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A B S T R A C T

In this work BaSrTiO3 with three different Ba/Sr (45/55, 55/45 and 65/35) ratios and lanthanum doping con-
centrations of 0, 0.2, 0.4 and 0.6 mol.% were studied. Samples were fabricated through the mixed oxide route.
The microstructures were analyzed and the phases of the compositions were defined by XRD. The increase in
lanthanum doping had a pronounced decreasing effect on the grain size. The temperature dependent dielectric
characteristics were measured between 0.1 and 1000 kHz in the temperature range of -68 – 150 �C. Colossal
permittivity was found in all doped samples with a Ba/Sr ratio of 65/35 from which the 0.6 mol. % doping level of
lanthanum showed the most promising characteristics with relative permittivity >48,000 and a dielectric loss
�0.06 over the whole temperature range below 1 kHz. It was found that the relaxation of the colossal permittivity
effect exhibited a frequency shift at the Curie temperature.
1. Introduction

Today's modern society is driving towards the miniaturization of
cellphones, computers and other electronic devices, and consequently
more energy dense materials have to be developed. Passive components
such as capacitors and resistors take over 40% of the area on a circuit
board [1]. High permittivity and low losses over a wide temperature
range are highly sought-after properties for dielectric materials. Colossal
permittivity (CP) materials could provide the next step towards minia-
turization of capacitive components if their losses and temperature sta-
bility issues can be solved.

The interest in colossal permittivity materials has risen in the past
decade because of their high permittivity values (>104). The most
commonly researched CP materials are CaCu3Ti4O12 (CCTO) [2,3] and
co-doped TiO2 [4,5] systems while there are also other promising ma-
terials such as doped BaTiO3 [6], SrTiO3 [7] and Ba1-xSrxO3 (BST) [8].
However, many colossal permittivity materials suffer from high loses
and/or a narrow temperature range over which the permittivity is high
and stable and losses are low.

BST is a well-established material which exhibits low losses and high
permittivity over a wide range of temperatures, especially when the
composition is properly adjusted to meet application and operation
temperatures [9–11]. The Curie point cubic-tetragonal phase trans-
formation can be adjusted by modifying the barium and strontium ratios
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[12,13]. Here, based on our earlier work [14], a further study was con-
ducted on the effect of Ba/Sr ratios and the amount of lanthanum dopant
on the microstructure and the evolution of colossal permittivity. Three
base compositions of BST were chosen (45/55, 55/45 and 65/35) with
lanthanum doping of 0, 0.2, 0.4 and 0.6 mol.% respectively.

2. Experimental

Powders with a composition of (Ba(x-½y)Sr(1-x-½y)Lay)TiO3, where x ¼
0.45, 0.55 and 0.65 and y¼ 0, 0.002, 0.004 and 0.006, were prepared by
the conventional mixed oxide method using BaCO3 (Alfa Aesar, 99.8%,
197.35 g/mol), SrCO3 (Aldrich, 99.9þ %, 147.63 g/mol), TiO2 (Alfa
Aesar, 99.8%, Rutile min. 97%, 79.90 g/mol) and La2O3 (Aldrich, 99.9þ,
325.81 g/mol) as raw materials. Powders were mixed in appropriate
amounts in ethanol (Etax Aa) using a Hilscher UP100H ultrasonic mixer
for 30 min after which they were dried at 90 �C and sieved through a 180
μmmesh. The powder was pressed into pellets of 10 g with a∅25 mm die
under a pressure of 50MPa. The pellets were calcined for 10 h at 1150 �C.
The calcined pellets were crushed using a mortar and pestle and sieved
through a 200 μmmesh. 6 wt% of PVA (Fluka Chemicals) water solution
was mixed with the powder as a binder to keep the green pellets intact.
Sieved powders were pressed into 1 mm thick discs using a ∅10 mm die
with a pressure of 100 MPa. Green samples were sintered at 1475 �C for
4 h. The sintered samples were polished and silver paste electrodes
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Table 1
Sample lattice parameters and unit cell volumes.

