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Leakage current mechanisms in lead-based thin-film ferroelectric capacitors
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Current-voltage (I -V) behaviors of Pb~Zr, Ti!O3-based capacitors with~La, Sr!CoO3 electrodes were studied
to investigate the dominant leakage mechanism. Epitaxial~La,Sr!CoO3 /Pb~Zr,Ti!O3 /~La,Sr!CoO3 capacitors
were fabricated to simplify the analysis and eliminate any effects of granularity. TheI -V characteristics were
almost symmetric and temperature dependent with a positive temperature coefficient. The leakage current at
low fields ~,0.5 V or 10 kV/cm! shows Ohmic behavior with a slope of nearly 1 and is nonlinear at higher
voltages and temperatures. Further analysis suggests that at higher fields and temperatures, bulk-limited field-
enhanced thermal ionization of trapped carriers~i.e., Poole-Frenkel emission! is the controlling mechanism.
The activation energies calculated for the films are in the range 0.5–0.6 eV. These energies are compatible with
Ti41 ion acting as the Poole-Frenkel centers.@S0163-1829~99!01124-8#
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INTRODUCTION

Ferroelectric thin films are well recognized as capac
materials in nonvolatile and dynamic random access mem
~RAM! applications. Leakage current through thin dielect
films is usually unavoidable and its magnitude and mec
nism depend on the material parameters, fabrication pro
dure, and testing conditions. Unlike in dynamic RAM’
leakage current is not of serious concern in nonvola
RAM’s, though a low leakage current is still one of the d
sirable qualities. This is because leakage currents can im
the long-term reliability of storage elements. However, le
age currents can also be used as a scientific tool to un
stand the basic properties of the capacitor. A system
study of the mechanism of conduction can provide a we
of information regarding interface and bulk space char
This knowledge in turn can be invaluable in understand
device-related reliability issues such as imprint, fatigue,
larization relaxation, resistance degradation, and breakdo
Fatigue is the loss of polarization due to bipolar cycling
the capacitor, and imprint is the preference of a ferroelec
capacitor for one polarization state.1 There is limited under-
standing of fatigue in Pt/Pb~Zr,Ti!O3/Pt ~Pt/PZT/Pt! hetero-
structures, with considerable disagreement regarding
degradation mechanism. For example, fatigue has been
tributed to domain pinning2 or space charge.3 However,
when Pt electrodes are replaced by oxide electrodes suc
RuO2, SrRuO3 and ~La,Sr!CoO3 ~LSCO!, the capacitors
show excellent fatigue and imprint properties.4,5 It has been
proposed that oxide electrodes act as sinks for oxygen va
cies, thereby eliminating fatigue. Unfortunately, there is
rigorous understanding of the differences in the Pt/PZT
LSCO/PZT interfaces. We believe these interfaces are
sponsible for the observed differences in the behavior of
capacitors. This study is part of an effort undertaken to r
orously understand the LSCO/PZT interface with an e
goal of correlating the leakage current mechanism~s! to the
degradation mechanisms of LSCO/PZT/LSCO capacitors

The correlation between trap states and electrical pro
ties has been extensively studied in SiO2, which is a tradi-
tional dielectric material.6–11 In contrast, there are very few
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unambiguous and quantitative studies on ferroelectric t
films addressing this issue. There are several studies of l
age in perovskite-type titanate thin films includin
~Ba,Sr!TiO3,SrTiO3 and Pb~Zr, Ti!O3 thin films.12–21Studies
on Pt/PZT/Pt structures reported Schottky emission wit
barrier potential of 1.41 eV.22–24 There are very few studie
on the oxide-electrode/PZT interface, which compreh
sively address leakage current mechanisms in such cap
tors. Since, it is most likely that oxide electrodes will be us
to contact PZT-based ferroelectric capacitors, it is impera
that an exhaustive understanding be developed. Such an
derstanding would also enable one to model and predict
behavior of these interfaces. In this paper, we report on
leakage current mechanism~s! in LSCO/PZT/LSCO capaci-
tors. The correlation between the degradation of ferroelec
capacitors and their leakage current mechanisms will be
cussed in future publications.

