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Abstract A significant decrease in the dielectric loss and
leakage current by introducing Ce in small amounts into
BST thin films is demonstrated. The other effects of Ce
doping are a lowering of the dielectric constant and a lower
temperature coefficient of dielectric constant. In films
containing a periodic fluctuation of Ce concentration
through the thickness, prepared using a multilayer ap-
proach, the dielectric loss is further reduced. The periodic-
ity of the composition is shown to have a significant effect
on the properties. The properties of the multilayer films are
seen to be significantly different from the single layer films
of corresponding average composition.
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1 Introduction

Electroceramic thin films of materials such as BST (Ba, Sr
TiO3), have potential applications in capacitor cells of
DRAM’s (dynamic random access memories), tunable
microwave devices, thermal imaging arrays, optoelectronic
devices, sensors, etc. It is therefore of great interest to tailor
the properties of these materials in the thin film form to suit
a desired application. A common way to achieve this has
been to dope the material with different alio or homovalent

ions. Properties such as dielectric constant, loss, tunability,
leakage current etc. can be significantly altered by such
doping.

If the electroceramic is to be used in the thin film form
then another approach to tailor the properties becomes
available. Rather than using a single film, a film consisting
of several thin layers of different materials can be
fabricated. It has been found that the properties of such a
multilayer structure are a function of the composition,
number and thickness of the constituent layers. Very often,
properties, much improved as compared to the single layer
are obtained. Furthermore, the properties of the multilayers
can not at present be predicted from the properties of the
individual layers as additional factors such as stresses due
to lattice mismatch or thermal history, inter diffusion, etc.
come into play leading to unexpected changes in properties.

Y. Ohya et al. [1] studied the temperature dependence of
the dielectric constant of the multilayered films of lead
titanate (PT) and barium titanate (BT). The dielectric
constant of PT as well as BT is a strong function of
temperature in the neighborhood of room temperature, an
undesirable property. It was observed that the dielectric
constant of the multilayers remains almost constant within
the measured temperature range. Poyato et al. [2] have also
observed a flattening of the dielectric constant with
temperature in (Pb,La)TiO3 (PTL)/(Pb,Ca)TiO3 (PTC)
multilayers and attributed this to lower number of defect
dipoles in the multilayer films. Safari et al. [3] observed
that BT/BST multilayer thin films show higher dielectric
constant than those of pure BT and BST films having the
same total thickness of 250 nm. This higher dielectric
constant was attributed to the strain between the sublayers.
Wang et al. [4] studied multilayered films of PZT of
different compositions having tetragonal and rhombohedral
phases and found that the dielectric constant of the
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multilayered film is five times that of single tetragonal
phase PZT film. This high dielectric constant was attributed
to the interface effect between tetragonal and rhombohedral
phases. Yan et al. [5] found that the fatigue property of lead
zirconate titanate (PZT) film improved by inserting BST
layers in between PZT film and Pt electrode. D. Bao et al.
[6] also found an improvement in the fatigue property by
introduction of BLT layers in between PZT film and Pt
electrode. These additional layers such as BST and BLT act
as oxygen vacancy absorbers and hence improve the fatigue
property.

Individual sublayer thickness plays a vital role in
modifying the properties of multilayer films. Li et al. [7]
observed ultra high dielectric constant in lead magnesium
niobate (PMN)/lead zinc niobate (PZN)-PT multilayer films
as sublayer thickness approached the nanometer scale. This
can be taken as an evidence of high dielectric constant of
the interfaces as at this thickness the interfaces between the
sublayers become dominant. Wang et al. [8] also found an
increase in the dielectric constant of the multilayer films
with a decrease in the sublayer thickness. Yoon et al. [9]
found that a high dielectric constant and low leakage
current could be obtained in BSTM/BST/BSTM multilay-
ered films by adjusting the thickness of the sublayers.