Sample
a (Å) c (Å) c/a Cell volume (Å3)

B4L0 3.9425 3.9368 0.9986 61.191
B4L2 3.9425 3.9368 0.9986 61.191
B4L4 3.9430 3.9415 0.9996 61.281
B4L6 3.9432 3.9433 1.0000 61.313
B5L0 3.9522 3.9463 0.9985 61.641
B5L2 3.9530 3.9487 0.9989 61.703
B5L4 3.9527 3.9490 0.9991 61.698
B5L6 3.9526 3.9502 0.9994 61.713
B6L0 3.9641 3.9560 0.9980 62.165
B6L2 3.9652 3.9601 0.9987 62.263
B6L4 3.9638 3.9595 0.9989 62.210
B6L6 3.9630 3.9591 0.9990 62.178
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(Heraeus DT1402) were screen-printed on and fired at 550 �C for 20 min.
The sintered samples were denoted as BxLy where x is 4, 5 and 6 for BST
compositions 45/55, 55/45 and 65/35 and y is 0, 2, 4 and 6 for
lanthanum doping of 0, 0.2, 0.4 and 0.6 mol.%, respectively.

The sintered samples were polished and heat etched by rapidly
heating to sintering temperature and cooling with no dwell time, and the
microstructure was analyzed with an optical microscope (Olympus BX
51). XRD analysis was conducted for all sintered samples to analyze the
phases. Measurements were performed with a Bruker D8 Discover using
1.2 and 0.6 mm divergence slits over 20�–70� 2Ɵ angles with a step size
of 0.01 and a dwell time of 1 s per step. Bulk densities of the samples were
measured using the Archimedes method with water and a pycnometer
(Gay-Lussac BlauBrand®, Brand GmbH þ Co KG, Germany). The
dielectric characteristics were measured with an HP 4284A LCR meter
and the temperature of the sample was controlled by a programmable
furnace (Espec). Measurements were conducted at 100 Hz–1 MHz fre-
quencies and over a temperature range of �68 �C–150 �C.

3. Results and discussion

The XRD spectra of the sintered samples can be seen in Fig. 1. All
compositions showed a perovskite structure indicating that the
lanthanum had been well incorporated into thematrix of the BST. A small
number of secondary phases could be seen on B5, B6 and B6L4 samples
assumedly due to unreacted reagents or possible impurities forming
additional phases. The unit cell volumes are plotted in Fig. 1 d) as a
function of lanthanum dopant concentration for compositions B4, B5 and
B6. Increased strontium content increased the unit cell volume for B4
compositions while for B6 compositions the unit cell volume initially
Fig. 1. XRD spectra of the sintered samples for composit
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increased and then decreased. Similar results were found in lanthanum
doped BaTiO3 [15]. The unit cell of B5 first increased and then remained
on that level as the lanthanum doping increased.

The lattice parameters were calculated from fitted XRD peaks and are
shown in Table 1. It seems that the increase in lanthanum doping reduced
the tetragonality of the structure thus stabilizing it to the cubic form.

Bulk densities of sintered samples and average grain sizes are shown
in Table 2. All samples showed good density with an average porosity of
<5%. Lanthanum addition did not act as an obvious sintering aid,
however for the B5 composition the density was enhanced with
increasing doping level. The grain size for all the compositions seemed to
grow at 0.2 mol.% doping levels and reduced significantly at higher
ions of a) B4, b) B5 and c) B6. d) Unit cell volumes.



Table 2
Sample densities and average grain sizes.

