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Abstract
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The development of advanced materials for electronic applications has been
continuously undertaken due to the increasing demands of new devices with high
performance and efficiency. Careful modification of the materials could result in
improvement of the electrical properties. Defects are known to play an important role in
governing the electrical properties of titanate-based perovskites. Improvement of
dielectric properties and insulation resistance are important for the development of high-
performance dielectric materials. Various techniques can be used in order to improve the
performance of such materials. The effect of A-cation non-stoichiometry on the electrical
properties of barium strontium titanate ceramics is an interesting topic of investigation.
This study examined the stoichiometric, Ba-excess, Ba-deficient, Sr-excess and Sr-deficient.
compositions of (BaggSry2)TiOs ceramics. A-cation non-stoichiometry of (BaggoSro.20)TiOs
ceramics affected dielectric properties differently. The Ba- and Sr-excess compositions
decreased dielectric constant at T, while still maintaining broad phase transition
characteristics. In contrast, dielectric constant increased in the Ba- and Sr-deficient
compositions.  The characteristics of electrical conduction are different at high
temperatures when Ba- and Sr-deficiency is introduced to the dielectrics. Ti** state for the
Ba-deficient composition is maintained. However, Ti** state partially changes to Ti** state,
giving rise in the polaron hopping conduction process for Sr-deficient composition.
Therefore, this study shows that minor deviation of A-cation from stoichiometry can induce

a different conduction process while maintaining the dielectric permittivity characteristics.
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Executive Summary

Development of advanced technologies for electronic applications, particularly
aiming to increase energy efficiency and sustainability, are increasing in demand for regular
usage. A majority of this development involves improvement of material’s properties.
Researcher has been continuously studied and developed new electronic material.
Ferroelectric ceramic is one of many materials that is of interest, for example, lead-based
(e.g. Pb(Mg,/5Nb,/3)05: PMN) and lead-free (e.q. Ba(Zr,Ti)O,: BZT) materials. It is, however,
known that the RoHS (Restriction of Hazardous Substances Directive) listed Lead (Pb) as
one of the hazardous materials and is restricted for using in many electronic applications.
Therefore, the development of lead-free materials has increased in attention and there is
many more aspects of research to be explored. The electrical properties of relaxor
ferroelectric ceramics, especially dielectric and ferroelectric behaviors, are improved from
normal ferroelectric ceramic, which led to the usage of these materials in various
applications such as capacitors and piezoelectric devices. A majority of researches focuses
on fundamental understanding of relaxor behavior both experimentally and theoretically
as well as device development based on these materials. In fabrication process, it is
common to find defects in polycrystalline materials, which can be in a range of atomic-
scale to micro-scale. These defects play major roles in controlling electrical properties of
the ceramics. In some applications, defects can be advantage as to improve the properties
of the devices. On the other hand, properties of devices can be deteriorated by the
present of defects leading to electrical fatigue and failure of devices under extreme
conditions. It is, therefore, important to understand how cation vacancy defect affects
electrical properties of modified barium titanate ferroelectric ceramics. The effect of A-
cation non-stoichiometry on the electrical properties of barium strontium titanate ceramics
is an interesting topic of investigation. This study examined the stoichiometric, Ba-excess,
Ba-deficient, Sr-excess and Sr-deficient compositions of (BaggSrg 2)TiO3 ceramics. A-cation
non-stoichiometry of (BaggySro.20)TiOs ceramics affected dielectric properties differently.
The Ba- and Sr-excess compositions decreased dielectric constant at T, while still
maintaining broad phase transition characteristics. In contrast, dielectric constant
increased in the Ba- and Sr-deficient compositions. The characteristics of electrical
conduction are different at high temperatures when Ba- and Sr-deficiency is introduced to

the dielectrics. Ti%* state for the Ba-deficient composition is maintained. However, Ti%*



state partially changes to Ti** state, giving rise in the polaron hopping conduction process
for Sr-deficient composition. Therefore, this study shows that minor deviation of A-cation
from stoichiometry can induce a different conduction process while maintaining the

dielectric permittivity characteristics.



Objectives

The main objectives for this study are listed below.

1. to determine characteristic of defect species in modified barium titanate
ferroelectric ceramics.

2. to investigate effect of defect on electrical properties of modified barium
titanate ferroelectric ceramics.

3. to develop fundamental understanding of defect behavior in ferroelectric

ceramics.
Methodology

The methodology of this research consists of two main parts. First, fabrication of
ceramic specimens in which defect will be introduced into the specimens by controlling
stoichiometry of interested compositions. Second, defect characteristics and electrical

properties will be characterized. Details of experimental design are given below.

1.1. Fabrication of ceramics

Modified barium titanate based on (Ba;,SrTiOs compositions, where x is 0.2, were
fabricated via solid state reaction technique. The BaCO; (>99.0% purity), SrCO; (>99.0%
purity) and TiO, (>99.0% purity) were used as precursors. Batch calculation for
stoichiometric and non-stoichiometric compositions was carried out in which A-cation
vacancy was the main focus. The (Bag g.,5rg2-,)TIO; compositions where x = 0.2,y = 0, 0.01
and 0.02, and z = 0, 0.01 and 0.02 were fabricated. The BaCOs, SrCO; and TiO, precursors
were mixed and ground via ball milling technique. Calcination was undertaken by putting
dried powders in alumina crucible and fire at 1100 °C for 4 hours with heating/cooling rate
of 5 °C/min in air atmosphere. Ceramic disc with diameter of about 1 cm and thickness
of about 1 mm were prepared by sintering green sample in electric furnace at 1400 - 1475
°C for 4 hours with heating/cooling rate of 5 °C/min in air atmosphere. Silver paste was

applied on the polished surface of the sintered pellet before firing at 700 °C for 15 minutes.



