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Abstract
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Abstract:

In this work, the hybrid oxides of piezoelectric and thermoelectric materials were
fabricated using solid-state sintering process. The hybrid oxides were composed of
three systems, which were barium calcium zirconate titanate-calcium cobolite (BCZT-
CCO), barium calcium zirconate titanate-calcium manganate (BCZT-CMNO), and barium
calcium zirconate titanate-zinc oxide (BCZT-ZAO). The optimized sintering condition for
BCZT-CCO, BCZT-CMNO, and BCZT-ZAO was ranged from 1,050 to 1,350 °C,
dependent on each system. X-ray diffraction patterns indicated that the solid solution
and composite phase, which depending on each composition. The increase in CCO,
CMNO, and ZAO concentration affected their microstructure, grain size, and grain size
distribution. The local structure and oxidation state of each element were revealed by X-
ray absorption spectroscopy (XAS) and X-ray photoemission spectroscopy (XPS). The
ceramics could respond either piezoelectricity or thermoelectricity due to their electrical
conductivity. However, with these ceramics, we found that BCZT-CCO has promoted the
dielectric and thermoelectric response better than another system. The new information
relating to these hybrid oxides would be useful for researcher, who are interested in

piezoelectric and thermoelectric materials.

Keywords :
Hybrid oxide, Hybrid thermoelectric and piezoelectric materials, BCZT-CCO, BCZT-
CMNO, BCZT-ZAO



Executive Summary

1. Introduction to the research problem and its significance

Nowadays, energy consumption keeps increasing due to a rapid increase of
population around the world. The energy produced from petroleum and fossil-fuel
resource may be insufficient for our demand in the near future. Therefore, this problem
becomes hot issue and a challenge for scientists and researchers to find an alternative
energy reserve. The power from solar, wind, water, fuel cell and bio-mass system are a
well-known alternative energy. Beside these energy sources, it is found that waste-heat
at high temperature (600 to 1500 K) from boilers, furnaces and automobile vehicles and
a vibrational power from human and automotive motions can be another alternative
energy source. Although their power generation capability is in order of milliwatt to watts
which are quite low as compared with those of other well-known resources that can
produce power in kilowatt to megawatt range, the electric power from heat and vibration
is considered to become potential candidate for future energy applications. This is
therefore the main focus of this project in which the utilization of both waste-heat and
vibrational energy sources. The materials which can convert thermal gradient and
applied mechanical energy to electricity are called “thermoelectric” and “piezoelectric”,
respectively.

Among thermoelectric ceramics, thermoelectric oxides i.e. Ca3;Co,0 (CCO),
CaMnNbO; (CMNO) and ZnAIlO (ZAO) are suitable choices for such thermal energy
harvesting because their stability at high temperature and nontoxicity. In case of
piezoelectric ceramics, Bag g5Cag 152 1 Tig 903 (BCZT) lead-free oxide ceramic can be a
potential candidate for mechanical energy harvesting since its piezoelectric performance
is comparable to a commercial lead-based materials and it is also non-toxic. However,
electric power generation of these materials is quite low (in order of milliwatt to watt) as
compared with those of alternative sources. Thus, enhancement in their energy
efficiency is still an attractive challenge.

In this project, the hybrid oxide materials can be divided into three systems
including Ca;Co0,04-Baj g5Cag 1521 1 Tig 903 (CCO-BCZT), CaMnNbO;-
BaggsCag 15Zro.1Tip 903 (CMNO-BCZT) and ZnAlO-BaggsCag 1525 1TigeOs (ZAO-BCZT).
BCZT composing of large ions of barium and having low thermal conductivity due to
phonon scattering contribution may induce a decrease of the total thermal conductivity
in hybrid material. Beside thermal contribution, electrical conduction of BCZT increases

rapidly at high temperature. This may improve electrical conductivity of hybrid material.



Thermoelectric performance of hybrid system may possibly be enhanced if Seebeck
coefficient does not significantly change. In case of CCO, CMNO and ZAO, the
structural difference of these thermoelectric materials on BCZT is expected to produce a
change in structural deformation and microstructure of the latter, affecting directly its
polarization behavior and domain wall mobility, respectively. Moreover, the different
oxidation state of each element in these oxides can induce creation of structural defects
which may enhance piezoelectric performance of hybrid materials. It is expected that the
result from crystal structure together with local structure in this project can reflect
changes in thermoelectric and piezoelectric response of these hybrid systems. This
would become the original knowledge involving thermoelectric-piezoelectric materials. It
is believed that combination of thermoelectric and piezoelectric materials at suitable
composition could give better energy efficiency for further application in simultaneous
energy harvesting from both waste-heat and vibrational energy. The fabrication and the
studied properties of these hybrid oxide materials would give a new knowledge in
Thailand and increase skill of scientists and researchers participating in this project.
Moreover, this will also be of interest to large scientific community which will encourage

them to get more involved in waste-heat and vibrational alternative energy area.

2. Literature review
2.1 Thermoelectric materials

Thermoelectric material can make the direct conversion of heat energy to
electrical energy (so-called Seebeck effect). Also, electrical energy can be transformed
to thermal gradient by the same material (i.e. Peltier effect). There are two types of
thermoelectric components employed in each system for electrical and thermal
conduction; those having positive charge carriers (p-type) and negative charge carriers
(n-type). Figure 1 shows the principle of Seebeck and Peltier effects in thermoelectric
devices. Regarding Seebeck effect, upon thermal gradient, movement of electrons and
holes to cool side induces electricity. Meanwhile, when an external electric field is
applied, heat energy is absorbed at the top surface and released to other side by
charge carriers through electrical current, causing creation of thermal gradient (Peltier

effect). This provides a route to solid-state heating or refrigeration.
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Figure 1. Principle of thermoelectric devices [1].

The generation of voltage due to temperature gradient by Seebeck effect makes
such thermoelectric material attractive and can be developed for alternative energy
application. The important factors of thermoelectric properties relating application in
energy harvesting are Seebeck coefficient, electrical conductivity and thermal
conductivity. These three characteristics are captured in the dimensionless figure of
merit (ZT ), which is given by

S%eT

K

T =

(1)

where o is the electrical conductivity ((Q@—cm)™),S is Seebeck coefficient
(v /K), xis thermal conductivity (W/(m-K)) and Tis temperature. From the
equation, it can be seen that thermoelectric materials possessing large ZT should have
high Seebeck coefficient and electrical conductivity but thermal conductivity should be
low. Beside the figure of merit, an efficiency in energy conversion (7) of thermoelectric

materials can be expressed by

(2)
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where T, and T.is the temperature at hot and cool side, respectively. Tis an
average temperature between hot and cool side. The materials having large
thermoelectric performance should have ZT close to 1 or higher. The large ZT can be

found in metal alloy compound including tellurium-, antinony- and germanium-based



compounds [1-6] (see Fig. 2). However the drawbacks of these compounds are
instability at high temperature and their toxicity during operation. Hence, oxide
thermoelectric has therefore been developed in order to replace these compounds for
applications at high temperature since an oxide compound is quite stable at high
temperature and does not produce toxicity [7].

Most of oxide thermoelectric materials are not conductive. Thus, their electrical
conductivity is lower than non-oxide compounds. However, the feature of low thermal
conductivity often results in an enhancement of their thermoelectric properties. Figure 3
displays possible application of several thermoelectric materials for waste-heat
harvesting from automotive vehicles, boilers and furnace (corresponding to the
temperature range from 600 to 1500 K). Regarding the impact on environment, oxide
thermoelectric seems to be a good choice due to the fact they are relatively
nonpoisonous for human and environment. Beside eco-benign aspect, they can also be
used under normal atmosphere. This project therefore will pay attention to develop

oxide thermoelectric material to enhance their thermoelectric performance.
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Figure 2. Figure of merit of thermoelectric materials [2]
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Figure 3. Application of thermoelectric material for energy harvesting [7].

ZT of p-type oxides and non-oxide thermoelectric materials are compared in
Figure 4. Although thermoelectric properties of several non-oxide materials are better,
oxide-based compounds should be alternative thermoelectric material due to their

stability at high temperature and nontoxicity. Among p-type oxide thermoelectric, calcium

cobaltite (Ca;Co,0g) and sodium cobaltite (Na,CoO,) exhibit good ZT (=0.4). It is
believed that these compounds can become promising candidates of oxide material for
p-type thermoelectric. However, the characteristic of sodium with volatility at high
temperature and hygroscopicity of Na,CoO, limit its application for electric power
generation [9]. Although Na,CoO, has better thermoelectric properties, Caz;Co0,40q
attracts more interest for this project due to its stability at high temperature and humidity
resistance. Thus, this project would focus on CazCo,O4 material. The compound is
composed of two layers of CoO, (Co atom is surrounded by six O atoms in octahedral
configuration) and triple rock-salt structure of Ca,CoO; layer (see Figure 5). Regarding
the listed data in Table 1, thermal conductivity of Ca;Co,0O4 seems to be the main factor
for dropped value of ZT as considered together with Yb;4MnSb,, (ZT = 1). In general,
heat transfer of solid is attributed to electronic mobility and lattice (phonons)
contribution. In case of oxide, the thermal conduction is mainly due to phonon

contribution. Li et al have enhanced thermoelectric performance of Caz;Co,O4 by



decreasing the thermal conductivity with larger ions substitution of bismuth (Bi) into Ca
[15]. Similarly, Wang et al have decreased thermal conduction with addition of large
mass of silver (Ag) [16]. However, ZT of CazCo,O4 is still lower than non-oxide
compounds. Beside decreasing thermal conductivity, Koshibae et al have suggested
that this material can have large Seebeck coefficient attributed to the low spin state of
Co* [17]. Variation in oxidation state of Co ions can occur from different oxygen content
during fabrication, affecting thermoelectric properties of Ca;Co,O4 [18]. So far, it is
found that the focus on this aspect is quite scarce. Thus, an investigation in the local
structure which reflects directly the oxidation state of Co ions is very attractive and

worthwhile.
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Figure 4. ZT of p-type thermoelectric materials [8].
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Figure 5. Structure of Ca;Co,0O4 material [10].

Table 1. The thermoelectric properties and ZT of p-type thermoelectric materials

Materials S o KW/m-K) zT
(WIK) (©Q-cm)™

p- Yb1,MnSb,4 [11] 185 185 0.7 ~1 (1200 K)
type  0.23B-0.77SiyGey 2 168 820 4.1 ~0.62 (1200

[12] K)

Na; 5C048Ag0204 [13] 101 152

LaCoO; [14] 635 0.06 0.1

Lag 9gSro.02C00; [14] 330 3.77

based-Cas;Co,40q [10] ~180 ~251 ~1.7 ~0.4 (1000 K)

based-Na,CoO, [10] ~200 ~316 ~1.6 ~0.8 (950 K)

In case of n-type thermoelectric, a large ZT of oxide materials can be found in

calcium manganite (CaMnQ;), strontium titanate (SrTiO;) and zinc oxide (ZnO), as

shown in Figure 6. Thus, it is believed that these materials can become a promising

candidate for n-type thermoelectric. In case of SrTiO;, Koumoto et al suggest that this

material degrades rapidly at the temperature above 700 K under normal atmosphere [9].

This indicates that SrTiO; may be suitable for power generation at low temperature



(from 300 to 500 K). This project is however focusing on high temperature
thermoelectric materials. Thus, ZnO and CaMnO; are selected for a detailed study in
this project.

ZnO is an oxide material with wurtzite structure as shown in Figure 7. As seen
in Table 2, this material shows large ZT (~0.6) because it has relatively large Seebeck
coefficient and high electrical conductivity. However, the primary drawback of this
material is its high thermal conductivity as compared with other oxide materials. The
microstructural feature seems to affect significantly the thermal conduction characteristic
and electrical conductivity of ZnO as suggested by Ohtaki et al [22]. Moreover,
Kinemuchi et al have found that the figure of merit becomes better for large grains [23].
These results indicate the governance of microstructure on thermoelectric properties of
ZnO. Thus, it is believed that microstructural investigation in this project will give more
understanding on thermoelectric performance of ZnO.

CaMnO; compound possesses perovskite structure (see Fig. 8). With the
structure formula ABO3;, the A site is at the corner of the cube while B is octahedrally
coordinated by oxygen. As seen in Table 2, it is found that this material has good ZT
(~0.2). Due to its rather low Seebeck coefficient and electrical conductivity, the feature
of low thermal conductivity should be the most significant factor promoting a good ZT.
Thus, most researches tend to increase the magnitude of Seebeck coefficient and
electrical conductivity [10]. It is well known that electrical properties of perovskite
material can be changed by creation of structural defects with aliovalent subsitution.
Wang et al have enhanced ZT of modified CaMnO; by co-doping of ytterbium (Yb) and
dysprosium (Dy) ions, causing an increase of Seebeck coefficient and decrease of
thermal conductivity [25]. With another ion doping, niobium (Nb) substitution into
manganese (Mn) site lead to an improvement of electrical conductivity (donor doping)
and decrease thermal conductivity, as found by Xu et al [26]. Beside enhancement of
ZT, Koshibae et al have suggested that different oxidation state of transition metals
dominates the intrinsic transport which enhances thermopower in lightly doped systems
[17]. The focus on oxidation state and structural deformation on thermoelectric
performance of CaMnOs is quite scarce. Thus, it is believed that an investigation in the
local structure of this material would give further insight on factors affecting
thermoelectric performance of CaMnOs.

Recently, Funahashi et al have developed thermoelectric modules composing of
108 pairs of p-type Ca, ;Bi; 3C004 and n-type CagoYbg1MnO;3 legs [27]. The module can

generate up to 13 V and 12 W of open circuit voltage and maximum power,



respectively, at 873 K of the hot end temperature of the oxide device [4]. Meanwhile,

Hung et al have developed thermoelectric modules composing of Ca;C0,04.5 as p-leg
and ZnggsAly 0,0 as n-leg. The output power density can be generated up to 6.5 kW/m?
at a temperature difference of 700 K [8]. These investigations have exhibited the
possible energy application of Ca;Co,0y, CaMnO; and ZnO materials for energy
harvesting device. It is believed that knowledge relating to these materials in this project

would be useful for development of energy harvesting device in the future.
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Figure 6. ZT of n-type thermoelectric materials [8].
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Figure 7. Structure of ZnO [19].
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Figure 8. Structure of ABO; perovskite [24].