Sample
Bulk density (g/cm3) Relative density (%) Average grain size (μm)

B4L0 5.29 � 0.05 94.7 8 � 4
B4L2 5.28 � 0.05 94.5 15 � 7
B4L4 5.31 � 0.05 95.1 6 � 5
B4L6 5.29 � 0.05 94.8 4 � 2
B5L0 5.32 � 0.05 93.7 11 � 7
B5L2 5.37 � 0.05 94.7 12 � 7
B5L4 5.38 � 0.05 94.7 6 � 8
B5L6 5.46 � 0.05 96.1 3 � 1
B6L0 5.52 � 0.05 95.7 16 � 10
B6L2 5.57 � 0.05 96.7 17 � 18
B6L4 5.46 � 0.05 94.7 5 � 2
B6L6 5.38 � 0.05 93.4 2 � 1
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levels compared to the undoped samples. Thus La tended to inhibit the
grain growth when the amount reached a sufficient level. Similar results
were found by Xu et al. [16].

The room temperature conductivity in doped samples was higher
than in undoped samples. This would indicate that the compensation
mechanism that ensured the electroneutrality after the aliovalent
lanthanum ion was introduced to the matrix was electronic and not ionic,
where the samples would stay insulating [17]. Therefore La3þ entering
the structure in Ba2þ and/or Sr2þ sites must be compensated by electrons.
The defect reaction could be written in Kroger-Vink notations as follows:

La2O3 þ 2TiO2 ⇒ 2La
0
Ba=Sr þ 2Ti’Ti þ 6Ox

O þ 1
2
O2 (1)
Fig. 2. Microstructure of
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In Fig. 2. the evolution of sample microstructures is presented where
the x-axis represents the composition of the BST matrix and the y-axis the
amount of lanthanum dopant. The scale bar is 50 μm. The undoped
samples showed an increase in the grain size as the barium content
increased, possibly due to these compositions having more BaTiO3 [18]
which has a higher grain growth constant than that of SrTiO3 [19]. In
samples with the 0.2 mol.% of La the grain sizes were closer to each other
with the exception of 65/35 composition which had more of the larger
grains. When the doping level was increased to 0.40 mol.% the grain
growth was inhibited. Fewer larger grains appeared in the 45/55 and
55/45 compositions, however the overall grain size was decreased
compared to the undoped samples. For the 0.60 mol.% samples the grain
growth was miniscule, and it was obvious that the lanthanum dopant
suppressed grain growth at these levels.

The relative permittivity and dielectric losses for the sintered samples
are plotted in Fig. 3 and the 3D representation in Supplementary Mate-
rials S1 – S3 available online. The undoped samples B4, B5 and B6 (Fig. 3
a,b)) showed typical BST dielectric behaviour with stable relative
permittivity over the whole frequency range. Dielectric losses for the
samples peaked at low freaquency and high temperature, possibly due to
space charge polarization, and both the relative permittivities and
dielectric losses peaked when approaching the Curie temperature (Tc). At
the Curie temperature the material underwent a paraelectric to ferro-
electric phase transition where the unit cell transformed from cubic to
tetragonal form. At this temperature a peak in relative permittivity and
dielectric losses could be seen. By tuning the Ba/Sr ratio the Tc could be
adjusted. The obtained Tc at �50 �C, �14 �C and þ18 �C for B4, B5 and
B6, respectively, corresponded well with findings published by others
[12,13].
the sintered samples.



Fig. 3. Relative permittivity and dielectric loss of sintered samples as a function of temperature a), b) B4, B5, B6, and c), d) B4L2, B4L4, B4L6, and e), f) B5L2, B5L4,
B5L6 and g), f) B6L2, B6L4, B6L6. Note that in a) and b) properties at different frequencies are strongly overlapping.
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Table 3
Dielectric properties of all the samples at 1 kHz at room temperature and their
changes compared to reference sample.

