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Abstract

Sol–gel derived Pb La TiO thin films were deposited on Pt, PtySi, RuO yPtySi and RuO ySi bottom electrodes. The0.85 0.15 3 2 2

structural and microstructural characteristics of the films were studied using X-ray diffraction and atomic force microscopy
techniques. Dielectric, ferroelectric and leakage current characteristics were evaluated and depth profile Auger electron spectroscopy
was used to obtain direct evidence for reactivity and compositional changes at the filmyelectrode interface and determine their
effect on the ferroelectric and dielectric properties of films. Films deposited on Pt electrode showed a relatively higher dielectric
constant of approximately 1300, while the films on RuO exhibited lower dielectric constant of only 470. J–t characteristics with2

leakage current of approximately 10 Aycm under low biasing field (10 kVycm) was observed for the films under study. They8 2

steady state field dependent dc conductivity was examined by the measurement of J–E characteristics. At very low fields (-30
kVycm) films followed ohmic behavior and was fitted with a space-charge-limited conduction mechanism in the intermediate
fields (30–60 kVycm). The on-set voltage for the non-linearity was considered as V using which, the trap concentrationTFL

estimated for films on RuO ySi electrode was 1.23=10 cm . Observed current characteristics have been correlated with large17 y3
2

interfacial resistance at the film–electrode boundary. In the case of RuO bottom electrodes, the dielectric and ferroelectric2

properties are correlated with the electrode characteristics and Si diffusion at the film–electrode interface. � 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Lead lanthanum titanate (PLT) is one of the most
important ferroelectric materials because of its excellent
dielectric, ferroelectric, pyroelectric and electro-optic
properties. PLT thin films have been widely studied for
applications in dynamic random access memories
(DRAM), uncooled infrared detectors and electro-optic
devices w1–4x. Several growth methods, including rf-
sputtering w5x, sol–gel w6x, pulsed laser deposition w7x,
and chemical vapor deposition w8x were used to deposit
PLT thin films. However, the sol–gel route, a versatile
method of preparing thin films, with several advantages,
as low processing temperature, non-vacuum process,
low cost equipment required, and large area deposition.

*Corresponding author. Tel.: q1-787-751-4210; fax: q1-787-764-
2571.
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In determining the performance of a ferroelectric thin
film capacitor, electrodes (especially the bottom elec-
trode) play an important role. The structural and electri-
cal properties such as leakage current, dielectric
properties, surface roughness, fatigue and thermal sta-
bility are strongly related to the nature and state of the
bottom electrode w9–12x. Therefore, several kinds of
metal oxide and metallic compound electrodes have
been suggested as alternatives to pure metal electrodes.
Reports in the literature show that the RuO bottom2

electrode reduced lattice mismatch and suppressed
fatigue in ferroelectric thin films w9–11,13,14x. We have
prepared highly conductive, polycrystalline RuO bot-2

tom electrodes on platinized silicon and crystalline
silicon substrates. In the present study, we have inves-
tigated dielectric and ferroelectric response of sol–gel
derived Pb La TiO (PLT15) thin films on Pt, Pty0.85 0.15 3

TiO ySiO ySi, RuO yPtyTiO ySiO ySi, and RuO ySi2 2 2 2 2 2
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Fig. 1. The X-ray diffractograms of PLT15 thin films deposited on
(a) Pt and PtySi, (b) RuO on Si and PtySi bottom electrodes.2

bottom electrodes. Direct evidence for reactive and
interfacial compositional changes investigated by depth
profile Auger electron spectroscopy was correlated with
the ferroelectric and dielectric properties of films on
different bottom electrodes.