1.2.Characterizations

Perovskite phase formation was investigated by using X-ray diffraction technique
via a laboratory X-ray diffractometer (XRD) measuring at room temperature. Morphology
and microstructure observations were conducted by using scanning electron microscope
(SEM) in order to observe change, if any, due to the presence of defect.

Defect characteristics were characterized using X-ray photoelectron spectroscopy
(XPS). This technique can detect changes in valence state of Ti cation that is associated
with defect species presented in the specimen, for example, Ti**, singly ionized and doubly
ionized oxygen vacancies, other impurities.

Electrical properties measurement was carried out on ceramic specimens.
Dielectric properties of the specimen were measured by using LCR meter. The frequency
dependence of permittivity and loss data were collected simultaneously while heating
and cooling the specimen from room temperature to 200 °C. The impedance
spectroscopy was used to measure dielectric relaxation phenomena in the temperature

ranging from 400 to 600 °C.

Results and discussion

Part 1: Influence of A-cation non-stoichiometry on dielectric properties of (Bay,Sr)TiOs
ceramics

In this study, the A-cation non-stoichiometry (BaggySro.20)TiO3 compositions were
investigated. Four groups of composition were chosen, i.e., Ba-excess ((Baggsx Sro.2)TiO5),
Ba-deficient ((Bagg.xSro2)TiOs), Sr-excess ((BaggSro 2. Ti03) and Sr-deficient ((BaggSrp 2.d TiOs).
The concentration of x was varied from 0 to 0.02 with 0.005 increment.

Perovskite phase was maintained in all compositions, as shown in figure 1. Peak
shifting and peak broadening could not be observed within the resolution limit of
laboratory X-ray diffractometer. All composition showed characteristics of tetragonal
symmetry as seen from {002} peak broadening (20 = 45°). It suggested that average crystal

structure was not affected by A-cation non-stoichiometry.
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Figure 1. X-ray diffraction patterns of Ba-excess, Sr-excess, Ba-deficient and Sr-deficient

(Bag,805r0.20)TiO3 polycrystalline ceramics.

Temperature dependence of dielectric properties measured at 10 kHz of Ba-excess,
Ba-deficient, Sr-excess and Sr-deficient (BaggoSrg20)TiOs ceramics were illustrated in figure
2-5.

For Ba-excess (Bagg:xSro20)TIO compositions, dielectric constant at room
temperature was in the range of 2300-2700. The dielectric constant increased as
temperature increased until it reached maximum values at T,y (@ temperature at which
dielectric constant is maximum). This broad peak was a characteristic of broad phase
transition, which was expected for the (BaggoSro20)TiOs ceramics. A change in Tmax A
significant decrease of maximum dielectric constant at T, when x increased was

observed, as shown in figure 2.
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Figure 2. Temperature dependence of dielectric constant measured at 10 kHz of

Ba-excess (BaggoSro.20)TiOs ceramics

Figure 3 showed dielectric constant as a function of temperature of Ba-deficient
(BagsoxST020)TiO3 compositions.  The dielectric peak maintained broad phase transition
characteristics in all compositions. The dielectric constant at all temperatures increased
with increasing x content. The T slightly shifted toward lower temperatures when x
increased. However, at x = 0.02, the dielectric constant significantly increased to 22500
and 36000 at room temperature and T, respectively. This could be due to a high
concentration of cation vacancy leading to high concentration of oxygen vacancy, which

can lead to high dielectric constant and become conductive easily.
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Figure 3. Temperature dependence of dielectric constant measured at 10 kHz of

Ba-deficient (BaggoSro.20)TiO3 ceramics

Dielectric constant as a function of temperature of Sr-excess (BaggoSro.204x 1103
ceramics of all compositions was shown in figure 4. Broad phase transition of dielectric
characteristic was observed. Dielectric constant at T decreased as x increased. The
Tmax Of compositions with x > 0 was lower than that of stoichiometric compositions. The
maximum dielectric constant at Ty changed from 9200 to 7000 for x = 0 and x = 0.02,
respectively. This could be due to the excess content of Sr that might lead to secondary
phase, which cause reduction of dielectric constant. However, the secondary phase was
not clearly shown from X-ray diffraction patterns, which could come from detection limit

of the laboratory X-ray diffractometer.
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Figure 4. Temperature dependence of dielectric constant measured at 10 kHz of

Sr-excess (Bag goSro.20)TiO5 ceramics

Temperature dependence of dielectric constant of Sr-deficient (BaggoSro20TiOs
ceramics were illustrated in figure 5. All compositions showed broad phase transition of
dielectric characteristic. When X increased, T,,.x and dielectric constant at Tax increased.
At Trax dielectric constant of x = 0 — 0.015 were in the range of 9200 to 11000. However,
the dielectric constant at T,,.x of 24000 was found for x = 0.02. Similar to Ba-deficient
composition, this could be due to a high concentration of cation vacancy leading to high
concentration of oxygen vacancy, which can lead to high dielectric constant and become

conductive easily. Moreover, the T, ..« systematically increased as x increased.
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Figure 5. Temperature dependence of dielectric constant measured at 10 kHz of

