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Leakage current and relaxation characteristics of highly „111…-oriented lead
calcium titanate thin films
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Highly ~111!-oriented (Pb0.76Ca0.24)TiO3 ~PCT! thin films were grown on Pt/Ti/SiO2 /Si substrates
by a sol–gel process. The Au/PCT/Pt metal–insulator–metal film capacitor showed well-saturated
hysteresis loops at an applied field of 800 kV/cm with remanent polarization (Pr) and coercive
electric field (Ec) values of 18.2mC/cm2 and 210 kV/cm, respectively. The leakage current
depended on the voltage polarity. At low electrical field and with Pt electrode biased negatively, the
Pt/PCT interface exhibits a Schottky emission characteristics. The Au/PCT interface forms an ohmic
contact. The conduction current when the Au electrode is biased negatively shows a
space-charge-limited behavior. The dielectric relaxation current behavior of Au/PCT/Pt capacitor
obeys the well-known Curie–von Schweidler law at low electric field. At higher fields, the currents
have contributions to both dielectric relaxation current and leakage current. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1611627#
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I. INTRODUCTION

Much attention has been paid to the application of fer
electric thin films, such as PbTiO3 , Pb(Zr,Ti)O3 and
(Ba,Sr)TiO3 because of their piezoelectric, dielectri
electro-optical, and pyroelectric properties. Lead calcium
tanate (Pb,Ca)TiO3 ~PCT! is a promising candidate for pi
ezoelectric and pyroelectric sensor materials.1 PCT ceramics
have been extensively investigated in view of high-freque
transducer and hydrophone applications.2,3 PCT films are
better than PbTiO3 films in pyroelectric infrared detecto
performance4 and porous PCT films have high figure-o
merit for pyroelectric applications.5 Recent investigations
have shown that the piezoelectric properties of (Pb,Ca)T3

films with 24-mol % Ca are close to those of correspond
bulk ceramics.6–8 PCT thin films have decreased tetragon
ity and can maintain good ferroelectric, piezoelectric, a
pyroelectric properties.5–9 However, the leakage curren
characteristics of PCT thin films on Pt-coated silicon ha
not been studied extensively. In this work, the relaxation a
leakage current mechanism of highly~111!-oriented
(Pb0.76Ca0.24)TiO3 ~PCT! thin films on Pt/Ti/SiO2 /Si sub-
strates are reported.

II. EXPERIMENT

Ferroelectric (Pb0.76Ca0.24)TiO3 thin films were prepared
by a sol–gel method with a spin-coating process. Details
the sol–gel process and its use for the deposition of the fe
electric thin films may be found elsewhere.8 The 0.2-M/L
PCT coating solution was deposited onto Pt/Ti/SiO2 /Si sub-
strates by spin coating at 3600 rpm for 30 s. After ea
spin-coating process, the samples were heat-treated at 30
for 10 min in an air atmosphere by using a hot plate. T
step was repeated several times to obtain the desired

a!Electronic mail: apxgtang@polyu.edu.hk
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thickness. The PCT films on Pt/Ti/SiO2 /Si substrates were
annealed at 600 °C for 10 min by rapid thermal anneal
~RTA! in oxygen atmosphere. The heating rate was 100 °C
The thickness of the highly~111!-oriented PCT films with
four layers on Pt(111)/Ti/SiO2 /Si(100) substrates, as mea
sured by a spectroscopic ellipsometer~ISA Obin-Yvon,
UVISEL/460, France!, was 200 nm. The surface roughne
was 1.2 nm.