2. Experimental methods

2.1. Thin film preparation

The PLT15 precursor used in the present study was
synthesized based on the chemical formula
Pb La TiO from lead acetate trihydrate, La-acetate0.90 0.15 3

and Ti-isopropoxide. The details of the sol preparation
are reported elsewhere w15x. The prepared sol was
diluted with glacial acetic acid to a concentration of
0.25 molyl and used for coating. The sol was spun
coated at 3000 rev.ymin for 20 s to form a uniform gel
film on various bottom electrodes. For the removal of
organics, the deposited films were directly inserted into
a furnace pre-heated to a temperature of 650 8C. The
coating and firing process was repeated to obtain films
of approximately 1 mm thickness. Finally the films were
annealed at 700 8C for crystallization in the perovskite
phase. Both the firing and annealing operations were
performed in flowing oxygen ambient.
The Pt bottom electrode used in our study was surface

finished platinum foil (1.0 cm=0.5 cm=0.2 mm)
obtained by hand polishing with alumina powder. Pt
(400 nm)yTiO (100 nm)ySiO ySi substrates were com-2 2

mercially purchased from Radiant Tech. Inc. All sub-
strates were cleaned with acetone and absolute alcohol
prior to deposition of PLT15 thin films. RuCl .x.H O3 2

was used as a precursor material for preparing RuO2
bottom electrodes on Si and PtyTiO ySiO ySi (and2 2

henceforth will be referred to in the text as PtySi)
substrates. Prior to film deposition, Si and PtySi sub-
strates were cleaned in an ultrasonic environment in
acetone and absolute alcohol. PtySi and Si substrates
were spin coated with RuO precursor solution, fired at2

600 8C for 10 min and finally the films were annealed
at 600 8C for 30 min in oxygen ambient; films so
prepared were 0.7 mm thick. Details of the film prepa-
ration and characterization are described elsewhere w16x.

2.2. Film characterization

Phase analysis was performed using X-ray diffracto-
meter (Siemens D5000) with CuKa radiation (1.5405
A). The crystallite sizes in the films were calculated˚
from the X-ray diffractograms using Scherrer’s equation
w17x. The surface morphology of the films was imaged
in non-contact mode using atomic force microscopy
(Nanoscope IIIa Multimode AFM Digital Instruments).
The composition depth profile of the PLT15 films was

analyzed by Auger electron spectroscopy (Perkin-Elmer
PHI610).
For electrical measurements, Au top electrodes of 0.5

mm diameter were deposited on the surface of the
PLT15 thin films. The dielectric properties of the films
were then measured (1 kHz to 1 MHz) at room
temperature with an impedance analyzer HP4294A
(from Agilent Tech. Inc.). The P–E hysteresis charac-
teristics of PLT15 capacitors were obtained using the
RT6000HVS ferroelectric tester (Radiant Tech. Inc.) in
the virtual ground mode. I–V and I–t measurements
were carried out by using computer controlled Keithley
6517A Electrometer.

3. Results and discussion

3.1. Structural and surface morphology characteristics

The structural and microstructural characteristics of
PLT15 thin films on various bottom electrodes were
studied using X-ray diffraction (XRD) and atomic force
microscopy (AFM) techniques. Fig. 1 shows the X-ray
diffractograms of PLT15 thin films deposited on (a) Pt
and PtySi, and (b) RuO on Si and PtySi bottom2

electrodes. All the peaks in the X-ray are indexed with
the film and substrate diffraction planes. Films deposited
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Table 1
The crystallite size, b the degree of preferred orientation
I yw{I qI }x and surface roughness of PLT15 thin films on100 100 110( ) ( ) ( )

various bottom electrodes

Bottom Crystallite b (%) Image roughness
electrodes size (A)˚ (nm)

Pt 315 24 2.39
PtySi 291 20 2.49
RuO yPtySi2 497 68 2.14
RuO ySi2 464 85 2.16

Fig. 2. The AFM images of PLT15 films on (a) Pt, (b) PtySi, (c)
RuO yPtySi and (d) RuO ySi electrodes.2 2