Oxygen anion
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Table 2. The thermoelectric properties and ZT of n-type thermoelectric materials

Materials S o Al
(W /K) (Q-cm)™ W /(m-K)

n- Bi,Te; [20] -200 1000 1.2

type  0.59P-0.41Si,Gey » -171 1351 4.2 1.15 (1200 K)
[12]
based SrTiO; [10] -260 250 3.1 ~0.35 (1050

K)

Sro.9Dyo 4 TiO5 [21] -190 357 2.6 0.22 (573 K)
Sr,Ba;,Nb,0g.5 [1] -147 323 2.28 0.17 (550 K)
based-CaMnO; [10] -150 ~130 1.5 ~0.2 (1000 K)
based-ZnO [10] -250 ~560 5 ~0.6 (1100 K)

2.2 Piezoelectric materials

Piezoelectric materials can transform directly vibrational energy into electric

energy as called “direct effect”. Moreover, application of external electric field can

induce its mechanical deformation known as “indirect effect” (see in Figure 9). Upon

indirect effect, this material is widely used in several electronic devices such as sensor,

actuator and fuel injection [28]. Beside application in electronic devices, the electricity

generating characteristic when external force is applied makes this material attractive for

mechanical energy harvesting. Piezoelectric material can be used at both non-resonant

and resonant frequencies depending on each material. At non-resonant frequency, the

figure of merit (FOM) of piezoelectric material for energy harvesting application is given

by



FOM non—resonant d- g 3)

where d is piezoelectric coefficient (pC/N) and ¢ is piezoelectric voltage coefficient
(mV.m/N). From the equation, piezoelectric materials used for energy harvester should
have large piezoelectric coefficient and voltage coefficient. In case of resonant

frequency, FOM of piezoelectric material is given by
FOM resonant k2 ' Qm (4)

where K is electromechanical coupling factor and Q, is mechanical quality factor.
From the equation, it can be seen that piezoelectric material suitable for energy
harvesting application at resonant frequency should have large electromechanical

coupling factor and quality factor.

= - glectrode | ;lh'"‘ =
. - ‘ E VDC
o piezo
electrode
Direct piezoelectric effect Indirect piezoelectric effect

Figure 9. Direct and indirect effect of piezoelectric materials [29].

Lead zirconate titanate (PZT) is a well-known piezoelectric material and is widely
used in many electronic devices. Due to its outstanding piezoelectric performance, Shen
et al have used PZT cantilever for a low frequency vibration harvesting application.
They found that the average power and power density from PZT were 0.32 W and 416
W/cm® [30]. This indicates possible ability of piezoelectric materials for energy
harvesting. However, the drawback of PZT compound is its toxicity because it is
composed of heavy metal, affecting harmfully human and environment [31]. Thus, lead-
free piezoelectric material has continuously been developed in order to replace PZT in
current electronic devices. The quantitative data of piezoelectric properties and FOM

between commercial material (PZT) and lead-free material are listed in Table 3. It is



found that potassium sodium niobate-based compound (KNN) exhibits promising figure
of merit at resonant frequency (~726). This value is higher than that of PZT-8. However,
it is found that the fabrication process of KNN is quite difficult due to volatility and
hygroscopicity of sodium [42]. Thus, most researches are focusing on its fabrication.
According to this issue, it is believed that KNN material is still far away from being used
in practical application.

Regarding another lead-free materials, barium calcium titanate zirconate
((Ba,Ca)(Zr,Ti)O3; BZCT) compound is one of the attractive materials because it exhibits
a promising piezoelectric coefficient (~546 pC/N). This value is higher than several
commercial PZTs. Regarding the application for energy harvesting at non-resonant
frequency, it is seen that piezoelectric performance of this material is slightly lower
(~8.4) than PZT-5H. However, it is believed that BZCT can become a promising
candidate for energy harvesting in the future. Rédel et al have confirmed that BZCT
material can be a promising candidate for piezoelectric energy harvesting at non-
resonant frequency (see Figure 10) [28]. Thus, BZCT material is of interest in this

project in order to improve its piezoelectric performance.

15 A O KNN-based
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Figure 10. Figure of merit at non-resonant frequency of piezoelectric materials [28].



Table 3. The piezoelectric properties and FOM of PZT and lead-free materials.

dss O35 Kss Q, K- Q, d-g
materials (PC/  (MV.m/N (pm>/J

N) )
PZT-4 [28, 31] 290 25 0.7 >500 - -
PZT-5A [28, 31] 375 25 071 75 - -
PZT-8 [28, 31] 225 25 064  >100 583 -

0

PZT-5H [28, 31] 590 20 075 65 23 12
BaTiO, [31] 190 - 0.5 - - -
(K,Na,Li)NbO; based 93 - - 1400 726 -
[32]
(K,Na)(Nb,Ta)O; based - - 0.41 1400 - -
[33]
(K,Na)NbO;- 490 - - ; - _
Bi(Na,K)ZrO, [34]
(Bi,Na)TiO; based [35] 110 - 041 500 - -
(K,Na,Li)NbO; based 295 - 046 84 - -
[36]
(K,Na)NbO; based [37] 420 - 054 - - -
(Ba,Ca)(Zr,Ti)O; [38, 39] 546 15.3 065 - - 8.4
BNT-BKT-ST [40] - - - ; - _
BNT-BT-KNN [41] 30 - - - - -

Among BZCT composition, Lie et al have investigated (BaygsCag 15)(Zrp.1Tip )O3
ceramics (BZT-50BCT) and found that this composition shows a largest piezoelectric
coefficient as compared with other piezoelectric materials [39] (see Figure 11). Beside
piezoelectric coefficient, this composition also has a large signal piezoelectric coefficient
(d), relating the feature of strain hysteresis loop. This characteristic suggests the

application of this material for fuel or inkjet injection [28]. Large piezoelectric response in



this material due to the coexistence of rhombohedral and tetragonal phases
(morphotropic phase boundary; MPB) and tri critical point (TCP) (see Figure 12), where
the energy barrier of rotating polarization is low. Beside piezoelectric properties, this
composition shows large dielectric constant at room temperature (~3000), which makes
this material a good candidate for capacitor devices. At room temperature,
(Bag gsCayp 15)(Zrp 1 Tig 9)O5 ceramic is a binary phase with MPB between rhombodedral
and tetragonal phase. The phase transition from ferroelectric to paraelectric phase is
found below 373 K. Beside piezoelectric and dielectric properties, it is found that the
thermoelectric feature of this composition has not been reported. Thus, it is the main
interest of this project to investigate piezoelectric properties of (BaggsCag 15)(Zrg1Tig.9)O3

composition together with thermoelectric properties for future application in energy

harvesting.
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2.3 thermoelectric-piezoelectric material (TPM)

As mentioned in section 5.1 and 5.2, it can be seen that most of researches
separately only studied either thermoelectric or piezoelectric materials. However, it is
found that the attention of composite system between both materials is mentioned
scarcely. Thus, combination of thermoelectric and piezoelectric materials has attracted
the attention of this project in order to develop a hybrid oxide material for application in
thermal and vibrational energy harvesting. Muta et al [43] have studied thermoelectric
properties of binary ceramics between piezoelectric BaTiO; and thermoelectric SrTiOs.
Upon increasing BaTiO; content, they found that Seebeck coefficient and thermal
conductivity of SrTiO; was enhanced. The maximum figure of merit was found at about
400 K with the composition Bag 3Sryglag 1 TiO5 as shown in Figure 13. Unfortunately, the
piezoelectric properties was not investigated in their work. In addition, the interface
between BaTiO; and SrTiO5; can give excellent piezoelectric response, as suggested by
Hu et al [44]. This indicates that solid solution of BaTiO3-SrTiO; is a good example of
thermoelectric-piezoelectric material.

From the section 5.1 and 5.2, it can be seen that Ca;Co,04 (CCO), CaMnOgy
(CMO) and ZnO (ZO) compound are attractive thermoelectric oxides while
Bay g5Cap 1520 1 Tig 903 (BCZT) compound is an attractive piezoelectric oxide. Since the
hybrid systems of Ca;C0,09-BaggsCag15Zrg1TipeO3 (CCO-BCZT), CaMnO,-
Bag gsCag 15Zro.1TipoO3z (CMO-BCZT) and ZnO-BaggsCag 15Zrg.1TigeO3 (ZO-BCZT) have
not been studied, this has become our motivation to fabricate and study thermoelectric

and piezoelectric properties of these binary systems.



Regarding thermoelectric-piezoelectric materials in this project, it is expected
that addition of thermoelectric materials can enhance piezoelectric performance (Eqn. 3
and 4) of BCZT. In case of ZO-BCZT system, it is assumed that Zn?* ions may
substitute Ti*" ions due to ionic radius similarity, resulting in a lattice distortion and
creation of structural defects. This may promote better piezoelectric performance. Lee et
al have used ZnO addition for enhancement of K, and Q. (see in Fig. 14) of
BipsNay 5 TiO; piezoelectric ceramics [45]. Beside structural effect, Tsai et al found that
ZnO doping increased the average grain size, resulting in an enhancement of
piezoelectric properties of PZT-PMN based ceramics [46]. Similarly, the effects of lattice
distortion or microstructural feature can be a significant factor for improvement of
piezoelectric properties of CCO-BCZT and CMO-BCZT hybrid systems. Until now, the
addition of CCO or CMO in piezoelectric material has not been studied. Thus, these

hypotheses need to be demonstrated with actual experiments.
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Figure 13. Figure of merit of Ba,_Sr,La, TiO; ceramics [43].
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Beside the expected piezoelectric enhancement by ZO, CCO and CMO
thermoelectric materials in this project, it is also believed that the existence of
piezoelectric BCZT can enhance thermoelectric performance (Egn. 1) of the hybrid

systems. Chaouchi et al have measured electrical conductivity of BCZT at high
temperature and found that the value increased from ~107 (Q cm)' at temperature of
400 K to ~2 (Q cm)™' at 800 K as shown in Figure 15 [47]. This indicates a dramatic

increase of O with increasing temperature. It is expected that this temperature
dependence of electrical conductivity may enhance ZT of thermoelectric-piezoelectric
binary ceramics. The investigation relating to electrical conduction of BCZT is quite
limited. Also, Seebeck coefficient and thermal conductivity of BCZT ceramic have not
been studied. Hence, the acquired knowledge based on BCZT’s hybrid systems may be
useful for development of novel compounds suitable for additional energy-related
application. Although thermal conductivity of BCZT has not been reported, the thermal
conduction feature of this material attributed mainly to phonon scattering (similarly to

that in BaTiO; as suggested by Aggarwal et al [48]) is expected to improve



thermoelectric performance of CCO, CMO and ZO ceramics. These hypotheses will also
need further verification by carrying out real experiments.

In this project, it is expected that finding the most suitable fabrication procedure
and chemical composition, and simultaneous investigation of thermoelectric and
piezoelectric performance of hybrid ceramics including CCO-BCZT, CMO-BCZT and
Z0O-BCZT can give novel insights for these novel thermoelectric-piezoelectric materials.
The results are expected to be highly beneficial for the development of new oxide

material for application in both waste-heat and vibrational energy harvesting.
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Figure 15. Electrical conductivity of BCZT ceramics [47].
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3. Objectives

3.1 To fabricate a hybrid oxides between thermoelectric and piezoelectric

materials including CCO-BCZT, CMNO-BCZT and ZAO-BCZT systems and to

investigate the influences of a crystal structure, microstructure and local structure on

thermoelectric and piezoelectric properties of these hybrid oxides.

3.2 To seek new materials which exhibits simultaneously a thermoelectricity

and piezoelectricity. These materials are expected to be alternative materials for an

additional energy harvesting from waste-heat and vibrational source.



4. Research methodology

1. Powder preparation of CCO, CMNO, ZAO and BCZT compounds. The
chemical compounds in this project are composed of Ca;Co,0O4 (CCO), CaMnNbO;
(CMNO), ZnAIO (ZAO) and Bag g5Cag 15210 1 Tig 903 (BCZT). The starting powders of each
compound will be weighed following its stoichiometry and mixed a mixed oxide method.
After that, the dried powders will be calcined in an alumina crucible at calcination
temperature of 800 to 1,200 °C in air atmosphere with heating/cooling rate of 5 °C/min.
The compositions in this project are composed of (1-x)CCO-(x)BCZT, (1-x)CMNO-
(x)BCZT and (1-x)ZAO-(x)BCZT where x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9
and 1 weight fraction. After obtaining CCO, CMNO, ZAO and BCZT powders, the
compound will be weighed following its composition and mixed again using mixed oxide
method for 6 hrs.

2. Ceramic fabrication of CCO-BCZT, CMNO-BCZT and ZAO-BCZT hybrid
systems. The powders will be pressed using uniaxial technique as a green body (pellet).
To fabricate (1-x)CCO-(x)BCZT, (1-x)CMNO-(x)BCZT and (1-x)ZAO-(x)BCZT ceramics,
the pellets will be sintered by a solid state sintering technique in alumina plate at
sintering temperature of 1100 to 1,400 °C in air atmosphere with heating/cooling rate of
5 °C/min.

3. Characterization of CCO-BCZT, CMNO-BCZT and ZAO-BCZT ceramics. The
focus on physical properties in this project are shrinkage, weight loss and bulk density
of all ceramics. X-ray diffraction technique (XRD) will be used to study crystal structure
and phase characteristic of all ceramics. Scanning electron microscopy (SEM) will
be used to observe microstructure (grain size, grain morphology and grain size
distribution) of dense ceramics. Beside microstructural feature, Energy-dispersive X-ray
spectroscopy (EDX) will be used to explore a chemical composition of all ceramics. The
local structure will be studied by Synchrotron X-ray Absorption Spectroscopy (XAS)
measurements of the Siam Photon Laboratory, Synchrotron Light Research Institute
(SLRI), with electron energy of 1.2 GeV. With transmission mode, the powder will be
pressed within mold of instrument. For fluorescence mode, the ceramic surface will be

cleaned in acetone by ultrasonic vibration and then will be dried at 120 °C for 24 hrs.



4. Thermoelectric measurement of all ceramics. The thermoelectric performance

is composed of electrical conductivity (O), Seebeck coefficient (S) and thermal
conductivity (k). Electrical conductivity, Seebeck coefficient and thermal conductivity will
be measured simultaneously in the temperature range from 25 °C to 700 °C (~300 to
1000 K). Sample preparation for thermoelectric measurement.

5. Piezoelectric measurement of all ceramics. This project would focus on
piezoelectric  coefficient  (ds3), piezoelectric  voltage coefficient (gs3) and
electromechanical coupling factor (k). Sample preparation for piezoelectric

measurement.