The crystalline phase of the PCT film was determined
x-ray diffraction~XRD! ~Philips PW3710, CuKa). To inves-
tigate the electrical properties of the PCT thin films, top ele
trodes of gold~Au! of 0.2-mm diameter were prepared on th
PCT films through a shadow mask in a vacuum rf-magnet
sputtering system. The polarization–electric-field (P–E)
hysteresis loop was obtained using a TF Analyzer 2000~aix-
ACCT, Aachen, Germany! system with a 1-kHz sinusoida
input signal. TheI –V characteristics of the Au/PCT/Pt ca
pacitor under different applied fields and with the Pt ele
trode under either positive or negative bias voltages w
measured at room temperature by a Keithley 6517A p
grammable electrometer. A dc voltage was then applied
the thin film with the positive or negative potential connect
to the Pt and maintained for 3 s, and the dielectric relaxat
current versus time characteristics of the Au/PCT/Pt cap
tor were measured after removal of the dc field.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the PCT thin fil
with a thickness of 200 nm. Inset shows the splitting of t
~101!/~110! doublet. It can be seen that the~001!, ~100!,
~101!, ~110!, ~111!, ~002!, ~200!, ~112!, and~211! peaks were
detected for the PCT film on Pt/Ti/SiO2 /Si substrate. A
highly ~111! oriented perovskite PCT film was formed. A
indicated by the splitting of the~001!/~100!, ~101!/~110!,
~002!/~200!, and ~112!/~211! doublets, which suggests th
3 © 2003 American Institute of Physics
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presence of the tetragonal structure in the crystallized fil
Tani et al.10 suggested that whenever the Ti from the ad
sion layer formed Pt3Ti on the surface, a~111! perovskite
texture was obtained. Pt3Ti is believed to alter the surfac
energy and lattice spacing so as to promote crystallizatio
~111! perovskite phase due to its B-site cation positi
matching and lattice matching with the cubic Pt3Ti structure.
Gonzalezet al.11 also reported that PCT thin films crysta
lized with ~111! texture as induced by the Pt3Ti(111). In this
Pt3Ti cubic structure, the Ti–Ti distance in the~111! plane is
5.55 Å. For the Pb0.76Ca0.24TiO3 perovskite, the Ti–Ti dis-
tance in the~111! plane is 5.52 Å. Thus, the nuclei have
preferred~111! orientation owing to the cubic Pt3Pb is acting
as a lattice-matching buffer layer between the Pt and P
When the film has this perovskite seeding layer, the act
tion energy for the crystallization of the films decreases
the film is then subjected to a higher temperature heat tr
ment, the~111! nuclei will grow and strong~111! texture
develops.

Figure 2 shows a typicalP–E hysteresis loops for the
PCT film on a Pt/Ti/SiO2 /Si(100) substrate. The remane
polarization (Pr) and the coercive electric field (Ec) ob-
tained from theP–E hysteresis loops, are 18.2mC/cm2 and
210 kV/cm, respectively, for an applied electric field of 8
kV/cm. It shows that the highly~111!-oriented PCT film on
Pt/Ti/SiO2 /Si substrate prepared by the sol–gel process
have good ferroelectric properties. A lowPr of 6 mC/cm2

has been reported for PCT~24! films on Pt-coated silicon
substrate.7 A high Pr value of 41mC/cm2 was reported for
c-axis oriented PCT~30! films on Pt-coated MgO substrate
using multiple-cathode sputtering, and theEc is about 400
kV/cm.12

From Fig. 2, it is seen that the symmetry center of
P–E hysteresis loop shifts in a direction of negative voltag
The negative and positive coercive voltages (Vc) are24.41
and 3.97 V, respectively. The imprint voltage, defined
@1Vc1(2Vc)#/2, is estimated to be20.22 V. Warren
et al.13 suggested that the voltage shift arose from the tr

FIG. 1. XRD pattern of the PCT film on a Pt/Ti/SiO2 /Si substrate. Each
layer of the sample was heat-treated at 300 °C for 10 min in air using a
plate, and the film was annealed at 600 °C for 10 min by RTA in oxyg
atmosphere. Inset shows the splitting of the~101!/~110! doublet.
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ping of electrons at defect sites near the film/electrode in
face. The trapped electrons then stabilized the existing
main configuration against switching. Another origin of th
voltage shift is related to the magnitude of polarization14

The polarization constitutes an electrostatic potential w
that attracts the electronic charge carriers, where they
trapped at near interfacial defect sites. A larger reman
polarization represents a deeper potential well, and con
quently the trapping of charge carriers is more effective.
the voltage shift is related to the top and bottom electro
difference, the magnitude of polarization and/or the con
bution of defect-dipole complexes.

Figure 3 shows the current density as a function of vo
age when the Pt electrode is negatively and positively bia
in the voltage range of25 to 5 V. The leakage current den
sity was lower than 131027 A/cm2 over the voltage range
of 0 to 65 V, indicating that the film has good insulatin
property. The leakage current when the Pt electrode was
der a positive bias voltage was a little higher than when

ot
n

FIG. 2. Typical hysteresis loops for the highly~111!-oriented PCT thin film
on a Pt/Ti/SiO2 /Si substrate annealed at 600 °C for 10 min in oxygen
mosphere by RTA.

FIG. 3. Leakage current density vs. voltage characteristic for the Au/PC
thin-film capacitor.
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Pt electrode was under a negative bias voltage. In fact,
leakage currents in two opposite directions were limited
the interfaces between the film and the Pt or
electrodes,15,16respectively. The positive leakage current w
limited by the interface between the Pt bottom electrode
the PCT film~the bottom interface!, while the negative leak-
age current was limited by the interface between the Au
electrode and the PCT film~the top interface!. When the
applied bias voltage was higher~or lower! than 4.35 V
(24.40 V), the leakage current density decreases with
creased bias voltage~see Fig. 3!. From Fig. 2, we can see
that this value is close to the coercive voltage (24.41 and
3.97 V! which indicates that the polarization reversal induc
the change in leakage current.