Dielectric response of several perovskites modified by
doping with rare earths including Ce has been reported in
literature. [10–26]. Ce can exist as Ce3+ or Ce4+ depending
on the precursor used and the processing temperature. Ce
has been found to improve the dielectric and ferroelectric
properties and reduce the leakage current density in the sol–
gel prepared PZT thin films. [10] A linear decrease in the
Curie temperature of barium titanate up to 8 mol% Ce, (21°C
per mol% Ce) has been reported in literature. It is further
reported that this decrease takes place when Ce3+ replaces
Ba2+ and does not occur if Ce4+ replaces Ti4+ [11]. A
broadening of the phase transition and a lowering of the
dielectric constant of BaTiO3 by doping with Ce has also
been reported [12]. Similar effects have been observed on
doping of Ba0.5Sr0.5TiO3 films by Ce [13]. The Ce doping
has been found to significantly increase the lattice param-
eter of BST due to the larger ionic size of Ce [14]. Wang
et al found a significant reduction in the leakage current in
Ce doped Ba05Sr0.5TiO3 films deposited on Nb doped
SrTiO3 substrates by PLD. The reduction of the leakage
current was ascribed by them due to Ce existing in the Ce+3

state and acting as an acceptor [15].
In the present work we have investigated the effects of

doping BST thin films with Ce and have compared their
properties with multilayers of BST and Ce-doped BST Such
a structure produces a film with a periodic variation in the
concentration of Ce along the thickness of the film. It is
found that the properties of the multilayers are significantly
different than the single films of corresponding concentra-

tion of Ce and appreciable improvement in some of the
properties (dielectric loss, leakage current, figure of merit)
can be obtained by uniform or periodic doping of cerium.

2 Experimental

Ba0.8Sr0.2TiO3 (BST) and Ba0.8Sr0.2CexTi1-xO3 (BSCT) thin
films and their multilayers are deposited on Pt/Ti/SiO2/Si
substrates by sol–gel method. Barium acetate, strontium
acetate, cerium nitrate and titanium butoxide are used as
starting materials and acetic acid, 2-methoxy ethanol and
acetyl acetone are used as solvents/chelating agents for the
preparation of the sols [27]. Films are deposited by spin
coating at 4000 RPM for 30 s. Each coating is dried at 400°C
for 5 minutes followed by firing at 700°C for 10 minutes.
This process of coating and firing is repeated several times to
get the desired film thickness and the final firing is done at
700°C for 30 minutes. In the single composition films, the
value of x (concentration of Ce) is taken to be 0, 0.002,
0.005, 0.01, 0.02, 0.05 and 0.1. The multilayer films
consisted of the configuration [(BST/BSCT)n/BST] where
n was taken to be 1, 2 and 4 and the concentration of Ce in
the BSCT films was x=0.02 (Fig. 1). Thus the configura-
tion [(BST/BSCT)4/BST] consisted of four layers of BSCT
and 5 layers of BST. The thickness of each layer was equal
and the total thickness of the films, measured by a surface
profilometer (Tencor Instruments, model Alfa-Step 100)
was held to be constant at 350 nm. Top electrodes of
platinum, 0.2 mm in diameter, were deposited on the film
through a mask by sputtering. The dielectric constant, loss
and C–V measurements were carried out using an imped-
ance analyzer (HP 4192A). I–V measurements were carried
out using a Keithley electrometer (model 6517A). For C–V
measurements, a step of 0.5 V was applied and the
capacitance was recorded at those particular voltages.
Similarly, a step of 0.2 V was applied for I–V measurement,
and the leakage current was recorded at the corresponding
voltages. Low and high temperature measurements were
carried out in a vacuum chamber with a liquid nitrogen

Fig. 1 Schematic showing the arrangement of different layers in the
multilayer films
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cooled and resistively heated sample stage (M/S Labequip,
Chennai).

3 Results and discussion

3.1 Uniformly doped films

Figure 2 shows the X-ray diffraction patterns of the BST
and the Ce-doped BST films. All the peaks match with the
standard peaks of BST. There is slight shift in the peak
positions with Ce doping towards smaller angles indicating
that the lattice parameter is increasing as the Ce is entering
the lattice as reported by Wang et al [14]. No second phase
is seen which shows that Ce is soluble in the BST lattice at
least up to x=0.1.

Figure 3 (a) and (b) show the dielectric constant and loss
vs frequency for films containing different amounts of
cerium. The dielectric constant is seen to decrease as the
concentration of Ce, x, is increased from 0 to 0.1. However,
there is an improvement in the dielectric loss with Ce
doping, especially at high frequencies. Thus the tanδ values
at 1 MHz are very considerably reduced to ∼0.07 from
∼0.22 upon doping with 0.02 to 0.1 Ce (Fig. 3(b)). The
reductions in the dielectric constant and loss on doping with
cerium are in agreement with the results reported for barium
titanate [11].