Sample εr εr/εr-undoped
(εr/εr-B4)

Tan δ Tan δ/Tan δundoped
(Tan δ/Tan δB4)

B4 1312 (1) 0.0003 (1)
B4L2 12195 9 0.055 183
B4L4 47516 36 0.495 1650
B4L6 51527 39 0.511 1703
B5 2732 (2) 0.001 (3)
B5L2 58782 22 0.322 322
B5L4 91271 33 0.100 100
B5L6 84917 31 0.067 67
B6 16002 (12) 0.007 (23)
B6L2 83985 5 0.026 4
B6L4 76081 5 0.031 4
B6L6 64204 4 0.047 7
(Bi0.5Nb0.5)0.5Ti0.5O2

[26]
42000 0.083

BTNb [25] 80888 0.03
TENO-2wt%B2O3 [24] 41000 0.012
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In all samples doping resulted in significantly higher relative
permittivity and dielectric loss over the whole temperature and fre-
quency range compared to the undoped sample. For the sample B4L2
(Fig. 3 c-d) the temperature for the maximum εr (Tm) (74,834 with a tan
δ ¼ 0.177) was �68 �C at 100 Hz. It could be seen that the phase tran-
sition of the sample started to distort but remained recognizable to the
undoped B4 sample. When the La amount was increaseed in sample B4L4
(Fig. 3 c–d)) the Tm shifted to �40 �C and the relative permittivity
increased to 94,231 while the losses decreased to 0.035 at 100 Hz. At this
point both the permittivity and dielectric loss displayed additional fre-
quency dependence in the form of a Debye type relaxation at > 10 kHz
that shifted towards lower frequencies <1 kHz as the temperature
increased and the material went through a phase shift at Tc. This shift is
more prominently seen in the 3D representation of the results in Sup-
plementary Materials S1 – S3. The Curie temperature is visualized as a
transparent plane in the supplementary figures. It is notable that the
permittivity decreased and the relaxation loss peak increased after the
shift. Sample B4L6 (Fig. 3 c–d) was comparable in its dielectric behaviour
to sample B4L4. Tm was at �68 �C and the εr ¼ 89,698 with a tan δ ¼
0.192 at 100 Hz. For the sample B5L2 (Fig. 3 e–f) the maximum εr was
103,949 at �10 �C with a tan δ of 0.035 at 100 Hz. The shift of the
relaxation peak was most prominently seen in this sample with a large
jump from 100 kHz down to<1 kHz as the sample went through Tc. Both
the B5L4 and B5L6 (Fig. 3 e–f) samples had a similar shift that initiated at
the Tc; however as the lanthanum amount increased the shift distance
decreased. The maximum εr and tan δ for B5L4 and B5L6 were 97,249
and 0.014 (Tm ¼ 6 �C) at 100 Hz and 91, 270 and 0.141 (Tm ¼�68 �C) at
100 Hz, respectively. The shift in sample B5L6 opens a region at low
frequencies (0.1–1 kHz) where low loss (tan δ < 0.1) and colossal εr
(>56,000) can be obtained over the whole temperature range (-68 – 150
�C). The doped samples for B6 composition (Fig. 3 g–h) showed similar
dielectric characteristics compared to the doped B5 composition samples.
A similar shift in relaxation peak was seen at the Tc, with the main dif-
ference that relaxation occurred at slightly higher frequencies and the
shift distance was shorter between different doped B6 samples. The
maximum relative permittivity for sample B6L2 (Fig. 3 g–h) was 90,959
with a tan δ of 0.037 at 52 �C and 100 Hz. For samples B6L4 and B6L6 the
maximum εr was 80,791 where tan δ was 0.025 (Tm ¼ 54 �C) at 100 Hz
and 67,220 and 0.034 (Tm ¼ 50 �C) at 100 Hz, respectively. The short
shift distance in loss after the Tc for B6L4 and B6L6 allows a region with
permittivities of >61,000 and > 48,000 and losses of <0.1 and � 0.06,
respectively, over the full temperature range (-68 – 150 �C) below 1 kHz.

