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INTRODUCTION

Conventionally ferrites are used phase shifter in 
microwave-tuned circuits for the construction of phased 
array antennas. But these materials are costly and devices 
made from them are bulky.  Therefore for the purpose of 
miniaturization as well as for making light weight devices 
with improved features a better dielectric material is needed. 
The material should be associated with relatively lower value 
of dielectric constant to minimize the overall impedance 
mismatch. Again to lower the insertion loss a low value of 
loss factor is also required for these materials. 

Barium-strontium titanate (BST) is a ternary ceramic 
compound with the stoichiometric formula (BaxSr1−x)
TiO3. It satisfies the different requirement for phase-
array applications, which include relatively low dielectric 
constant, low dielectric loss and high dielectric tunability 
in the frequency range from 1 kHz to 1 MHz [1, 2]. The 
microwave-tuned circuits can be designed using field 
or voltage controlled BST ferroelectric materials. Many 

researches have preferred BST ceramics for its use in high 
performance microwave tunable devices, such as phase 
shifter, tunable filters, steerable antennas etc [3-5]. 

For the synthesis of BST ceramics, barium titanate 
and strontium titanate phases can be mixed intimately to 
develop a homogeneous phase composition [6, 7]. The Curie 
temperature (TC) of BST can be changed by adjusting the 
Ba:Sr ratio [8, 9].

The dielectric properties of BST are dependent on the 
composition, nature and amount of doping. It has been 
observed that a linear relationship between the Curie 
temperature of the (BaxSr1−x)TiO3 material and the fraction 
of strontium (x) exists for x ≤ 0.75 [10]. The real part of 
the dielectric constant for (BaxSr1−x)TiO3 varies over a range 
of 200-900 and the loss factor of  (BaxSr1−x)TiO3 ceramics 
varies over a range of tan d =10-3-10-2, at a frequency of 
~2 GHz [11].  As the dielectric loss is usually lower in 
the paraelectric state than in the ferroelectric state owing 
to the disappearance of hysteresis, BST at paraelectric 
phase shows a lower loss tangent value than ferroelectric 
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phase. There have been many studies on the development 
of the dielectric properties of BST materials at paraelectric 
phase. However, the high dielectric loss, especially in the 
microwave frequency range, limits its further development. 
To overcome this limitation, it is very important to study 
the dielectric characteristics and loss tangent at different 
frequencies. It is well known that the dielectric properties 
of BST at paraelectric phase can be further modified using 
dopants of various concentrations.  

In the above context, the microstructure, dielectric 
property and loss tangent (tan d) of the nickel oxide doped 
BST (for x = 0.6) samples at different frequencies and 
temperature ranges was studied in the present work. The 
effect of different degrees of Ni doping was studied in 
order to explore the applications of the materials for high 
performance microwave tunable devices.  

EXPERIMENTAL

Sample preparation

(Ba0.6Sr0.4)TiO3 was prepared with various concentrations 
[1.0, 0.5 and 0.25 wt.%] of NiO dopant by traditional 
ceramic processing. The starting materials selected were 
BaCO3, SrCO3, TiO2 and NiO in powder form and all the 
materials were taken in the form of analytical grade. The 
materials were weighed according to the stoichiometric 
proportions and mixed thoroughly in aqueous phases for 
homogenization of the compositions. After mixing the 
aqueous suspension was dried and the dried powders were 
then calcined under ambient condition at 900 °C for 2 h in 
re-crystallized alumina crucibles. The dry calcined powder 
was compacted in the form of cylindrical pellets using PVA 
binder with a compaction pressure of 600 kg/cm2. The 
compacts were sintered at 1400 °C with a soaking period of 
2 h in an electrically heated muffle furnace. These sintered 
pallets were used for morphological, structural and electrical 
characterizations.

Characterization 

XRD analysis of the sintered samples was carried out with 
X-ray diffractometer (Rigaku, Ultima-III, Japan) with Cuka 
radiation. SEM photomicrographs of the samples were taken 
with Leo Cambridge microscope. Dielectric measurements 
were made in the frequency range 100 Hz to 20 kHz using the 
LCZ meter 4276A (Agilent). Sintered samples were ground, 
polished and cleaned and then heated at 140 °C for 4 h in a 
hot air oven order to eliminate water. The dried samples were 
coated with silver paste and then reheated at 400 °C for 1 h. 
The dielectric constant of each sample was calculated from 
the measured capacitance and the specimen geometry. The 
dielectric loss was also measured directly from the instrument 
reading. For the undoped sample and a sample with 0.25% 
NiO content, the dielectric measurements were carried out 
from 1 kHz to 1 MHz range as a function of temperature 
(from -50 oC to +70 oC). 