Result

Figure 1 Images of BCZT-CCO powder

Figure 2 BCZT-CCO ceramics
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Figure 3 Bulk density of BCZT-CCO ceramics
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Figure 4 XRD patterns of BCZT-CCO ceramics
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Figure 5 Microstructure of BCZT-CCO ceramics
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Figure 7 BCZT-CMNO ceramics
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Figure 9 XRD patterns of BCZT-CMNO ceramics
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Figure 10 Microstructure of BCZT-CCO ceramics




Figure 11 Images of BCZT-ZAO powder

Figure 12 BCZT-ZAO ceramics
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Figure 13 Bulk density of BCZT-ZAO ceramics
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Figure 15 Microstructure of BCZT-ZAO ceramics
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Figure 17 Seebeck coefficient of BCZT-CCO ceramics
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Figure 18 Thermal conductivity of BCZT-CCO ceramics
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Figure 19 Dielectric properties of the selected ceramics
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Figure 20 XRD, XPS, and microstructure of the selected ceramics
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Figure 21 Dielectric properties of the selected ceramics
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Figure 22 Dielectric properties of the selected ceramics
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Figure 23 XPS spectrum of the selected ceramics
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Figure 24 Piezoelectric coefficient of the selected ceramics
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Figure 25 S-E hysteresis loop of the selected ceramics
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Figure 26 P-E hysteresis loop of the selected ceramics
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Conclusion and Discussion

Fig. 20(a) shows XRD patterns of all ceramics. The result indicates a structure
without a secondary phase of BCZT. Meanwhile, CaO and CaCO; exist in doped
ceramics. The presence of both phases reflects the deficient content of Ca ions within
the doped samples. Besides CaO and CaCO,, a small intensity of CCO and ZnO peaks
presents in BCZT-CCO and BCZT-ZAO, respectively. XRD patterns (44.5° - 46°) are
plotted in Fig. 20(b). BCZT shows the splitting peaks of (002) and (200). Interestingly,
both peaks become overlap when BCZT are doped. The possible reason is a
substitution of dopant in perovskite lattice. In general, the ions having a similar ionic
radius size can substitute in the crystal structure, which leads to the deformation of the
lattice. With these ceramics, Ba®* (1.61 A), Ca”* (1.34 A), zr** (0.72 A), and Ti*" (0.605
A) host ions can be substituted by Co®* (0.65 A), Mn** (0.83 A), and Zn** (0.74 A)
dopants [4].

Fig. 20(c) presents Ba-L; XAS spectra and BaCO; standard reference. The
absorption peak at E, ~5251 eV can be noticeable in all samples. This peak relates a
resonant excitation from Ba 2p,, to Ba 5d unoccupied state, revealing Ba®* in all
ceramics. Interestingly, the width of the shoulder of E, peak is different obviously. It
should mention first that the width of the E, peak indicates the average Ba-O interatomic
distance [5]. The broad shoulder of E, peak suggests the shorter average length of Ba
and O atoms within the structure. Fig. 20(d) shows XAS spectra from 5243 to 5262 eV.
BCZT shows the broad shoulder and small peak (i.e., peak A), suggesting more
covalent bond in perovskite structure. Upon the doping, the different width of the
shoulder is observed apparently for each dopant. This result reflects the deformation
crystal structure in doped BCZT, which is agreement with their XRD patterns. Fig. 1(e)
shows SEM images of all ceramics. The average grain sizes of BCZT, BCZT-CCO,

BCZT-CMNO, and BCZT-ZAOQ are about 6.22, 1.35, 3.69, 5.47 [lm, respectively.

The capacitance and dielectric loss under UV light at different frequencies of all
ceramics are shown in Fig. 19. The dielectric properties of BCZT do not change upon
UV light, and the applied frequencies do not affect its UV light response. Interestingly,
when the UV light incidents on BCZT-CCO ceramic at 1 kHz, the capacitance gradually

increases from 415 pF to 435 pF. The maximum relative value is changed ~ 4.8% at 10
mins of exposure time which agrees with the photo-induced dielectric enhancement in
STO-based ceramic [3]. However, its response decreases with higher frequency due to

the polarization cannot follow to the applied external electric field at a higher frequency.



For CMNO- and ZAO-doped ceramics, the samples do not show the significant change
in dielectric values after UV light exposure.

The changing value of dielectric properties and exposure time for 30 mins of all
ceramics at 1 kHz is shown in Fig. 21 (a). BCZT, BCZT-CMNO, and BCZT-ZAO do not
show a significant change in dielectric value. Interestingly, a rapid increase of
capacitance occurs in a range from 15 to 20 mins in BCZT-CCO. Then, the value
gradually becomes stable. The maximum dielectric response upon UV light of all

ceramics is summarized in Fig. 21 (b). BCZT-CCO ceramic exhibit the maximum

change of capacitance (~ 60 %) and dielectric loss (~ 15 %) whereas the dielectric
response of other ceramics does not differ significantly. The dielectric enhancement of
BCZT-CCO may be explained by the creation of a (V., —V,") defect dipole between
vacancies of Ca (VZ,) and O (V") ions. To describe the formation of defect dipole, it
should be mentioned first that CaO and CaCO; secondary phases (Fig. 20 (a)) occur
during the sintering process at a high temperature of the doped ceramics, which can be

explained by Kréger-Vink notation in Eq. 1 and Eq. 2, respectively.

Cag, +1/20, +2¢' - CaO +V/, )
Ca;, +1/20,+CO, + 2e' — CaCO, +V/, (2)

As seen the equations, V. is induced simultaneously in doped ceramics with the
presence of CaO and CaCOj; phases. When the ceramics is under UV light, \V/;* can be
generated at the oxide surface, which given in Eg. 3. This phenomenon has been

observed in other oxides such as CaCu;TiO,0,, [6], and STO-based ceramics [3].

1/20, — O +V" +2¢' (3)

Then, the negative charge of V., existing the ceramic can catch the positive charge of

VS® immediately and induces (V¢, —V5") defect dipole as follow in Eq. 4

Ve, +V3" = (VL -VST) + 26"+ 2h° 4)

Nevertheless, the dielectric response of BCZT-CCO ceramic may not be similar to
CaCu;TiO404, [6], and STO-based ceramics [3]. In our case, V., has exhibited in the
ceramic without UV light. When the ceramic is exposed by UV light, the dielectric

variation is divided into three periods, including a range from 1 to 15 mins, 15 to 20



mins, and 20 to 30 mins as seen in Fig. 21 (c). For the first one, V;* are gradually
produced and can catch V., immediately, inducing V2 —V;* defect dipoles. The
formation of defect dipoles increases dielectric properties of BCZT-CCO, which is
agreement with the dielectric enhancement due to the creation of V! —V;* defect
dipole upon UV light in STO-based ceramics [3]. However, in the case of BCZT-CCO,
the content of V;* in the first period may be smaller than V_,, resulting in the remaining
content of V., . For the second period, the V3 content increases much and may be
sufficient to attract the remained V., . Defect dipoles (V2 —V.") are effectively formed,
resulting in the rapid enhancement of the value. In the third period, the capacitance
does not change much and becomes stable gradually. This result is possible that there

are no VJ, which arrest VS, causing no more V. —V;* defect dipoles. The

o
capacitance value, therefore, becomes stable. After removing the UV light for 35 mins
(see inset in Fig. 3(a)), the capacitance of BCZT-CCO decreases gradually and
becomes rapidly after 20 mins, which related with its capacitance enhancement under
UV light. This result is because that the re-enter of oxygen at the surface, causing the
decrease in capacitance. This phenomenon has been observed in CaCu;TiO,04, [6],
and STO-based ceramics [3]. In the case of the dielectric loss, the value decreases
gradually but in slower rate as compared with the capacitance. Regarding BCZT-CMNO
and BCZT-ZAO, the samples do not exhibit the enormous response of capacitance and
dielectric loss similar to BCZT-CCO although CaO and CaCO; phases present. It is
because CCO is quite sensitive to O content or V;* [7]. Thus, upon UV light, V;* is
therefore generated at BCZT-CCO surface easier than CMNO- and ZAO-doped

samples, leading to the massive dielectric response in BCZT-CCO ceramic.
The Arrhenius plot of electrical conductivity (O) of all ceramics is shown in Fig.

3(d). The temperature dependence of GO is fitted according to the Arrhenius equation,

o=o0,exp(—E, /KT) (5)

Where o,, E k, and T are the pre-exponential factor, the activation energy per

ar
charge carrier, Boltzmann's constant and the absolute temperature, respectively. The
E, value is extracted from the slope of linear fitting. The value indicates the energy
required to move the defects, i.e., the thermally activated oxygen vacancies at high
temperature [8]. Thus, the materials with low E, value should have the more natural
movement of V;*. With these ceramics, BCZT shows the minimum value of Ea (~0.08

eV) meanwhile all doped ceramics show the higher E, (~0.21 — 0.36 eV). Thus, the



VS® defect can move in BCZT easily, which reflects a low E,. In the case of the doped
ceramics, the mobility of V/;* is retarded by V7, , exhibiting in the doped ceramics. The

E, values of all doped ceramics are, therefore, higher than BCZT.

Conclusions

The presence of defect dipole between vacancies of Ca and O ions could
enhance dielectric properties under UV light. BCZT-CCO showed maximum dielectric
enhancement (~ 60 %) at 15 — 20 mins meanwhile other ceramics did not present a
significant change. The results here suggested that the doping of CCO could be useful
for tuning the UV light-induced dielectric response of BCZT which may find future

application in UV light sensors, detector, and other optical devices.
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Oxidation state and chemical environment

XPS was used to study the oxidation state and chemical environment at the
surface of all ceramics only. Fig. 23(a-d) present the XPS profiles for Ba 3d, Ca 2p, Ti
2p, and Zr 3d core levels at the surface in all ceramics. As seen in Fig. 23(a), the Ba 3d
peaks in all samples showed a good fit to four peaks, at binding energy (BE) values of
approximately 778.6, 780.2, 794.0, and 795.5 eV. The green and pink peaks located at
BEs of approximately 778.6 and 794.0 eV correspond to the spin-orbit doublet, i.e., Ba

3ds, and Ba 3ds, of the 3d core level of Ba ions, respectively. The spin-orbit energy

separation (AE) between the Ba 3ds, and Ba 3d;, core levels was 15.4 eV, which
accompanies bulk and nano BaTiO; [18]. This difference, therefore, confirmed the
existence of Ba in the 2+ oxidation state (i.e., Ba®" ions) in these ceramics. The
shoulder peaks on the higher BE side at 780.2 and 795.5 eV, which were marked as A
and B peaks, did not relate to the different oxidation state but indicated a relaxation
phase formed at the ceramic surface to reduce surface strain [19]. Figure 23(b)
illustrates the deconvoluted Ca 2p XPS profiles of all ceramics. The data showed a
clear fit to two peaks, located at BE values of approximately 347.3 and 351.0 eV. Their

BE values were associated with the Ca 2p5, and Ca 2p,,, spin-orbit doublet core level

of Ca. The AE value between the Ca 2ps;p and Ca 2p4,, core level was approximately
3.7 eV, indicating the presence of Ca®" ions [19, 20] in these ceramics. Similarly, the
two shoulder peaks on the higher BE side at 345.1 and 348.7 eV, marked as A and B
peaks, respectively, were associated with the relaxation phase at the ceramic surface.
The deconvolution of the Ti 2p XPS profiles of all ceramics is shown in Fig. 23(c). After
fitting, the results indicated that two peaks are located at BEs of approximately 458.1
and 463.9 eV. These two peaks correspond to the Ti 2p;, and Ti 2p¢, spin-orbit
doublet, with AE of approximately 5.8 eV. This observation suggests the existence of
Ti** ions in these ceramics, which is in good agreement with several previous reports
[18-21]. Figure 23(d) shows the deconvoluted Zr 3d XPS profiles of all ceramics. As
seen in the figure, the XPS profiles presented two-spin orbit peaks of Zr**, i.e., the 3dsp,
peak at a BE of 181.0 eV and the 3ds, peak at a BE of 183.5 eV, with AE ~ 25 eV,

which is in good agreement with previous studies [22]. The shoulder peaks at 182.1 and



184.5 eV, marked as A and B peaks, were attributed to the reduction of surface strain
[18].

Relationship between dielectric properties and phase transition

Figure 22 shows real (8') and imaginary (8") parts of the relative permittivity as a

function of temperature in the range from 25 °C to 200 °C and with frequencies ranging
from 1 kHz to 100 kHz for all ceramics. The results indicated a sharp dielectric phase
transition with increasing temperature. In addition to the sharp dielectric peak, the phase
transition from the ferroelectric to cubic phase was observed at 65 °C, 80 °C, 90 °C,
and 100 °C for the compositions x = 0.3, 0.4, 0.5, and 0.6, respectively. These phase
transition temperatures were independent of the applied frequency, suggesting a normal
ferroelectric behavior in these ceramics. Regarding the phase transition in these
ceramics, it should be mentioned first that the 0.7BZT-0.3BCLT ceramic sample
possessed a rhombohedral structure, as observed in its XRD pattern at room
temperature. Thus, the phase transition at 65 °C should be a transformation from

rhombohedral to cubic structure (Tg.c). On the contrary, (1-x)BZT-(x)BCLT compositions

where 0.4<x<0.6 indicated the presence of a tetragonal structure. Accordingly, the
phase transitions, observed at 80 °C for x = 0.4, at 90 °C for x = 0.5, and at 100 °C for
x = 0.6, should correspond to the transformation from the tetragonal to cubic phase (T+.
¢c)- The T1 shifted to higher temperatures (i.e., from 80 °C to 100 °C) when the BCLT
content increased. This was the fact that the phase transition temperatures of BZT and
BCLT were -20 °C and 100 °C, respectively. Thus, when BCLT increased, the phase
transition of BZT-BCLT system should increase. Besides, the increase in tetragonality of
the ceramics listed in Table 1 could be the additional reason for the shift of T to
higher temperatures. Since a result of the crystal structure with higher tetragonality, a
higher temperature for the phase transformation from tetragonal to cubic structure would

be required [14]. In addition to the shift in phase transition temperature, the results also
suggest a change in dielectric permittivity at room temperature (S'r) and a maximum

dielectric permittivity (S'm) at Tg¢ for the composition x = 0.3 and at T for the others.
This result will be discussed together with the grain size effect in the following section.
With these dielectric results, interestingly, the sample with x = 0.4 showed a shoulder
peak at 45 °C that was absent in the other ceramics. It is possible that this peak is
related to the phase transformation from a rhombohedral to tetragonal structure (Tg.7).
When considering the XRD results, the ceramic x = 0.4 exhibited coexistence of the

rhombohedral and tetragonal phases at room temperature. Thus, with increasing



temperature for this composition, the rhombohedral phase was first transformed to a
tetragonal structure, and the tetragonal phase was transformed to a cubic structure.

