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a b s t r a c t

Ferroelectric thin films such as BST, PZT and PLZT are extensively being studied for the fabrication of
DRAMS since they have high dielectric constant. The large and reversible remnant polarization of these
materials makes it attractive for nonvolatile ferroelectric RAM application. In this paper we report the
characterization of Ba0.7Sr0.3TiO3 (BST) thin films grown by pulsed laser ablation on oxide electrodes.
The structural and electrical properties of the fabricated devices were studied. Growth of crystalline BST
ACS:
1.15Fg
7.55.fe
3.50.−h

eywords:
ulsed laser deposition

films was observed on La0.5Sr0.5CoO3 (LSCO) thin film electrodes at relatively low substrate tempera-
ture compared to BST grown on PtSi substrates. Electrical characterization was carried out by fabricating
PtSi/LSCO/BST/LSCO heterostructures. The leakage current of the heterostructure is studied and a band
structure is modeled based on the transport properties of the heterostructure. The dielectric constant
of the BST film is found to be 630 at 100 kHz with a loss tangent of 0.04. The capacitance voltage
characteristics show high tunability for BST thin films.

© 2011 Elsevier B.V. All rights reserved.

erroelectrics

. Introduction

Ferroelectric oxide thin films with perovskite structure are of
reat technological interest. The tunable devices such as varactors,
lters, oscillators, and phase shifters make use of the nonlinear-

ty of the internal electrical polarization, of ferroelectric materials,
teerable by an external electric field [1–4]. Compared to the pop-
lar tuning elements such as p–i–n diodes, GaAs Schottky diodes
r ferromagnetics, ferroelectric components offer the advantages of
ontinuous, quick, low power tunability up to gigahertz frequencies
5,6].

Barium strontium titanate (BaxSr(1−x)TiO3) (BST), an environ-
ent friendly lead-free ferroelectric material, is an attractive

andidate for microelectronic devices and optoelectronic applica-
ions. The perovskite thin film of (Ba,Sr)TiO3 (BST) exhibits high
elative dielectric constant, low dielectric dissipation factor, low
eakage current, and strong tunability under an external dc electric
eld. BST can be integrated to the existing semiconductor process-
ng technology for next generation of gigabyte dynamic random
ccess memories (DRAMs), microwave tunable devices, field effect
ransistors (FETs), and electrooptic devices [7–13].

∗ Corresponding author. Tel.: +91 484 2577404.
E-mail address: mkj@cusat.ac.in (M.K. Jayaraj).
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For the ABO3 perovskite, different A site and B site dopants
(where A = Ca, Sr, La; B = Nb, Ta, Zr) are used to modify the electrical
properties of BaTiO3 based compositions [1–3,14]. BaxSr(1−x)TiO3 is
the solid solution between barium titanate (BaTiO3) and strontium
titanate (SrTiO3) and can be formed in the entire range of compo-
sition. The dielectric and ferroelectric properties of BaxSr(1−x)TiO3
depend on Sr content. At room temperature BaxSr(1−x)TiO3 is fer-
roelectric, for low Sr content, that is x is in the range of 0.7–1 and
is paraelectric when x is in the range 0–0.7 [15]. As a result the
electrical and optical properties of BST can be tailored over a broad
range for various electronic applications [16].

Ferroelectric thin films have been successfully deposited by rf
sputtering [17–19], metal organic chemical vapor deposition [17],
sol gel [8,9,12,17] and pulsed laser deposition (PLD) [7,17,20–24].
Among these processes the PLD technique is superior since it pos-
sesses the advantages viz., lower synthesis temperature, easy to
control the stoichiometry of thin films, possibility of depositing
oxides of high melting point and materials of metastable phase [17].

Leakage current characteristics of BST films are influenced by the
electrode and film electrode interface characteristics. Deposition
conditions, composition and electrode structure play the most sig-

nificant role in leakage current characteristics. Understanding the
current transport mechanism is crucial and most of the knowledge
is based on the transport across the interfacial potential barrier at
the cathode when thermoionic emission, thermoionic field emis-
sion, or a combination of these is dominant. The leakage current

dx.doi.org/10.1016/j.jallcom.2011.02.074
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ensity J increases with increasing temperature leading to the
ncreased probability for the electrons to overcome or to tunnel the
arrier either at the interface or in the bulk due to higher thermal
nergy [25].