(annealed at 700 8C) on Pt and PtySi substrates exhib-
ited a normal polycrystalline perovskite structure, with
the main diffraction peaks characteristic of (110) direc-
tion. This behavior on PLT and other Pb-based perov-
skite films was found to be consistent with that reported
elsewhere w15x. Fig. 1b shows the XRD data obtained
on PLT15 films deposited on RuO ySi and RuO yPtySi2 2

substrates. Both films exhibited a preferred orientation
along (100), even though the films were annealed at the
same temperature of 700 8C, similar to the films on Pt
and PtySi. This difference in the nature of crystallization
can be attributed to possible differences in surface
morphology, crystallite orientation and the surface ener-
gy of Pt and RuO bottom electrodes. It is also worth2

mentioning that the absence of tetragonal split in the
XRD indicates the shifting of perovskite towards pseu-
do-cubic structure, possibly due to small grain size.
Table 1 summarizes the crystallite size of the different
films obtained from the X-ray data using Scherrer’s
equation w17x and b (degree of preferred orientation)
expressed as I yw{I qI }x. In addition, films100 100 110( ) ( ) ( )

deposited on RuO electrodes show larger crystallites2

and strong (100) preferred orientation.
Fig. 2 shows the AFM images of PLT15 thin films

on (a) Pt, (b) PtySi, (c) RuO yPtySi, and (d) RuO y2 2

Si, respectively. All images showed almost similar sur-
face morphology with dense, uniform microstructure,
and low surface roughness (;2 nm). Films on RuO y2
Si electrode show slightly larger grain growth compared
with Pt electrode. Films on RuO bottom electrodes2

show slightly lower surface roughness compared to films
on Pt and PtySi electrodes (Table 1). Overall films
show good microstructure with no discontinuities in
terms of pinholes and microcracks. No significant
change in the surface morphology was observed for the
films deposited on different electrodes in the current
regime of magnification.

3.2. Auger electron spectroscopy (AES) depth profile

Depth profile AES was used to obtain direct evidence
for reactive and interfacial compositional changes and
its effect on the ferroelectric and dielectric properties of
films. The Auger spectra were obtained in the derivative
mode (dNydE) in the energy range of 0–1000 eV.

During data acquisition the primary electron energy and
the modulation voltage to the outer cylinder of the
cylindrical mirror analyzer were maintained at 3 keV
and 2.2 eV peak to peak, respectively, for best resolution.
Argon gas was introduced into the analyzer chamber
until the argon and residual gas pressure reached
4.5=10 torr. Sputtering was carried out with a 3 keVy8

Ar beam with a filament current of 2 mA dc over anq

area of 4 mm of ;5 mAycm beam current density. In2 2

all cases, the sputter etch rates were kept constant (;40
Aymin). Sputter profiling is a destructive method and˚
has some inherent problems such as mixing w18x and
preferential sputtering w19x. However, working with a
series of samples with systematic features, such effects
are of secondary importance compared with the direct
evidence for reactive and interfacial compositional
changes that are obtained from a side by side
comparison.
Fig. 3 shows the AES depth profile for the PLT15

thin films on (a) Pt and RuO ySi bottom electrodes.2

The analyzed Auger electron energy and transition level
of each element are as follows: Pb (MNN; 92 eV), Ti
(LNN; 418 eV), O (KLL; 508 eV), La (MNN; 625
eV), Ru (MNN; 273 eV) and Si (MNN; 1606 eV). The
atomic concentration of elements as a function of film
depth from Auger spectra were investigated. From the
depth profile analysis, the film is divided into three
regions: the surface, the bulk film and the interface. We
focus our analysis and interpretation on the region of
film-electrode interface. Fig. 3a shows the Auger depth
profile of the PLT15 thin film on Pt electrode. A
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Fig. 3. AES depth profile of the PLT15 thin films on (a) Pt and (b)
RuO ySi bottom electrodes.2

