method. Ferroele9tric property was character­

ized with a RT66. The Keithley6517 was employed to 

measure the weak leakage current under dc voltage bi­

as. The variation of the temperature of the samples was 

controlled with a MMR temperature variation stage with 

micro probes. 

Fig. 1 shows the ferroelectric properties and cur­

rent versus voltage of the two kinds of samples at 85 K. 

It can be seen that the leakage current in samples A is 

one order higher than that in samples B. Both A and B 

show a distortion in the negative voltage range. which 

is caused by the leakage current (as will be discussed 

below). Note that the P, of samples A is one order lar­

ger than that of B. To have a deep insight into the 

mechanism which gives rise to the. leakage current. 

careful investigations of dc electrical transport proper­

ties of the samples were carried out in the temperature 

range from 80K to 300K. 

Upon the dc bias to a capacitor consisting of. insu­

lating film. three parts of current can be observed. 

charging current. absorbing current and leakage cur­

rent. Theoretically the former two parts will vanish af­

ter a sufficient long time of waiting. In samples A. a 
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Fig. I Comparisons of ferroelectric and DC current versus 
voltage properties of the two kinds of samples at temperature of 
85K. 
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steady state of leakage current can be obtained after a 

few seconds of the applying of the voltage. Fig. 2 shows 

a typical /- V curve of the samples at 85 K in a log-log 

scale. The inset magnifies the linear and exponential 

parts of /- V curve at 85K. 

1- V measurement on the samples B is very difficult 

due to long waiting time to get a steady state. Mean­

while. electrical or thermal break down may happen af­

ter long stress time of de bias. Thus current versus 

temperature under constant de bias was measured in-

-14+-~r-~.---.-.~--.-~-'--~--r-~-'--~""""-< 
-2.0 .-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 

log(E) 

Fig. 2 l~ V curve at 85K for sample A. Three regions; 
Ohmic. exponential, and power law dependence of current 
on voltage are observed. The curve represented by square 
is for negative voltage bias, circle for positive bias. Inset: 
1-V curve at low voltage bias 
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stead of』一V curves．In this case．current under zero 

voltage bias was also measured to investigate the contri— 

bution of the them a1 stimu1ated current[ 
． In order to 

eliminate the pyroelectric current from the measured to· 

tal current，data were taken with both increase and de— 

crease of temperature at a rate of±0．1 K／s．Fig．3 re— 

presents the variation of conducmnce with temperature 

under difierent dc bias．Each set of data was taken on 

a fresh sample(a capacitor)to avoid effects of voltage 

stress． The measurement was made for both positive 

and negative bias to check the effect of the observed a- 

symmetry in the I-V curves 

For polycrystalline films，conductance obtained by 

a dc method consists of several transport processes， 

transport across grain boundaries，grains，and／or elec— 

trical interfaces[ 
． To identiff the probable transport 

process，the conductive tip AFM (CTAFM)morphology 

and resistance mapping of the films were carried out on 

san7Ipies Bl：m]
． At 1ow electric field．electric current was 

detected along the grain boundaries．At higher negatiw： 

electric field，current transport across the whole grains． 

The current density kept at a low level under a positiw~ 

electric filed．This rectifier behavior is consistent with 

the results of macroscopic dc measurement．A few con— 

ducting spots were found related to the second phase in 

the film as rep0rted bv H．Bea etⅡl E“]
． 

2 Discussions 

2．1 Transport properties in samples A (with 

high leakage current) 

Three regions in the curve of voltage dependence 

1000／ K ) 

Fig．3 Arrehenius plot of the temperature dependence of the 

conductance for samples B 

图3 样品 B的电导随温度变化的 Arrehenius图 

of current，Ohmic，exponential，and power law，were 

observed in this kind of samples(see Fig．2)．As 

shown in inset of Fig．2．the，-V curve shows a rectifier 

characteristic at low voltage bias． Because of the deft— 

ciency of A．site atoms in an ABe perovskite．structure 

film，the film is a p-type materia1．Schottky junction 

formed when platinum was used as electrodes㈦
． 

Comparing the I—V results with the hysteresis loops of 

the samples，it can be concluded that the distortion in 

the PE curve is resulted from large leakage currents． 

2．2 Transport properties in samples B(with low 

leakage current) 

