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Abstract
The properties of  BaTiO3 based ferroelectrics can be enhanced by appropriate doping.  BaTiO3 and Sn doped  BaTiO3 were 
synthesized using sol–gel route and characterized by X-ray diffraction technique. Microstructural evaluation was done by 
scanning electron microscopy. On doping with Sn, the dielectric permittivity of the material is increased 3 times to that 
of the pure  BaTiO3 and a very low dielectric loss of < 1 was observed. Tin doped  BaTiO3 can act as a promising material 
for piezoelectric applications because of high  Tc (292 °C).
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1 Introduction

Lead free piezoelectric materials have attracted consid-
erable attention of researchers during the recent years 
[1]. Barium titanate  (BaTiO3) is one such material studied 
extensively. This has perovskite structure with various 
properties and applications [2]. It has high dielectric con-
stant also. On doping various ions in barium titanate, prop-
erties are changed [3]. On doping isovalent ions on both 
sites of A(Ba) and B(Ti), electrical and dielectric properties 
are affected considerably [3]. When  Ti4+ is replaced by  Sn4+, 
interesting properties are seen [4, 5]. On doping  Sn4+ in 
barium titanate, microstructure and electrical properties 
are changed considerably [6]. However, limited studies on 
the properties of barium titanate in presence of  Sn2+ as 
dopant has been made [7]. Doping plays an important role 
in changing the structural, electronic and optical proper-
ties of the materials [8–12].

It is expected that if  Ba2+ ion is replaced by ions of 
smaller size, the motion of the  Ti4+ ion on the octahedral 
site will be reduced. The ionic radii of  Ba2+ and  Sn2+ are 
respectively 146 pm and 118 pm, so if  Sn2+ is used as dop-
ing agent, the properties of  BaTiO3 (BT) will be changed. 

In this paper, BT has been prepared by sol–gel technique 
using  Sn2+ as dopant. Electrical conductivity and dielectric 
constant have been determined at different temperatures 
and frequencies. Results have been discussed.

2  Experimental

2.1  Materials

Ba(CH3COO)2 (Sigma-Aldrich, CAS No. 513- 77-9, 99.9%), 
titanium alkoxide Ti[OCH(CH3)2]4 (Sigma-Aldrich, CAS 
No. 13463-67-7, 99.9%), hydrated stannous chloride 
 (SnCl2.2H2O) (Sigma-Aldrich, CAS No. 278513-25G, 99.9%), 
glacial acetic acid (Merck, 100%, CAS No. 64-19-7), Isopro-
panol (Alfa Aesar, CAS No. 67-63-0, 99+ %), Titanium tetrai-
sopropoxide (TTIP) (Sigma-Aldrich, CAS No. 13463-67-7, 
99.9%) were used as such without further purification.

2.2  Synthesis route

BaTiO3 doped with  Sn2+ was synthesized by sol–gel 
route. Barium acetate and hydrated stannous chloride 
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(20%) in molar ratio of 1:6 were dissolved in acetic acid 
at 65 °C in a round bottom flask and the solution was 
allowed to cool to room temperature. 2-Propanol was 
added to the solution with stirring for an hour. TTIP 
was also added. The mixture was cooled to 2–3 °C and 
deionized water was mixed. 2-Propanol/titanium tetrai-
sopropoxide/acetic acid/water mole ratio of 1:1:6:150 
was used. Finally yellow color sol was formed which was 
stirred for homogenization for a period of 3 h. After the 
completion, the gel was dried at 100 °C. Thereafter, the 
xerogels were calcined at different temperatures to 
obtain nanocrystalline Sn doped  BaTiO3.

2.3  Material characterization

The powder X-ray diffraction studies were performed 
by X ‘Pert PRO using  CuKα radiation (45 kV and 40 mA) 
at a speed of 2°/min over the range 10–60°. The surface 
morphology of obtained powder was investigated by 
Scanning Electron Microscopy (SEM) and energy disper-
sive X-ray spectroscopy using a JEOLT330 microscope. 
Dielectric constant and electrical conductivity were 
measured as a function of frequency (100–1000 kHz) 
and temperature (RT-400 °C). The measurements were 
made with Agilent E4980A LCR meter on a cylindrical 
pellet of dimension 0.7 mm (thickness) × 4 mm (diam-
eter) made using hydraulic press at a pressure of 5 ton. 
Silver paste was used for a contact.

3  Results and discussion

3.1  X‑ray diffraction

Powder X-ray diffraction pattern of Sn doped  BaTiO3 pre-
pared at 1200 °C is shown in Fig. 1. All the diffraction peaks 
of undoped  BaTiO3 can be indexed for tetragonal structure 
using JCPDS number 00-005-0626 while the doped  BaTiO3 
has cubic structure with space group Pm-3 m. The disap-
pearance of (002) and (210) peaks suggests phase change 
[13]. All the peaks in the presence of  Sn2+ are slightly 
shifted showing the formation of solid solution [7]. As 
there is difference in the ionic radii of  Ba2+ and  Sn2+ (ionic 
radii of  Ba2+ is 1.46 Å and  Sn2+ is 1.18 Å), it will decrease 
the size of dodecahedral cavity [14] and the lattice will 
contract to some extent. The decrease in 2θ values shows 
that some of the  Sn2+ has been oxidized to  Sn4+ and might 
have replaced  Ti4+. The slight shift in the main intense peak 
is shown in inset of Fig. 1. The presence of well defined 
and intense peaks shows high degree of crystallinity. The 
absence of any extra peak discards the possibility of any 
secondary phase which suggests that  SnCl2 is completely 
incorporated into the  BaTiO3 matrix forming solid solution 
[7].