To determine any changes in the structural transition
temperatures, the dielectric constant of the films was
measured in the temperature range from 150 K to 400 K.
In the BaTiO3 ceramics there are three transitions on
cooling from high temperature: the C→T transition in the
temperature range from 393–408 K [28], the T→O
transition between 275–280 K and the O→R transition
between 180–190 K. Substitution of Ba by isovalent Sr (in

BST) is found to decrease the TC (C→T) as well as T→O
transition temperatures; however, the temperature cor-
responding to the O→R transition remains unaffected [29,
30]. The results of the dielectric constant vs. temperature
measurement are shown in Fig. 4. The polycrystalline
nature of the thin films as well as the retained strain (for
example due to the lattice parameter and thermal expansion
coefficient mismatch between the film and the underlying
substrate) often mask the dielectric anomalies associated
with the structural transitions. Even though the Ba0.8Sr0.2
TiO3 thin film (x=0) is ferroelectric at room temperature
[31, 32], only a broad dielectric anomaly is seen and unlike
the bulk counterpart the transition temperatures cor-
responding to the structural changes are not easily dis-
cernible. However, three kink like features are seen at
∼330, ∼285 and 242 K which can be taken to correspond to
the C→T, T→O and O→R transitions. From Fig. 4 it is
also clear that the room temperature dielectric constant
decreases and the diffuseness of the dielectric anomaly
increases with an increase in Ce contents. The kink like

Fig. 2 X-ray diffractograms of films with different Ce contents (x=0
to 0.1)

Fig. 3 (a) Dielectric constant vs frequency plots for films with different
Ce contents. (b) Loss vs frequency plots for films with different Ce
contents

J Electroceram (2007) 19:229–236 231



features at first become weaker as the cerium content is
increased to x=0.02 indicating that the phase transitions
become smeared as the concentration of cerium is
increased. This is in agreement with the observation that
the sharp ferroelectric transition in barium titanate becomes
diffuse on doping with Ce [11]. This behaviour has been
observed with other dopants also [33]. On further increas-
ing the concentration of Ce, a marked kink again appears
for x=0.05 and x=0.1 (Fig. 4) at 255 K and 264 K
respectively. Hence it appears that, as observed with other
dopants, the C→T transition is lowered and the T→O
transition temperature is raised so that both the transitions
tend to merge.

In many cases, when a non-relaxor ferroelectric is
heavily doped with a dopant, a relaxor like behavior
characterized by a shift in the temperature of dielectric
maximum to higher value with increasing frequency is
observed. For example, the onset of such relaxation
behavior was observed on replacement of titanium by
zirconium to the extent of 35 mole percent in Ba0.8Sr0.2
TiO3 [33]. However, as shown in Fig. 5 (a) and (b), there is
no shift in the temperature of dielectric maximum in the Ce
doped samples indicating that no relaxor like features
develop in BST by doping with up to 0.1 Ce, though, it is
possible that the relaxor like features may appear at a
concentration higher than those used here.

The leakage current behavior is an important character-
istic of dielectric thin films. The films should have a low
leakage current at high electric fields. Introduction of a
small amount of Ce is found to significantly increase the
value of the maximum field up to which a low level of
leakage current continues to be maintained. Figure 6 shows
the I–V plots of the thin films with different Ce contents.
All the curves have two regions—one with a low, constant
leakage current and the other in which the leakage current
increases rapidly. Small additions of Ce have a dramatic
effect on the leakage current. At high fields (>18 MVm−1),

the leakage current is considerably reduced for small
additions of Ce up to 0.005, beyond which the leakage
current again increases. However, at low fields, the leakage
current is higher for x=0.002 but decreases to below that of
the undoped film for x=0.005; a further increase in the Ce

Fig. 4 Dielectric constant vs temperature at 100 kHz for films with
different Ce contents

Fig. 5 (a) Dielectric constant vs temperature for the film with x=0.02
at different frequencies. (b) Dielectric constant vs temperature for the
film with x=0.1 at different frequencies

Fig. 6 Current density vs electric field (I–V) plots for films with
different Ce contents
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content leads to a progressive increase in the leakage
current. Thus the additions of small amounts of Ce (x=
0.005) are found to be beneficial in significantly lowering
the leakage currents in the BST thin films.

The leakage current in the BST thin films is usually
analyzed in terms of two groups of mechanisms—interface
limited such as Schottky emission or bulk limited which
include space charge limited current, Poole–Frenkel mech-
anism and the hopping conduction mechanism [34, 35]. As
discussed later, in the multilayer films also, there are
significant changes in the leakage current with the
multilayer configuration. In these multilayer films, the
electrode–film interface is unchanged so that the changes
in the leakage current are not likely to be due to any
phenomena occurring at the film–electrode interface. Hence
the most likely causes for the changes in the leakage current
in the Ce doped films appears to be related to the changes
in the bulk of the film such as the pinning of the oxygen
vacancies by Ce [36], or the change in the charge
distribution inside the film due to the Ce existing in a
multivalent state [37], Ce4+ as well as Ce3+.