Sr'defiCient (Bao‘aosro‘zo)_no:g ceramics

A-cation. non-stoichiometry of (BaggoSro20)TiO3 ceramics affected dielectric
properties differently. The Ba- and Sr-excess compositions generally decreased dielectric
constant at Trax While still maintaining broad phase transition characteristics. In contrast,
dielectric constant was found to increase in the Ba- and Sr-deficient compositions. The
shift in Trax Was higher in Sr-excess and Sr-deficient compositions as compare with that of
Ba-excess and Ba-deficient compositions.  Although the improvement of dielectric
constant was observed in the Ba- and Sr-deficient compositions. However, the Ba- and Sr-
deficient compositions with x = 0.02 exhibited dramatically increase in dielectric constant.
The high concentration of A-cation vacancy induced oxygen vacancy to occur, thus, led to
high dielectric constant accompanying with high conductive behavior. Thus, it was a major
drawback for dielectric materials.

It was clearly seen that the A-cation deficient composition was a promising method
to improve dielectric properties of (BaggySro20)TiO3 ceramics. It is of interest to gain more
understanding of the effect of A-cation deficiency on electrical properties of the materials.

Therefore, the stoichiometric, 0.01 mol Ba-deficient and 0.01 mol Sr-deficient



(BaggoSra20)TiOs ceramics were selected to study further, which was explained in details in

next section.

Part 2: Effect of A-cation deficiency on electrical properties of (BaggsSro.20TiO3 ceramics

In this study, Ba-deficient and Sr-deficient compositions were chosen for
investigation. The electrical properties is the main focus in order to understand the roles
of A-cation deficiency in (BaggoSro.20) TiOs ceramics.

Stoichiometric’ composition of (BaggoSre20)TiOs polycrystalline ceramic  was
investigated by comparing to 0.01 mol Ba-deficient and 0.01 mol Sr-deficient compositions,
i.e. (Bap795r0.20)TiOs and (BaggoSro19)TiOs, respectively. Perovskite phase was confirmed
in all compositions, as shown in Figure 6. The shifting of peak was not observed within
the resolution limit of a laboratory X-ray diffractometer, indicating that changes in long-
range crystal structure were not observed. However, the secondary phase of unknown
species was observed at 20 of 24° and 28° for stoichiometric composition. The secondary
phase, as shown in the XRD pattern, could not be identified with good accuracy. However,
the peak at 20 of 24° closely matched with the BaCO; phase. This implied that a small
fraction of remaining BaCO, precursor was unreacted. For Ba-deficient and Sr-deficient
compositions, peaks at 20 of 24° were not observed, which indicated that A-site deficiency

affected the formation of the secondary phase.



0. 01 Sr-deficient

’& 0.01 Ba-deficient
JLh m..-,JLt\.. A ._,\_L ]
StOIchlometnc

J A .

rffrrfrfrr{
80 90 100

Intensity

2theta

Figure 6. X-ray diffraction patterns of stoichiometric, 0.01 mol Ba-deficient, and 0.01 mol

Sr-deficient compositions of (BaggSrq 2)TiO5 ceramics

Dielectric properties as a function of temperature are shown in Figure 7. The
stoichiometric composition exhibited frequency-independent dielectric permittivity
around the temperature T (58 °C), at which dielectric permittivity is maximum. At high
temperature, frequency-dependent behavior of dielectric loss was observed for the
stoichiometric composition. An increase of dielectric permittivity was clearly seen in the
0.01 mol Ba-deficient composition. Dielectric loss was found to be higher than that of the
stoichiometric composition. Frequency dispersion of dielectric properties was observed,
as seen at T However, the T, of the 0.01 mol Ba-deficient composition was found to
be the same as that of the stoichiometric composition. Additionally, frequency dispersion
of dielectric loss at high temperature could not be seen from the dielectric data. Dielectric
permittivity with frequency-independent behavior was observed in the 0.01 mol Sr-
deficient composition. Dielectric permittivity at T, was comparable to that of the
stoichiometric composition. T shifted to higher temperature as compared to that of
the stoichiometric composition. However, a large increase of dielectric loss at high
temperature (> 100 °C) was observed. Additionally, close inspection of the dielectric

constant versus temperature curves of the Ba- and Sr-deficient compositions suggested



that a step change in dielectric constant was observed as temperature increased to right
below Tphax Which could be interpreted as an intermediate phase. However, the dielectric
anomaly was weak for the Ba-deficient composition. Moreover, this phenomenon was not
observed in the stoichiometric compositions. Since A-cation vacancy (V) was introduced
to the composition, the system was compensated by oxygen vacancy. Formation of (Va-
Vo) defect associate could be possible, which could induce the distortion of TiOg
octahedra. Moreover, it is possible that the induced oxygen vacancy defect could reduce
Ti* to Ti>* forming defect complex (Ti**-Vp), which could also affect the distortion of unit
cell, particularly octahedral distortion. Thus, the intermediate phase was observed. As
temperature increases, the intermediate phase might change its configuration and TiOg

octahedra becomes less distorted, resulting in a dielectric anomaly at temperature right

below Tax-
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Figure 7. Temperature dependence of dielectric permittivity of stoichiometric, 0.01 mol

Ba-deficient, and 0.01 mol Sr-deficient compositions of (BaggSry2)TiO3 ceramics

Not only is the behavior of dielectric permittivity as a function of temperature
slightly changed, but the behavior of dielectric loss at high temperatures was also different
when comparing between three compositions. The increase of dielectric loss at high
temperatures suggested that resistive behavior at high temperature deteriorated, which
could be due to a change in the conduction mechanism. Therefore, impedance
measurements were undertaken at various temperatures ranging from 450 to 550 °C in
order to understand conduction behavior at high temperature.