The oxygen vacancies play an important role in perovskite fer-
oelectrics. Though the oxygen ambient is used to prevent the
ormation of oxygen vacancies in the deposited film, it has been
hown that oxide films grown using PLD at high oxygen ambient
ressure are still oxygen deficient [21,22,26,27]. The lattice of an
2 deficient BST film expands beyond the size than that for the
orresponding bulk ceramics [22,26,27]. One of the main techno-
ogical challenges is to find a suitable electrode material with low
lectrical resistivity, good thermal stability, high resistance to oxi-
ation and good adhesion both to substrate and the ferroelectric
lm. The interfacial defect layers may originate from accumula-
ion of oxygen vacancies. Under the electric field oxygen vacancies

igrate towards the electrode and aggregate near the electrode
nterface. The use of conducting oxide electrodes or aqueous solu-
ion electrodes helps to compensate the oxygen vacancies in the
lectrode–film interface [28] thereby inhibiting the accumulation
f oxygen vacancies at the interface. As a result no interfacial defect
ayer is formed at ferroelectric–electrode interface [28]. Perovskite
onducting oxide La0.5Sr0.5CoO3 (LSCO) is obtained from ABO3 per-
vskite LaCoO3 by partial substitution of La3+ by Sr2+ [29,30]. The
rystal structure of LSCO is same as that of the perovskite fer-
oelectrics which makes it a potential candidate as electrode for
erroelectric memory devices. The LSCO which is a conductive
xide electrode act as oxygen vacancy sink for the BST capacitors
hereby reducing the fatigue problem usually encountered while
sing conventional platinum electrode [7,31–35]. The similar crys-
al structure of LSCO and perovskite ferroelectrics facilitates the
asy growth of ferroelectrics over textured or epitaxially grown
SCO layer [36,37].

Some problems of porosity and poor adhesion are often reported
or BST films and very high temperature thermal treatment is
enerally required to achieve well-crystallized BST films. Such

high temperature process could limit drastically the appli-
ation of these BST films in integrated circuits [5,16]. A low
rocessing temperature is crucial for application of these thin
lm materials in integrated electronic devices. With an oxide
uffer or electrode layer the deposition temperature can be
educed.

In this paper we report the study of the growth of ferroelectric

BST) Ba0.7Sr0.3TiO3 films on La0.5Sr0.5CoO3 (LSCO) oxide elec-
rode at relatively low temperature without any post deposition
eat treatment. The electrical properties of the PtSi/LSCO/BST/LSCO
tructure were carried out and a band structure is proposed to
xplain the leakage current mechanisms. The multilayer oxide

ig. 2. (a) The XRD pattern of PtSi/LSCO/BST/LSCO grown at 500 ◦C at 0.15 mbar (# repre
puttering.
Fig. 1. Schematic diagram of the heterostructure used in the study.

structure exhibits ferroelectric nature with a good remnant polar-
ization and low coercive field.

2. Experimental

The target for PLD was prepared by solid state reaction of barium titanate
(BaTiO3) and strontium titanate (SrTiO3). The mixture was pressed and sintered
at 1450 ◦C for 5 h to obtain Ba0.7Sr0.3TiO3 (BST). The fourth harmonics of Q-switched
Nd:YAG laser (266 nm) was used for ablation. The repetition frequency was 10 Hz
with a pulse width of 6–7 ns. The laser fluence was kept at 2 J/cm2. The target to
substrate distance was kept at 3.5 cm. The substrate temperature (Ts) was kept at
500 ◦C and oxygen partial pressure in the chamber was maintained at 0.15 mbar.

The crystallinity of thin films was determined by X-ray diffraction (XRD, Rigaku
DMax – C) with CuK� radiation (� = 1.541 Å). The surface morphology was analysed
by scanning electron microscope (SEM, JEOL JSM 5600). The composition was anal-
ysed using energy dispersive X-ray (EDX; JEOL JSM 5600). Thickness of the films was
measured using Dektak 6M surface profiler. Electrical characterization was carried
out using Keithly source measure unit SMU236. The dielectric constant was calcu-
lated from the capacitance measured with LCR meter (HP-4192A) by sweeping the
voltage as well as the frequency.

Commercial Si/SiO2/Pt wafers were used as the substrate for deposition. The
structure of discrete capacitors is shown in Fig. 1. Both the top and bottom LSCO
electrodes were deposited by rf magnetron sputtering. The sputtering power was
kept at 100 W with an argon gas pressure of 0.003 mbar at 600 ◦C. The films were
crystalline and had a thickness of about 400 nm. The resistivity of all the samples
was of the order 10−5 � cm. The growth and characterization of LSCO thin films has
been reported elsewhere [38].