The dielectric constant vs. electric field (C–V) character-
istics of the thin films is shown in Fig. 7. The hysteresis in
the plots on going from the negative field to positive and
back is usually taken as an indication of the ferroelectric
nature of the film. However, this hysteresis is quite small
for the BST film which is known to be ferroelectric and is
much larger in the Ce doped films, especially those with
small Ce contents (0.002 to 0.01) as indicated by the
opening up of the loops in these films. As discussed earlier,
the cubic to tetragonal transition temperatures are found to
be lowered in the Ce doped films (Fig. 4). Hence, the origin
of the hysteresis in the Ce doped films does not appear to
be an increased ferroelectric nature but rather due to the
movement of ions or charges at the interfaces between the
dielectric and the Pt electrode [38]. 3.2 Multilayer films

As described earlier (section 2), three configurations of the
multilayers were prepared consisting of 1, 2 and 4 layers of
BSCT (Ba0.8Sr0.2Ce0.02Ti0.98O3) alternating with 2, 3 and 5
layers of BST (Ba0.8Sr0.2TiO3), all of equal thickness. The
total film thickness was maintained at 350 nm with BST
layers always in contact with the electrodes. The samples
are designated M3, M5 and M9 according to the total
number of layers. The calculated average composition in
the thin films comes out to be x=0.0067, 0.008 and 0.0082
respectively which all lie between 0.005 and 0.01, the
compositions of two of the single layer films with which
the results will be compared.

Figure 8 (a) and (b) show the dielectric constant and loss
vs frequency for the different multilayer films; the data for
the single layer film with x=0.005 and 0.01 is also included
for comparison. It is seen that the multilayers show

Fig. 7 Dielectric constant vs electric field (C–V) plots for films with
different Ce contents

Fig. 8 (a) Dielectric constant vs frequency plots for the multilayer
films; the average composition of the multilayer films falls in the
range between x=0.005 to x=0.01 of the single layer films, the data
for which is also included. (b) Loss vs frequency plots for the
multilayer films; the data for single layer films with compositions x=
0.005 and x=0.01 is also included for comparison
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distinctly lower dielectric constant as compared to single
layer samples with the corresponding average composition.
Amongst the multilayers, M9 has the highest and M3 has
the lowest dielectric constant. If the multilayers are
modeled as a series combination of capacitances from the
individual layers then their dielectric constant can be
calculated using the dielectric data for the single layer
films with x=0 and x=0.02 (Fig. 3). Such calculated values
are much higher than the measured values, e.g. at 100 kHz
the calculated values for the samples M3, M5 and M9 are
649, 626 and 612 while the measured values are 370, 404
and 472 respectively. The films are heated to high
temperature (700°C) during preparation. Hence some
homogenization of composition through the thickness of
the multilayer films is expected. This phenomenon is
expected to be most pronounced for the multilayer with
the smallest individual layer thickness (i.e. M9) due to
small distances over which the transport of cerium by
diffusion is required. Hence the dielectric data for M9

should be closest to the data for the average composition.
Here, that trend is followed; nevertheless the dielectric
constant of the multilayers is still considerably less than
that of the single layers.

In most of the cases reported in the literature, the
dielectric constant of the multilayers is found to be higher
than that of any of the constituent layers, as discussed in the
Introduction. This is usually ascribed to the presence of a
stress in the film due to mismatch at the interfaces or due to
a high dielectric constant of the interface. In the present
case, the dielectric constant of the multilayers is smaller
than that of the corresponding single composition film. It
may be because of the formation of a low dielectric
constant interface between the different layers. Such
interfaces may form due to pinning of the oxygen vacancies
by the Ce [36].

Fig. 9 Dielectric constant vs temperature plot for the multilayer films;
the data for single layer films with compositions x=0.005 and x=0.01
is also included for comparison

Fig. 10 Dielectric constant vs temperature plot for the multilayer
sample M3 at different frequencies

Fig. 11 Dielectric constant vs electric field (C–V) plot for the
multilayer film; the data for single layer films with compositions x=
0.005 and x=0.01 is also included for comparison

Table 1 Tunability and figure of merit for single layer and multilayer
films.