Figure 8 shows the impedance spectra of the stoichiometric, 0.01 mol Ba-deficient,

and 0.01 Sr-deficient compositions measured at 500 °C in a frequency range of 10? - 10°

10



Hz. Frequency dispersion of Z' and Z' was observed for the stoichiometric and 0.01 Ba-
deficient compositions. However, dispersion could not be observed for the 0.01 Sr-
deficient composition due to much lower resistance. Additionally, analysis of the Nyquist
plot for impedance provided useful information about the transport phenomena and
electrical characteristics. A suppressed-nonsymmetrical semicircle curve of the impedance
was observed for the stoichiometric composition. This suggested that multiple conduction
paths contributed to the overall conduction process of the sample. In other words, the
heterogeneous conduction process existed. In comparison, the Nyquist plot of impedance
for the 0.01 mol Ba-deficient showed the symmetric semicircle curve, which indicated that
the conduction path could be supported by a homogeneous process. However, the
suppressed semicircle curve was observed for the 0.01 Sr-deficient composition. Similar
to the stoichiometric composition, the impedance spectra suggested that the conduction

process was heterogeneous.
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Figure 8. Impedance spectra for stoichiometric, 0.01 mol Ba-deficient, and 0.01 mol Sr-

deficient compositions of (BaggSrg,)TiOs ceramics measured at 500 °C
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It is important to note that the impedance data measured at 500 °C indicated that
different compositions of A-cation deficiency affected the electrical characteristics
significantly. Therefore, temperature dependence of the impedance data was further
analyzed in order to enhance understanding of the conduction process for the samples.
As shown in Figure 9, relaxation peaks in all compositions were observed. The shifting of
peaks to higher frequency was found in all compositions as temperature increased. Broad
and nonsymmetrical peaks of the semilog plot for Z" measured at a wide range of
temperatures were observed for the stoichiometric composition. Sharp and symmetric
peaks were observed at all measured temperatures for the 0.01 Ba-deficient composition.
Broad and nonsymmetrical peaks were seen for the 0.01 Sr-deficient compositions. For
the stoichiometric and 0.01 mol Ba-deficient compositions, the peak shape of the semi-
log plot for -Z" versus frequency remained unchanged as temperature increased. This
indicated that the conduction behavior was not changed. For the 0.01 mol Sr-deficient
compositions, the broad and nonsymmetrical peaks changed as temperature increased,

suggesting that the conduction process changed gradually.
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Figure 9. Frequency dependence of imaginary impedance (Z") measured at high
temperatures for stoichiometric, 0.01 mol Ba-deficient, and 0.01 mol Sr-deficient

compositions of (BaggSrg 2)TiO; ceramics measured at 500 °C
Analysis of frequency dependence for the imaginary part of impedance (Z") at

various temperatures using Arrhenius relationship provided additional information about

the transport phenomena. The activation energy of conduction (E,) could be obtained by

12



fitting the linear regression for the logarithm of frequency, at which -Z" is maximum (fzmax)
versus 1/T, as shown in Figure 10. The f . Was obtained using the peak-fitting method
with a Gaussian model. Analysis of the stoichiometric and 0.01 Ba-deficient compositions
could be obtained. The fzma of the 0.01 mol Sr-deficient composition could not be
obtained with good accuracy. The peak shape was nonsymmetrical, which originated from
the overlapping of multiple f,:.x peaks. Therefore, analysis of the Arrhenius plot for the
0.01 mol Sr-deficient composition was not included in this study. The activation energies
of conduction at 0.57 and 0.86 eV were obtained for the stoichiometric and 0.01 mol Ba-
deficient compositions, respectively. A significant increase in activation energy was

observed when Ba-deficiency was introduced to the sample.
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Figure 10. Arrhenius plot of data extracted from semi-log plot of Z" versus frequency for

stoichiometric and 0.01 mol Ba-deficient compositions of (Bag gSrg o) TiO3 ceramics

To obtain further understanding of the origin of the change in conduction behavior,
X-ray photoelectron spectroscopy (XPS) analysis was used. The spectra of Ti 2p species
are illustrated in Figure 11. For all compositions, the binding energy for Ti 2p electrons
are 458.1 and 465.8 eV for 2ps,; and 2p,,, respectively, indicating the presence of Ti**
species. They are expected in titanate-based perovskite since Ti** specie occupied at BOg
octahedra.®® The results suggest that there was no change in Ti** valency when Ba-

deficiency was introduced to the sample. However, lower binding energy of Ti 2p

13



electrons at 457.6 and 463.1 eV for 2p;,, and 2p,,,, respectively, were also observed in the
Sr-deficient composition. The presence of this signal indicated that the Ti** specie was
found. This indicated that the 0.01 mol Sr-deficient composition affected the stability of

Ti* specie, i.e. the Ti** specie partially transformed into Ti** specie.