RESULTS AND DISCUSSION 

Ba0.6Sr0.4TiO3 was chosen as the basic composition 
because of its good combination of low TC, high dielectric 
constant, relatively low loss tangent and good tenability [12]. 
By adding 40 mol% SrTiO3 to BaTiO3, the Curie temperature 
can be shifted from 120 °C to -5 °C, but a relatively high 
dielectric constant can be maintained above TC. Heywang 
[13] developed a model for the positive temperature 
coefficient effect above TC. In this model the presence of two 
dimensional layers of surface acceptor states, either oxygen 
or the acceptor ions, is assumed at the grain boundaries of 
BaTiO3. The acceptors act as traps, taking electrons from the 
interiors of the grains. This results in a potential barrier at 
the grain boundary. As the temperature is increased above TC 
with the decrease in permittivity, the trapped electrons gain 
enough energy to jump to the conduction band. Therefore 
the conductivity increases with temperature.    

In this study, the composition of the material was 
adjusted in order to get the dopant substitution on B sites 
of perovskite ABO3 structure. The starting powders were 
mixed to get Ba0.6Sr0.4FexTi1-xO3 with an A: B ratio of 1:1. 
It was assumed that all of the dopants occupied B sites. For 
capacitor ceramics ABO3, doping with acceptor ions in small 
amounts on B sites can significantly influence the dielectric 
properties [14-16]. In NiO some proportions Ni3+ cations (in 
the form of Ni2O3) exist and this cation can be considered 
as acceptor dopant as it has a lower valency than Ti4+. The 
substitution of Ti4+ by Ni3+ would give rise to a vacancy in 
the oxygen sub-lattice as per the following reactions:

Ni2O3 + 2 (BaO.SrO) g 2(Ba.Sr) +2Ni/
B + + 5Oo +Vo 

NiO + (BaO.SrO) g (Ba.Sr) + Ni//
B + 2Oo +Vo 

The final electroneutrality is maintained with the 
following stoichiometry: 

(Ba.Sr)(Ni /
Ti)x Ti1-x(V

..
o)x/2O3-x/2  and (Ba.Sr)(Ni //

Ti)x Ti1-x(V
..
o)xO3-x  

The cationic size of Ni2+ is 0.83 Å and of Ni3+ is 0.72 Å 
compared to Ti4+ (0.61 Å).  Therefore this substitution 
causes expansion in the ABO3 structure and modifies the 
dielectric properties. Donor dopants generally occupy A 

  6-fold  12-fold
  coordination coordination
 A -site ions
 Ba2+ 1.36 1.44
 Sr2+ 1.16 1.60
 Ni2+ 0.81
 B-site ions
 Ti4+ 0.61
 Ni3+ 0.72

Table I -  Ionic radii (Å) [11].
[Tabela I - Raios iônicos (Å)[11].]
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sites and acceptor dopant generally occupy B sites. The 
issue of dopants acting as donor or acceptors on A or B 
sites respectively is debatable. Some researchers suggest 
that 2+ or 3+ ions occupy A sites as donors compensated by 
A site vacancies of Ti4+ ions, while others suggest that the 
ions occupy B sites as acceptors. From a comparison of the 
ionic radii of the various cations, it is reasonable to assume 
a substitution of Fe3+ on Ti4+ sites (Table I). 

While phase shifting ceramics are essentially capacitors 
and are tested as such, they are used at generally higher 
frequencies than capacitors. Also a low loss tangent and 
the ability to achieve a larger De with applied bias voltage 
become important properties in phase shifting devices and 
these properties are further examined here for the addition 
of the dopants.   

All compositions showed a density after sintering of 
approximately larger than 90% of the theoretical density.  
After sintering, the powder density of all of the sintered 
masses was approximately 5 g/cm3, which is about 90% of 
the theoretical density.  

In the present investigation the dopant NiO served two 
purposes. It modifies the dielectric properties by substitution 
at the Ti4+ sites and at the same time it promoted sintering of 
the compacts with the formation of vacancies in the cationic 
site. Again, after sintering, the excess nickel oxide at the 
grain boundaries further may develop conducting phases 
at the grain boundaries and can affect the capacitance and 
dielectric loss values of the materials. With the increase in 
the NiO content the dielectric constant of BST decreased 
(Fig. 1), due to the development of a conducting phase in 
the microstructure. For the undoped material after 1 kHz 
frequency the dielectric constant values were observed to 
be decreased significant only at frequencies below 10 kHz. 
At higher frequencies and with the higher proportion of NiO 
content the change in dielectric constant was not significant. 

Dissipation factor or tan d is a measure of loss-rate 
of power of a mechanical mode, such as oscillation in a 

dissipative system. It is expressed as the ratio of the resistive 
power loss to capacitive power loss. With the increase in 
the NiO content the loss tangent values also decreased 
(Fig. 2). It can be related to the development of a more 
conducting phase in the microstructure which reduced the 
resistive power loss of the materials. With the increase in the 
frequency, the loss factor decreased for all the compositions.   

To compare the performance of the doped material with 
respect to the undoped material, a composition with 0.25% 
NiO content was chosen. The dielectric constant values of 
the NiO-doped sample were always lower at all temperatures 
under investigation. The NiO-doped material exhibited a 
diffused small peak in the dielectric constant of ~5000 at 
the Tc of -10 °C (Fig. 3). The undoped material had a much 
sharper peak in the dielectric constant of ~9000 at the Tc of -5 

°C.  The lowering of the dielectric constant and the diffused 
character of the maxima can be related to the presence of 
conducting grain boundary and ion vacancy in the samples. 
With the increase in the temperature, the dielectric constant 

Figure 1: Variation in dielectric constant with frequency for Ni-
doped BST.
[Figura 1: Variação da constante dielétrica com a freqüência do 
BST dopado com Ni.]

