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Effects of Strontium, Barium and Tin Doping on Electrical Properties of
Calcium Titanate Ceramics for Capacitor Applications

May Kalayar Kyaing®, Amy Aung?, Ohnmar Swe?, Shwe Sin Oo*
Abstract

Strontium doped calcium titanate (CaopoeSro1TiOs), barium doped calcium titanate
(Cap9Bap1TiO3z) and tin doped calcium titanate (CaSno1TiogOs) ceramics were synthesized
using a conventional solid-state reaction method. The aim of this paper is to investigate the
effects of Sr, Ba and Sn on the crystal structures, surface morphologies and dielectric properties
of CaTiO; ceramics. The crystallographic phases of the ceramics were identified by X-ray
diffractometer (XRD) and confirmed that all the ceramics were crystallized into orthorhombic
perovskite phase. The surface morphologies and average grain sizes of the ceramics were
determined using scanning electron microscopy (SEM) and verified that the crystallite particles
were agglomerated form. The average grain sizes were found to be ranging from 0.383 um to
0.436 um. The capacitance-voltage (C-V) measurements were performed at the frequency range
from 1 kHz to 1000 kHz using a LCR meter. The highest dielectric constant was occurred in the
CaSno.1Tio.9O3 ceramic at the frequency range of 1 kHz. The dielectric constant is an important
parameter of a dielectric material for the technological application of energy and data storage.
From 1/C? versus V graph, the effective dopant concentrations of the ceramics were also
evaluated. The effective dopant concentrations of the ceramics were changed with the different
doping materials and the maximum value was observed in the CaSno 1Tio9O3 ceramic.

Keywords: Doped CaTiOs; ceramics, LCR meter, dielectric constant, effective dopant
concentration

Introduction

Titanates as members of the perovskite structure family are well known ferroelectric
materials with superior dielectric properties. Among all the titantes, calcium titanate (CaTiOz)
has become a strong candidate for the interest of scientific community due to its interesting
dielectric properties and recently observed luminescence properties. Similar to other ceramics,
properties of this material largely depend on the method of preparation, thermal treatments and
doping with other additive oxides. Distortion of the material structure often occurs as a result
of the introduction of dopants into the crystal lattice sites. This is also accompanied by an
increase of charged ions [1]. Capacitor is an essential component to realize charge storage and
decoupling for increasing transmission speed of integrated circuit. However, the limitation of
capacitor area requires high capacitance density for embedded capacitors, thus promoting the
blossom of dielectric materials with giant dielectric constant [2].

Ceramic materials with high dielectric permittivity and low dielectric losses have
attracted attention because of their important applications in the electrical and electronic
industries. In particular, perovskite based ceramic materials such as barium titanate and
lead zirconium titanate etc., are widely used in capacitors due to their excellent dielectric
properties [3]. For next-generation capacitive electrical energy storage applications, materials
with high dielectric permittivity, low dielectric loss, and high dielectric breakdown strength are
essential for high gravimetric energy storage capacity. High-energy density storage capacitors,
by definition, store more energy per unit volume than common capacitors. These capacitors
play a key role in stationary power systems, mobile electronic devices, hybrid electric vehicles,
and pulsed power applications due to their reliability and fast charge-discharge characteristics
[4]. The advanced technology requires a material with giant dielectric value to reduce the size
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of electronic components, whereas the effective performance of these electronic components
requires substantially low dielectric loss. High dielectric constant materials have numerous
important applications in electronic devices such as capacitors, static and dynamic random
access memories [5].

CaTiOs powder is usually mixed with various types of materials in order to obtain the
better performances and a good control over a grain size and electrical characteristics of
ceramics. Doping is an effective way to improve the electrical performance of electroceramics
[6]. The aim of this paper is to investigate the doping effects of strontium (Sr), barium (Ba) and
tin (Sn) on the structural and electrical properties of calcium titanate (CaTiOs3) ceramics.