P-E and S-E hysteresis loops for all ceramics

The ferroelectric properties of the (1-x)BZT-(x)BCLT system with 0.3<x<0.6 were
determined using the relationship between polarisation and an applied external electric
field (P-E hysteresis loop), as shown in Fig. 26. Figure 25 presents the
electromechanical response of all ceramics, which was determined by a bipolar strain
curve upon the applied external electric field (S-E or butterfly hysteresis loop). As seen
in both figures, normal P-E and S-E hysteresis loops were observed for all ceramics.
This result indicates that this ceramic is a normal ferroelectric material system.
Relationships among microstructure, crystal structure, and electrical properties
Effects of average grain size on dielectric properties

Figure 24(a) summarises the influence of grain size on dielectric properties,

including the dielectric permittivity at room temperature (S'F) and maximum dielectric

permittivity (S'm), for these ceramics. As seen in the figure, both dielectric values
decreased with increasing BCLT concentration. The change in these values was
accompanied by a decreasing average grain size for (1-x)BZT-(x)BCLT ceramics. Thus,
the reduction in grain size should play an important role in the decrease of the dielectric
properties of this binary system. In general, the microstructure with smaller grains has
larger grain boundaries, which slow domain wall movement, leading to a decrease in
g, and €', [27].
Effects of crystal structure and average grain size on ferroelectric properties

The P-E hysteresis loops of all ceramics are shown in Fig. 26. A slight offset of
the P-E hysteresis loop could be observed in all ceramics. This was because of the
contribution of their electrical conduction [28] and the presence of trapped space
charges at the electrode-ferroelectric interface [29]. Thus, the ferroelectric parameters,
including remanent polarisation (P,), saturated polarisation (P;), and coercive field (E.),
at the positive and negative electric fields were therefore extracted from their P-E
hysteresis loop. From the table, there was no significant trend from the data extracted
from the positive and negative electric fields. Thus, the average ferroelectric parameters
(listed in Table 2 and Fig. 24(b)) could be used to explain the ferroelectric properties of

these ceramics. From the average values, the P, factors of BCLT compositions where
0.3<x<0.4 did not differ significantly. Interestingly, the sample at 0.5BCLT concentration

showed the maximum P, value (i.e., ~7.2 [LC/cm®) and the value decreased with



increasing addition of BCLT. The presence of a single tetragonal phase induced an

increase in P, for the ceramics at compositions x = 0.5 because spontaneous
polarisation was aligned with the [001] direction in the tetragonal phase. Therefore, the
polarisation could lead to easier arrangement of the rhombohedral phase, which
possessed [111] direction [29]. Regarding E., the value increased with increasing BCLT
content up to x = 0.5. This could be attributed to the presence of a tetragonal phase.
Strain could be induced during domain rotation in the tetragonal phase, which obstructs
the switching of the domain. Meanwhile, the domain rotation in the rhombohedral phase

was without induced strain [29]. Thus, the E, value for the composition x = 0.5 was

higher than it was for x < 0.4. However, the reduction of P, and E, was observed in x =
0.6, even though the ceramic had a single tetragonal phase. The contribution of small
grain size could be the additional reason for this decrease, as the ferroelectric domain
would stabilize in large grains more readily than it would in smaller grains [30].
Effects of crystal structure and average grain size on small-signal piezoelectric
properties

The small-signal piezoelectric properties were measured by application of
pressure on the poled sample, via which the piezoelectric coefficient (ds3) and
electromechanical coupling factor (k,) were determined. From section, the presence of a
tetragonal phase and decrease in the average grain size affected P, for the ceramics.
Thus, to explain the effects of crystal structure and grain size, the relationship between

P., ds3, and k, as a function of BCLT content is plotted in Fig. 9(b). Regarding P,, for

BCLT compositions where 0.3<x<0.4, the ferroelectric factors did not differ significantly.
Interestingly, the sample with 0.5BCLT concentration showed the maximum P, value
because of the presence of a tetragonal phase, which decreased at 0.6BCLT
concentration because of the reduction in the average grain size. When compared with
piezoelectric properties, the trend for the d3; and k, values of these ceramics seemed to
accompany a change in their P, values. Thus, the small-signal piezoelectric response
could be attributed to P. It is worth mentioning first that the d;; and k, factors are
related to a reversible contribution, i.e., rearrangement of spontaneous polarisation (Pgp)
[8]. Before the poling process, P, within the material is arranged randomly. When an
external electric field is applied, P, will re-arrange in a direction similar to that of the
applied electric field. After removing the external electric field, P, could either be
maintained in the poled direction or revert back to the initial direction. A material with
large Py, in the poled direction shows better d;; and k, factors. With ferroelectric

measurement, P, can indicate the degree of rearrangement of Pg, after removing the



external electric field. Thus, in these ceramics, the sample with 0.5BCLT concentration
possessed the maximum P,; therefore, it exhibited the maximum dz; and k, factors. This
result is in agreement with several previous reports [31, 32].
Effects of average grain size on large-signal piezoelectric properties

The decrease in grain size affected the strain response at high electric field for

these ceramics. The maximum strain (S,,,) and the ratio between the maximum strain

and electric field (d*33) can be extracted from the S-E hysteresis curve (Fig. 25). Both

factors are widely utilized to study this property. Figure 24(c) and (d) show respectively

Smax and d*33 values for these ceramics in the direction of a positive and negative

electric field. In the positive direction, the results did not show any significant change in

Smax and d*33. However, a decreasing trend for the S, and d*33 factors with increasing
BCLT content was observed after the electric field was switched to the negative
direction. This seemed to be associated with the decrease in the average grain size for
these ceramics (Fig. 24(a)). It is well known that the increase in the strain of
piezoelectric materials at high electric field is primarily due to irreversible contributions,
i.e., the mobility of the domain wall [8]. Thus, a material with high domain wall motion
should have better S,. and d*33 factors. With these ceramics, the average grain size
decreased with increasing BCLT content. The reduction in grain size led to larger grain

boundaries. This result could prohibit movement of the domain wall and thus effectively

reduce S, and d*33 as the BCLT content is increased. To further explain this
phenomenon, the differences in these values in the positive and negative directions
were therefore calculated and denoted ASmaX and Ad*33 in Fig. 24(c) and (d),
respectively. ASmax and Ad*33 indicate the prohibition of domain wall movement during
switching of the applied electric field. In the figure, ASmax and Ad*33 increased with

increasing BCLT content. This result confirmed the further contribution of grain

boundaries to domain wall switching in these ceramics.

Conclusions

(1-x)BZT-(x)BCLT ceramics, where x = 0.3, 0.4, 0.5, and 0.6, were fabricated
using conventional solid-state sintering. Depending on BCLT content, the system
showed three phase regions, including a single rhombohedral phase, a binary
rhombohedral and tetragonal phase, and a single tetragonal structure. With increasing
BCLT content, the grain size decreased and a single tetragonal phase existed, which

significantly affected the dielectric, ferroelectric, and piezoelectric properties of these



ceramics. The addition of BCLT at x = 0.3 and 0.5 promoted the maximum dielectric
properties and piezoelectric properties, respectively. The results here suggest a new
phase diagram for the (1-x)BZT-(x)BCLT system, which can be tuned by the BCLT
concentration and may be utilized as an alternative material in dielectric, ferroelectric,

and piezoelectric devices.
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In this study, (1-x)BaZrg 5Tig.g03-(x)(Bag.7Cap.3)0.085La0.01TiO3 ((1-x)BZT-(x)BCLT) ceramics, where x = 0.3,
0.4, 0.5, and 0.6, were prepared employing a conventional solid-state sintering technique. X-ray diffraction
patterns and dielectric measurements indicated three phase regions at room temperature, including a single
rhombohedral (x = 0.3), a phase coexistence of rhombohedral and tetragonal (x = 0.4), and a single tetragonal
structure (x = 0.5). X-ray photoemission spectra at the surface of ceramics confirmed the oxidation state of
Ba®*, Ca®*, Ti*", and Zr** ions. Upon BCLT addition, the reduction of the average grain size and the presence

of the tetragonal structure significantly affected the dielectric, ferroelectric, and piezoelectric properties of these
ceramics. With these results, the composition x = 0.3 showed maximum ¢, and e,,, whereas the composition
x = 0.5 showed maximum P, E,, ds3, k, and d3; factors. These results suggest a new phase diagram for the (1-x)
BZT-(x)BCLT system, which could be tuneable by BCLT concentration and might be useful as an alternative
material in dielectric, ferroelectric, and piezoelectric devices.

1. Introduction

In recent years, focus on the development of a binary lead-free
ceramic system has rapidly increased because binary materials have
shown attractive piezoelectric properties that are equivalent to or better
than a commercial lead-based piezoelectric material, e.g., lead zirco-
nate titanate (PZT) compound [1-8]. Among the binary lead-free
ceramics, the (1-x)BaZrg,TipgO3-(x)Bag,CagsTiOs (BZT-BCT) solid
solution, where x = 0.3-0.6, is being particularly investigated because
of its potential to replace PZT in several electronic devices, such as
sensors, actuators, and capacitors [4-8]. In previous studies, most of the
development of BZT-BCT has focused on the relationship between the
crystal structure dependence of the BCT concentration and the di-
electric and piezoelectric properties [4-8]. However, the effects of the
substitution of dopants on the properties of BZT-BCT binary ceramics
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have received relatively little attention. Therefore, we are interested in
studying the effects of dopants on the properties of this binary system.

It is well known that the electrical properties of perovskite materials
can be tuned by aliovalent doping with, for example, La®*, Fe>*, Nb°*,
Ta®", Cu®*, and Mg®* ions. Among these dopants, La®>* substitution
induces a significant change in the ferroelectric, dielectric, and piezo-
electric properties of well-known perovskite materials, such as BaTiOs-
based [9], BipsNagsTiOs-based [10], Ba(Zr,Ti;..)Os-based [11,12],
Bag ,Cag 3TiOs-based [13,14], and Ky 5NagsNbOs-based ceramics [15].
With these La-doped ceramics, a composition with the formula
(Bag7Cag.3)0.085La0.01TiO3 (BCLT) has promoted significant enhance-
ment (~50%) of the dielectric constant of BCT ceramics [13,14].
However, the dielectric, ferroelectric, and piezoelectric responses of the
BZT-BCLT system have not yet been studied. Therefore, we are inter-
ested in investigating the BZT-BCLT system to search for a new binary
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ceramic that can be employed as an alternative material for dielectric
and piezoelectric devices. In this work, (1-x)BaZry,TipgO3-(x)
(Bag.7Cag 3)o.085La0.01TiO3  ((1-x)BZT-(x)BCLT) ceramics, where
x = 0.3, 0.4, 0.5, and 0.6, were fabricated. The crystal structure and
chemical composition were investigated by X-ray diffraction (XRD)
measurements and X-ray photoelectron spectroscopy (XPS), respec-
tively. Scanning electron microscopy (SEM) was used to observe the
microstructure. With these results, the effects of the relationship be-
tween the phase formation and microstructural features on changes in
the dielectric, piezoelectric, and ferroelectric properties of a novel (1-x)
BZT-(x)BCLT ceramic system were examined and discussed.

2. Materials and methods
2.1. Materials

The starting materials were BaCO3; (98.5%, Sigma-Aldrich), TiO,
(99.9%, Riedel-de Haén), and ZrO, (98.5%, Sigma-Aldrich) for BZT and
BaCOs; (98.5%, Sigma-Aldrich), CaCO3 (99.95%, Sigma-Aldrich), La;O3
(99.9%, Riedel-de Haén), and TiO, (99.9%, Riedel-de Haén) for BCLT.

2.2. Preparation of barium zirconate titanate - barium calcium lanthanum
titanate ((1-x)BZT-(x)BCLT) powders

The starting oxides were weighed following the chemical formulae
of Bazro_zTi0_303 (BZT) and (Bao'7C30.3)0_935Lao'01Ti03 (BCLT). The
oxide mixtures were ball-milled in ethanol (> 99.5%, Merck) for 24 h
using a conventional mixed-oxide method. The mixed powders were
dried at 120 °C for 24 h and calcined in a closed alumina crucible at
1100 °C for 3 h. After sieving, (1-x)BZT-(x)BCLT binary powders, where
x = 0.3, 0.4, 0.5, and 0.6, were mixed again in ethanol (> 99.5%,
Merck) for 6 h and dried at 120 °C for 24 h.

2.3. Preparation of barium zirconate titanate - barium calcium lanthanum
titanate ((1-x)BZT-(x)BCLT) ceramics

A conventional solid-state sintering technique was used to fabricate
all samples. After obtaining BZT-BCLT binary powders, one drop of 3 wt
% PVA (polyvinyl alcohol, Merck) binder was added to the BZT-BCLT
powders (~1 g), which were subsequently pressed into pellets with a
diameter of 10 mm and thickness of 2 mm using a uniaxial press with a
pressure of 187.3 MPa. Binder removal was carried out by heating the
pellets at 500 °C for 1h in an air atmosphere with a heating/cooling
rate of 5°C/min. These pellets were then sintered at 1400 °C for 4 h in
an air atmosphere with a heating/cooling rate of 5°C/min on an alu-
mina plate.

2.4. Characterisation

The bulk densities of all ceramics were determined using
Archimedes’ method. Then, the relative densities of the ceramics were
calculated from the relationship between the theoretical and bulk
densities. Phase identification of the sintered samples was performed in
a 20 range of 20-80° using an X-ray diffractometer (Miniflex, Rigaku).
Subsequently, the lattice parameters of all ceramics were obtained by
the Rietveld refinement method using GSAS software [16]. The re-
ference data for the BaTiO3 phase, with a tetragonal structure (P4mm)
and rhombohedral structure (R3m), were used as the initial data for the
refinement of the XRD patterns of all samples.

The chemical composition at the surface of all ceramics was studied
by XPS using a PHI 5000 Versa Probe II (ULVAC-PHI, Japan) at the
SUT-NANOTEC-SLRI joint research facility, Beamline 5.3:SUT-
NANOTEC-SLRI XPS, Synchrotron Light Research Institute (SLRI),
Thailand. Monochromatic Al Ka X-rays (1486.6 eV) were used as an
excitation source. All binding energies of the samples were calibrated
with the Cls (C-C bond) peak, with a binding energy at of 284.8 eV.