There are several conductance mechanisms to ex— 

plain the electrical transport in an insulating thin 

film[ 
． A common feature is the exponential depend． 

ence of conductance on the temperature， 

。c Aexp{一- q--[ )=Aexp{一 )，(1) 
where 一卢，A is a constant independent or week— 

ly dependent on the temperature， is the Schottky bar— 

rier or the defect energy level related to the conduction 

band of the material，and口is the lowering of the barri— 

er by applied voltage， 

卢= =古 ，(2) 
for Frenke1．Peele emission．and half of this value f0r 

Schottky emission， where E is the applie,t electric 

field． the dielectric constant，d the thickness of the 

film，S the area of the top electrodes，C the capacitance 

value of the capacitor，and V is the applied vohage． 

Thus by plotting the slope of the curves in Fig．3 versus 

the square root of the applied electric fieht for each 

curve，the coefficient can be obtained experimentally． 

However，the situation in ferroelectric material is com— 

plicated by the fact that dielectric constant varies with 

both temperature and applied voltage．From dielectric 

measurement，it is found that the modulation of capaci— 

tance by applied voltage can be neglected．The capa, i— 

tance changes by 20％ from room temperature to 70K． 

Using an average value of the capacitance in the COITe— 

spending range of temperature for ca(-h data set in Fig． 

3，the dependence of the slope for the curves in Fig．3 

on 厕 can be obtained The results are shown in 

Fig．4．Two lines with distinct slopes were fitted to the 
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stead of f- V curves. In this case, current under zero 

voltage bias was also mea.sured to investigate the contri­

bution of the thermal stimulated current[8]. In order to 

eliminate the pyroelectric current from the measured to­

tal current, data were taken with both increase and de­

crease of temperature at a rate of ± O. 1 KI s. Fig. 3 re­

presents the variation of conductance with temperature 

under different dc bias. Each set of data was taken on 

a fresh sample (a capacitor) to avoid effects of voltage 

stress. The measurement was made for both positive 

and negative bias to check the effect of the observed a·­

symmetry in the f- V curves. 

For polycrystalline films, conductance obtained by 

a dc method consists of several transport processes, 

transport across grain boundaries, grains, and! or elec­

trical interfaces[9]. To identify the probable transport 

process, the conductive tip AFM (CTAFM) morphology 

and resistance mapping of the films were carried out on 

samples B [10]. At low electric field, electric current was 

detected along the grain boundaries. At higher negative 

electric field. current transport across the whole grains. 

The current density kept at a low level under a positive 

electric filed. This rectifier behavior is consistent with 

the results of macroscopic dc measurement. A few con­

ducting spots were found related to the second phase in 

the film as reported by H. Bea et at [11] • 

2 Discussions 

2. 1 Transport properties in samples A ( with 

high leakage current) 

Three regions in the curve of voltage dependence 

IE-4 

_O'5~\ '\ ~ 
-IV\4V ~ 

+5V _________ 

lE-5 

IE·6 

IE·7 

3 4 5 6 7 8 91011 

IOOO/T(K') 

Fig. 3 Arrehenius plot of the temperature dependence of the 
conductance for samples B 

00 3 ~&b B 1'I9Et!~l\lRiffilJl:~ftl'l9 Arrehenius l¥l 

of current , Ohmic. exponential, and power law, were 

observed in this kind of samples (see Fig. 2). As 

shown in inset of Fig. 2, the f- V curve shows a rectifier 

characteristic at low voltage bias. Becausc of the defi­

ciency of A-site atoms in an AB03 perovskite-structure 

film, the film is a p-type material. Schottky junction 

formed when platinum was used as electrodes I 121 • 

Comparing the f- V results with the hysteresis loops of 

the samples, it can be concluded that the distortion in 

the PE curve is resulted from large leakage currents. 

