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The authors report results of transport studies on high quality, fully epitaxial BiFeO3 thin films
grown via pulsed laser deposition on SrRuO3/DyScO3 �110� substrates. Ferroelectric tests were
conducted using symmetric and asymmetric device structures with either SrRuO3 or Pt top
electrodes and SrRuO3 bottom electrodes. Comparison between these structures demonstrates the
influence of electrode selection on the dominant transport mechanism. Analysis of film electrical
response suggests Poole-Frenkel emission as the limiting leakage current mechanism in the
symmetric structure. Temperature dependent measurements yield trap ionization energies of
�0.65–0.8 eV. No clear dominant leakage mechanism was observed for the asymmetric
structure. © 2007 American Institute of Physics. �DOI: 10.1063/1.2535663�

With an ever-expanding demand for data storage, trans-
ducers, and microelectromechanical systems applications,
materials with superior ferroelectric and piezoelectric re-
sponses are of great interest. The Pb�Zr,Tr�O3 �PZT� family
of materials has served as the cornerstone of these devices to
date. A critical drawback of this material, however, is its
toxicity due to the lead content. Recently, lead-free ferroelec-
tric BiFeO3 �BFO� has attracted a great deal of attention
because of its superior properties in both epitaxial and
polycrystalline thin films.1–4 Its remnant polarization Pr and
out-of-plane converse piezoelectric coefficient d33 are com-
parable to those of the tetragonal, Ti-rich PZT system. More-
over, due to a high Curie temperature �TC=820–850 °C�,5,6

it also shows great promise for use in high temperature ap-
plications. Additionally, previous studies have successfully
integrated BFO films on Si substrates by using a SrTiO3
�STO� template layer and SrRuO3 �SRO� bottom electrode.7,8

These films exhibited large coercive fields and a large leak-
age current, which might limit the applicability of BFO in
devices. Such drawbacks have prompted a number of studies
attempting to reduce the leakage in BFO through the use
of chemical dopants.9–12 In fact, Fujitsu Microelectronics
America, Inc. recently announced the production of 65 nm
ferroelectric random access memory devices using Mn-
doped BFO to reduce the leakage current.13 In this letter we
focus our attention on the mechanisms that lead to the large
leakage current in high quality BFO thin films. This will, in
turn, help guide future work to integrate BFO into functional
microelectronic devices.

Thin film heterostructures of BFO ��175 nm� and SRO
��50 nm� were grown on DyScO3 �DSO� �110� single crys-
tal substrates via pulsed laser deposition at 700 °C and
100 mTorr partial pressure of oxygen. X-ray diffraction
�Panalytical X’Pert MRD Pro� shows that BFO films grown
on DSO substrates are single phase and exhibit very narrow
rocking curves for the 002-pseudocubic diffraction peak of
BFO �full width at half maximum� of 0.055° pointing to the
extremely high quality and epitaxial nature of these films.
Additionally, at these thicknesses, the BFO films appear to

relax to a derivative of the bulk rhombohedral structure14 as
confirmed by a � scan of the rhombohedrally nondegenerate
210R reflection in BFO.15,16 Note that we do not rule out an
additional slight monoclinic distortion to the lattice. Through
careful control of the growth of the underlying SRO bottom
electrode layer, we can engineer the structural domain con-
figuration of the SRO and thereby affect control over the
BFO domain structure.17 The samples measured here exhibit
multivariant domain structures in the BFO films as imaged
via piezoforce microscopy �not shown here�. Top SRO elec-
trodes �32 �m diameter� were deposited ex situ at room tem-
perature and then annealed in oxygen at 600 °C for 30 min
to facilitate crystallization. Finally, approximately 150 nm of
platinum was sputtered onto the SRO top electrodes to facili-
tate a low resistance contact. Ferroelectric and leakage mea-
surements were carried out using a Radiant Technologies Inc.
RT6000S ferroelectric test system.