17503

Ceramics International 45 (2019) 17502-17511

Microstructural observation of the as-sintered surface of the samples
was carried out by SEM (JEOL JSM 6335F).

2.5. Electrical properties

2.5.1. Dielectric measurement

The sintered ceramics, with a diameter of 10 mm, were polished to
decrease the thickness of the samples to ~1 mm. After obtaining the
desired thickness, silver electrodes (PCC11889, Heraeus) were coated
on both surfaces of the polished ceramics by brush painting.
Subsequently, the painted samples were treated at 500 °C for 15 min in
an air atmosphere with a heating/cooling rate of 5°C/min. An LCR-
meter (B4262 Agilent) was used to measure the dielectric properties,
i.e., the capacitance and dielectric loss (tan$), as a function of the
temperature of the samples in a frequency range of 1 to 100 kHz. Then,
the real (¢”) and imaginary (¢”") parts of the obtained values were cal-
culated.

2.5.2. P-E and S-E hysteresis loop measurements

The silver electrodes were coated on both surfaces of the polished
ceramics with a similar process of dielectric measurement. The ceramic
samples were then subjected to a bipolar electric field of 15kV/cm at a
frequency of 50 Hz using a custom-built electrical fatigue testing ma-
chine equipped with a Sawyer-Tower circuit to determine the P-E
hysteresis loops. In addition, the strain-electric field (S-E) hysteresis
loops of the ceramics were also measured using an inductive position
sensor (LVDT) under a bipolar electric field of 15kV/cm at a frequency
of 50 mHz. It should be noted that the measuring frequencies for P-E
and S-E hysteresis loops were different because we used LVDT for S-E
loop measurement. Thus, it was quite difficult to obtain the apparent
data of S-E hysteresis loop at 50 Hz.

2.5.3. Piezoelectric measurements

For piezoelectric measurement, all ceramics were poled in a silicone
oil bath under a DC electric field of 3.5kV/cm for 30 min. The piezo-
electric coefficient was then measured using a quasi-static ds;m
(90-2030, ACPI) by applying a mechanical force to the electrode sur-
faces of the sample, where the generated voltage across the sample was
recorded. The planar electromechanical coupling coefficient was de-
termined by measuring the resonant and anti-resonant frequencies from
the first minimum and maximum admittance peaks using a 4284A LCR-
meter.

3. Results and discussion
3.1. Crystal structure and phase characteristics

XRD patterns of all ceramics are illustrated in Fig. 1(a). The sintered
samples showed a perovskite structure without a secondary phase,
suggesting a substantial state reaction during the sintering process. In
addition to the absence of other phases, a shift in XRD peaks to a higher
diffraction angle with increasing BCLT content was observed in
Fig. 1(b). This change was due to a decrease in the lattice parameters
and unit cell volume (Fig. 1(e)) attributed to larger Ba2* ions (1.61 }0\)
at the A-site being substituted by smaller Ca>* (1.34A) and La®*
(1.36 10\) ions [17]. To explain further the phase formation of this binary
system, X-ray peak fitting at selected diffraction angles (i.e., ~22° and
45°) was carried out (Fig. 1(c) and (d), respectively). The reference data
corresponding to a tetragonal structure (P4mm; CODID: 1507756) and
rhombohedral structure (R3m; CODID: 9014179) was used as the
starting phases for BCLT and BZT, respectively. Refined parameters
included the lattice parameters, atomic positions, isotropic atomic
displacement parameters (Uiso), site occupancy, 20 zero offsets, in-
tensity scale factor, profile shape parameters, and background. The
quality of fit (Rwp) was 10.2% for x = 0.3, 10.7% for x = 0.4, 9.3% for
x = 0.5, and 9.8% for x = 0.6. After fitting analysis, the composition
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Fig. 1. Phase identification for all ceramics: (a) and (b) are XRD patterns in the 2-theta range of 20°-80° and 30°-33°, respectively. (c) and (d) are peak fitting for all

ceramics. (e) shows lattice parameters and cell volume for all ceramics.

x = 0.3 showed a single rhombohedral phase (BZT) with (010) and
(020) blue peaks, and the composition x = 0.5 showed a single tetra-
gonal phase (BCLT) with (001) and (100) green peaks. Meanwhile, the
composition x = 0.4 showed the coexistence of rhombohedral and
tetragonal phases. This result suggests that the solid solubility limit of
BCLT in BZT occurs at x = 0.4, which has been suggested for the (1-x)
BZT-(x)BCT system in several previous works [4,5,7]. The influence of
these phase regions will be discussed, together with their dielectric
results, in a later section.

3.2. Oxidation state and chemical environment

XPS was used to study the oxidation state and chemical environ-
ment at the surface of all ceramics only. Fig. 2(a—d) present the XPS
profiles for Ba 3d, Ca 2p, Ti 2p, and Zr 3d core levels at the surface in all
ceramics. As seen in Fig. 2(a), the Ba 3d peaks in all samples showed a
good fit to four peaks, at binding energy (BE) values of approximately
778.6, 780.2, 794.0, and 795.5 eV. The green and pink peaks located at
BEs of approximately 778.6 and 794.0 eV correspond to the spin-orbit
doublet, i.e., Ba 3ds,» and Ba 3d3,> of the 3d core level of Ba ions,
respectively. The spin-orbit energy separation (AE) between the Ba 3ds,
> and Ba 3d3,» core levels was 15.4 eV, which accompanies bulk and
nano BaTiOs [18]. This difference, therefore, confirmed the existence of
Ba in the 2 + oxidation state (i.e., Ba2™ ions) in these ceramics. The

shoulder peaks on the higher BE side at 780.2 and 795.5 eV, which were
marked as A and B peaks, did not relate to the different oxidation state
but indicated a relaxation phase formed at the ceramic surface to re-
duce surface strain [19]. Fig. 2(b) illustrates the deconvoluted Ca 2p
XPS profiles of all ceramics. The data showed a clear fit to two peaks,
located at BE values of approximately 347.3 and 351.0 eV. Their BE
values were associated with the Ca 2p3, and Ca 2p;,» spin-orbit
doublet core level of Ca. The AE value between the Ca 2p3,» and Ca 2p,,
» core level was approximately 3.7 eV, indicating the presence of Ca®*
ions [19,20] in these ceramics. Similarly, the two shoulder peaks on the
higher BE side at 345.1 and 348.7 eV, marked as A and B peaks, re-
spectively, were associated with the relaxation phase at the ceramic
surface. The deconvolution of the Ti 2p XPS profiles of all ceramics is
shown in Fig. 2(c). After fitting, the results indicated that two peaks are
located at BEs of approximately 458.1 and 463.9 eV. These two peaks
correspond to the Ti 2p3,» and Ti 2p, 5 spin-orbit doublet, with AE of
approximately 5.8 eV. This observation suggests the existence of Ti**
ions in these ceramics, which is in good agreement with several pre-
vious reports [18-21]. Fig. 2(d) shows the deconvoluted Zr 3d XPS
profiles of all ceramics. As seen in the figure, the XPS profiles presented
two-spin orbit peaks of Zr**, i.e., the 3ds,, peak at a BE of 181.0 eV and
the 3d;,, peak at a BE of 183.5eV, with AE ~2.5 eV, which is in good
agreement with previous studies [22]. The shoulder peaks at 182.1 and
184.5 eV, marked as A and B peaks, were attributed to the reduction of
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Fig. 2. XPS profiles of all ceramics; (a)-(d) are Ba3d, Ca2p, Ti2p, and Zr3d, respectively.

surface strain [18].

3.3. Microstructural observation

Microstructural images of the as-sintered surface of BZT-BCLT
ceramics are illustrated in Fig. 3. All samples showed a dense micro-
structure with high relative densities (i.e., =95% as listed in Table 1).
Thus, the substitution of BCLT to BZT did not significantly affect the
physical properties of this ceramic system. Fig. 4 shows the grain size
distribution of all ceramics. As seen in the figure, the distribution of

grain size for all ceramics was quite wide, with grains varying in size
from 2 to 12 pm. This result indicates that the increase in BCLT did not
have a dominant effect on the grain size distribution of all ceramics.
However, the effects of the increase in BCLT content on the micro-
structural evolution of these ceramics were noticeable. As the BCLT
content increased, the number of small grains increased, particularly for
the composition x = 0.6. This led to a decrease in the average grain size
of all ceramics (see the average grain size data in Table 1). The re-
duction in grain size is possibly due to an overall decrease in the dif-
fusion rate during the initial sintering process. Generally, ions with a

Fig. 3. Microstructural images of all ceramics.
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Table 1
Density, grain size, and dielectric phase transition for all ceramics.
BCLT Bulk Relative Average Trc Trr Trc Tetragonality
content  density density grain size
(g/em® (%)
(um) o o o
0.3 5.96 98.43 6.51 65 - - -
0.4 5.86 97.89 6.24 - 45 80 1.0033
0.5 5.76 97.61 5.43 - 8 90 1.0040
0.6 5.67 98.68 4.54 - - 100 1.0041

small diffusion coefficient (D) are the slowest-diffusing species. Hence,
a material with a low D value should have decreased the sintering
diffusion rate, leading to a reduction in grain growth. For the (1-x)BZT-
(x)BCLT ceramic, La was likely the slowest-diffusing species because its
diffusion coefficient (D = 7.72 x 10~2°m?/s [23]) is smaller than
those of Ba (D = 5.4 x 10" 1%m?/s [24]), Ca (D = 5.2 x 10" °m?/s
[24]), Ti (D =3.4x 10" ®m?/s [25]), Zr (D =1.3 x 10" ®*m?/s
[25]), and O (D = 5.2 X 10" 1%m?2/s [26]). Thus, with an increase in
BCLT concentration, the amount of the slowest-diffusing species, i.e., La
ions, increased, resulting in grain growth reduction, which led to a
decrease in the final grain size.

3.4. Relationship between dielectric properties and phase transition

Fig. 5 shows real (¢”) and imaginary (¢”) parts of the relative per-
mittivity as a function of temperature in the range from 25 °C to 200 °C
and with frequencies ranging from 1kHz to 100 kHz for all ceramics.
The results indicated a sharp dielectric phase transition with increasing
temperature. In addition to the sharp dielectric peak, the phase tran-
sition from the ferroelectric to cubic phase was observed at 65 °C, 80 °C,

Ceramics International 45 (2019) 17502-17511

90 °C, and 100 °C for the compositions x = 0.3, 0.4, 0.5, and 0.6, re-
spectively. These phase transition temperatures were independent of
the applied frequency, suggesting a normal ferroelectric behavior in
these ceramics. Regarding the phase transition in these ceramics, it
should be mentioned first that the 0.7BZT-0.3BCLT ceramic sample
possessed a rhombohedral structure, as observed in its XRD pattern at
room temperature (Fig. 1(c) and (d)). Thus, the phase transition at 65 °C
should be a transformation from rhombohedral to cubic structure (Tg.
c). On the contrary, (1-x)BZT-(x)BCLT compositions where
0.4 < x < 0.6 indicated the presence of a tetragonal structure. Ac-
cordingly, the phase transitions, observed at 80 °C for x = 0.4, at 90 °C
for x = 0.5, and at 100 °C for x = 0.6, should correspond to the trans-
formation from the tetragonal to cubic phase (Tt.c). The Tt ¢ shifted to
higher temperatures (i.e., from 80 °C to 100 °C) when the BCLT content
increased. This was the fact that the phase transition temperatures of
BZT and BCLT were —20 °C and 100 °C, respectively. Thus, when BCLT
increased, the phase transition of BZT-BCLT system should increase.
Besides, the increase in tetragonality of the ceramics listed in Table 1
could be the additional reason for the shift of Tt.c to higher tempera-
tures. Since a result of the crystal structure with higher tetragonality, a
higher temperature for the phase transformation from tetragonal to
cubic structure would be required [14]. In addition to the shift in phase
transition temperature, the results also suggest a change in dielectric
permittivity at room temperature (¢’;) and a maximum dielectric per-
mittivity (¢’y,) at Tr.c for the composition x = 0.3 and at Tr.c for the
others. This result will be discussed together with the grain size effect in
the following section. With these dielectric results, interestingly, the
sample with x = 0.4 showed a shoulder peak at 45 °C that was absent in
the other ceramics. It is possible that this peak is related to the phase
transformation from a rhombohedral to tetragonal structure (Tg.t).
When considering the XRD results seen in Fig. 1(c) and (d), the ceramic

30 30

251 X = 0.3 254 X = 004
v w
]
r 20 £ 20-
= &
ot St
S 15- ° 15
W 3
= =
E £
z 10 210-

54 54

0 - T T 0 T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Grain size (pm) Grain size (pm)

30 30

25 x=0.5 251 x=0.6
w w
£ 50 =
-E 20 = 20 1
& &
S —
S 15 S 15
L "
2 2=
E E
7 104 210-

54 54

0 04

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Grain size (um)

Grain size (pm)

Fig. 4. Grain size distribution for all ceramics.
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x = 0.4 exhibited coexistence of the rhombohedral and tetragonal
phases at room temperature. Thus, with increasing temperature for this
composition, the rhombohedral phase was first transformed to a tet-
ragonal structure, and the tetragonal phase was transformed to a cubic
structure.

To further explain the phase transition temperature of the (1-x)BZT-
(@)BCLT binary system, dielectric measurement in a temperature range
from —40°C to 25°C was carried out. The plots of ¢ and ¢” as a
function of temperature with measured frequencies from 1kHz to
100 kHz for selected ceramics are illustrated in Fig. 6. For the compo-
sitions x = 0.3 and 0.6, the ceramics did not indicate an apparent
change in this temperature range. This result could confirm that only
Tgr.c occurred for the composition x = 0.3 and Tr.¢ for the composition
x = 0.6. Interestingly, the ceramic with x = 0.5 showed a shoulder
peak at 8 °C. This peak is believed to be the phase transformation point
from a rhombohedral to tetragonal structure (Tg.t) in this ceramic be-
cause its XRD results (Fig. 1(c) and (d)) clearly confirmed the existence
of a single tetragonal structure at room temperatures (i.e., ~25 °C). The
decrement of Tg_t from 45 °C to 8 °C at the composition x = 0.5 might
be attributed to the decreasing trend of unit cell volume of rhombo-
hedral phase as seen in Fig. 1(e). This result accompanied by the re-
duction of Tgr to lower temperature when the unit cell volume of
0.5BaZrg »Tig g03-0.5Bag 7Cag 3TiO3 ceramic decreased [2].