3. Results and discussion

3.1. Structural and compositional analysis
The crystallinity of BST thin films deposited at substrate tem-
perature of 500 ◦C and at a pressure of 0.15 mbar have been
studied by X-ray diffraction. The XRD pattern of the heterostructure
PtSi/LSCO/BST/LSCO is shown in Fig. 2a. The BST perovskite film was

sents pyrochlore phases of BST). (b) The XRD pattern of PtSi/LSCO deposited by rf
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at V = 0 as 1.3 eV.
In the low voltage region the linear decrease in activation energy

with square root of the applied voltage suggests that the conduction
is not purely ohmic but rather a type of field enhanced thermally
Fig. 3. Cross sectional SEM image of PtSi/LSCO/BST.

rown at a lower substrate temperature on the LSCO electrodes.
hese oxide electrodes act both as a template and as electrode
or BST thin films. The lattice constants of BST and LSCO films are
alculated from their respective XRD pattern. The perovskite BST
hin film has a lattice constant of 3.95 Å. The LSCO material has
erovskite structure with lattice parameter a = 3.805 Å. Crystalline
rowth of BST on LSCO thin films is due to the same crystal struc-
ure, lattice parameter and atomic arrangements of LSCO layer and
ST layer [39]. Fig. 2b shows the pure perovskite phase formation
f LSCO on PtSi substrate. The BST films deposited on PtSi under
he same condition as that of device was also phase pure. During
he device fabrication, the growth of BST films on LSCO electrode

ay have resulted in the formation of pyrochlore phases in BST.
he cross sectional SEM of the samples shown in Fig. 3 reveals that
he interface between the LSCO and BST layer is sharp. The compo-
itional analysis of thin films carried out using EDX shows that the
lms with perovskite phase has Ba + Sr/Ti ratio approximately 1.

.2. Electrical characterization

The leakage current of the samples was found from the
urrent–voltage (I–V) curve. The leakage current is an impor-
ant characteristic of thin film ferroelectric capacitors, it directly
imits the charge retention and it influences the ferroelectric hys-
eresis loop. The leakage current is also a sensitive electrical
robe of the material quality of heterostructure as it is strongly
ependent on material aspects of the ferroelectric film and of
lectrode–ferroelectric interfaces [40]. Capacitor with low leakage
urrent is ideal for microelectronic device application.

The current density vs. electric field characteristics of the BST
apacitor for the structure PtSi/LSCO/BST/LSCO are shown in Fig. 4.
he leakage current density of BST thin film capacitor with LSCO
lectrode is found to be 200 nA/cm2 at a bias voltage of 2 V for
00 nm thick BST film. The low leakage current density of the capac-

tor with LSCO electrode makes it a potential candidate for gigabit
ensity memories [41].

log J vs. log V plots of the capacitor shown in the inset of Fig. 4
eveals the leakage current mechanism in the low voltage region.
n the low voltage regime the graph is linear with a slope of 1.31.
he contact LSCO/BST can be considered to be ohmic like under low
eld strength. At high voltage the distribution of electrons between

SCO and BST can be disturbed and the leakage current deviates
rom ohmic behavior. In the high voltage region the conduction

echanism is dominated by Pool Frenkel mechanism. To ensure
hat the conduction mechanism is Pool Frenkel, the data in Fig. 4
Fig. 4. The room temperature leakage current for the device PtSi/LSCO/BST/LSCO.
Variation of log J as a function of log V for PtSi/LSCO/BST/LSCO(inset).

is replotted as log(J/E) vs.
√

V as shown in Fig. 5. The log(J/E) curve
shows small increase with

√
V in the low voltage region. At high

voltage the value increases linearly with
√

V .
The variation of log J with measured voltage as a function of tem-

perature is shown in Fig. 6. The variation of log(J/E) with 1000/T
for various voltages is plotted. All the films showed good linear-
ities with negative slopes suggesting thermally activated leakage
current mechanism. A typical plot is shown in Fig. 6b. Activation
energy measures the thermal energy required to raise electrons
from the donor level to the conduction band. The oxygen vacan-
cies in BST thin films create donor levels. Hence as temperature
increases the electrons from the donor levels are excited to the
conduction band. This will result in an increase of current through
the heterostructure.

The activation energies at each voltage are calculated from the
slopes of each plot. The activation energy as a function of

√
V is

plotted in Fig. 7. This figure shows the two different leakage cur-
rent mechanism operating in the high and low voltage regions. In
the high voltage region the activation energies decrease in a lin-
ear fashion with

√
V with larger absolute values than those in the

low voltage regions. Mean squared linear fitting for the high volt-
age region when extrapolated to V = 0 gives the activation energy
Fig. 5. Variation of log J/E as a function of
√

V for the device PtSi/LSCO/BST/LSCO.
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Fig. 6. (a) Variation of log J as a function of voltage at various temperature for the device PtSi/LSCO/BST/LSCO (arrow indicates the increasing order of temperature in ◦C). (b)
The variation of log J/E as a function of 1000/T for the device PtSi/LSCO/BST/LSCO.
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to be low, which is a consequence of the small grain size of the
grown films. The dielectric constant and the loss factor showed no
noticeable dispersion with frequency, indicating good quality of the
film and the absence of internal interfacial barriers [37]. However
ig. 7. Variation of the activation energy for the device PtSi/LSCO/BST/LSCO as a
unction of

√
V .

ctivated process is involved. This may be the reason for the slope
eing larger than 1 in the log J-log V plot (inset of Fig. 4). At high volt-
ge region the leakage current deviates from ohmic or ohmic like
ehavior. The activation energy in the high voltage region decreases

inearly with
√

V suggesting that a field enhanced thermally acti-
ated process is responsible for electrical conduction in this region.
he slopes of the plot log J–log V and that obtained by extrapolation
f activation energy to V = 0 are the same. Therefore at high volt-
ges the electrical conduction mechanism can be attributed to Pool
renkel emission.