DEFECT CHEMISTRY

In order to develop a comprehensive understanding of
LSCO/PZT interface one needs to consider the point def
in the two materials, LSCO and PZT. Both materials ha
perovskite-type structures, and are built around an oxy
octahedron. As such they can be expected to have sim
types of defects. For example, interstitial cationic defects
known not to exist in these types of structures, as dem
strated in earlier studies.25 Therefore only oxygen vacancie
and cation vacancies need to be considered. An oxygen
cancy will ionize to give two electrons as follows:26,27

~O22
O22!x5 1

2 O21~VO22!••12e8. ~1!

The above reaction uses the Kro¨ger-Vink notation,28 wherein
the structural element is represented as (SP)c, whereS is the
species,P is the crystallographic position andc is the charge;
x is for neutral, the prime implies a negative charge, an
implies a positive charge. Since, LSCO and PZT are b
p-type materials, i.e., holes are the majority electronic ca
ers, the electrons can recombine with the holes, i.e.,nil
5e81h•. To summarize, oxygen vacancies decrease
number of holes as follows, as is observed in these syste
16 022 ©1999 The American Physical Society
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2h•1~O22
O22!x5 1

2 O21~VO22!••. ~2!

Furthermore in PZT there are lead and oxygen vacancies
to PbO volatility, created via the Schottky reaction29,30

~Pb21
Pb21!x1@~O22

O22!x#5~VPb21!91@~VO22!••#1PbO.
~3!

Also, Pb21 ions can oxidize to Pb31, thereby creating a lead
site vacancy for every two oxidized Pb ions, as sho
below:31

3~Pb21
Pb21!x1O25~VPb21!912~Pb31

Pb21!•12PbO.
~4!

The oxidized Pb31 ions are singly positively charged hole
compared with the neutral lattice. These mobile holes wo
lead to a lowering of the electrical resistivity of the film an
to poor ferroelectric performance of the devices. Fina
some of the Ti41 ions can be present in the Ti31 state due to
oxygen loss, shown as

2~Ti41
Ti41!x1@~O22

O22!x#52~Ti31
Ti41!81@~VO22!••#

1 1
2 O2. ~5!

All these defects need to be considered when analyzing
interfacial and transport behavior of these materials, and
considered in our analysis of the current-voltage mec
nisms. Furthermore, in polycrystalline materials, gra
boundaries can increase defect concentrations, as de
strated in other materials.32 In PZT films this may give rise to
a distribution of energy states throughout its band gap, t
altering the band structure. To simplify our analysis a
eliminate any granularity effects, we worked with epitax
ferroelectric capacitors in this study.
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EXPERIMENTS

PZT capacitors with LSCO electrodes were fabricated
investigate the leakage current mechanism. Epita
PbZr0.2Ti0.8O3 thin-film capacitors with La0.5Sr0.5CoO3 elec-
trodes were grown at a temperature of 650 °C on~001!
LaAlO3 substrates by pulsed laser ablation. The thin-film
pacitor stacks were grown in an oxygen pressure of 1
m Torr, and after deposition cooled in 760-Torr oxygen. T
thickness of the PZT films was varied between 1200 to 36
Å ~in steps of 600 Å!, and the thickness of the LSCO ele
trodes was fixed at 1000 Å. To investigate the effect of do
ants, epitaxial Pb0.9La0.1Zr0.2Ti0.8O3 (;2000 Å) capacitors
with LSCO electrodes were also fabricated. The phase pu
of each of the stacks was confirmed by using x-ray diffra
tion. Figure 1 shows the x-ray-diffraction spectrum for
300-nm PZT film with LSCO electrodes. Note that stro

FIG. 1. X-ray-diffraction pattern for LSCO/PZT~300 nm!/
LSCO heterostructures. Inset showsf scans for LSCO and PZT
showing in-plane orientational symmetry.
re
nd
FIG. 2. ~a! I -V-T plots for a typical LSCO/PZT/LSCO capacitor showing nonlinearI -V characteristics and a positive temperatu
coefficient of the current.~b! s-V1/2-T plot ~s plotted on logarithmic scale! for a typical LSCO/PZT/LSCO capacitor showing linear tre
at fields higher than 105 V/cm.
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(00l ) reflections for LSCO and PZT are observed, alo
with smaller ~100! reflections of PZT corresponding to
minor fraction of a-axis domains. The inset shows thef
scans for the LSCO and PZT~101! reflection. The four peaks
separated by 90° indicate locking of in-plane orientatio
symmetry and cube on cube growth of the film. For electri
measurements, test capacitors with Pt dots of 50-mm diam-
eter on the LSCO top electrodes were delineated by a p
tolithographic lift-off process, followed by etching the un
covered top LSCO layer by nitric acid. Contact to the botto
electrode was achieved by capacitive coupling from a la
Pt contact on the wafer.