Dielectric
constant

Tanδ Percent
tunability

K factor

a. Ce doped films
Ce content (x)
0 790 0.033 41 12.5
0.002 745 0.048 49 10.2
0.005 653 0.039 38 9.8
0.01 614 0.041 48 10.2
0.02 478 0.058 34 5.9
0.05 328 0.032 31 9.6
b. Multilayer films
M9 472 0.017 32 18.6
M5 404 0.019 30 16
M3 370 0.024 31 13
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The dielectric loss in the multilayers is much lower as
compared to the single films of corresponding compositions
especially at frequencies >20 kHz (Fig. 8(b)). The M9 has
the lowest while the M3 has the highest loss at all
frequencies. The reduced dielectric loss is an advantageous
feature for the multilayers. This shows that the use of the
multilayer configuration provides an additional variable, in
addition to the amount of dopant, to control the properties
of the film.

Figure 9 compares the variation in dielectric constant
measured at 100 kHz with temperature for the multilayer
films with the data for films of corresponding average
cerium contents (x=0.005 and 0.01). The dielectric constant
of the multilayers is lower than that of the corresponding
average composition at all temperatures. However, a
remarkable feature is that the curves become flatter as the
number of sublayers is increased. In most applications a
low coefficient of variation of the dielectric constant with
temperature is desirable. One of the undesirable features of
BT and BST films is their strong sensitivity to temperature
variation near room temperature. By using the multilayers,
this variation may be considerably reduced.

Figure 10 shows the dispersion in dielectric constant
with measuring frequency at different temperatures for the
M3 sample. The dielectric constant decreases at all temper-
atures with increasing measurement frequency. However,
there is no change in the temperature of maximum
dielectric constant on changing the frequency. Similar
behaviour was observed for all the other multilayes
indicating that no relaxor like behavior develops in the
multilayers.

Figure 11 shows the dielectric constant vs electric field
(C–V) plots for the multilayer films and the single layer
films in the comparable composition range. The plots for
the multilayer films are depressed and the loop is much less
open as compared to the single layer films. The dielectric

tunability, defined as C0 � CVð Þ=C0½ � � 100, where C0 is
the capacitance at zero voltage and CV is the same at a
voltage V and the figure of merit, K, defined as the
tunability divided by the loss tangent were calculated from
the C–V plots and are given in Table 1. The tunability of
the single layer films is between 30–50 and tends to
decrease as the Ce content is increased. The tunability of
the multilayer films is about 30. These figures are
calculated using the value of Cv at 8 volts; use of a higher
voltage would yield higher numbers. Although the tunabil-
ity of the multilayers is on the lower side, the K factor is
much higher as compared to the single layer films due to
their much lower dielectric loss—the K factor for the
multilayers is between 13–18 as compared to 6–12 for the
single layer films. Interposing the Ce doped layers between
layers of BST thus increases the figure of merit signif-
icantly from 12 to 18.

The I–V characteristics of the multilayers are not so
attractive (Fig. 12)—the leakage currents in the multilayer
films are higher than those in the single layer films of
comparable Ce content and the leakage current increases as
the number of layers increases i.e. it diverts more and more
from the value for the single layer film as the gradient in Ce
becomes smaller which is an unexpected result and needs to
be further investigated.

4 Summary

Doping of BST thin films of composition Ba0.8Sr0.2TiO3

with Ce has been carried out. The films had either a
uniform distribution of Ce or had a periodic fluctuation in
the Ce concentration through the thickness of the film. The
latter were prepared by depositing alternate layers of BST
and Ce doped BST. The introduction of Ce generally results
in a reduction in the dielectric loss of the films; the
dielectric constant is also reduced. A significant reduction
in the leakage current is observed when the films are doped
with a small amount (x=0.005) of Ce. The various
structural transitions, as observed by measuring the dielec-
tric constant as function of temperature, are smeared as the
Ce content first increases but then a sharp transition is seen
to be present in the films containing higher amount (x=0.05
and x=0.1) of Ce.

A further significant decrease in the dielectric loss is
observed in the multilayer films with periodic fluctuation in
the concentration of Ce. The dielectric constant of these
films is lower than expected from a series capacitor model
indicating the formation of low dielectric constant layers at
the interfaces of the layers. The C–V results show that the
quality factor of the BST films can be significantly
improved by interposing a single layer of Ce doped
composition between the two BST layers.

Fig. 12 Current density vs electric field (I–V) plot for the multilayer
films; the data for single layer films with compositions x=0.005 and x=
0.01 is also included for comparison
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