Fig. 4. (a) Dielectric constant and (b) tangent loss as a function of
frequency of PLT15 thin film on Pt, PtySi and RuO bottom2

electrodes.

platinum electrode is generally vulnerable to diffusion
of elements that causes adverse reactions at the interface
and degradation of mechanical integrity. As seen from
the spectra there are no such chemical reactions of the
Pt bottom electrode with the underlying ferroelectric
thin film. In other words, the metallic nature of the
platinum bottom electrode is preserved. In the case of
PtySi as the bottom electrode the surface resistivity of
a thin Pt layer on PtySi electrode may be different from
the bulk Pt substrate. Such change could determine the
nature of contact at film-electrode junction. Fig. 3b
shows the depth profile of PLT15 films on RuO ySi2

bottom electrode. It is clearly identified in the spectra
that oxygen content is drastically reduced in RuO –PLT2

electrode interface. It is generally known that the oxygen
content in RuO film significantly affects the resistivity2

of the films w20x. This indicates that RuO films depos-2

ited on Si substrates undergo chemical reactions at the
RuO –Si interface. The oxygen deficient ruthenium2

oxide films affected the resistivity of the bottom elec-
trode leading to a poor film-electrode interface. This is
may be due to high temperature processing involved in
the preparation of PLT15 thin films (;700 8C) which

causes silicon diffusion and leads to poor electrode
characteristics. Such oxygen deficient ruthenium oxide
films degrade the electrical properties of the bottom
electrode and in turn the film properties w25x. The
observed inferior dielectric and ferroelectric properties
of PLT15 films deposited on these RuO bottom elec-2

trodes can be strongly attributed to the poor electrode
characteristics and Si diffusion at the film–electrode
interface. These results can be related to the high
processing temperature of RuO films (;700 8C) depos-2

ited by the chemical solution technique.

3.3. Electrical characterization

3.3.1. Dielectric properties
Fig. 4a shows the variation of dielectric constant and

(b) dielectric loss (tan d), with frequency (ranging
between 1 kHz and 1 MHz) for PLT15 thin film on Pt,
PtySi and RuO bottom electrodes, respectively. Films2

deposited on Pt electrode showed a relatively higher
dielectric constant of approximately 1300, (100 kHz),
while the films on RuO exhibited lower dielectric2

constant of only 470 (100 kHz). It may also be noted
from the present data that the variation of dielectric
parameters for films on RuO ySi was quite significant,2

where as the films on other substrates (Pt, PtySi) showed
little or no dependence on the measuring frequency.
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Fig. 5. P–E hysteresis loops of PLT15 thin films on (a) Pt, (b) PtySi,
(c) RuO yPtySi and (d) RuO ySi bottom electrodes.2 2

Table 2
Maximum (P ) and remnant ("P ) polarization values of PLT15 thin films on various bottom electrodes from the P–E hysteresis measurementsm r

Bottom electrodes P (mCycm )2m qP (mCycm )2r yP (mCycm )2r

Pt 68 q46 y45
PtySi 55 q24 y26
RuO yPtySi2 32 q10 y15
RuO ySi2 12 q4 y5

The increase in dielectric constant and tangent loss at
very low frequencies can generally be associated with
the influence of space charge. This may be true in the
present case of RuO ySi substrates. In addition, the2

interface formation at the junction of RuO and PLT2

films is believed to play a major role in influencing the
dielectric response. The presence of such an interface
layer is arising from the chemical reaction at the RuO y2
Si interface w21x (Fig. 3b). Any such interface in series
with the high dielectric constant layer often lowers the
effective dielectric constant w22x consistent with the
present observation. In the case of PLT15 films on
RuO ySi, it is likely, that numerous trap centers are2

present in the interface layer and accumulate space
charge w23,24x which also may be responsible for the
observed higher dielectric losses, in comparison with
films on Pt and PtySi substrates w25x.