For all samples, polarization-voltage (P-V) loops were
measured using Radiant Technologies pulsed testing sy
~RT66A!. The leakage current through the capacitors w
measured using Keithley 617 programmable electrom
over a temperature range of 300–600 K. The ferroelec
capacitor was switched by increasing the applied voltag
610 V before measuring the leakage current from 0 to610
V. This method was adopted to prevent any contributio
from switching currents. Further, the steady-state leak
current was measured through a step voltage technique
a hold time of 1 min at each step. At each voltage, an av
age of five current readings was taken. Thus the trans
behavior in these capacitors cannot be attributed to dom
processes involving either 90° or 180° domains. 90° doma
are believed to be immobile during switching, while th
switching of 180° domains leads to a switching transi
current of a duration much shorter than the hold time use
this experiment~1 min!. Since our measurements are carri
out under steady-state conditions, we believe that the
rents measured in our experiments are primarily due to
transport of charged species.

RESULTS AND DISCUSSION

A number of conduction mechanisms are possible thro
thin insulating films depending on the microstructure, te
perature, thickness, and interelectrode barrier. More than
mechanism can simultaneously operate, or separate me
nisms can dominate at different conditions of field and te
perature. The current-voltage characteristics were ne
symmetric for all capacitors investigated with respect to vo
age polarity, as shown in Fig. 2~a!. The current densities
measured at 2 V and room temperature, for films 0.3-mm
thick, were of the order of 1025 A/cm2. Notice the tempera-
ture sensitivity of the conduction, specifically the positi
temperature coefficient, in Fig. 2~a!. This pronounced tem
perature dependence and exponentialI -V behavior rules out
the possibility of tunneling and space charge limited cond
tion. Further graphical analysis of the data in Fig. 2~a! indi-
cates that the conduction is Ohmic at fields lower than
kV/cm, and nonlinear at higher fields. Ohmic behavior h
been observed at low fields by other authors as well
~Ba,Sr!TiO3 SiO2, and TiO2 thin films.14,33–37However, the
behavior is not very clear in the field range between 104 and
105 V/cm, especially at lower temperatures. Though
ln s-V1/2 trend is linear in this range, at about 4 V there is an
increase in slope at lower temperatures, while there is a
crease in slope at higher temperatures as shown in Fig.
appears that more than one mechanism is operating in
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field range of 104– 105 V/cm. Beyond 105 V/cm, a similar
trend is observed for all temperatures indicating one do
nant leakage mechanism, which we have investigated in
study. In this field range, the lns-V1/2 trend is linear as seen
in Fig. 2~b!, indicating the possibility of either Schottky o
Poole-Frenkel emission.

Current transport in dielectric thin films at high fields an
temperatures is usually determined to be interface limi
Schottky emission or bulk-limited Poole-Frenk
emission.11–15,34Schottky emission is very similar to therm
onic emission from the metal surface into the vacuum, w
the following difference. In the case of Schottky emissio
the carriers are emitted from the electrode surface into
conduction band of the semiconductor, aided by the bar
lowering produced by the combined effect of the image fo
interaction and the applied field. The current-voltage re
tionship for the Schottky emission is given by38

J5A* T2 exp2~F2bSV1/2!/kT, ~6!

wherebs5(q3/4p«0Kd)1/2. A* is the modified Richardson
Dushman constant,F is the interfacial barrier height an
bsV

1/2 is the lowering of the barrier height due to the ima
force interaction and the applied field. Poole-Frenkel~PF!
emission is the field-assisted thermal ionization of trapp
carriers into the conduction band of the insulator, and the
conductivity is given by39

s5c exp2~EI2bPFV
1/2!/kT where

~7!
bPF5~q3/p«0Kd!1/2

and

s05c exp~2EI /kT! . ~8!

EI is the trap ionization energy, andbPFV
1/2 is the barrier

lowering due to applied field. It can be seen that their fun
tional relationships are similar but with one key differenc
The barrier lowering coefficientbPF in the case of Poole-
Frenkel emission is twice that of the Schottky-barrier low
ing coefficientbs . This is because of the fact that the di
tance between the escaping electron and the trap site, in
case of PF emission, is half that between the escaping e
tron and the image charge, in the case of Schottky emiss

FIG. 3. s-V1/2-T plot for a typical LSCO/PZT/LSCO capacito
at fields higher than 104 V/cm.
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Prior to analyzing the experimental data for the type
emission, we examined the possibility of formation of
Schottky barrier, considering a simple band diagram of
material systems used in this investigation. A Schottky b
rier is possible with ann-type semiconductor, if the work
function of metalFm is greater than the work function o
semiconductorFsc while it is reverse for ap-type semicon-
ductor (Fsc.Fm). The work function of LSCO is 4.6 eV.40

The work function of undoped PZT,FPZT is 3.5 eV,41 and
the band gap of PZT is about 3.5 eV.42 If one treats PZT as
a wide-band-gap semiconductor, then depending on the
ture of PZT~viz. p or n type!, a Schottky barrier may or ma
not be formed. These scenarios are discussed below.