Materials and Methods

Ca0Sro.1TiO3, CapoBaoiTiO3 and CaSno1TiooOz powders were prepared by
conventional solid state reaction of calcium oxide CaO, titanium oxide TiOz, strontium oxide
SrO, barium oxide BaO and tin oxide SnO. materials. The compounds were mixed in an agate
mortar with addition of acetone to obtain a homogeneous mixture. The powders were pressed
into pellets of diameter 1.3 cm and the pellets were heated at at 900 °C for 3 hours. X-ray
diffraction (XRD) was conducted at room temperature to determine the crystal structure of all
the ceramics and the investigation of the surface morphologies of the ceramics was done by
scanning electron microscope (SEM). The electrical properties of ceramics such as dielectric
constant and dielectric loss were studied by using a LCR meter as presented in Figure 1. The
ceramics were measured in the frequency range from 1 kHz to 1000 kHz at room temperature.
From 1/C? versus V graph, the effective dopant concentrations (Np) of the ceramics were also
examined.
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Figure 1 Capacitance-voltage measurement of the ceramics using LCR meter
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Results and Discussion
Structural analysis

Figure 2 (a), (b) and (c) show the XRD patterns obtained from CaooSro.1TiOs3,
Cao9Bap1TiOsz and CaSno.1Tio.9O3 ceramics with the angle (26) in the range from 10° to 70°.
The major intense peak was observed at (1 0 1) plane in the three samples and the most intense
peak was occurred at (1 0 1) plane of the CaSnxTi1xOz ceramics. XRD profiles confirmed the
presence of Sr, Ba and Sn doped CaTiO3z materials in the ceramics and also indicated that all
the ceramics were crystallized into orthorhombic perovskite phase. The average crystallite size
was calculated by using Debye Scherrer method [7]. A small value of FWHM implies a high
crystallinity of the sample. The calculated average crystallite sizes were 31.63, 39.92 and 38.17
nm, corresponding to the CagoSro.1TiOs, CapoBao1TiOs and CaSno1TiogOs ceramics,
respectively. The lattice parameter and crystallite size of the ceramics were changed with the
different doping materials. The variation of the lattice parameter indicated that the doped ion
substitutes in the A site or B site of ABO3 perovskite structure. Thus, XRD analyses were
employed in order to estimate the influence of the doping materials on the lattice parameters of
the ceramics. The structural properties of the ceramics are presented in Table 1.
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Figure 2(a) XRD pattern of Cao.9Sro.1 TiO3 ceramic
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Figure 2(b) XRD pattern of Cap.9Bao.1 TiO3 ceramic
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Table 1 Structural properties of the ceramics
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Figure 2(c) XRD pattern of CaSng.1Tig9O3 ceramic
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Lattice parameter Average
Ceramic Crystal structure crystallite size
a(A) b (A) c(A) D (nm)
CagoeSro1TiO3 Orthorhombic 5.4871 55053 | 7.7251 31.63
CaooBag1TiO3 Orthorhombic 5.3805 54819 | 7.6918 39.92
CaSno.1Tio.903 Orthorhombic 5.3997 5.4395 7.5794 38.17

Surface Morpholo

SEM examined the surface morphological features of the ceramics. The SEM images of
the Cao.9Sro1TiO3, Cao9sBao1TiOs and CaSno.1Tio.9O3 ceramics annealed at 900 °C are shown in
Figure 3 (a-c). These ceramics exhibited an almost spherical morphology and have a porous
agglomerated form. The particle size of the ceramics was in the range from 0.383 um to 0.436
um and was found to slightly changes with the different doping material of the ceramics. The
grain size of CagoeSro.1TiO3z ceramic was smaller than that of the other ceramics. The average

gical Analysis

grain size of the ceramics are listed in Table 2.
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Table 2 Average grain size of the Cao.9Sro.1TiO3, CaogBao.1 TiO3 and CaSno.1 Tio.9O3 ceramics

Ceramic Grain Size (um)
Ca0.9Sr0.1TiO3 0.383
Cao.oBag1TiO3 0.436
CaSno.1Tio903 0.427

Dielectric Properties

The frequency responses for dielectric properties of the Cag.eSro1TiO3, CaooBag1TiO3
and CaSno.1Tio.9O3 ceramics were measured in detail through an impedance analyzer with the
frequency range from 1 kHz to 1000 kHz. The ability of a dielectric material to store energy
under the influence of an electric field results from the separation and alignment of electric
charges brought about by that field. The larger the dipole moment, the separation of charges in
the direction of the field, and the larger the number of these dipoles, the higher the material’s
dielectric constant. The values of dielectric constant (k) were calculated by the equations

below,
A

Co = & 7 1)
k =C/Co (2
where, C = capacitance using the material as the dielectric in the capacitor,
Co = capacitance using vacuum as the dielectric,

& = permittivity of free space (8.85 x 102 F/m) [8].

At low frequencies, the dielectric constants of the ceramics were high and decreased
gradually to a high frequency. It was found that all the ceramic samples have good dielectric
properties and the dielectric constant of the CaSno.1Tio.0O3 ceramic was larger than that of the
Cao.9Sro1TiOs and CagoBao1TiOz ceramics at the same doping amount. Figure 4 shows the
dielectric constant of Cao.oSro.1TiOs, Cao9Bao1TiOz and CaSno.1Tio.9O3 ceramics as a function
of frequency.