Sr-deficient Ti2p,,

Ba-deficient @

Stoichiometric

y T ) T T T T T T
468 464 462 460 458

Binding Energy (eV)

Figure 11. XPS spectra of Ti 2p species for stoichiometric, 0.01 mol Ba-deficient, and 0.01

mol Sr-deficient compositions of (Bag gSro ) TiO; ceramics

Based on the results obtained in this study, tentative defect models for the Ba-

and Sr-deficient compositions were proposed. In BaTiOs-based materials, oxygen vacancy

14



is known to be a charge compensating defect for A-cation vacancy (V,), forming (Va-Vo)
defect associates.® 22 The presence of the (Vx-Vo) defect associates in BaTiOs-based
materials could modify electrical resistivity, as shown in related materials.2 However, the
Ti** defect specie was found in the Sr-deficient composition, which suggests the defect
compensation mechanisms between Ba- and Sr-deficient compositions are different. A
possible defect model that could explain this observation is (Ti**-Vo-Va). The Ti** defect
specie could be induced by ionized oxygen vacancy and acceptor-type defect (A-cation
vacancy). The co-existence of two acceptor specie§ for Ti** and Na(K) acceptor-type
defects was previously reported by Scharfschwerdt et al.?* The defect model of (Ti**-Vo-
Na(K)) was observed in Na/K acceptor-doped BaTiOs. Therefore, it might be possible that
the distortion of TiOg octahedra near the A-cation vacancy site of Ba- and Sr-deficient
compositions exhibited different characteristics. In other words, it preferred to form only
stable (Va-Vo) defect specie in the Ba-deficient composition, while it formed (V4-Ve) and
(Ti**-Vo-V,) defect species in the Sr-deficient composition.

The presence of both Ti** and Ti** ions in the 0.01 mol Sr-deficient compositions
could also be indicative of polaron hopping conduction mechanisms. In general, the
activation energy of conduction found in a hopping mechanism is smaller than in an
intrinsic mechanism. Thus, it could describe the observation of broad and nonsymmetrical
relaxation peaks for Z' shown in Figure 9. Electrons could easily hop between Ti** and
Ti** lattice sites. As temperature increases, polaron hopping could be easily activated.

Therefore, the change in conduction mechanism was observed as shown previously.
Conclusion

Perovskite phase can be formed with or without A-cation non-stoichiometry.
A-cation non-stoichiometry of (BaggoSro20)TiOs ceramics affected dielectric properties
differently. The Ba- and Sr-excess compositions generally decreased dielectric constant
at Tax While still maintaining broad phase transition characteristics. In contrast, dielectric
constant was found to increase in the Ba- and Sr-deficient compositions. The shift in Ty
was higher in Sr-excess and Sr-deficient compositions as compare with that of Ba-excess
and Ba-deficient compositions. Although the improvement of dielectric constant was
observed in the Ba- and Sr-deficient compositions. High temperature impedance spectra

analysis reveals a different conduction process, in which homogeneous electrical

15



characteristics exist in the stoichiometric and Ba-deficient compositions and

heterogeneous electrical characteristics persist in the Sr-deficient composition. In addition,

the T** ion accompanying Ti** ion in the Sr-deficient composition gives rise to the broad

and asymmetric relaxation peak, indicating that the conduction process governs using

polaron hopping mechanisms.
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Improvement of dielectric properties and insulation resistance are important for the development of
high-performance dielectric materials. Various techniques can be used in order to improve the per-
formance of such materials. The effect of A-cation deficiency on the electrical properties of barium
strontium titanate ceramics is an interesting topic of investigation. Thus, this study examined the sto-
ichiometric, 0.01 mol Ba-deficient, and 0.01 mol Sr-deficient compositions of (BaggSrg;)TiO;
ceramics. Changes in the dielectric characteristics were observed in the 0.01 mol Ba-deficient and
0.01 mol Sr-deficient compositions. The characteristics of electrical conduction revealed by imped-
ance analysis are different at high temperatures when Ba-deficiency and Sr-deficiency are introduced
to the dielectrics. The Ti** state for the Ba-deficient composition is maintained. However, the Ti**
state partially changes to the Ti’* state, giving rise to the polaron hopping conduction process for
Sr-deficient composition. Therefore, this study shows that a minor deviation of the A-cation from
stoichiometry can induce a different conduction process while maintaining the dielectric permittivity

characteristics. Published by AIP Publishing. https://doi.org/10.1063/1.5047503

INTRODUCTION

The development of advanced materials for electronic
applications such as capacitors, sensors, transducers, photo-
voltaic devices, and catalysts has been continuously under-
taken due to the increasing demands of new devices with
high performance and efficiency. The careful modification of
the materials could result in the improvement of the electrical
properties. Defects are known to play an important role in
governing the electrical properties of titanate-based perov-
skites. For example, bismuth sodium titanate perovskite,
(Big.soNag so)TiO3: BNT, is well known as a promising can-
didate for lead-free piezoelectric. Large remnant polarization
and large coercive field could be modified by doping or
forming complex solid solutions with other perovskite end
members."™ The introduction of defects onto the A-site of
BNT, such as Bi deficiency or divalent cation doping, revealed
a high ionic conductivity characteristic.’™’ High dielectric
permittivity ceramics based on the BaTiO3-Bi(Zn,/;;Ti /2)03
system were obtained with the improvement of electrical prop-
erties at high temperature when A-site nonstoichiometry was
introduced.*® Barium strontium titanate (Ba,Sr)TiO; ceramics
have also been investigated for more than a decade.'®"
Substitution of the Ti cation with transition metal cations
(Fe**, Mn**, Y**, and Ga®*) resulted in changes of dielectric
permittivity and reduction of the dielectric loss.'? The first