3.3.2. Ferroelectric properties
The polarization switching behavior of PLT15 films

on different bottom electrodes was observed in terms of
P–E hysteresis loops. Fig. 5 shows the P–E hysteresis
loops of PLT15 thin films deposited on (a) Pt, (b) Pty
Si, (c) RuO yPtySi, and (d) RuO ySi bottom electrodes,2 2

respectively. Films on Pt show good ferroelectric prop-

erties with high values of P and P values, 68 and 46m r

mCycm , respectively. Films on PtySi show lower polar-2

ization values and exhibit a non-saturating behavior in
a hysteresis loop. PLT15 films deposited on RuO2
electrodes showed inferior ferroelectric properties in
terms of irregular loop shape and low polarization
values. The P–E loops for PLT15 films on RuO yPtySi2

and RuO ySi electrodes are shown in Fig. 5c and d2

respectively. Films exhibit very low polarization values
and the shape of the loops indicate high DC leakage
contribution to the hysteresis loop as compared with
films of Pt electrodes. In general, the non-saturation
behavior in hysteresis characteristics can arise from
several sources, including residual stress in the films,
presence of depolarizing fields and the domination of
conduction over polarization switching currents. It has
been observed from the AES data (Fig. 3a,b) that the
PLT15 films undergo significant interface reaction on
RuO ySi bottom electrode. The presence of such an2

interface layer with the applied electric field can offer
sizable capacitance that can interfere with the applied
field. In addition, the possible presence of trap centers
in the interface can accommodate accumulated space
charge, that can develop a localized space charge field.
These fields can oppose the applied electric fields and
cause a non-saturation in the polarization hysteresis.
Table 2 summarizes the values of P , "P for them r

PLT15 thin films deposited on different bottom
electrodes.
The current–voltage C–V measurements were per-

formed at 1 MHz frequency with the different ramps of
sweep voltages and the results for PLT15 thin films on
various bottom electrodes are shown in Fig. 6. The
dependence of capacitance vs. voltage has a strongly
pronounced non-linear character, that is typical for
ferroelectric materials and is believed to arise from
domain wall switching. To a first approximation the
dependence of C–V may be written as follows:

Ž .C V s´ ´ AydqdPydV (1)lin 0

where ´ is the linear dielectric constant, ´ is thelin 0

dielectric constant, A is the electrode area, d is the film
thickness, P is the polarization, and V is the voltage.
The maximum values of capacitance is observed in the
vicinity of the switching of the spontaneous polarization.
With the increase in the applied field, the number of
domains decreases, the capacitance component in Eq.
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Fig. 6. Typical C–V characteristics for the PLT15 thin films on various
bottom electrodes.

Fig. 7. A set of J–t transient characteristics measured with constant stress voltages for PLT15 films on (a) Pt, (b) PtySi, (c) RuO yPtySi and (d)2

RuO ySi bottom electrodes.2

(1) for ferroelectric polarization decreases and the
capacitance of the structure is primarily determined by
the linear capacitance component. The C–V curves for
the films on Pt and PtySi bottom electrodes have
pronounced symmetry and relatively sharp features aris-
ing from the switching of the spontaneous polarization.
A non-saturating behavior was noticed for PLT15 films
deposited on RuO bottom electrodes, which can be2

associated with the presence of a disturbed layer at the
filmysubstrate interface. Due to the lower dielectric
constant of the interfacial layer, it is anticipated to have
an accumulation of space charge w24,26x and influence
the total capacitance behavior in terms of non-saturation
and reduced contributions from domain wall switching
w27,28x.