The ferroelectric nature of these films is demonstrated in
Figs. 1�a�–1�d�. The polarization–electric field �P-E� hyster-
esis loops are sharp and square and yield a 2Pr value of
120–130 �C/cm2. Such values are consistent with previ-
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FIG. 1. �Color online� Ferroelectric data demonstrating intrinsic ferroelec-
tricity and sharp hysteresis. Included are �a� a voltage series, �b� a frequency
series of P-V loops, and PUND measurements for �c� varying voltage at
1 �s and �d� varying pulse width for given voltages.
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ously measured values for BFO grown on STO and STO/Si
substrates.1,7,8,15 The saturation of the hysteresis loops as a
function of voltage �Fig. 1�a�� is key evidence of intrinsic
ferroelectricity in the films. The weak frequency dependence
of the loops �Fig. 1�b�� also supports this claim. To more
closely investigate the ferroelectric properties, pulsed polar-
ization positive up negative down �PUND� measurements
were made with a varying field at a pulse width of 1 �s �Fig.
1�c�� and with a varying pulse width at fixed voltages �Fig.
1�d��. The switched polarization values ��P� of these mea-
surements match well with the 2Pr values obtained from the
P-E loops. Note also the weak pulse width dependence of
Fig. 1�d� once saturation is reached, yet another indication of
robust intrinsic ferroelectricity.

The literature on possible leakage current limiting
mechanisms for BFO and other similar ferroelectric perov-
skite oxides discusses a large number of possible mecha-
nisms. These mechanisms fall into two categories, bulk-
limited and interface-limited conduction. Of all the possible
mechanisms, we consider three in this letter that are com-
monly observed in other perovskite oxides. The first mecha-
nism is interface-limited Schottky emission, which arises
from a difference in Fermi levels between a metal �electrode�
and an insulator or semiconductor �film�. The energy differ-
ence creates a potential barrier between the metal and insu-
lator that charges must overcome. The current density across
a Schottky barrier is18

JS = AT2 exp − � �

kBT
−

1

kBT
� q3V

4��oKd
�1/2	 , �1�

where A is the Richardson constant, � is the height of the
Schottky barrier, K is the dielectric constant of the film, and
d is the sample thickness. The second mechanism considered
is bulk-limited space-charge-limited conduction �SCLC�.
The limitation arises from a current impeding space charge
forming as charges are injected into the film from the elec-
trode at a rate faster than they can travel through the film.
The current density for SCLC is19,20

JSCLC =
9��oK

8

V2

d3 , �2�

where � is carrier mobility. The third mechanism is bulk-
limited Poole-Frenkel emission. This conduction mechanism
involves the consecutive hopping of charges between defect
trap centers. The ionization of the trap charges can be both
thermally and field activated. The conductivity for Poole-
Frenkel emission is21

�PF = c exp − � EI

kBT
−

1

kBT
� q3V

��oKd
�1/2	 , �3�

where c is a constant and EI is the trap ionization energy.
Typical leakage data �I-V� as a function of applied volt-

age for a 175 nm thick film are shown in Fig. 2�a�. Data for
both positive and negative biases have been graphed on the
same axis. By plotting our data in various manners as a func-
tion of voltage, we can quickly gain insight into the nature of
the leakage mechanism. According to Eq. �2� above, SCLC
can be investigated by plotting the leakage data as J vs V2, as
shown in Fig. 2�b�. If SCLC were the dominant leakage
mechanism, a straight fit to the data in Fig. 2�b� would be
possible. Since it shows an exponential trend, SCLC can be

ruled out as the leakage current limiting mechanism for these
BFO thin films for the voltage range measured.

Similar analysis of Eqs. �1� and �3� tells us that if a
Schottky barrier controls the leakage current or if Poole-
Frenkel emissions are dominant, semilog plots of J /T2 vs
V1/2 and � vs V1/2, respectively, will show straight line fits to
the data. Both these plots, however, will often show regions
with straight fits to the data, as shown in Figs. 2�c� and 2�d�.
To identify which mechanism might be dominating the leak-
age current, it is necessary to extract the dielectric constant
from the slopes of these plots. Iakovlev et al. report the index
of refraction for BFO to be n=2.5;22 thus we should expect a
dielectric constant of K=n2=6.25.

