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Leakage current through epitaxial BaTiO3 films was investigated to clarify the difference between
the characteristics of nanometer and millimeter-size metal contacts. SrTiO3:Nb bottom electrode
revealed genuine properties of a single metal/BaTiO3 contact and demonstrated that breakdown
voltage and leakage current density at both nanometer and millimeter-size contacts were controlled
by the Schottky barrier. However, in marked contrast with millimeter-size contacts, nanometer-size
contacts conducted little current below breakdown voltage and repeatedly exhibited abrupt
breakdowns having a giant current density.10 A mm22. The breakdown field was as high as
0.45 MV cm21 at the forward bias, while no breakdown occurred up to 0.5 MV cm21 at the reverse
bias. © 1998 American Institute of Physics.@S0003-6951~98!00719-0#
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Leakage current through dielectric and ferroelectric fil
such as~Ba,Sr!TiO3 ~BST! has been investigated by man
researchers.1–6 To understand its origin, epitaxial ferroele
tric heterostructure is advantageous. Additionally, a hig
reproducible memory effect of the current through the h
erostructures has been reported,4–6 which is potentially im-
portant for a high density memory combined with a scann
force microscope~SPM!.7

In the studies of leakage current through ferroelec
heterostructures, electrical contacts having a large latera
mension, typically 0.01 mm2, have been employed. How
ever, the effects of grain boundaries and ferroelectric dom
walls were supposed to be substantial. Therefore, meas
ment of leakage current through a single-domained por
of an epitaxial film or a high-quality single crystal is indi
pensable to clarify the nature of the intrinsic current cond
tion. However, few such approaches have been reporte
far.7

SPM is widely used to measure nm-scale electrical c
duction in semiconductors, nanometer-scale piezoelec
properties, and ferroelectric domain configuration.8–10 We
chose epitaxial BTO~BaTiO3! film on a STON~0.5 wt % Nb
doped SrTiO3! substrate, because the BTO/STON junction
regarded approximately as ohmic and possesses a clea
terface due to a good lattice matching@Fig. 1~a!#. Therefore,
in a metal BTO/STON heterostructure, the current is c
trolled mostly by the metal/BTO interface, and its charact
istics are expected to reveal genuine properties of the m
BTO contact. The present SPM study uncovers curre
voltage (I –V) characteristics of BTO film having a
nanometer-size electrical contact. Here, the contact
placed at a central part of a ferroelectric domain and w
much smaller than the typical sizes of domains.

BTO films were epitaxially grown by pulse laser dep
sition on STON that served as ann-type bottom electrode
The x-rayu/2u scan and the x-ray pole figure diffractomet
verified three-dimensional alignment of the BTO~001! with
the STON~001!.11 No secondary phase was detected by
depth profile using secondary ion mass spectroscopy an

a!Electronic mail: ynabe@tobata.isc.kyutech.ac.jp
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ray diffractometry. The BTO films were;100 nm thick and
tetragonal in crystal symmetry, suggesting a ferroelec
phase at room temperature~RT!. The remanent polarization
measured by a Sawyer–Tower circuit was 1 – 2mC/cm2.
Both millimeter and nanometer-size contacts were made
the BTO surface as shown in Fig. 1~b!. Metal films of Pt, Au,
and Al with surface area of 0.01– 1 mm2 were deposited as
millimeter-size top electrodes. A commercial SPM, i.e.,
atomic force microscope~AFM!, was used to make a
nanometer-size contact on BTO surface. The top electro
i.e., an AFM tip ~hereafter tip!, was made of Si3N4 coated
with 50–100 nm thick Pt film. The resonant frequency of t
cantilever was 10–20 kHz, and the tip contacted the B
surface with a repulsive force of 10–30 nN. OneI –V curve
was measured approximately in 3.5 min, and polarity of
bias voltage was defined at the top electrode. All measu
ments were performed in a dry atmosphere at RT. A BTO
a modest resistance was used below, but the results
millimeter-scale contacts were confirmed to be qualitativ
similar to those of high resistance BTOs.@No current was
observed in the high resistance BTO films~200 nm thick! for
applied voltage of 11 V.#