Figure 3: Variation dielectric constant with temperature for Ni-
BST.
[Figura 3: Variação da constante dielétrica com a temperatura 
para Ni-BST.]
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Figure 2: Variation in loss factor with frequency for Ni-doped BST.
[Figura 2: Variação do fator de perda com a freqüência do BST 
dopado com Ni.] 
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of the undoped samples decreased significantly, but for 
the doped sample the change in dielectric constant with 

temperature was not significant. The loss tangent value of the 
doped sample was higher compared to the undoped sample 
at very low temperature (Fig. 4). But with the increase in 
temperature, the loss tangent value of the doped samples 
became less compared to the undoped sample up to 40 °C. 
It implies that at this temperature range the resistive power 
loss becomes more important for the doped sample. 

In general, the dielectric constant and loss factor of Ni-
doped BST maintained almost a steady value over a range 
of lower frequencies. The change in dielectric constant and 
loss factor with temperature for the Ni-doped BST is not 
significant compared to the un-doped BST. The loss tangent 
increased greatly with lower frequency. 

In the XRD pattern of the samples presence of BST 
phases were identified (Figs. 5A-5D). The crystal structure is 
basically cubic. The phase compositions of the samples did 
not change with NiO content, indicating that the dopant did 
not develop other undesirable phases in the microstructure. 
But the relative intensity of the phases improved significantly 
with the addition of the dopants. It indicates that NiO played 

Figure 5: (A) XRD diffraction pattern of the BST sample.
[Figura 5: (A) Difratograma de raios X da amostra BST.]

Figure 5: (B) XRD diffraction pattern of the BST with 1% NiO.
[Figura 5: (B) Difratograma de raios X da amostra BST com 1% NiO.]

Figure 5: (C) XRD diffraction pattern of the BST with 0.5% NiO.
[Figura 5: (C) Difratograma de raios X da amostra BST com 0,5% 
NiO.]

Figure 5: (D) XRD diffraction pattern of the BST with 0.25% NiO.
[Figura 5: (D) Difratograma de raios X da amostra BST com 
0,25% NiO.]

Figure 4: Variation in loss factor with temperature for Ni-BST.
[Figura 4: Variação do fator de perda com a temperatura para 
Ni-BST.]
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Figure 6: (A) SEM photograph of BST with 1% NiO.
[Figura 6: (A) Micrografia obtida por MEV de BST com 1% NiO.]

Figure 6: (B) SEM photograph of BST with 0.5% NiO.
[Figura 6: (B) Micrografia obtida por MEV de BST com 0,5% NiO.]

Figure 6: (C) SEM photograph of BST with 0.25% NiO.
[Figura 6: (C) Micrografia obtida por MEV de BST com 0,25% NiO.]

Sample Average Grain Size (mm)

BST 8.17
BST + 0.25%  Nickel 

oxide
7.19

BST + 0.5% Nickel Oxide 6.03
BST + 1% Nickel Oxide 5.14

Table II - Average grain size of the samples.
[Tabela II - Tamanho médio de grãos das amostas.]

a positive role in sintering and crystallization of BST. The 
crystal structure and cell dimension was not altered with 
the addition of the dopant. The average grain sizes of the 
samples decreased with the increase in the NiO content 
(Table II). It can be related with the grain boundary blocking 
effect of NiO during the coarsening of the grains at the later 
stage of sintering in the BST microstructure.  

  The microstructure of the materials showed the presence 
of rounded grains, typical of liquid phase sintering (Figs. 
6A-6C). With the increase in the addition of the dopants, 
the grain size decreased. The microstructure became 
more refined and uniform with the increase in the dopant 
concentration. No substantial amount of amorphous phase 
was seen at the grain boundaries in the SEM micrograph. 
Energy dispersive analysis of X-rays (EDAX) was 
inconclusive because of the overlap of the Ba and Ti lines as 
well as those of the Fe and background radiation caused by 
the chamber wall. With Ni doping the loss tangent showed 
significant reduction. From the Backscattered analysis no 
substantial difference in brightness was observed in different 
areas of the microstructure which is indicative of an overall 
compositional homogeneity throughout the sample. 

   
CONCLUSION

The role of nickel oxide dopant on the dielectric behavior 
of BST ceramics was investigated. With the addition of the 
dopant at the lower frequency (i.e. at near zero frequency), 
the dielectric constant and loss tangent values of the material 
decreased significantly compared to the undoped material. 
The maxima in the dielectric constant and loss factor values 
became much less and more diffused. The maxima slightly 
shifted to lower temperatures compared to the undoped 
sample. The average grain size of the BST ceramics 
decreased with the increase of the dopant concentration 
and the microstructure became uniform. These materials 
held promise for applications in areas where relatively low 
but stable value of dielectric constant is required without 
significant power loss, like electrical properties measuring 
instruments.  
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