The energy loss in a dielectric is due to an alternating electric field, which is a material
property rather than geometric property of a capacitor. Usually the dielectric loss expressed as
the dissipation factor or loss tangent. Figure 5 shows the dielectric loss of CageSro1TiOs3,
Cap.9Bao.1TiOs and CaSno1TiogOs ceramics as a function of frequency. The values of the
dielectric constant and dielectric loss of the ceramics are summarized in Table 3.
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Figure 4 The dielectric constant of the Cap.oSro1TiO3, CageBao1TiOs and CaSngiTio.90s3
ceramics as a function of frequency
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Figure 5 The dielectric loss of the Cao.9Sro.1TiO3, Cao.9Bao.1TiO3 and CaSno.1Tio.9O3 ceramics
as a function of frequency

Table 3 The dielectric constants and dielectric loss of the ceramics

Ceramic Dielectric constant Dielectric loss (%)
Cao.9Sro1TiO3 512.144 0.4997
Cao.9Bap1TiOs3 569.176 0.4802
CaSno.1Tio.9O3 706.135 0.4542

Capacitance-Voltage Analysis

The electrical properties of the Cao.oSro1TiOs, CaogBao1TiOs and CaSnoiTio9Os
ceramics were investigated from capacitance-voltage measurements by using a LCR meter.
The built in voltage (Vi) of the ceramics was examined from 1/C? versus V graph. The
effective dopant concentration (Np) near the junction was determined from the equation (3),

c? AquS Np

i _ 2 (Vbi_V) (3)

The depletion region is formed from a conducting region by removal of all free charge carriers,
leaving none to carry a current. The depletion region is a key to explaining modern
semiconductor electronics such as diodes, bipolar junction transistors, field effect transistors
and variable capacitance diodes, all rely on depletion region phenomena. The only elements
left in the depletion region are ionized donor or acceptor impurities. The depletion layer width
of the space charge region (W) was calculated by the equation (4),

— &4
W= 4)

where “A” is the area of the ceramic and “ss” is the permittivity of the material [9]. Figure 6(a),
(b) and (c) show the 1/C? wversus V graphs of the CagoeSro1TiOs, CaooBao1TiOs and
CaSno.1Tio9O3 ceramics. The values of the built in voltage, effective dopant concentration and
depletion layer width of the ceramics are listed in Table 4.
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Figure 6(a) Plot of 1/C? versus V for Cao.sSro1TiO3 ceramic
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Figure 6(b) Plot of 1/C? versus V for Cap 9Bao1TiO3 ceramic
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Figure 6(c) Plot of 1/C2 versus V for CaSno.1Tio.9O3 ceramic
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Table 4 Built in voltage (Vyi), effective dopant concentration (Np) and depletion layer width
(W) of the the ceramics

Ceramic Vi (V) Np (cm) W (cm)
CaooSroaTiOs 1.626 1.18 x 1013 0.0450
CaggBag1TiO3 1.765 2.42 x 104 0.0453
CaSno1Tio903 1.329 5.98 x 10 0.0416

Conclusion

The perovskite ceramics of Cao.oSro.1TiOs, Cao9Bao1TiOz and CaSno.1TiosOs samples
were successfully synthesized by conventional solid-state reaction method. XRD profiles
confirmed the presence of Sr, Ba and Sn doped CaTiOs materials in the ceramics and also
indicated that all the ceramics were crystallized into orthorhombic perovskite phase. SEM
images showed that these ceramics exhibited an almost spherical morphology and have a
porous agglomerated form. The lattice parameters and grain sizes of the ceramics were
changed with the different doping materials. From the capacitance-voltage measurements, the
values of dielectric constant of the CagoSro.1TiOs, CageBag1TiO3 and CaSno.1Tio9O3 ceramics
were observed as 512.14, 569.176 and 706.135, respectively. The results showed that all the
ceramic samples have good dielectric properties. The effective dopant concentrations of the
Cap.eSro1TiOs, CageBao.1TiOs and CaSno1TiogOs ceramics were found to be 1.18 x 10%cm,
2.42 x 10* cm® and 5.98 x 10 cm, respectively. The dielectric properties and the effective
dopant concentrations of CaSno.1Tio9O3 ceramic were better than that of the CagoeSro1TiOs3,
Cao.9Bao.1 TiOs ceramics. Based on the results, these samples have good electrical properties for
the fabrication of capacitors used in microelectronic applications.
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