Figure 2 showsI –V characteristics at a Pt electrode ha

FIG. 1. Diagram showing the bottom of the conduction bands of BTO a
STON and the Fermi level of Pt at zero bias voltage~a!. Experimental setup
for I –V measurements using an AFM with a Pt-coated tip and metal e
trodes on BTO surface~b!. The tilted solid dotted lines show domain an
grain boundaries, respectively.
5 © 1998 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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ing surface area of 0.4 mm2. In each of Figs. 2~a! and 2~d!,
the three lines correspond to three consecutiveI –V measure-
ments. In each of Figs. 2~b! and 2~c!, the four lines corre-
spond to three consecutive measurements and one afte
measurements for Fig. 2~d!. Figures 2~b! and 2~c! demon-
strate that no conduction properties were changed after
large current flow@Fig. 2~d!#.

I –V characteristics were ohmic at low voltages@Figs.
2~a! and 2~b!# and Schottky diodelike at high voltages@Figs.
2~c! and 2~d!#. Reproducible hystereses at the forward b
were due to conductivity enhancement, while those at
reverse bias were due to relaxation. OverallI –V character-
istics were essentially the same at Pt, Au, and Al electrod
although Al electrodes were the most conductive, and
electrodes were the most resistive. The temperature de
dence of the current density was activation-type. These
sults indicate that the conduction through metal/BTO/STO
at high bias voltage was limited by the metal/BTO interfa
having a Schottky-type potential barrier. The polarity of t
forward bias, the hysteresis, and the voltage dependenc
consistent with the previous reports on Pb-based ferroele
heterostructures.4–6

Before performing localI –V measurements, ferroelec
tric domain configurations of the BTO film used for the r
sults in Fig. 2 were investigated by imaging electric for
distribution on the surface in a noncontact mode.10 Topo-
graphic images were then obtained in a contact mode
identify grain boundaries. Only in electric force images
areas without metal films, we observed 20-mm-wide parallel
stripes accompanied by a few micron wide stripes. No s
patterns were visible in topographic images. Therefore, th
stripes were considered as 90° ferroelectric domains.
clear structure corresponding to micron-size grains were
tected, which was consistent with the absence of clear g
structure in the high-resolution SEM cross section image

Subsequently,I –V characteristics of specific point
were measured. When a tip was on a metal electrode,I –V
characteristics similar to Fig. 2 were observed, indicat
that the tip force was sufficient to make an electrical conta
Figure 3 shows typical localI –V characteristics measure
successively with a tip placed directly on the BTO surface

FIG. 2. I –V curves of Pt~area: 0.4 mm2!/BTO/STON at RT. The dotted,
dashed, solid, and dashed–dotted lines correspond to the first, second,
and fourth scan.~a! 60.01 V, ~b! 60.1 V, ~c! 60.5 V, ~d! 61.5 V scan.
The arrows show the direction of the change.
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a central part of a 20-mm-wide domain. Each panel in Fig.
displaysI –V hystereses of three consecutive measureme
I –V characteristics were almost independent of a small
crease of the tip contact force. Additionally, overallI –V
characteristics at different locations were similar, and
details of their dependence on location will be reported e
where.

Little current was observed until the bias voltage fi
exceeded14.5 V. The current shown in Fig. 3~b! and the
current at negative bias shown in Fig. 4~b! were not true
currents through the BTO film, because a similar curr
density was measured when the tip was detached from
BTO surface, or Pt film was peeled off from the tip. Exce
for the pair of large spikes in Fig. 3~a!, the spikes in Figs.
3~a! and 3~b! were probably due to instrumental noise.
Fig. 3~a!, a bias current is indicated by the dotted lines. B
current was consistently observed just after the tip contac
on the BTO surface and was likely related with the piez
electricity or surface charges shielding the spontane
polarization.12

According to Fig. 4~a! ~millimeter-size contact!, we es-
timate the current intensity of;0.1 nA at 3 V and 1 nA at 4
V by assuming a tip/BTO contact area of 104 nm2. The ob-
served current intensity in Fig. 4~b! ~nanometer-size contact!

ird,
FIG. 3. I –V curves of Pt coated tip/BTO/STON at RT.~a! 60.1 V, ~b! 63,
~c!, ~d! 65 V scan. Each panel showsI –V curves of three consecutive
voltage scans, and the arrows show the direction of the change. The m
ing different lines are same as Fig. 2.