3.5. P-E and S-E hysteresis loops for all ceramics

The ferroelectric properties of the (1-x)BZT-(x)BCLT system with
0.3 < x < 0.6 were determined using the relationship between polar-
isation and an applied external electric field (P-E hysteresis loop), as
shown in Fig. 7. Fig. 8 presents the electromechanical response of all
ceramics, which was determined by a bipolar strain curve upon the
applied external electric field (S-E or butterfly hysteresis loop). As seen
in both figures, normal P-E and S-E hysteresis loops were observed for
all ceramics. This result indicates that this ceramic is a normal ferro-
electric material system.

3.6. Relationships among microstructure, crystal structure, and electrical
properties

3.6.1. Effects of average grain size on dielectric properties

Fig. 9(a) summarises the influence of grain size on dielectric prop-
erties, including the dielectric permittivity at room temperature (¢’;)
and maximum dielectric permittivity (¢’y,), for these ceramics. As seen
in the figure, both dielectric values decreased with increasing BCLT
concentration. The change in these values was accompanied by a de-
creasing average grain size for (1-x)BZT-(x)BCLT ceramics. Thus, the
reduction in grain size should play an important role in the decrease of
the dielectric properties of this binary system. In general, the micro-
structure with smaller grains has larger grain boundaries, which slow
domain wall movement, leading to a decrease in ¢’;, and &', [27].

3.6.2. Effects of crystal structure and average grain size on ferroelectric
properties

The P-E hysteresis loops of all ceramics are shown in Fig. 7. A slight
offset of the P-E hysteresis loop could be observed in all ceramics. This
was because of the contribution of their electrical conduction [28] and
the presence of trapped space charges at the electrode-ferroelectric
interface [29]. Thus, the ferroelectric parameters, including remanent
polarisation (P,), saturated polarisation (Ps), and coercive field (E.), at
the positive and negative electric fields were therefore extracted from
their P-E hysteresis loop. The extracted parameters are listed in Table 2.
From the table, there was no significant trend from the data extracted
from the positive and negative electric fields. Thus, the average ferro-
electric parameters (listed in Table 2 and Fig. 9(b)) could be used to
explain the ferroelectric properties of these ceramics. From the average
values, the P, factors of BCLT compositions where 0.3 < x < 0.4 did not
differ significantly. Interestingly, the sample at 0.5BCLT concentration
showed the maximum P, value (i.e., ~7.2 uC/cmz) and the value de-
creased with increasing addition of BCLT. The presence of a single
tetragonal phase induced an increase in P; for the ceramics at compo-
sitions x = 0.5 because spontaneous polarisation was aligned with the
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[001] direction in the tetragonal phase. Therefore, the polarisation
could lead to easier arrangement of the rhombohedral phase, which
possessed [111] direction [29]. Regarding E., the value increased with
increasing BCLT content up to x = 0.5. This could be attributed to the
presence of a tetragonal phase. Strain could be induced during domain
rotation in the tetragonal phase, which obstructs the switching of the
domain. Meanwhile, the domain rotation in the rhombohedral phase
was without induced strain [29]. Thus, the E, value for the composition
x = 0.5 was higher than it was for x < 0.4. However, the reduction of P,
and E. was observed in x = 0.6, even though the ceramic had a single
tetragonal phase. The contribution of small grain size could be the
additional reason for this decrease, as the ferroelectric domain would
stabilize in large grains more readily than it would in smaller grains
[301.

3.6.3. Effects of crystal structure and average grain size on small-signal
piezoelectric properties

The small-signal piezoelectric properties were measured by appli-
cation of pressure on the poled sample, via which the piezoelectric
coefficient (ds3) and electromechanical coupling factor (k,) were de-
termined. From section 3.6.2, the presence of a tetragonal phase and
decrease in the average grain size affected P, for the ceramics. Thus, to
explain the effects of crystal structure and grain size, the relationship
between P;, ds3, and k, as a function of BCLT content is plotted in
Fig. 9(b). Regarding P,, for BCLT compositions where 0.3 < x < 0.4,
the ferroelectric factors did not differ significantly. Interestingly, the
sample with 0.5BCLT concentration showed the maximum P, value
because of the presence of a tetragonal phase, which decreased at
0.6BCLT concentration because of the reduction in the average grain
size. When compared with piezoelectric properties, the trend for the ds3
and k;, values of these ceramics seemed to accompany a change in their
P, values. Thus, the small-signal piezoelectric response could be at-
tributed to P,. It is worth mentioning first that the ds; and k, factors are

17509

related to a reversible contribution, i.e., rearrangement of spontaneous
polarisation (Ps,) [8]. Before the poling process, Py, within the material
is arranged randomly. When an external electric field is applied, Py, will
re-arrange in a direction similar to that of the applied electric field.
After removing the external electric field, Py, could either be main-
tained in the poled direction or revert back to the initial direction. A
material with large Pg, in the poled direction shows better ds; and kp
factors. With ferroelectric measurement, P, can indicate the degree of
rearrangement of Py, after removing the external electric field. Thus, in
these ceramics, the sample with 0.5BCLT concentration possessed the
maximum P,; therefore, it exhibited the maximum d3; and k;, factors.
This result is in agreement with several previous reports [31,32].

3.6.4. Effects of average grain size on large-signal piezoelectric properties
The decrease in grain size affected the strain response at high
electric field for these ceramics. The maximum strain (Sp.,) and the
ratio between the maximum strain and electric field (d33) can be ex-
tracted from the S-E hysteresis curve (Fig. 8). Both factors are widely
utilized to study this property. Fig. 9(c) and (d) show respectively Syax
and d3; values for these ceramics in the direction of a positive and
negative electric field. In the positive direction, the results did not show
any significant change in Sy, and d3s. However, a decreasing trend for
the Smax and d3s factors with increasing BCLT content was observed
after the electric field was switched to the negative direction. This
seemed to be associated with the decrease in the average grain size for
these ceramics (Fig. 9(a)). It is well known that the increase in the strain
of piezoelectric materials at high electric field is primarily due to ir-
reversible contributions, i.e., the mobility of the domain wall [8]. Thus,
a material with high domain wall motion should have better S;,,x and
d33 factors. With these ceramics, the average grain size decreased with
increasing BCLT content. The reduction in grain size led to larger grain
boundaries. This result could prohibit movement of the domain wall
and thus effectively reduce S;.x and d3; as the BCLT content is
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increased. To further explain this phenomenon, the differences in these
values in the positive and negative directions were therefore calculated
and denoted AS,,.x and Ad3s in Fig. 9(c) and (d), respectively. ASyax
and Ad3; indicate the prohibition of domain wall movement during
switching of the applied electric field. In the figure, ASy.x and Ad3s
increased with increasing BCLT content. This result confirmed the
further contribution of grain boundaries to domain wall switching in
these ceramics.

3.7. Relationship between phase region and (1-x)BZT-(x)BCLT content

Using these results, we found that the dielectric, ferroelectric, and
piezoelectric properties of these ceramics were dependent on the BCLT
content. Hence, a new phase diagram for the (1-x)BZT-(x)BCLT system
can be illustrated, as shown in Fig. 10. The compositions x = 0.3 and
0.5 showed the maximum dielectric and piezoelectric properties, re-
spectively. In addition to the properties of the (1-x)BZT-(x)BCLT binary

Table 2
Ferroelectric parameters for all ceramics.

Tetragonal (T)

Temperature (°C)

L L] "
BZT 0.3 0.4 0.5 0.6 BCLT
Fig. 10. Phase diagram for (1-x)BZT-(x)BCLT ceramics, where x = 0.3 to 0.6.

BCLT content Positive electric field

Negative electric field

Average values

P: (uC/em) Py (uc/em) Ec v/em) Pr (uc/em) Ps (uc/em) Ec kv/em) P: (uC/em) Py (uc/em) Ec v/em)
0.3 4.52 15.44 2.45 6.36 15.37 1.92 5.44 15.41 2.18
0.4 5.97 12.58 2.61 5.49 12.91 3.15 5.73 12.74 2.88
0.5 5.76 11.85 3.84 8.69 15.87 3.37 7.22 13.86 3.61
0.6 5.45 14.90 2.13 6.58 17.69 1.98 6.02 16.29 2.05
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system, a triple phase point (TPP), where rhombohedral, cubic, and
tetragonal phases exist together, can be estimated. The illustrated phase
diagram implies that the TPP point for this binary system can be found
at a composition of x = 0.33 at 70 °C. However, further investigation is
needed to support this hypothesis. The results here suggest that the
dielectric, ferroelectric, and piezoelectric properties of the (1-x)BZT-(x)
BCLT binary system are dependent on the crystal structure and micro-
structure, which can be tuned using the BCLT concentration.

4. Conclusions

(1-x)BZT-(x)BCLT ceramics, where x = 0.3, 0.4, 0.5, and 0.6, were
fabricated using conventional solid-state sintering. Depending on BCLT
content, the system showed three phase regions, including a single
rhombohedral phase, a binary rhombohedral and tetragonal phase, and
a single tetragonal structure. With increasing BCLT content, the grain
size decreased and a single tetragonal phase existed, which significantly
affected the dielectric, ferroelectric, and piezoelectric properties of
these ceramics. The addition of BCLT at x = 0.3 and 0.5 promoted the
maximum dielectric properties and piezoelectric properties, respec-
tively. The results here suggest a new phase diagram for the (1-x)BZT-
(x)BCLT system, which can be tuned by the BCLT concentration and
may be utilized as an alternative material in dielectric, ferroelectric,
and piezoelectric devices.
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Bag gsCag 15210 1 Tig903-based ceramics with doping of Ca3Co409, CaMng ggNbg 0,03, and Zng 9gAlg 0,0 were
fabricated. CaO and CaCOs secondary phase were observed in all doped ceramics. These phases caused
vacancies of Ca ions, which became associated with oxygen vacancies induced by ultraviolet light, leading
to the formation of a defect dipole. The defect dipoles enhanced the photo-induced dielectric properties.
The maximum enhancement was about 60% with Ca3;Co409 doping while other ceramics did not show
significant change. The results here suggested that the ultraviolet light-induced dielectric properties of
Bap.gs5Can.15Zr0.1Tip 903 ceramic may be largely tunable by Ca3Co409 addition and could be an alternative
material for light sensors.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Bagg5Cag.15Z10.1Tig903 (BCZT) lead-free ceramic has shown large
piezoelectricity [1], which can be compared with a commercial
lead zirconate titanate (PZT). This makes BCZT a promising lead-
free piezoelectric material to replace PZT for application in several
electronic devices such as sensor, actuator, and a capacitor [2].
Unfortunately, the optical property of BCZT is focused scarcely.

Recently, SrTiO3 (STO)-based ceramic has promoted the ultravi-
olet (UV) light-induced dielectric enhancement [3]. STO is thermo-
electric material, which a few variations in charge carrier and
another defect, resulting to its electrical and thermoelectric prop-
erties. From the case of STO, other well-known thermoelectric
materials such as Ca3zCo409 (CCO), CaMng ggNbg 9,03 (CMNO), and
Zng9gAlg 020 (ZAO), therefore, are hypothesized to respond the
stimulus of UV light. However, it is quite difficult to measure the
dielectric properties of these compounds through the pure sample
due to their high electrical conductivity. Thus, it may be possible to
dope these materials in other ceramics to seek UV light-induced
dielectric properties. When regarding together with BCZT, it is
found that its dielectric properties under UV light have not been
reported yet. Hence, we are, therefore, interested in dope CCO,
CMNO, and ZAO into BCZT. In this work, BCZT ceramics with
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doping of CCO, CMNO, and ZAO were fabricated. A role of a defect
dipole on UV light-induced dielectric properties was discussed in
detail.

2. Material and methods

The starting materials were BaCOs; (99.95%), CaCO3 (99.95%),
Zr0; (99.9%), TiO; (99.9%), Co304 (99.95%), MnO (99.99%), Nb,0s
(99.99%), ZnO (99.99%), and Al,03 (99.9%). The oxide mixtures
were calcined at 1100 °C for 3 h for BCZT, 750°C for 24 h for
CCO, and 900 °C for 6 h for CMNO. For ZAO, the powder was
weighed and mixed for 6 hrs due to the compound did not need
the calcination process. After calcination, (1-x)BCZT-(x)CCO
(BCZT-CCO), (1-x)BCZT-(x)CMNO (BCZT-CMNO), and (1-x)BCZT-
(x)ZAO (BCZT-ZAO) powders where x=0 and 1 wt% of dopants
were mixed in ethanol for 6 h. After drying, the pellets were sin-
tered at 1350 °C for 4 h.

Phase characteristic was studied by an X-ray diffractometer
(XRD). The local structure was analyzed by Synchrotron X-ray
Absorption Spectroscopy (XAS) at the BL-5.2 of the Siam Photon
Laboratory, Synchrotron Light Research Institute (SLRI), Thailand.
A scanning electron microscopy (SEM) was used to observe
microstructure. For dielectric properties under UV light, the sample
was connected by Cu back electrode while the front electrode was
made of transparent and conductive indium tin oxide which was
mechanically compressed against the sample layer (see in Fig. 2).
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The samples were exposed to UV light from 405 nm laser through
the front electrode. LCR meter was used to measure the dielectric
properties.

3. Results and discussion

Fig. 1(a) shows XRD patterns of all ceramics. The result indi-
cates a structure without a secondary phase of BCZT. Meanwhile,
Ca0 and CaCOs exist in doped ceramics. The presence of both
phases reflects the deficient content of Ca ions within the doped
samples. Besides CaO and CaCOs, a small intensity of CCO and
ZnO peaks presents in BCZT-CCO and BCZT-ZAO, respectively.
XRD patterns (44.5°—46°) are plotted in Fig. 1(b). BCZT shows the
splitting peaks of (002) and (200). Interestingly, both peaks
become overlap when BCZT are doped. The possible reason is a
substitution of dopant in perovskite lattice. In general, the ions
having a similar ionic radius size can substitute in the crystal struc-
ture, which leads to the deformation of the lattice. With these
ceramics, Ba®* (1.61A), Ca®* (1.34A), zr** (0.72A), and Ti*
(0.605 A) host ions can be substituted by Co®" (0.65A), Mn**
(0.83 A), and Zn?* (0.74 A) dopants [4].