2.2 Transport properties in samples B (with low 

leakage current) 

There are several conductance mechanisms to ex­

plain the electrical transport in an insulating thin 

film [ 13]. A common feature is the exponential depend­

ence of conductance on the temperature, 

a ex: Aexp{ - ~[cp -,BJ } = Aexp{ - ~~} • (l) 
kBT kBl 

where ex = cp -,B • A is a constant independent or week­

ly dependent on the temperature, cp is the Schottky bar­

rier or the defect energy level related to the conduction 

band of the material, and,B is the lowering of the barri­

er by applied voltage, 

,B = /qEI-rre,e" = (2) 

for Frenkel-Poole emission. and half of this value for 

Schottky emission, where E is the applied electric 

field, e the dielectric constant, d the thickness of the 

film,S the area of the top electrodes, C the capacitance 

value of the capacitor, and V is the applied voltage. 

Thus by plotting the slope of the curves in Fig. 3 versus 

the square root of the applied electric field for each 

curve, the coefficient can be obtained experimentally. 

However, the situation in ferroelectric material is com­

plicated by the fact that dielectric constant varies with 

both temperature and applied voltage. From diele(~tric 

measurement, it is found that the modulation of capaci­

tance by applied voltage can be neglected. The capaci­

tance changes by 20% from room temperature to 70K. 

Using an average value of the capacitance in the corre­

sponding range of temperature for each data set in Fig. 

3, the dependence of the slope for the curves in Fig. 3 

on IVIC can be obtained. The n-'fmlts are shown in 

Fig. 4. Two lines with distinct slopes were fitted to the 

http://www.cqvip.com


404 红 外 与 毫 米 波 学 报 25卷 
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Fig．4 The slope of CHIVES in Fig．3 versus~／ lc_Solid 

lines are linear fitting to the data．The number near each date 

indicates the voltage at which the conductance was measured 

图4 图3中曲线的斜率随 的变化．实线为拟合的 

直线．实验点附近数据为测电导时外加的偏压值 

low and high electric field regions，indicating different 

transport mechanism dominant in these two regions． 

For the lower field region，the energy barrier was 

0．57eV，which is a reasonable value for the energy 

barrier at Pt／ BiFeO3 interfaee or a carrier trap (：enter 

in the insulator．However the slope is one order larger 

than the value for Schonky emission or Frenket-Poole 

models．Fitting the line to the high electric field region 

results in an activation energy of 0．12eV．The slope of 

the line is in agreement with Frenkel-Poole mode1． 

Comparing the above results with that of CTAFM， 

the fitting parameters in the low electric field should be 

adequate to describe transport across the BiFeO3 grain 

boundaries．Since there are not any theory models 

available，further investigations need to be done about 

this issue． 

3 Conclusion 

The electrical transport mechanisms for chemical 

solution deposition derived BiFeO3 thin films with high 

and low leakage current were studied． The samples 

with large leakage current showed a semiconductor like 

behavior．The low resistance prevented poling of the 

samples，which lead to a much smaller P ．In higll re- 

sistance thin films，the leakage current was along the 

grain boundaries at low electric fields．At high electric 

field the current transport across the whole grains．The 

process can be described by the Frenkel—Poole mode1． 
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low and high electric field regions, indicating different 

transport mechanism dominant in these two regions. 

For the lower field region. the energy barrier was 

O. 57eV, which is a reasonable value for the energy 

barrier at Ptl BiFeOJ interface or a carrier trap center 

in the insulator. Howe~er the slope is one order larger 

than the value for Schottky emission or Frenkel-Poole 

models. Fitting the line to the high electric field region 

results in an activation energy ofO.12eV. The slope of 

the line is in agreement with Frenkel-Poole model. 

Comparing the above results with that of CTAFM, 

the fitting parameters in the low electric field should be 

adequate to describe transport across the BiFeOJ grain 

boundaries. Since there are not any theory models 

available. further investigations need to be done about 

this issue. 

3 Conclusion 

The electrical transport mechanisms for chemical 

solution deposition derived BiFeOJ thin films with high 

and low leakage current were studied. The samples 

with large leakage current showed a semiconduetor like 

behavior. The low resistance prevented poling of the 

samples, which lead to a much smaller Pro In high re-

25 ~ 

sistance thin films, the leakage current was along the 

grain boundaries at low electric fields. At high electric 

field the current transport acrosS the whole grains. The 

process can be described by the Frenkel-Poole model. 
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