3.3.3. Leakage current behavior
In terms of C–V characteristics, the study of leakage

behavior is crucial for ferroelectric thin films. Prior to
that, to recognize the true leakage regime in equilibrium,
we have studied the time domain response in terms of
I–t characteristics. A set of J–t transient characteristics
measured with constant stress voltages for PLT15 films
on (a) Pt, (b) PtySi, (c) RuO yPtySi and (d) RuO ySi2 2

bottom electrodes are shown in Fig. 7. At low bias
voltages below 2 V (corresponding to an electric field
of ;20 kVycm), the transient current decreases expo-
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Fig. 8. J–E characteristics of PLT15 thin films on different electrodes.

nentially with time and finally reaches a saturated steady
state value. The result is consistent with other observa-
tions and obeys Curie–Von Schweidler law w29–33x.
When the voltage is raised to a higher value the transient
current fluctuates and does not decay exponentially. At
voltages higher than 4 V (;40 kVycm), the transient
current begins to increase over time. Three possible
mechanisms of this transient current in ferroelectric thin
films are suggested w31x; (a) ionic conduction, (b)
dipole polarization of the dielectric, (c) charge trapping
within the film. Both the ionic conduction and the
positive charge trapping mechanisms cause the transient
current to increase over time, while both depolarization
current and negative charge trapping cause the current
to decrease with time w31,32x. Ionic conduction is
reported to happen rarely in PZT films w33x, and in the
present case, the behavior of the transient current
increasing with time in high field ()40 kVycm) is
most likely due to a positive charge trapping phenome-
non. It is found that the Pb in PZT material acts as2q

hole traps to give Pb centers w34x. Such trapping3q

could occur at the film–electrode interface.
PLT15 thin films on different electrodes Pt, PtySi and

RuO yPtySi show similar J–t features, with leakage2

current approximately 10 Aycm under low biasingy8 2

field (10 kVycm). At high fields there is a significant
change in the leakage current density. However, films
on RuO ySi electrodes show stable insulating character-2

istics, with leakage current maintained at 10 Aycmy9 2

at low fields and increasing to the value of 10 Aycm-4 2

at higher voltage (Fig. 7c). It is to be noted that the
films on these electrodes exhibited relatively poor fer-
roelectric and dielectric properties, but such stable insu-
lating characteristics from J–t measurements is
attributed to the highly resistive component of electrode-
film interface and relatively less contribution from the
bulk of the film to the leakage characteristics. In general,
if the stress voltage is applied for a long time, resistance
degradation followed by breakdown occurs. In the meas-
ured time (250 s) and voltage (max. 5 V) regime, we
did not observe such film breakdown. In the relaxation
regime, the current follows the Curie–Von-Schweidler
Law w35x:

ynŽ .J t At (2)

where J is the current density, t is the time and n is a
coefficient between 0 and 1.
Log(J) vs. log(t) were plotted (not shown in figure)

for the J–t curves with low biasing voltage (1 V) where
transient current follows Curie–Von-Schweidler relaxa-
tion behavior. Values of ‘n’ were obtained from the
slope of log(J)–log(t) curves for films on different
bottom electrodes. The estimated n value for films of Pt
electrode was 0.5, while it was 0.66 for films on PtySi,
RuO yPtySi and RuO ySi bottom electrodes. One pos-2 2

sible physical interpretation of the coefficient of ‘n’ is;

if ‘n’ is close to zero, the system behaves resistively,
the carriers inside the system are almost free and there
is little charge localization. In the other extreme case
when ‘n’ is close to 1, the system behaves capacitive
and the carriers are strongly localized as in the case of
dipoles. An intermediate value of n indicates the inter-
mittent degree of localization w35x. In the present case,
the relatively higher value of n (0.66) for films on
RuO electrodes indicates a proportionately higher2

degree of charge localization, possibly at the filmy
electrode interface.
The steady state field dependent dc conductivity was

examined by the measurement of J–E characteristics.
Several electrical processes allow electrical charges to
move in insulators, leading to sizable current densities,
especially in the dimensions of typically less than 1
mm. For thin insulating films of the order of 1 mm, if
an appreciable voltage can be sustained (of the order of
few volts), the field strength amounts to the order of
10 Vycm and greater. The low field properties are5

usually ohmic in nature, as the current is linear with
voltage V. At high fields, these films exhibit a non-
linear I–V relationship. Their non-ohmic behavior can
be expressed by an empirical power law:

aIskV (3)