The overall dielectric characteristics and their changes were
compared to reference samples at 1 kHz at room temperature and are
gathered in Table 3 for all the samples. It can be seen that increasing the
Ba amount in the base composition without doping lead to a significant
increase in εr and an even greater increase in dielectric loss (values in
parenthesis compared to that of composition B4). Composition B6
exhibited 12 and 23 times higher εr and tan δ compared to that of B4
composition at 1 kHz. This behaviour corresponds with the earlier
studies by Wu et al. for Ba1-xSrxTiO3 compositions with 30–50 mol.% of
Ba and with studies by Su & Button having 40–60 mol.% of Ba [11,20].
While adjustment of the composition itself changed the dielectric prop-
erties it also influenced the Curie temperature and associated dielectric
peak as mentioned earlier. Therefore, dielectric enhancements shown
here for the undoped samples are due to the dielectric peak, associated
with the Curie temperature moving towards room temperature.

By introduction of the La-dopant a further systematic increase in εr
and tan δ was obtained as shown in Table 3 as an add-on feature for Ba
addition. However, such changes were much more pronounced with 45
mol.% and 55 mol.% of Ba where the base levels of the composition's
dielectric properties were more modest. As it appears from Fig. 3,
increasing the La-doping shifted the dielectric peak of the respective
composition from a lower temperature to a higher temperature and to-
wards the measurement temperature while smoothing the peak signifi-
cantly. Yet, when comparing the results within the different amounts of
5

La it could be seen that the effect varied i.e. a higher La amount did not
shift the peak monotonically towards a higher temperature, especially
when the amount of Ba in the base composition was higher. This effect
can be clearly seen in Table 3 where the highest dielectric properties
were achieved with different La amounts depending on the base
composition. The doped samples showed a diffused phase transition
which is typical behavior for relaxor ferroelectrics (RFE) [21–23]. Other
characteristics for RFE are the movement of Tm to a higher temperature
with frequency, increased frequency dispersion below Tm and decreased
dispersion above Tm. This was seen only in sample B4L2. This suggests
that the other doped samples belonged to normal ferroelectrics rather
than RFE [16]. For the doped samples the shift in the dielectric loss peak
to lower frequencies after the Curie temperature could be caused by the
reduction of charge carrier mobility. As for sample B4L2 the charge
carrier movement seemed to be suppressed and no notable relaxation
could be seen after the Curie phase transition. The peak shift distance was
shorter for all the doped samples with the increase in lanthanum doping.

This correlates well with the decreased grain size. In larger semi-
conducting grains, the charge carrier diffusion from grain boundary
through the grain to the adjacent grain boundary would be slower than in
a small grain and thus the relaxation peak shifts to lower frequencies for
large grained samples. The results in general are comparable with some
of the latest colossal permittivity materials displayed in Table 3 [24–26].
Concerning the feasibility of such materials for applications it should be
pointed out that variation of permittivity of the sample B6L6 in the
ranges of �55 �C - 105 �C and �55 �C – 125 �C is below �15% and
�22%, respectively, which already meets the EIA standards for X6R and
X7S capacitors.

4. Conclusion

Three ratios of BaSrTiO3 with three lanthanum doping concentrations
were fabricated and analyzed. All doped samples showed colossal
permittivity characteristics. The most promising colossal permittivity
composition was (Ba0.647Sr0.347La0.006)TiO3 for wide temperature range
low frequency applications with a relative permittivity over 48,000 and
tan δ� 0.06. The samples underwent a relaxation peak shift as a function
of La doping that was temperature dependent and initiated when the
samples went through a phase transition at the Curie temperature which
is dependent on the Ba/Sr ratio. The shift was found to move to lower
frequencies which could mean the cubic phase hinders the movement of
the free charge carriers and slows the relaxation process down. It was also
found that the increase in lanthanum doping reduced the grain size in all
the BST compositions which on its own has an impact on the dielectric
characteristics. The results thus show that it is possible to fabricate co-
lossal permittivity materials with moderate losses and relatively stable
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temperature behaviour by careful adjustment of the composition. For
future research more compositions should be investigated and the use of
high temperature XRD could provide some interesting information on the
compositional dependency of the relaxation peak shift.
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