FIG. 4. Replot of Fig. 2~d! @~a!# and Fig. 3~c! @~b!#. Arrows show the
direction of the change. The mean different lines are the same as Fig.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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was more than three orders of magnitude lower than
above values. The discrepancy enlarges if we assume a la
contact area. This implies that the resistance at
millimeter-size electrodes was limited by conductive pa
such as domain boundaries, grain boundaries, dislocati
or defect aggregates. Namely, BTO film is intrinsically
good insulator, at least, up to 0.4 MV cm21.

In Figs. 3~c! and 3~d!, abrupt current intensity jump
which occurred repeatedly are shown. The dotted lines
Fig. 3~c! show theI –V curve for the first 5 V scan, and the
replot of Fig. 3~c!, i.e., Fig. 4~b!, clearly shows a threshold a
4.6 V. The threshold of the jump was well defined a
changed only slightly with repeated measurements. On
other hand, the resistive state reappeared at various volt
between 2.7 and 4.3 V from measurement to measurem

In Fig. 4~b!, the conductivity is shown to jump by mor
than six orders of magnitude, which corresponds to the c
ductivity enhancement seen in Fig. 4~a!. The maximum cur-
rent density is;1 kA/mm2 if we assume a tip contact area
104 nm2 and a direct current conduction through the BT
film beneath the contact. Despite the huge current inten
the insulating property was still preserved below 4 V there-
after. Furthermore, except for the disappearance of the
current, no change was found in theI –V curves of60.1 V
scans after the current jumps.

The exceptionally abrupt increase of the current sho
in Figs. 3~c! and 3~d! and the subsequent current increa
during the voltage decrease from 5 to 4.5 V were inexp
cable by the conduction limited by the Schottky barrier. O
explanation is surface conduction to the vicinity of a leaka
path. This surface conduction was not due to a trivial ca
such as water adsorption, because no conduction was
served below14 V. The tip was located 10mm away from
domain boundaries and 30mm away from the nearest meta
electrode. The leakage current was nearly independent o
distance between the tip and the electrode~or the domain
boundary!, supporting the absence of a water-induced s
face conduction.

An alternative viewpoint is to regard the current jump
an insulator breakdown, for which various mechanisms, e
the impact ionization, are proposed. However, the pres
breakdown was recoverable unlike the intensively inve
gated breakdown of SiO2.

13 One possible explanation ma
be local evaporation of Pt at the contact by Joule heat
often called as a self-healing effect.14 Additionally, the
breakdown occurred only in the forward bias condition of t
Pt/BTO Schottky barrier, suggesting that injected electr
from the barrier initiated the breakdown.

Below 0.45 MV cm21 at the forward bias, leakage cu
rent was well below the measurement limit, although BT
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films are usually considered to be much leakier than B
and ~Pb,La!~Zr,Ti!O3 films. At the reverse bias, no leakag
current was detected even at 0.5 MV cm21. This indicates
that the BTO film is intrinsically more insulating than con
ventionally thought and that the increase of leakage cur
with decreasing thickness is explicable by a percolat
mechanism. This consideration also suggests a possibilit
a superior insulating property of Pt/BTO/Pt, at least, up
60.5 MV cm21, because one of the Pt/BTO contacts is
ways reverse biased.

In conclusion, nanometer-scale electrodes exhibitedI –V
characteristics strikingly different from the Schottky diod
like characteristics of millimeter-size electrodes: a very h
resistivity and an abrupt giant breakdown. Nonetheless,
breakdown voltage was controlled by the Schottky barrie
both sizes of contacts.
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