A band structure based on the conduction mechanism is pro-
osed in the present study. The ohmic nature of LSCO/BST implies
hat the surface states of the BST in contact with LSCO are different
rom that with metal electrode. The main difference is in the nature
f chemical bonding of BST with oxide electrode. The oxygen ions
n the LSCO strongly interact with oxygen and cations in the BST
hus forming chemical bonds. In the case of metal/BST the chemical
tates of the surface dangling bonds can be preserved after contact
ormation but on LSCO/BST most of the dangling bonds disappear
ue to the interaction of oxide electrode with BST [42]. The contact
etween BST and LSCO is ohmic as observed in Fig. 4. The oxygen
acancy concentration is reduced and the Fermi level is located
loser to the center of the energy band. The LSCO can release oxygen
o the oxygen deficient BST during the film formation. Fig. 8 shows
he schematic energy bands for PtSi/LSCO/BST/LSCO devices.
The dielectric constant of the heterostructure
tSi/LSCO/BST/LSCO is calculated using the relation

= Aεεr

d
(1)
Fig. 8. Energy band diagram for the device PtSi/LSCO/BST/LSCO.

where C is the measured capacitance in Farads, ε the free space
dielectric constant (8.85 × 10−12 F/m), A the area of the capacitor
(m2) and d (m) the thickness of the ferroelectric thin film.

PtSi/LSCO/BST/LSCO showed appreciable capacitance with min-
imum loss. The variation of dielectric constant measured with
PtSi/LSCO/BST/LSCO capacitor configuration with BST film grown
by PLD is shown in Fig. 9. The dielectric constant of the crystallized
films was found to be about 630 and the loss tangent about 0.04
at a frequency of 100 kHz. The relatively slight increase in the loss
factor may be due to the high surface roughness of the film. As com-
pared to bulk values the dielectric constant of thin films was found
Fig. 9. The variation of dielectric constant and loss with frequency for
PtSi/LSCO/BST/LSCO.
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ig. 10. Variation of dielectric constant and dielectric loss of PtSi/LSCO/BST/LSCO
tructure measured at 1 kHz.

t can be seen from the figure that there is a slight decrease in the
ielectric constant with increase in frequency, which suggests that
t higher frequency the contribution from possible dc conduction
ecreases.

The charge–voltage characteristics of the BST thin films with
xide electrode in the configuration PtSi/LSCO/BST/LSCO is studied.
ig. 10 shows the room temperature dielectric constant ε and loss
angent tan ı as a function of the applied dc electric field where the
elative dielectric constant εr was calculated from the capacitance
ata using the classical formula of parallel-plate capacitors. The
apacitance–voltage characteristics of the BST films were measured
t a frequency of 1 kHz. The dielectric properties of BST thin films
re highly tunable through the application dc bias field.

The tunability is defined as the

unability = [ε(0) − ε(E)]
ε(0)

× 100% (2)

here ε(0) and ε(E) are the dielectric constant at zero field and at
n applied field E, respectively. The figure of merit (K) is given by
= %tunability
tan ı

(3)

The variation of tunability and figure of merit with the dc field
s shown in Fig. 11. The films show high tunability and good fig-
re of merit with oxide electrodes. High value of tunability can

ig. 11. Variation of tunability and figure of merit of PtSi/LSCO/BST/LSCO structure
ith dc bias voltage.
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be attributed to the better growth of BST thin films on oxide
electrode.

4. Conclusions

BST thin films deposited on LSCO, an oxide perovskite electrode,
were found to be crystalline at relatively low substrate temperature
without any post deposition heat treatment. The LSCO serves as a
template as well as bottom electrode for the BST thin film capaci-
tors. The interface between the oxide electrode and the BST layer is
sharp and free from defects. The dielectric constant of BST is studied
as a function of frequency. The devices showed little dispersion with
frequency. The loss was found to be minimum for films deposited
on oxide template. The study of leakage current shows that the films
are insulating. Based on the transport properties a band structure
has been proposed. The films showed ohmic nature at low field
and a Pool Frenkel emission at high fields with an electron trap-
ping energy of 1.3 eV. The capacitance voltage characteristics show
high tunability with low dielectric loss. The figure of merit for the
structure is also high making BST thin films a promising material
for frequency agile application.
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