Undoped PZT is reported to exhibitp-type conductivity,
which is attributed to lead vacancies in the PZT unit cel43

There is some scatter in the work-function data for P
~2.6–4.4 eV! and for LSCO@4.2 eV ~Ref. 5! to 4.6 eV~Ref.
40!# reported in the literature. If one believes the work fun
tion for PZT to be 2.6 eV~Ref. 31! or 3.5 eV, which are less
than that of LSCO~4.6 eV!, holes can flow from LSCO to
PZT, leading to accumulation, i.e., no Schottky barrier w
be formed. If the work function for PZT is larger than 4
eV, then a depletion layer will be formed. Figure 4 sho
energy-band diagrams ofp-type PZT with a work function of
4.4 eV, and LSCO with a work function of 4.2 eV before a
after contact. As such, holes would flow from PZT to LSC
and a depletion layer is formed at the interface that recti
holes@Fig. 4~b!#. The same argument would hold true for
electrodes (fPt55.3 eV) with PZT~when considering elec
tron exchange! and as such one would not expect a Schot
barrier. We note that several investigators have attributed
I -V characteristics of Pt/PZT/Pt to a Schottky-type conta
Therefore it would be premature to disregard the possib
of Schottky contact in the LSCO/PZT/LSCO case at t
stage.

FIG. 4. Band diagram of LSCO/PZT~p type! assuming an idea
interface.
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The second possibility is that, during the top electro
deposition, oxygen vacancies accumulate near the inter
making it ann-type region, in which case a Schottky barri
of height equal to the difference between the work functio
of LSCO, andn-type PZT will be formed. This is how one
can explain the additional formation of a Schottky barrier
Pt/PZT/Pt capacitors. However, irrespective of the type
PZT near the interface, any interface states present, dep
ing on the magnitude and nature, can have a deciding rol
the barrier formation.

In case there are ionized oxygen vacancies formed at
interface, there will be free electrons making the interfacn
type @see the defect chemistry equation~1!#, which could
then lead to a Schottky-type contact. Therefore, to inve
gate further the possibility of a Schottky-type contact, t
experimental data were analyzed as explained below.
distinction between Schottky and Poole-Frenkel emission
based on whether the effect is electrode or bulk domina
along with the respective activation energies that can be
lated to the difference in work function between the ele
trode material and the dielectric or possible traps in the
electric. The high-frequency dielectric constant obtain
from the slope of Schottky or Poole-Frenkel plots can a
indicate the possible mechanism.14 Though the current-
voltage data gave a linear fit to both Schottky and PF plo
the right order of the high-frequency dielectric constant
about 7 was obtained for all the films studied only from P
slopes. The high-frequency dielectric constant (n2) of
~Pb,La!TiO3 and BaTiO3 films at l50.4mm is about 6.5.44

Assuming PZT to have a similar value, the experimenta
obtained value of about 7 indicates that the observed con
tion mechanism is Poole-Frenkel emission.

The I -V measurements for PZT films of various thic
nesses show a linear voltage-thickness dependence for a
tain current as shown in Fig. 5. This indicates that the fi
strength is uniform throughout the film, and that the curre
depends on voltage and film thickness only through the e
tric field. Further, the voltage at which the linear trend
ln s-V1/2 plot starts reduces as the temperature is increa
as can be seen in Fig. 3. These observations verify that

FIG. 5. V-d plot for a current of 131027 Å in LSCO/PZT/
LSCO capacitor showing a linear trend indicating a uniform field
the bulk of PZT.
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emission is field and temperature activated, which are
characteristics of Poole-Frenkel emission.