Fig. 1(c) presents Ba-L; XAS spectra and BaCOs standard refer-
ence. The absorption peak at E, ~ 5251 eV can be noticeable in
all samples. This peak relates to a resonant excitation from Ba
2psj; to Ba 5d unoccupied state, revealing Ba** in all ceramics.
Interestingly, the width of the shoulder of E, peak is different obvi-
ously. It should mention first that the width of the E, peak indi-
cates the average Ba-O interatomic distance [5]. The broad
shoulder of E, peak suggests the shorter average length of Ba and
O atoms within the structure. Fig. 1(d) shows XAS spectra from
5243 to 5262 eV. BCZT shows the broad shoulder and small peak
(i.e., peak A), suggesting more covalent bond in perovskite struc-
ture. Upon the doping, the different width of the shoulder is
observed apparently for each dopant. This result reflects the
deformed crystal structure in doped BCZT, which is in agreement
with their XRD patterns. Fig. 1(e) shows SEM images of all ceram-
ics. The average grain sizes of BCZT, BCZT-CCO, BCZT-CMNO, and
BCZT-ZAO are about 6.22, 1.35, 3.69, and 5.47 pm, respectively.

The capacitance and dielectric loss under UV light at different
frequencies of all ceramics are shown in Fig. 2. The dielectric
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properties of BCZT do not change upon UV light, and the applied
frequencies do not affect its UV light response. Interestingly, when
the UV light is incident on BCZT-CCO ceramic at 1 kHz, the capac-
itance gradually increases from 415 pF to 435 pF. The maximum
relative value is changed ~4.8% at 10 mins of exposure time which
agrees with the photo-induced dielectric enhancement in STO-
based ceramic [3]. However, its response decreases with higher
frequency since the polarization cannot follow to the applied
external electric field at a higher frequency. For CMNO- and ZAO-
doped ceramics, the samples do not show the significant change
in dielectric values after UV light exposure.

The changing value of dielectric properties and exposure time
for 30 mins of all ceramics at 1 kHz is shown in Fig. 3(a). BCZT,
BCZT-CMNO, and BCZT-ZAO do not show a significant change in
dielectric value. Interestingly, a rapid increase of capacitance
occurs in a range from 15 to 20 min in BCZT-CCO. Then, the value
gradually becomes stable. The maximum dielectric response upon
UV light of all ceramics is summarized in Fig. 3(b). BCZT-CCO cera-
mic exhibits the maximum change of capacitance (~60%) and
dielectric loss (~15%) whereas the dielectric response of other
ceramics does not differ significantly. The dielectric enhancement
of BCZT-CCO may be explained by the creation of a (V¢, —Vy)
defect dipole between vacancies of Ca (V¢,) and O (V) ions. To
describe the formation of defect dipole, it should be mentioned
first that CaO and CaCO; secondary phases (Fig. 1(a)) occur during
the sintering process at a high temperature of the doped ceramics,
which can be explained by Kréger-Vink notation in Egs. (1) and (2),
respectively.

Caz, +1/20, + 2¢' — Ca0 + V¥, 1)

Ca}, +1/20, + CO, + 2¢' — CaCOs + V2, )

As seen the equations, V¢, is induced simultaneously in doped
ceramics with the presence of CaO and CaCO; phases. When the
ceramics are under UV light, V; can be generated at the oxide sur-
face, according to the formation mechanism given in Eq. (3). This
phenomenon has been observed in other oxides such as CaCus-
TiO404; [6], and STO-based ceramics [3].
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Fig. 1. (a) and (b) are XRD patterns in the 20 range of 20°—80° and 44.5°—46°, respectively, (c) and (d) are XAS spectra and (e) is SEM images of all ceramics.
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Then, the negative charge of V¢, existing in the ceramic can
attract the positive charge of V; immediately and induces
(V¢e — V) defect dipole following Eq. (4)

Gt Vo — (Vi —Vy) +2€ +2h (4)

Nevertheless, the dielectric response of BCZT-CCO ceramic may
not be similar to CaCusTiO4015 [6], and STO-based ceramics [3]. In
our case, V¢, has exhibited in the ceramic without UV light. When

the ceramic is exposed by UV light, the dielectric variation is
divided into three periods, including a range from 1 to 15 min,

15 to 20 min, and 20 to 30 min as seen in Fig. 3(c). For the first
one, V, are gradually produced and can catch V¢, immediately,
inducing V¢, — V, defect dipoles. The formation of defect dipoles
increases dielectric properties of BCZT-CCO, which is in agreement
with the dielectric enhancement due to the creation of V¢, — V;
defect dipole upon UV light in STO-based ceramics [3]. However,
in the case of BCZT-CCO, the content of V, in the first period
may be smaller than V¢, resulting in the remaining content of
unpaired V¢,. For the second period, the V content increases much

and may be sufficient to attract the remaining V¢,. Defect dipoles
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(V¢, — V,) are effectively formed, resulting in the rapid enhance-
ment of the value. In the third period, the capacitance does not
change much and becomes stable gradually. It is possible that
there are no V¢, which can arrest V,, causing no more V¢, -V,
defect dipoles. The capacitance value, therefore, becomes stable.
After removing the UV light for 35 min (see inset in Fig. 3(a)), the
capacitance of BCZT-CCO decreases gradually and becomes rapidly
after 20 min, which related with its capacitance enhancement
under UV light. This result is because that the re-entrance of oxy-
gen at the surface, causing the decrease in capacitance. This phe-
nomenon has been observed in CaCusTi040:; [6], and STO-based
ceramics [3]. In the case of the dielectric loss, the value decreases
gradually but at a slower rate as compared with the capacitance.
Regarding BCZT-CMNO and BCZT-ZAO, the samples do not exhibit
the enormous response of capacitance and dielectric loss similar to
BCZT-CCO although CaO and CaCOs; phases are present. It is
because CCO is quite sensitive to O content or V [7]. Thus, upon
UV light exposure, V;, is therefore generated at BCZT-CCO surface
easier than CMNO- and ZAO-doped samples, leading to the massive
dielectric response in BCZT-CCO ceramic.

The Arrhenius plot of electrical conductivity (o) of all ceramics
is shown in Fig. 3(d). The temperature dependence of G is fitted
according to the Arrhenius equation,

0 = 6,exp(—Eq/kT) (5)

where a,, Eg, k, and T are the pre-exponential factor, the activation
energy per charge carrier, Boltzmann’s constant and the absolute
temperature, respectively. The E, value is extracted from the slope
of linear fitting. The value indicates the energy required to move
the defects, i.e., the thermally activated oxygen vacancies at high
temperature [8]. Thus, the materials with low E, value should have
the more natural movement of V. For these ceramics, BCZT shows
the minimum value of E, (~0.08 eV) meanwhile all doped ceramics
show the higher E, (~0.21-0.36 eV). Thus, the V, defect can move
in BCZT easily, which reflects a low E,. In the case of the doped
ceramics, the mobility of V is retarded by V¢, as observed in the
doped ceramics. The E, values of all doped ceramics are, therefore,
higher than BCZT.

4. Conclusions

The presence of defect dipole between vacancies of Ca and O
ions could enhance dielectric properties under UV light.

BCZT-CCO showed maximum dielectric enhancement (~60%) at
15-20 min mean while other ceramics did not present a significant
change. The results here suggested that the doping of CCO could be
useful for tuning the UV light-induced dielectric response of BCZT
which may find future application in UV light sensors, detector,
and other optical devices.
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Ba, ;Cag 3TiO3 (BCT) ceramics with different dopants, including Fe®™, Mg2+, and Cu®" ions, were prepared bya
solid-state sintering method. All doping elements induced a change in the crystal structure and microstructure of
BCT ceramics. The dielectric, ferroelectric and piezoelectric properties of the doped ceramics were observed in a
correlation between the phase fraction and difference in grain size. The decrease of grain size indicated a surface
enhancement in an ultraviolet light response of doped ceramics. The recovering rate of resistivity of all ceramics

after removing the light depended on dopants. The results here suggested that microstructural variation could be
useful for tuning both the electrical properties and ultraviolet light-induced conductivity of perovskite materials
which may find future application in optoelectronic and electronic devices.

1. Introduction

Perovskite material has a long history and plays an essential role in
several electronic and optical devices, such as sensors, piezoelectric
actuators, capacitors, and light detectors. It is well-known that an
atomic arrangement in this material is ABO;3 structure, in which posi-
tive ions occupy A and B sites and O is oxygen ions. Perovskite material
can be synthesized using several methods such as solid-state reaction,
gas phase preparation, and wet chemical method. For the solid-state
reaction, the starting and final materials are solid such as nitrates,
carbonates, and oxides, which were mixed by the desired composition
through the milling media. Then, the powder and ceramics can be ob-
tained by the calcination and conventional sintering techniques at high
temperature, respectively. Perovskite films are widely prepared by gas
phase preparation, where the starting material with gas-state is de-
posited on the substrate under different temperature and atmosphere.
In the case of the wet chemical method, its principle is co-precipitation
of metal ions through precipitating agents such as the oxalate, hydro-
xide, acetate, citrate, cyanide, and thermal treatment such as freeze-
drying, plasma spray-drying, combustion, and microwave synthesis
[1-4]. Regarding the perovskite material synthesized from these
methods, the chemical method can produce the material with large
surface and high homogeneity at a lower temperature compared with
solid-state reaction. However, it is found that the perovskite ceramic-

* Corresponding author.
E-mail address: p.jaiban@gmail.com (P. Jaiban).
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based piezoelectric devices are often fabricated from the solid-state
reaction.

Lead zirconate titanate (PZT) compound is a widely used perovskite
material. However, the material has an environmental limitation al-
though its electrical properties are quite attractive. According to the
drawback of PZT, some lead-free compounds, therefore, are focused in
order to replace PZT, including barium titanate (BT), bismuth sodium
titanate (BNT), and potassium sodium niobate (KNN). The enhance-
ment in electrical and optical properties of these lead-free materials has
been extensively studied using a substitution of host ions by different
dopants (e.g., Sr**, Bi** and Ca®" ions at A-site and Fe®*, Mg?*,
Nb>*, Co?*, Ta®*, Zr**, and Cu®" ions at B-site [5-7]). Among these
modifications, Ba(Tig gZry 2)03-(Bag 7Cag 3)TiO3 (BTZ-BCT) ceramic has
promoted promising electrical properties, such as excellent piezo-
electric and dielectric performance [8]. Moreover, (Bag,Cag3)TiO3
(BCT) ceramic has also shown an attractive response on ultraviolet light
(UV) irradiation with suitable doping of La®" ions (i.e., 0.01 to 0.03)
[9], which makes it an alternative material for UV sensors and detec-
tors. When compared with its electrical properties, a focus on the op-
tical properties of BCT ceramic, particularly UV light response, is still
scarce. Thus, this work focuses on a simultaneous investigation of the
electrical and optical properties of BCT material.

As the results from ref. [9] show, the critical enhancement in UV
light-induced properties was observed in a relationship with the
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Fig. 1. TGA curves and the weight loss measured from TGA and experiment of all powders.

creation of oxygen vacancies at the surface. Thus, in order to enhance
photoresponse of BCT ceramic, we synthesized BCT ceramic with an
introduction of oxygen vacancies by substitution of acceptor dopants,
including Fe**, Mg®*, and Cu®" ions at the B-site because the optical
properties of BCT doped by these ions have not been reported thus far.
BCT ceramics with the addition of Fe?*, Mg?*, and Cu®>* dopants were
prepared in this work. The effects of crystal structure and micro-
structural features on their dielectricity, piezoelectricity, ferroelec-
tricity, and UV light response have been discussed in detail.

2. Experimental

The specimens were fabricated according to the chemical formula
(Bag 7Ca.3)0.909Tio.08F€0.0202.08 (BCT-Fe), (Bay.7Cap.3)Tio.0sM8g0.0202.98
(BCT-Mg) and (Baojcao'3)Tio'98Cu0.0202'98 (BCT-CU) The pOWderS
were prepared using the conventional mixed-oxide method. The
starting materials used in this study were CaCO; (Sigma-Aldrich),
BaCO3 (Sigma-Aldrich), CuO (Sigma-Aldrich), MgO (Sigma-Aldrich),
Fe,O3 (Sigma-Aldrich), and TiO, (Riedel-de Haén). The mixtures of
oxides were ball milled in ethanol for 24 h, dried at 120 °C for 24 h and
calcined in a closed alumina crucible at 1000 °C for 2 h. After sieving, a
few drops of 3 wt% PVA (polyvinyl alcohol) binders were added to the
mixed powders, which were subsequently pressed into pellets with a
diameter of 15 mm using a uniaxial press with 1.5-ton weight. Binder
removal was carried out by heating the pellets at 500 °C for 1 h. These
pellets were then sintered at 1350 °C for 4h of dwell time with a
heating/cooling rate of 5°C/min on a covered alumina plate.

Thermogravimetry (TGA) was used to study the thermal evolution
of the calcined powders from room temperature to 1000°C. The mor-
phology and crystallinity of calcined powders were observed using a
transmission electron microscopy (TEM). Phase identification of the
sintered specimens was investigated in a 2-theta range of 10 to 80°
using an X-ray diffractometer (Mimiflex, Regaku). After that, the phase

and lattice parameters of all calcined powders and ceramics were ob-
tained by the Rietveld refinement method using GSAS software [10].
The scanning electron microscopy (SEM) was used to investigate the
microstructure of the ceramics. The chemical composition was studied
by X-ray photoelectron spectroscopy (XPS) using a PHI 5000 Versa
Probe II (ULVAC-PHI, Japan) at the SUT-NANOTEC-SLRI joint research
facility, Beamline 5.3: SUT-NANOTEC-SLRI XPS, Synchrotron Light
Research Institute (SLRI), Thailand. The monochromatic Al Ka X-ray
(1486.6 eV) was used as an excitation source. All binding energies of
the samples were calibrated with the Cls (C—C bond) peak with
binding energy at of 284.8 eV.

For electrical property measurements, the sintered ceramics with a
diameter of 15mm were polished using sandpaper to decrease the
thickness of the sample. After obtaining the desired thickness (1 mm),
two parallel silver square electrodes were coated on the surface of the
polished ceramics. Then, an Agilent B4262 LCR-meter was used to
measure the dielectric properties of the samples at a frequency of 1 to
100 kHz upon the increase of the temperature. A ferroelectric hysteresis
loop of each sample was obtained using a computer-controlled modified
Sawyer-Tower circuit. The electric field was applied to the samples by a
high voltage AC amplifier at 20 kV/cm. A digital oscilloscope then re-
corded the polarization electric field (P-E) loop. For piezoelectric
measurement, the samples were poled in a silicone oil bath under a DC
electric field of 3-12kV/cm for 30 min. Then, the piezoelectric coeffi-
cient was measured using a quasi-static d3; meter by applying a me-
chanical force to the electrode surfaces of the sample, and the generated
voltage across the sample was recorded. The planar electromechanical
coupling coefficient was determined by a measurement of the resonant
and anti-resonant frequencies from the first minimum and maximum
admittance peaks using a 4284A LCR meter.