Author to whom comespondence should be addressed: Natthaphon.R@
chula.ac.th

0021-8979/2018/124(15)/154105/5/$30.00

principles calculation of defects in titanate-based perovskite
was used to obtain a better understanding of the materials.!>!*
Extensive studies of defect chemistry for titanate-based perov-
skite have been reported by showing the validity of compara-
ble results from first principles calculation and experimental
results.'® In addition, defects in Bag gSro,TiO5 have played an
important role in the improvement of electrostrain, which
leads to defect-induced structural distortion.'® Moreover,
the effects of the A-cation/Ti ratio on the microwave tun-
ability of BagSr 4TiO3 ceramics have been studied.'” It
was reported that the A/B ratio affected dielectric permittiv-
ity, dielectric loss, and the tunability of materials. The
improvement of microwave tunability occurred only when
the A/B ratio was less than unity. Therefore, the cation non-
stoichiometry in the (Bag goSrp20)TiO3 reconfigured domain
enhanced microwave tunability.'

In this study, Ba-deficient and Sr-deficient compositions
were chosen for investigation. The electrical properties are
the main focus in order to understand the roles of A-cation
deficiency in (Bag goSrg 20)TiO3 ceramics.

EXPERIMENTAL METHOD

The precursors of BaCO; (>99.0% purity), SrCO,
(>99.0% purity), and TiO; (>99.0% purity) were used to
prepare barium strontium titanate, (Bag goSro.20)TiO3, ceram-
ics via the solid-state reaction technique. Batch calculation
was carried out for stoichiometric composition, 0.01 mol
Ba-deficient composition, and 0.01 mo} Sr-deficient composition,

124, 154105-1 Published by AIP Publishing.
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i.e., (BaggoSro.20)TiOs, (Bag79S10.20)TiO;.«, and (Bag goSro.19)
TiOs.4, respectively. The precursors were mixed and milled
for 24 h using the ball-milling technique. After drying, the
mixed powders were calcined at 1100 °C for 4 h. The cal-
cined powders were ground to reduce particle size using
the ball-milling technique for 24 h. The calcined powders
were then mixed with 2 wt. % polyvinyl alcohol (PVA)
solutions prior to being uniaxially pressed into the pellet
shape. The green body was placed in an alumina crucible
with embedded powders and sintered at 1475 °C for 4 h.
Silver paste was applied on the polished surface of the sin-
tered pellet before firing at 700 °C for 15 min. The tempera-
ture dependence of permittivity measured at 1 kHz, 10 kHz,
and 100kHz was investigated from 25 to 125 °C. Impedance
spectroscopy was carried out at high temperature from 450
to 550°C. X-ray photoelectron spectroscopy (XPS) was
studied at room temperature on the well-packed powder of
ground sintered samples.

RESULTS AND DISCUSSIONS

The stoichiometric composition of (Bag.goS1020)TiO03
polycrystalline ceramic was investigated by comparing to
0.01 mol Ba-deficient and 0.01 mol Sr-deficient composi-
tions, i.e., (Bag79Sro20)TiO3, and (BaggoSro,19)TiO5.y,
respectively. The perovskite phase was confirmed in all com-
positions, as shown in Fig. 1. The shifting of the peak was
not observed within the resolution limit of a laboratory X-ray
diffractometer, indicating that changes in the long-range
crystal structure were not observed. However, the secondary
phase of unknown species was observed at 26 of 24° and 28°
for stoichiometric composition. The secondary phase, as
shown in the XRD pattern, could not be identified with a
good accuracy. However, the peak at 26 of 24° closely
matched with the BaCOj phase. This implied that a small
fraction of the remaining BaCO; precursor was unreacted.
For Ba-deficient and Sr-deficient compositions, peaks at 20
of 24° were not observed, which indicated that A-site defi-
ciency affected the formation of the secondary phase.

Dielectric properties as a function of temperature are
shown in Fig. 2. The stoichiometric composition exhibited

Intensity

mi 0.01 Sr-deficient
LJ__‘_ , S S SRR W
| l.
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FIG. I. X-ray diffraction patterns of stoichiometric, 0.01 mol Ba-deficient,
and 0.01 mo} Sr-deficient compositions of (Bag gSrg2)TiO3 ceramics.
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frequency-independent dielectric permittivity around the tem-
perature Ty,ax (58 °C), at which the dielectric permittivity is
maximum. At high temperature, frequency-dependent behav-
ior of dielectric loss was observed for the stoichiometric
composition. An increase of dielectric permittivity was
clearly seen in the 0.01 mol Ba-deficient composition. The
dielectric loss was found to be higher than that of the stoi-
chiometric composition. Frequency dispersion of dielectric
properties was observed, as seen at Ty,,x. However, the T«
of the 0.01 mol Ba-deficient composition was found to be the
same as that of the stoichiometric composition. Additionally,
frequency dispersion of dielectric loss at high temperature
could not be seen from the dielectric data. Dielectric permit-
tivity with frequency-independent behavior was observed in
the 0.01 mol Sr-deficient composition. Dielectric permittivity
at T;.x Was comparable to that of the stoichiometric compo-
sition. Ty, shifted to a higher temperature as compared to
that of the stoichiometric composition. However, a large
increase in the dielectric loss at high temperature (>100 °C)
was observed. Additionally, close inspection of the dielectric
constant versus temperature curves of the Ba- and Sr-deficient
compositions suggested that a step change in the dielectric
constant was observed as temperature increased to right
below Ty,ax, Which could be interpreted as an intermediate
phase. However, the dielectric anomaly was weak for the
Ba-deficient composition. Moreover, this phenomenon was
not observed in the stoichiometric compositions. Since
A-cation vacancy (Va) was introduced to the composition,
the system was compensated by the oxygen vacancy. The
formation of the (Va-Vg) defect associate could be possi-
ble, which could induce the distortion of TiOg octahedra.
Moreover, it is possible that the induced oxygen vacancy
defect could reduce Ti** to Ti** forming the defect complex
(Ti**-Vg), which could also affect the distortion of the unit
cell, particularly octahedral distortion. Thus, the intermedi-
ate phase was observed. As temperature increases, the inter-
mediate phase might change its configuration and TiOg
octahedra become less distorted, resulting in a dielectric
anomaly at the temperature right below T,,ax.