Generally, the high field characteristics cannot be
adequately described by a single conduction process,
and the different field strength ranges manifest different
electrical conduction phenomena w36x. Fig. 8 shows the
J–E plot for different bottom electrodes. The voltage
step and delay time were kept at 0.2 V and 60 s,
respectively. When a positive bias is applied to the top
electrode, films on different electrodes show similar J–
E curves. Due to ohmic behavior the current densities
increase markedly at an applied electric field below 30
kVycm. The increase in current density becomes gradual
at an electric field higher than 60 kVycm. Points of
inflexion between 30 and 60 kVycm are clearly
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Fig. 9. Typical log(J) vs. log(E) curves for PLT15 thin films on dif-
ferent electrodes. Solid lines represent the best fit to the data.

Table 3
The variation of trap concentration estimated for PLT15 films on var-
ious bottom electrodes

Bottom VTFL K (Static dielectric Nt
electrodes (V) constant) (cm )y3

Pt 0.9 1400 9.42=1016

PtySi 1.4 1235 9.56=1016

RuO ySi2 3 741 1.23=1017

observed. As mentioned earlier, the observed non-linear-
ity of I–V of PLT15 films cannot be explained in terms
of a single conduction process. Possible dominant con-
duction mechanisms in these ranges may be: (a) tun-
neling; (b) Poole–Frenkel; andyor (c) space charge
limited conduction. As the thickness of the films in the
present case was well above 100 nm, the tunneling
process can be ruled out. Considering the possibility of
the non-linear ohmic conduction due to Poole–Frenkel
flow, Ln(J) vs. E was plotted. The absence of1y2

linearity between these parameters eliminates that mech-
anism. Hence, dominant bulk limited conduction mech-
anism at high electric fields was expected to be due to
space-charge-limited conduction (SCLC). Fig. 9 shows
the log(J) vs. log(E) plot in the field values 0–75 kVy
cm for different bottom electrodes. The general features
of the J–E characteristics, namely a linear regime
followed by a power law, gave evidence of current
injection that is space charge limited w36x. In all the
films in the present study at very low fields, the slope
of log(J) vs. log(E) plot was approximately unity, which
corresponds to the ohmic region. Fitted data are shown
in solid lines at low field region of the Fig. 8.
According to the SCLC theory, this ohmic mode

occurs in insulating films as long as the bulk generated
current in film exceeds the current due to an injected
free carrier from the electrodes w37x. The space charge
effects are observed when the injected free carrier
density exceeds the volume generated free carrier den-
sity. The space charge limited current in a trap free
insulator is given by w38x:

aJskE (4)

Data were fit using a straight line and the slope in
the high field regime was ;20 for the film on different
electrodes, which is in agreement with Eq. (4), indicat-
ing the onset of space charge limited conduction. Films
on RuO electrodes show relatively lower leakage cur-2

rent and a higher onset voltage of space charge conduc-

tion, as seen from Fig. 8. This may be attributed to high
resistivity at the film-electrode interface where the net
effective field on the film is lower as compared to those
on Pt and PtySi with less interfacial effects. At the low
field region, current flow in the film is controlled by
the bulk of the film and in the intermediate fields (;60
kVycm) control by grain boundary regions may be
effective. At higher fields ()70 kVycm), the large
interfacial resistance appears to limit the total current
conduction mechanism, as manifested in low leakage
currents for RuO films. In general, at higher applied2

field, film breakdown is expected to occur. However, in
the present case, we did not observe breakdown of
PLT15 films on different electrodes up to 250 kVycm
of applied field.
The observed slope of approximately 20 in the space

charge region suggests a trap-filled limited space charge
bulk conduction. The crossover voltage from the linear
to deep non-linear region is called trap filled limited
voltage and is related to the trapped electron concentra-
tion n as follows w39x:t