The ionization energy of the traps obtained from the slo
of ln s0-1/T plots ~Fig. 6! are in the range of 0.5–0.6 eV fo
PZT and~Pb,La!ZrTiO3 capacitors. Note that the trap ioniza
tion energy in both ferroelectric films is similar, suggesti
that the trap center is common to them. This implies that
doping does not influence the leakage mechanism in P
based capacitors. Though not shown here, Nb doping
does not influence the trap activation energy. In PZT, th
are two cations that can change valence states: Pb an
The ionization energy for Pb ions@see Eq.~3!#31 is ;0.26
eV, which implies that Pb ions do not act as Poole-Fren

FIG. 6. s0-1/T plots for PZT and PLZT capacitors with LSCO
electrodes.
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centers in the high-temperature, high-field region. The i
ization energy of Ti41 to Ti31 is estimated to be;0.5 eV for
PZT.45 This indicates that Ti ions act as Poole-Frenkel ce
ters, and give rise to PF emission as follows@see Eq.~4!#:

Ti415Ti311h•. ~9!

The released holes give rise to PF conduction.

SUMMARY

The study of the leakage current mechanism through P
and PLZT capacitors shows that the conduction is Ohmic
low fields. At higher fields and temperatures,I -V plots are
nonlinear and nearly symmetric. The lns-V1/2 plots at high
temperatures and fields are linear, their slope yielding
value of 7 for the dielectric constant of PZT and PLZT film
This indicates that the mechanism of conduction could be
bulk-limited Poole-Frenkel emission at high fields and te
peratures. The fact that the electric field is uniform in t
ferroelectric film and that both temperature and field activ
the current further confirms the mechanism to be Poo
Frenkel emission. The trap ionization energies calcula
from the slope of lns0-1/T plots, are in the range 0.5–0.6 e
for PZT and PLZT capacitors. This suggests that the sa
trap center acts as the Poole-Frenkel center in both PZT
PLZT films. The fact that the ionization energy of Ti41 to
Ti31 is ;0.5 eV suggests that Ti41 could be the possible PF
center. The absence of a space-charge region at the inte
could be the reason for good fatigue and imprint charac
istics in these capacitors.
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28F. A. Kröger and H. J. Vink, inSolid State Physics—Advances
Research and Applications, edited by F. Seitz and T. Turnbu
~Academic, New York, 1957!, Vol. 3, pp. 307–435.

29R. L. Holman and R. M. Fulrath, J. Appl. Phys.44, 5227~1973!.
30S. Fushimi and T. Ikeda, J. Am. Ceram. Soc.50, 129 ~1967!.
31W. L. Warren, D. M. Smyth, J. Robertson, D. Dimos, C.

Seager, B. A. Tuttle, and G. E. Pike,~unpublished!.
32R. Waser and D. M. Smyth, inFerroelectric Thin Films: Synthe-

sis and Basic Properties, edited by C. A. P. Araujo, J. F. Scot
and G. W. Taylor~Gordon and Breach, Singapore, 1996!, pp.
47–92.

33H. Hirose and Y. Wada, Jpn. J. Appl. Phys.3, 179 ~1964!.
34T. E. Hartman, J. G. Blair, and R. Bauer, J. Appl. Phys.37, 2468

~1966!.
35Y. Katsuta, A. E. Hill, A. M. Phahle, and J. H. Calderwood, Th
Solid Films18, 53 ~1973!.

36G. M. Rao and S. B. Krupanidhi, J. Appl. Phys.75, 2604~1994!.
37C. J. Peng, H. Hu, and S. B. Krupanidhi, Appl. Phys. Lett.63,

1038 ~1993!.
38M. Ohring,The Materials Science of Thin Films~Academic, New

York, 1992!, pp. 462–472.
39J. J. O’Dwyer,The Theory of Electrical Conduction and Brea

down in Solid Dielectrics~Clarendon, Oxford, 1973!, pp. 236–
256.

40B. Chalamala, S. Aggarwal, and R. Ramesh~unpublished!.
41J. A. Bullington, M. D. Ivey, and J. T. Evans, inProceedings of

the First Symposium on Integrated Ferroelectrics, Colora
Springs~Gordon and Breach, Chur, Switzerland, 1989!, p. 201.

42S. E. Bernacki, inFerroelectric Thin Films II, edited by A. I.
Kingon, E. R. Myers, and B. Tuttle, MRS Symposia Procee
ings No. 243~Material Research Society, Pittsburgh, 1992!, p.
135.

43R. Gerson and H. Jaffe, J. Phys. Chem. Solids24, 979 ~1963!.
44Ferroelectrics and Related Substances. Non-Oxides, edited by

K.-H. Hellwege and O. Madelung, Landolt-Bornstein, New S
ries, Group III, Vol. 28, Pt. b~Springer-Verlag, Berlin, 1991!,
pp. 232 and 238.

45W. L. Warren~private communication!.