Not only is the behavior of dielectric permittivity as a
function of temperature slightly changed, but the behavior of
dielectric loss at high temperatures was also different when
comparing between three compositions. The increase in the
dielectric loss at high temperatures suggested that resistive
behavior at high temperature deteriorated, which could be
due to a change in the conduction mechanism. Therefore,
impedance measurements were undertaken at various temper-
atures ranging from 450 to 550°C in order to understand
conduction behavior at high temperature.

Figure 3 shows the impedance spectra of the stoichio-
metric, 0.01 mol Ba-deficient, and 0.01 Sr-deficient composi-
tions measured at 500 °C in a frequency range of 10%-10°
Hz. Frequency dispersion of Z' and Z" was observed for the
stoichiometric and 0.01 Ba-deficient compositions. However,
dispersion could not be observed for the 0.01 Sr-deficient
composition due to much lower resistance. Additionally, the
analysis of the Nyquist plot for impedance provided useful
information about the transport phenomena and electrical char-
acteristics. A suppressed-nonsymmetrical semicircle curve of
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FIG. 2. Temperature dependence of dielectric permittivity of stoichiometric, 0.01 mol Ba-deficient, and 0.01 mol Sr-deficient compositions of (Bag gSro2)TiOs

ceramics.

the impedance was observed for the stoichiometric composi-
tion. This suggested that multiple conduction paths contributed
to the overall conduction process of the sample. In other words,
the heterogeneous conduction process existed. In comparison,
the Nyquist plot of impedance for the 0.01 mol Ba-deficient
showed the symmetric semicircle curve, which indicated that
the conduction path could be supported by a homogeneous
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FIG. 3. Impedance spectra for stoichiometric, 0.01 mol Ba-deficient, and
0.01 mol Sr-deficient compositions of (Bag sSrp;)TiO; ceramics measured at
500 °C,

process. However, the suppressed semicircle curve was
observed for the 0.01 Sr-deficient composition. Similar to the
stoichiometric composition, the impedance spectra suggested
that the conduction process was heterogeneous.

It is important to note that the impedance data measured
at 500 °C indicated that different compositions of A-cation
deficiency affected the electrical characteristics significantly.
Therefore, temperature dependence of the impedance data
was further analyzed in order to enhance understanding of
the conduction process for the samples. As shown in Fig. 4,
relaxation peaks in all compositions were observed. The
shifting of peaks to higher frequency was found in all com-
positions as temperature increased. Broad and nonsymmetri-
cal peaks of the semilog plot for Z" measured at a wide
range of temperatures were observed for the stoichiometric
composition. Sharp and symmetric peaks were observed at
all measured temperatures for the 0.01 Ba-deficient composi-
tion. Broad and nonsymmetrical peaks were seen for the 0.01
Sr-deficient compositions. For the stoichiometric and 0.01
mol Ba-deficient compositions, the peak shape of the
semi-log plot for —Z" versus frequency remained unchanged
as the temperature increased. This indicated that the conduc-
tion behavior was not changed. For the 0.01 mol Sr-deficient
compositions, the broad and nonsymmetrical peaks changed
as the temperature increased, suggesting that the conduction
process changed gradually.

The analysis of frequency dependence for the imaginary
part of impedance (Z") at various temperatures using the
Arrhenius relationship provided additional information about
the transport phenomena. The activation energy of conduc-
tion (E,) could be obtained by fitting the linear regression for
the logarithm of frequency, at which —Z" is maximum
(fz#max) versus 1/T, as shown in Fig. 5. The fzv,.x was
obtained using the peak-fitting method with a Gaussian model.
The analysis of the stoichiometric and 0.01 Ba-deficient com-
positions could be obtained. The fzrp.x of the 0.01 mol
Sr-deficient composition could not be obtained with a good
accuracy. The peak shape was nonsymmetrical, which origi-
nated from the overlapping of multiple fz»,,,« peaks: Therefore,
the analysis of the Arrhenius plot for the 0.01 mol Sr-deficient
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FIG. 4. Frequency dependence of imaginary impedance (Z") measured at high temperatures for stoichiometric, 0.01 mol Ba-deficient, and 0.01 mol Sr-deficient

compositions of (BaggSre,2)TiO3 ceramics measured at 500 °C.

composiion was not included in this study. The activation
energies of conduction at 0.57 and 0.86 eV were obtained for
the stoichiometric and 0.01 mol Ba-deficient compositions,
respectively. A significant increase in activation energy was
observed when Ba-deficiency was introduced to the sample.