From the Schottky plot �Fig. 2�c��, a dielectric constant
of �0.77 is obtained for a negative bias as well as for fields
above �2 V for a positive bias. The Poole-Frenkel plot
�Fig. 2�d�� on the other hand yields a dielectric constant of
�6.25 for a negative bias and a positive bias above �2 V.
Since this is the expected value of the dielectric constant and
the value obtained from the Schottky plot is off by an order
of magnitude, it is indicative of the leakage mechanism in
these BFO films being dominated by Poole-Frenkel emis-
sions. This is not unexpected as Poole-Frenkel emission has
been identified as the dominant leakage mechanism in other
ferroelectric perovskites such as PZT.23,24 In the case of
BFO, the likely trap center is the Fe ions. It is widely ac-
cepted that oxygen vacancies formed during growth cause a
portion of the Fe3+ ions to become Fe2+. These Fe ions are
often considered to be responsible for the high leakage of
BFO.

To determine the value of the Poole-Frenkel trap ioniza-
tion energy we measured leakage as a function of tempera-
ture. Plots of � vs 1000/T for fixed voltages are shown in
Fig. 3�a�. From these slopes, ionization energies are ex-
tracted and used to extrapolate the zero-field ionization en-
ergy �Fig. 3�b��. The low voltages not conforming to the
trend are not unexpected as we do not observe Poole-Frenkel
dominating in positive bias at low fields. Fitting with the
higher field data points yields a trap ionization energy of
�0.8 eV. It should be noted, however, that multiple mea-

FIG. 2. �Color online� Typical I-V characteristics of the Pt/SRO/BFO/SRO/
DSO thin film structures. �a� Typical leakage data. Various fits of these data
are shown to help determine the leakage mechanism: �b� SCLC, �c�
Schottky barrier, or �d� Poole-Frenkel emission.
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surements yielded a range of about 0.65–0.8 eV for the trap
ionization energy.

In contrast, analysis of data taken with Pt top electrodes
�Pt/BFO/SRO//DSO� yielded inclusive results. Figure 4
shows data for Pt analogous to that of Fig. 2 for the Pt/SRO
top electrodes. First, notice that there is a considerable asym-
metry between I-V behavior for positive and negative biases
�Fig. 4�a��, consistent with the fact that the top �Pt� and bot-
tom �SRO� electrodes have different work functions and
electron affinities. Both polarities were prepoled and the re-
sponse was repeatable. At this time the origin of this behav-
ior is unknown. The SCLC, Schottky, and Poole-Frenkel
plots all show regions with reasonable fits �Figs. 4�b� and
4�c��. The SCLC plot shows a linear fit above �2.5 V for
increasing negative bias �Fig. 4�b��. This same region, how-
ever, also shows a near perfect match for Schottky emission
�Fig. 4�c��. The higher voltage regions of both positive and
the decreasing negative biases show linear fits for the Poole-
Frenkel mechanism as well �Fig. 4�c��. The best Poole-
Frenkel fit yields a dielectric constant of 5.5, which is
slightly lower than the expected 6.25 but not unreasonable.

These data indicate that using Pt alone as a top electrode to
contact BFO films creates a capacitor with competing leak-
age mechanisms.

In summary, we have shown the leakage mechanism of
BFO with symmetric SRO electrodes on DSO substrates to
be dominated by Poole-Frenkel emission. A measured trap
ionization energy of 0.65–0.8 eV may correspond to the ion-
ization of Fe2+ ions. We have also shown that there is no
clear dominant mechanism when Pt is used as the top elec-
trode. Careful studies and attention must be given to choose
a contact with the appropriate material properties to alleviate
this effect.
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FIG. 3. �Color online� �a� Temperature dependence of conductivity with
linear fits �red lines� used to extract trap ionization energies. �b� Plot of trap
ionization energies from �a� in order to extrapolate the zero-field trap ion-
ization energy.

FIG. 4. �Color online� Typical I-V characteristics of the Pt/BFO/SRO/DSO
thin film structures. �a� Typical leakage data. Various manipulations of these
data are shown to help determine the leakage mechanism: �b� SCLC, �c�
Schottky barrier, or �d� Poole-Frenkel emission.
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