2V sen L yK´ (5)TFL t 0

where K is the static dielectric constant, n the trappedt

electron concentration, e is the charge of an electron
and L the sample thickness. Considering V , as theTFL

on-set voltage for the non-linearity, the trap concentra-
tions are estimated and shown in the Table 3. It is seen
that the films on the RuO ySi bottom electrodes showed2

relatively larger trap density, compared with other cases.
A uniform distribution of traps in the bulk of the film
may be assumed. However, in the case of films deposited
on RuO ySi electrodes, in concurrence with evidence2

obtained from depth profile Auger electron spectroscopy
data (Fig. 3b), the accumulation of space-charge in the
traps is more likely to be at the film–electrode interface.

4. Discussion

The cross-sectional composition depth profiling by
AES clearly indicated a significant chemical reaction
between RuO and PLT15 films at the junction (Fig.2

3b). This reacted layer can be considered as an ‘interface
layer’ and non-polar in nature. The dielectric and high
field polarization studies clearly suggested interference
from the interface layer. I–V studies showed a similar
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trend in non-linearity; however, in the case of PLT15
films on RuO ySi substrates the on-set of linearity was2

found at relatively higher voltages. The high field
conduction also clearly suggested a bulk limited space-
charge conduction in PLT15 films, while the disturbed
layer acts as a trapping center. In general, the origin of
such trap sites in the Pb-based compounds, is due to the
re-evaporation of PbO and its reactivity with the bottom
RuO layer. These traps could be either shallow or deep,2

and their analysis by thermal activation is in progress.
During chemical reaction between PLT15 film and
RuO , one may expect the creation of mobile oxygen2

vacancies which act as shallow traps. However, detailed
temperature-dependent studies are needed to confirm the
presence and quantify the shallow and deep traps. The
AES data and I–V characteristics strongly suggest the
formation of trap sites at the interface of PLT15 film
and RuO . This layer offered sufficient capacitance to2

interfere with both switching and conduction processes.

5. Conclusion

Sol–gel derived PLT15 thin films were deposited on
Pt, PtySi, RuO yPtySi, and RuO ySi electrodes. Films2 2

deposited on RuO bottom electrodes show (100) pre-2

ferred growth orientation. AFM showed smooth and
uniform surface morphology for films on various elec-
trodes. Depth profile AES spectra showed a relatively
clean interfacial region for films on the Pt electrode.
Films on RuO ySi electrode show poor film electrode2

interface, with significant interdiffusion of elements at
the interface. PLT15 film on the Pt electrode showed a
higher dielectric constant and lower dielectric loss
(1300, 0.028 at 100 kHz), while the films on RuO2
bottom electrode showed relatively inferior dielectric
behavior (470, 0.040 at 100 kHz). C–V and hysteresis
measurements on Pt electrode showed good ferroelectric
properties compared to films on PtySi and RuO bottom2

electrodes. PLT15 thin films on different electrodes show
similar J–t characteristics with leakage current of
approximately 10 Aycm under low biasing field (10y8 2

kVycm). The steady state field dependent dc conductiv-
ity was examined by the measurement of J–E charac-
teristics. At very low fields (-30 kVycm) films under
study followed ohmic behavior and in the intermediate
fields (30–60 kVycm) was fitted with space-charge-
limited conduction mechanism. The on-set voltage for
non-linearity, was considered as V , using which, theTFL

trap concentration estimated for films on RuO ySi elec-2

trode was 1.23=10 cm . Observed current character-17 3

istics have been correlated with large interfacial
resistance at the film–electrode boundary. The observed
dielectric and DC conduction properties of PLT15 films
on RuO ySi bottom electrodes were strongly influenced2

by an ‘interface layer’, whose formation was confirmed
by AES studies.
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