3.2  SEM

The SEM image of the sample heated at 1200 °C is shown 
in Fig. 2. The figure shows uniform distribution of the 
particles in the nano range (< 200 nm). The EDX pattern 
shows the presence of Sn (16.21%). Insertion of Sn at 

Fig. 1  Powder X-ray diffraction 
patterns of  BaTiO3 and Sn-
doped  BaTiO3 at 1200 °C
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place of Ba and Ti leads to point defects and distortion 
which yields strain energy. In order to reduce surface free 
energy, movement of atoms from particles of smaller radii 
to larger radii takes place resulting in irregular grains. The 
formation energy of oxygen vacancies to certain extent 
and grain boundary diffusion coefficient is enhanced by 
decrease in strain energy [6]. With increased defects the 
mass transport process is improved leading to increased 
diffusion and leads to particles of variable shape and size 
as can be seen in Fig. 2a.

3.3  Dielectric properties

Figure  3 shows the variation of dielectric constant of 
undoped and Sn doped  BaTiO3 as a function of tempera-
ture at different frequencies. Variation of dielectric con-
stant with temperature does not show any peak but Sn 
doped  BaTiO3 shows a sharp peak (288 as relative permit-
tivity) at 292 °C and 500 MHz frequency. The figure shows 
the decrease in peak maxima with the rise in frequency. 

The increase in dielectric constant in Sn doped  BaTiO3 with 
temperature is because of space charge polarization. The 
higher value of dielectric constant of doped  BaTiO3 at low 
frequencies may be due to the contribution of dipolar, 
electronic, ionic and space charge polarization, which 
depend on the frequencies. The increase in relative per-
mittivity with temperature shows the increase in interfacial 
polarization and maximum value of relative permittivity 
is observed from ferro to paraelectric phase transition. 
Polarization is storage of charge in dielectric materials in 
presence of electric filed. There is very small effect of tem-
perature on ionic and electronic polarization [15].

In such materials, changes in dielectric constant 
have been reported at around 60 °C and 125 °C due to 
orthorhombic to tetragonal and tetragonal to cubic phase 
transitions respectively, showing ferroelectric behav-
ior [16, 17]. In Fig. 3 such two transitions can easily be 
observed with extended existence of tetragonal phase. 
However, tetragonal to cubic phase transition is occurring 
at 292 °C instead of 125 °C, making it a possible material 

Fig. 2  a SEM image of Sn doped  BaTiO3 at 1200 °C and b EDX image

Fig. 3  Dielectric constant of a 
 BaTiO3 and b Sn doped  BaTiO3 
as a function of temperature at 
different frequencies
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for piezoelectric devices. The first dielectric peak  Td (depo-
larization temperature) corresponds to the change from 
ferroelectric phase to antiferroelectric phase while  Tc cor-
responds to a change from antiferroelectric phase to par-
aelectric phase.

It is being observed that the dielectric constant 
decreases with the increase in frequency and increases 
with increase in temperature till 150 °C in case of  BaTiO3 
and till 280 °C in case of Sn doped  BaTiO3 as seen in Fig. 4. 
The reported Curie temperature of  BaTiO3 is 130 °C [18]. 
Important observation is that the dielectric constant of 
 BaTiO3 obtained is 100 which is lower than the dielectric 
constant noticed for Sn-doped  BaTiO3 i.e. 400 at 280 °C. 
The dielectric constant increased 3 times on doping with 
Sn. Most of the  Sn2+ ions are likely to enter at A-site due to 
small ionic radii of  Sn2+ (1.18 Å) than that of  Ba2+ (1.46 Å). In 
the present case  Sn2+ ions act as donor and create the cat-
ion vacancies in  BaTiO3, which increase the oxygen vacan-
cies. The main cause of domain wall clamping are these 
oxygen vacancies. Dielectric permittivity increased with 
increase in temperature. With increase in temperature, the 

oxygen vacancies could be thermally “ionized”, their con-
duction would become dominant due to their mobility, 
higher vacancy concentration and higher inertia of oxy-
gen ions. This would lead ultimately to higher dielectric 
permittivity value [19]. So, the high dielectric permittivity 
of doped samples is due to crystal imperfections formed 
by doping [20].

The  BaTiO3 ceramics are used in sonars due to their high 
electromechanical coupling factor and peizo electric strain 
constant, but due to low curie temperature of 130 °C, it is 
not a suitable material for piezoelectric applications [21]. 
Tin doped  BaTiO3 can act as a promising material for piezo-
electric applications because of high  Tc. Figure 5 presents 
the variation of dissipation factor with applied frequency 
and a very low tan δ of ~ 0.01 was detected at higher fre-
quency side. Dielectric loss increases with the increase of 
the temperature. The slightly difference in dielectric loss 
in undoped and doped  BaTiO3 can be attributed to the 
presence of oxygen vacancies.