For further understanding of the origin of the change in
conduction behavior, X-ray photoelectron spectroscopy (XPS)
analysis was used. The spectra of Ti 2p species are illustrated
in Fig. 6. For all compositions, the binding energies for Ti 2p
electrons are 458.1 and 465.8 eV for 2ps;; and 2p, 5, respec-
tively, indicating the presence of Ti** species, They are
expected in titanate-based perovskite since Ti** species occu-
pied at BOg octahedra,'®?® The results suggest that there was
no change in the Ti** valency when Ba-deficiency was intio-
duced to the sample. However, the lower binding energy of
Ti 2p elecwons at 457.6 and 463.1eV for 2py;, and 2p,p,
respectively, was also observed in the Sr-deficient composi-
tion. The presence of this signal indicated that the Ti** species
was found. This indicated that the 0.01 mol Sr-deficient com-
position affected the stability of Ti** species, i.e., the Ti*
species partially transformed into Ti** species.
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FIG. 5. The Arrhenius plet of data extracted from semi-log plot of Z’ versus
frequency. for stoichiometric and 0.01 mol Ba-deficient compositions of
. (Bag gSrg 2 Ti®, ceramics,

Based on the results obtained in this study, tentative
defect models for the Ba- and Sr-deficient compositions were
proposed. In BaTiO3-based materials, the oxygen vacancy is
known to be a charge compensating defect for the A-cation
vacancy (V,), forming the (VA-Vq) defect associates, 2122
The presence of the (Va-Vp) defect associates in
BaTiO3-based materials could modify electrical resistivity, as
shown in related materials.® However, the Ti** defect species

Sr-deficient

Stoichiometric

468 466 464 a62 460 458 456 454
Binding Energy (aV)

FIG. 6. XPS spectra of Ti 2p species for stoichiometric, 0.01 mol
Ba-deficient, and 0.0l mol Sr-deficient compositions of (Bag gSro2)Ti®
ceramics.
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was found in the Sr-deficient composition, which suggests
that the defect compensation mechanisms between Ba- and
Sr-deficient compositions are different. A possible defect
model that could explain this observation is (Ti3+—Vo-VA).
The Ti** defect species could be induced by the ionized
oxygen vacancy and the acceptor-type defect (A-cation
vacancy). The co-existence of two acceptor species for Ti**
and Na(K) acceptor-type defects was previously reported by
Scharfschwerdt et al.?> The defect model of [Ti**-Vo-Na(K)]
was observed in Na/K acceptor-doped BaTiO3. Therefore, it
might be possible that the distortion of TiOg octahedra near
the A-cation vacancy site of Ba- and Sr-deficient composi-
tions exhibited different characteristics. In other words,
it preferred to form only stable (Vo-V) defect species in
the Ba-deficient composition, while it formed (VA-Vo) and
(Ti**-Vo-V,) defect species in the Sr-deficient composition.
The presence of both Ti** and Ti** ions in the 0.01 mol
Sr-deficient compositions could also be indicative of polaron
hopping conduction mechanisms. In general, the activation
energy of conduction found in a hopping mechanism is
smaller than in an intrinsic mechanism. Thus, it could describe
the observation of broad and nonsymmetrical relaxation peaks
for Z" shown in Fig. 4. Electrons could easily hop between
Ti** and Ti** lattice sites. As temperature increases, polaron
hopping could be easily activated. Therefore, the change in the
conduction mechanism was observed as shown previously.

CONCLUSION

The perovskite phase can be formed with or without 0.01
mol A-cation deficiency. Ba-deficiency and Sr-deficiency do
not affect the crystal structure. Dielectric permittivity increases
when Ba-deficiency is introduced, while the dielecwic loss
increases at high temperature when Sr-deficiency is introduced.
High temperature impedance spectra analysis reveals a dif-
ferent conduction process, in which homogeneous electrical
characteristics exist in the stoichiometric and Ba-deficient
compositions and heterogeneous electrical characteristics
persist in the Sr-deficient composition, In addition, the Ti**
ion accompanying Ti** ion in the Sr-deficient composition
gives rise to the broad and asymmetric relaxation peak, indi-
cating that the conduction process governs using polaron
hopping mechanisms.

J. Appl. Phys. 124, 154105 (2018)
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Metal oxide is commonly known to exhibit a wide range of significant electrical properties,
which led to utilization in various advanced electronic technologies. Chemical modification by
homo-valent and/or hetero-valent cations substitution affects electrical properties of the materials
including change in magnitude of permittivity, transport behavior and shift in phase transition
temperature. In this work, it is of interest to investigate influence of A-site cation deficiency on
electrical properties of barium strontium titanate perovskite. A (Bag soSro20)TiO3 was selected as
a reference composition. Ba and Sr cations were intentionally deducted by 0.01 mol from the
reference  composition forming Ba-deficient, (Bag79Sro20)TiO3.x, and  Sr-deficient
,(Bao.goSr0.19)TiO3.4, compositions. All compositions were prepared by solid-state reaction
method. Single phase perovskite was observed in all compositions. No significant shift in phase
transition temperature was found while permittivity maximum increased in Ba-/Sr-deficient
compositions. Insulation resistance behavior at high temperature was investigated, which was
found to be significantly different in all compositions. In addition, A-site deficiency affected

valency of Ti as evident via XPS analysis which could provide support for the observed insulation
resistance behavior. :
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