The leakage current depends on the bias polarity. A
result, the conduction mechanism should be electrode lim
for at least one of the metal–insulator junctions. T
Schottky emission can be expressed as logJ ~whereJ is the
leakage current density! being proportional to the square ro
of applied electrical field (E).17,18 The space-charge-limite
current~SCLC! can be expressed as logJ being proportional
to logE.18 Figure 4 shows the plot of logJ versus electrical
field (E)1/2 with the Pt electrode biased with negative volta
for the Au/PCT/Pt thin-film capacitor. The leakage curre
shows a Schottky emission behavior. The PCT/Pt interf
forms a Schottky barrier under an electric field range fr
22.5 to 220 kV/cm.

Figure 5 shows the plot of logJ versus logE with the Au
electrode negatively biased for the Au/PCT/Pt thin-film c
pacitor. The slope is close to 1 in the low electric fie
(,35 kV/cm) region. The Au/PCT contact is thus ohmic
low electric field. At an electric field range from 35 to 10
kV/cm, for the Au electrode biased at negative voltage~not
shown!, as well as for a Pt electrode biased at negative v
age ~with the logJ versusE0.5 plot shown in Fig. 4!, both
agree well with the Schottky emission characteristics.
higher bias voltages above 2.1 V, the logJ versus logE plot
shows a slope close to 2.6, which agrees well with the SC
theory.18 From Figs. 2–5, it can be seen that the trap-fill

FIG. 4. LogJ vs. E1/2 plot when the Pt bottom electrode of the Au/PCT/
thin-film capacitor was under a negative bias.
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limit voltage (VTFL) is 4.35 V, which is close to the averag
value of the coercive electric voltages (;4.2 V).

Figure 6 shows the current–time characteristics for
electric relaxation current after different voltages have be
applied to the bottom Pt electrodes. The relaxation curr
measured at low field~150 and 250 kV/cm! indicates the
contribution of pure dielectric relaxation current. Th
current–time decay obeys the well-known Curie–Von S
weidler law,19 J5J01Jst

2n whereJs is the steady-state cur
rent density,n equal to the slope of the log–log plot, andt is
time. The exponents,n, are found to be 0.52 and 0.65 fo
this film, respectively, at 150 and 250 kV/cm. The three p
sible mechanisms for the Curie–Von Schweidler law a
well-known as space-charge trapping, relaxation time dis
bution, and electrical charge hopping.20 As positive potential
was applied to the Pt bottom electrode at low field, it ind
cates the contribution of pure relaxation current. At a high
field ~300 kV/cm!, the current has contributions from bot
pure dielectric relaxation current and leakage current,21 the
leakage current is affected by oxygen vacancy concentra
and the magnitude of polarization.

FIG. 5. LogJ vs. logE plot when the Au electrode of the Au/PCT/Pt thin
film capacitor was under a negative bias.

FIG. 6. Dielectric relaxation current of the Au/PCT/Pt capacitor with diffe
ent positive bias voltages applied to the Pt bottom electrode.
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Figure 7 shows the current–time characteristics for
electric relaxation current at different voltages with positi
voltage applied to the Au top electrode. The relaxation c
rents measured at low field~200 kV/cm! indicates the con-
tribution of pure dielectric relaxation current. At higher field
~250 and 300 kV/cm!, the current has contributions from
both dielectric relaxation current and leakage current. Fr
the results, the leakage currents include effects of oxy
vacancy concentration, the magnitude of polarization, sp
charge trapping, electrical charge hopping, and/or the co
bution of defect-dipole complexes.

IV. CONCLUSIONS

The highly~111!-oriented PCT film studied in this work
has a remanent polarization and coercive electric field
18.2mC/cm2 and 210 kV/cm, respectively. The leakage cu
rent density of the highly~111!-oriented PCT film was less
than 131027 A/cm2. The leakage current depended on t
polarity of the applied voltage. At low electrical field an
with the Pt electrode biased negatively, the Pt/PCT interf
forms a Schottky barrier, while the Au/PCT interface form
an ohmic contact. The conduction current when the Au e

FIG. 7. Dielectric relaxation current of the Au/PCT/Pt capacitor with diffe
ent positive bias voltages applied to the Au top electrode.
i-

r-

m
n

ce
ri-

f
-

e

c-

trode is biased negatively shows space-charge-limited be
ior. The dielectric relaxation current behavior of the A
PCT/Pt capacitor obeys the well-known Curie–Vo
Schweidler law at low electric field. The leakage curren
include the effect of oxygen vacancy concentration, the m
nitude of polarization, space charge trapping, electri
charge hopping, and/or the contribution of defect-dipo
complexes.
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