Curie–Weiss law and Lorentz equations were used 
to evaluate the exact temperature where the dielectric 

Fig. 4  Dielectric constant of a 
 BaTiO3 and b Sn doped  BaTiO3 
as a function of frequency at 
different temperatures

Fig. 5  Variation of dielectric 
loss with frequencies at differ-
ent temperatures for a  BaTiO3 
and b Sn doped  BaTiO3
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constant was maximum (Fig. 6). For a normal ferroelectric, 
Curie–Weiss law equation (Eq. 1) holds good:

TCW is the Curie–Weiss temperature and C is the Curie con-
stant. From the linear fit between 1/ɛ′ and T for Sn doped 
 BaTiO3, value of  TCW and 1/ɛm

′ at 500 Hz and 1 kHz were 
found to be 292C̊ 0.00352 and 292 °C, 0.0041, respectively. 
In order to demonstrate the presence of relaxor type fer-
roelectric structure in this sample, Eq. 2 was used.

where γ is the diffuseness exponent whose value range 
from 1 to 2. The variation of log (1/ɛ − 1/ɛm) with {log 
(T-Tm)/C} for the Sn doped  BaTiO3 at frequency 500 Hz 
and 1 kHz has been presented in Fig. 6. The γ value was 
calculated from the slope after fitting the curve linearly. 
The diffusion factor γ was found to be 1.08 and 1.50 at 
500 Hz and 1 kHz, respectively. This suggested the relaxor 
type ferroelectric behavior in this system.

Figure 7 shows variation of a. c. conductivity with fre-
quency at different temperatures on log scale. AC conduc-
tivity of the material was calculated using the formula

(1)1∕ε� =
(

T − TCW
)

∕C

(2)log
(

1∕ε − 1∕εm
)

= γ
{

log
(

T − Tm
)

∕C
}

(3)σ = 2πfεoε tan δ

where, f is the applied frequency, tan δ is dielectric loss 
and εo and ε are the dielectric constants of free space and 
sample, respectively. It can be observed that ac conductiv-
ity of Sn doped  BaTiO3 increases from the low frequency 
region to the high frequency region and the conductivity 
follows the Jonscher power law relation

where ω is the angular frequency, A is a constant and the 
exponent s is a frequency dependent parameter having 

(4)σac = σdc + Aωs

Fig. 6  a and b Dielectric con-
stant data fitting with the Lor-
entz type quadratic equation, c 
and d Dielectric constant data 
fitting to the modified Curie–
Weiss law

Fig. 7  Graphs of Log (conductivity) versus Log (frequency) at differ-
ent temperatures for Sn doped  BaTiO3
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values less than unity. Figure 7 shows the increase in con-
ductivity with increase in temperature. Electrical conduc-
tivity data fitted Arrhenius equation (Eq. 5)

where σ0 is the pre-exponential factor,  Ea is the activation 
energy for conduction and  kB is Boltzmann constant. From 
Arrhenius plot (Fig. 8) energy of activation for conduction 
was calculated for both undoped and doped  BaTiO3 and 
found to be 0.65 and 0.63 eV respectively.

Activation energy in the ranges of 0.3–0.5 and 
0.6–1.2 eV have been reported to be associated with 
singly and doubly ionized oxygen vacancies, respec-
tively. Figure 8 shows the Arrhenius curve of conductiv-
ity with inverse of temperature. The calculated value of 
activation energy in the current system might be due to 
doubly ionized oxygen vacancies. The singly and doubly 
ionized oxygen vacancies can be calculated according 
to the following mechanism [19].

where  Sn(Ti) represent neutral vacancies, Sn′
(Ti) and Sn′′

(Ti) 
represent single and doubly ionized vacancies, respec-
tively,  h∙ is the free electron hole, and VO

′ and VO
′′ are the 

single and doubly ionized oxygen vacancies, respectively.

(5)σ = σ0 exp
(

−Ea∕kBT
)

Sn(Ti) → Sn�
(Ti)

+ h⋅

Sn�
(Ti)

→ Sn��
(Ti)

+ h⋅

Vo → V�
o
+ e�

V�
o
→ V��

o
+ e�

1∕2O2 + V��
o
→ Ox

o
+ 2h⋅

4  Conclusion

Sol gel method was used to synthesize nanosize  BaTiO3 
and  Sn2+ doped  BaTiO3 at 1200 °C. XRD studies showed the 
formation of solid solution and EDX confirmed the pres-
ence of tin in the lattice. XRD pattern showed cubic struc-
ture for doped  BaTiO3 as the peaks corresponding to (002) 
and (210) planes disappeared after doping. The dielectric 
constant of  Sn2+ doped ceramic was found 3 times higher 
to that of pure  BaTiO3. The  Sn2+ doped  BaTiO3 was found 
to be a ferroelectric material and can act as a promising 
material for piezoelectric applications because of high  Tc 
of around 290 °C.
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