To study the effects of UV light on resistance, we used the samples
with a similar dielectric measurement size as a function of temperature.
After this, we fabricated two platinum electrodes with a 2-mm-wide
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exposed surface region in smaller spacing between two electrodes
(50 um) using plasma sputtering (GSL-1100X-SPC-12) for 1 min. The
samples were exposed to the incident UV light. The UV light intensity
was set to 1.7 W/cm? as measured by a THORLABS detector (S120VC).
The resistance was measured by a source meter (Agilent B29014).

3. Results and discussion

Fig. 1 shows the TGA curve of all powders from room temperature
up to 1000 °C. From the figure, it could be divided into three parts for
the thermal evolution of these powders. The first one (marked as A) was
about room temperature to 300 °C, which could be ascribed to the
evaporation of the residual non-structural water (weight loss -0.65 —
1.1%). The second one (weight loss -5.2-5.3%) was attributed to the
combustion reactions and preliminary synthesis of BCT, which was
observed in the temperature range from 600 to 700 °C as marked B part.
When the temperature increased from 700 °C to 900 °C (part C), the
weight loss of BCT-based powders was about 12%, which related to the
decomposition of CO, and the reaction of BCT-based formation. The
feature of the weight loss upon increase of the temperature of BCT was
in agreement with BTZ-BCT synthesis [11]. The comparison between
the total weight loss of the TGA curve and the preliminary calculation
(i.e., the powder weight before and after the calcination process) of all
powders are summarized in Fig. 1. The values are similar for each
powder (-17 to 18%), which confirmed the complete reaction formation
of these powders.

TEM images of all calcined powders are shown in Fig. 2. As seen in
the figure, the particle shape was a sphere and polyhedral.The average
size of particles estimated from the TEM image was about 50-100 nm.
The selected area diffraction (SAD) patterns are given in an inset to-
gether with high-resolution TEM image of the selected particles
(marked by the green arrow for each composition). These results could
confirm the crystallinity of BCT-Cu, BCT-Mg, and BCT-Fe powders.
With these calcined powders, the lattice fringes were observed clearly
and were about 0.39 nm for the selected area A and F, -0.28 nm for the
selected area B, C, and D, and -0.23 nm for the selected area E. This
observation would be discussed together with their XRD diffraction
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patterns in a later section.

The Rietveld refinement of X-ray diffraction patterns of all calcined
powders and ceramics was carried out using GSAS software [10]. The
reference data of BaTiO3; phase with tetragonal structure (P4mm), or-
thorhombic structure (Amm2), rhombohedral structure (R3m), cubic
structure (Pm-3m), and CaTiO; phase with orthorhombic structure
(Pbnm) was used as the starting phases for the refinement of XRD pat-
terns of all samples. The refinement results are shown in Fig. 3 and the
extracted parameters are listed in Table 1. Regarding the calcined
powders, it was found that all powders were composed of rhombohe-
dral, orthorhombic, and CaTiO3 phases. Interestingly, the amount for
each phase was dependent on the dopants, particularly the rhombo-
hedral and orthorhombic phases. The difference of phase fraction
would be discussed together with their electrical properties. When
comparing the interplanar spacing (dyy) values obtained from XRD
refinement and the spacing values measured from TEM images, it was
found that the spacing of 0.39 nm correlated well with the (100) plane
of both orthorhombic and rhombohedral structures (d;0-0.39 nm). The
(002) plane of orthorhombic and (101) plane of rhombohedral struc-
ture accompanied with 0.28 nm (dgg2, d101- 0.28 nm). For the spacing
value of 0.23 nm, the value related to the (102) plane of orthorhombic
and (111) plane of rhombohedral structure (d;g2, d111- 0.23 nm). These
results could confirm the coexistence between orthorhombic and
rhombohedral phases in these powders. In the case of CaTiO3 phase,
there was no significant difference of phase fraction between these
powders. However, the presence of CaTiO3 phase had been reported by
several previous works [12-14], which was attributed to a maximum
solubility limit of Ca®* to Ba®* ions (x = 0.23) in the Ba;,Ca,TiO5
binary system [12,15,16]. The X-ray diffraction patterns of all ceramics
were also refined in this study as shown in Fig. 3. As seen in the figure
and table, it was found that the phase fraction of orthorhombic,
rhombohedral, and CaTiO5; phases was not different from their pow-
ders, suggesting that the ceramic process did not affect significantly
phase fraction and the crystal structure of all sintered samples.

Fig. 4(a) illustrates the microstructural observation of all ceramics.
As seen in the figure, all samples showed dense microstructure with
relative density values greater than 95%. This indicated that these

Fig. 2. TEM and SAD images of all powders.
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Phase fraction and lattice parameters of all powders and ceramics.

Samples Phase Fraction (wt%) Lattice parameters A Volume (A3)
BCT-Cu powder orthorhombic 0.68 a = 3.9765, b = 5.6403, ¢ = 5.6787, a = 90 127.360
rhombohedral 0.12 a = 3.9893, a = 90.014 63.490
CaTiO3 0.20 a =5.3999, b = 5.4197, ¢ = 7.6580, a = 90 224.118
BCT-Cu ceramic orthorhombic 0.72 a = 3.9661, b = 5.6504, ¢ = 5.6677, a = 90 127.013
rhombohedral 0.16 a = 3.9799, a = 90.135 63.040
CaTiO3 0.12 a = 5.3340, b = 5.5662, c = 7.6761, a = 90 227.908
BCT-Mg powder orthorhombic 0.35 a = 3.9845, b = 5.6652, ¢ = 5.6643, a = 90 127.860
rhombohedral 0.46 a = 3.9905, a = 89.949 63.546
CaTiO3 0.19 a = 5.4063, b = 5.4614, c = 7.6476, a = 90 225.814
BCT-Mg ceramic orthorhombic 0.31 a = 3.9485, b = 5.6682, ¢ = 5.7077, a = 90 127.745
rhombohedral 0.50 a = 3.9881, a = 89.794 63.430
CaTiO3 0.19 a=5.4113, b = 5.5532, c = 7.6924, a = 90 231.156
BCT-Fe powder orthorhombic 0.48 a = 3.9851, b = 5.6691, ¢ = 5.6848, a = 90 128.432
rhombohedral 0.36 a = 3.9976, a = 90.052 63.888
CaTiO3 0.16 a=5.4277,b = 5.4477, c = 7.6492, a = 90 226.179
BCT-Fe ceramic orthorhombic 0.46 a = 3.9623, b = 5.6421, ¢ = 5.6939, a = 90 127.296
rhombohedral 0.38 a = 3.9823, a = 90.027 63.154
CaTiO3 0.16 a =5.3931, b = 5.4549, c = 7.7316, a = 90 227.460
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Fig. 4. (a) and (b) are microstructural images and average grain sizes of all ceramics, respectively.

dopants did not affect the physical properties of BCT ceramics. How-
ever, the addition of these dopants caused a significant difference in the
grain size of the ceramics. The average grain sizes of all samples are
presented in Fig. 4(b). The ceramics with Cu and Fe doping possessed
similarly large grain sizes of approximately 6-7.5um, while the Mg-
doped sample showed the microstructure, including smaller grains (i.e.,
2.5um). In general, the decrease in the average grain size of the per-
ovskite ceramic may be mainly due to the creation of oxygen vacancies
produced by acceptor doping. The defects preferred to exhibit at the
grain boundaries, leading to inhibition of grain growth during a con-
ventional sintering process. However, in this study, all dopants (i.e.,
Cu®*, Mg?*, and Fe®* ions) were acceptor doping. Thus, this reason
might not be applicable to our case. For other possible factors, it was
because the doping of MgO tended to segregate at boundaries more
than other dopants, leading to the suppression of grain growth rate at
high temperatures. This result was accompanied with several reports
that Mg®* ions had been substituted into well-known perovskite cera-
mics, such as BaTiOs; [17], (Bag.os5Cag.os)(Tip.g5Z1015)03 [18], and
Big.sNag 5 TiO3-Bag.g5Cao.15Tio.85210.15M0.0503 [19].

XPS spectra for Ba 3d, Ca 2p, and Ti 2p core levels of all ceramics are
shown in Fig. 5. As seen in the figure, the Ba 3d peaks in all samples
showed a good fit to four peaks, locating at binding energy (BE) values
about 778.5, 780.2, 793.8 and 795.5 eV. The peaks locating at BE of
about 780.2 and 795.5 eV corresponded to the spin-orbit doublet, i.e.,
Ba 3ds,» and Ba 3ds,,, 3d core level of Ba ions, respectively. The spin-
orbit energy separation (AE) between both peaks was 15.3 eV. This
result confirmed that the existence of Ba in the 2+ oxidation state in
the perovskite structure of these ceramics, which had been observed in
bulk and nano BaTiO3 [20,21]. The shoulder peaks (marked as A and B
peaks) at lower BE side were not related to the different oxidation state
but indicated the surface defect and relaxation phase formed at the
ceramic surface [21]. The deconvoluted Ca 2p XPS spectra of all cera-
mics showed a precise fit to two peaks located at BE values-347.0 and
350.5 eV, which were associated with Ca 2p;,, and Ca 2p, /» spin-orbit
doublet core level of Ca, respectively. The AE value between Ca 2p3,»
and Ca 2p,,, core level was -3.5eV, indicating the presence of Ca®*
ions in these ceramics. For the deconvolution of Ti 2p XPS spectra of all

ceramics, the fitting indicated two peaks, which were located at BE of
about 458.1 and 464.0 eV. These two peaks corresponded to Ti 2p3,»
and Ti 2p;,» spin-orbit doublet with AE -5.9 eV. This observation sug-
gested the existence of Ti** ions in these ceramics, which was in good
agreement with several reports [20,21].

Fig. 6 shows the real (¢) and imaginary (¢") parts as a function of
temperature of all ceramics at a frequency range of 1, 10, and 100 kHz.
As seen in the figure, it was found that all ceramics showed the fre-
quency independence of dielectric properties, suggesting normal fer-
roelectric behavior. Interestingly, the diffuseness of these dielectric
peaks was dependent on each dopant, particularly BCT-Mg ceramic.
The possible factor was from their microstructure in which the micro-
structure composing of smaller grains showed broader dielectric phase
transition attributed to the dominance of the space charge effect,
weakening of long-range ferroelectric interaction, and higher internal
stress in fine-grained ceramics [22]. Regarding the dielectric properties
for each dopant at 1 kHz (see in Fig. 7(a) and (b)), it was seen that the
temperatures at maximum ¢ and ¢ values exhibited were -105 °C for
BCT-Cu, 10°C for BCT-Mg and 70 °C for BCT-Fe. The observed tem-
perature was dependent on each dopant. The different amount of or-
thorhombic and rhombohedral phase was believed to affect their phase
transition temperature significantly. In general, this temperature in-
dicates transformation from the ferroelectric phase to a paraelectric
phase (i.e., cubic structure). Thus, the material with the structure close
to cubic structure such as rhombohedral structure should have lower
phase transition temperature. With these results, the ceramic with Cu
addition had a maximum phase transition temperature because this
sample clearly showed the smallest fraction of the rhombohedral phase
as compared with others (see in Table 1). In the case of Mg and Fe
doping, it was quite apparent that the presence of rhombohedral caused
the abrupt decrease in their phase transition temperatures. BCT-Mg
ceramic had the most substantial fraction of rhombohedral phase
(-0.50). This feature induced the phase transition temperature near the
ambient temperature of the ceramic.

P-E hysteresis loops at room temperature of all ceramics are illu-
strated in Fig. 7(c). The change in crystal structure may be an important
factor causing a different P-E hysteresis loop. It should be mentioned
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Fig. 5. XPS spectra of Ba3d, Ca2p, and Ti2p of all ceramics.

first that the material with higher ferroelectricity (particularly a tetra-
gonal or orthorhombic structure) often promoted regular P-E hysteresis
loops, while the material with lower ferroelectricity or the structure
close to cubic or rhombohedral phase showed slimmer P-E hysteresis
loops. Regarding these ceramics, it was seen that BCT-Cu possessed a
standard hysteresis loop. In the case of BCT-Mg and BCT-Fe, both
ceramics exhibited a slim-like hysteresis loop, which associated well

with their crystal structure. The ferroelectric parameters, including
remanent polarization (P,) and coercive field (E.), extracted from their
P-E loops are given as inset in Fig. 7(c). BCT-Cu showed higher P, and E,
values, when compared with those of BCT-Mg and BCT-Cu. These
parameters confirmed the significant influence of crystal structure on
the ferroelectric properties of these ceramics. In addition to the dom-
inance of crystal structure, a trend of ferroelectric parameters was
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and (d) is piezoelectric properties of all ceramics.

accompanied by a decrement of grain size. This result could be an ad-
ditional reason for the change in their ferroelectricity. Because the long-
range ferroelectric interaction was obstructed by grain boundaries
leading to a decrease of ferroelectricity, a short-range ferroelectric
order and weak polarizations existed in fined grains. The BCT-Cu and
BCT-Mg ceramics, therefore, had maximum and minimum ferroelectric
parameters, respectively.

Piezoelectric properties, including the piezoelectric coefficient (ds3)
and electromechanical coupling factor (kp), of all ceramics, are given in
Fig. 7(d). As seen in the figure, BCT-Cu ceramic showed maximum
values of both d33 (90 pC/N) and k;, (21%)while the values became
much lower in BCT-Fe and BCT-Mg ceramics. In general, piezo-
electricity is related directly to a remanent polarization of the material.
Thus, the material having large remanent polarization should offer high
piezoelectricity. Regarding all ceramics, the feature of piezoelectric
properties was associated with their remanent polarizations observed in
Fig. 7(c). Hence, it could be mentioned that the piezoelectric response
of these ceramics was attributed to their ferroelectricity. With these
results, it was seen that crystal structure and microstructural char-
acteristics were found to significantly affect the dielectric, ferroelectric,
and piezoelectric response of all ceramics. However, these electrical
features were only regarded as the bulk properties of the materials. To
provide a surface aspect of these perovskite ceramics, we were also
interested in the effects of ultraviolet (UV) light exposure on the elec-
trical resistance of all samples. Therefore, a set-up diagram of resistivity
measurement is illustrated as an inset in Fig. 8.

The electrical resistances upon UV light irradiation of all ceramics
are shown in Fig. 8. Before UV light was turned on, the resistance value
of BCT-Cu was quite stable, while the values of the ceramics with the
addition of Mg and Fe dopants increased abruptly in exposure time
ranging from 10 to 20 s, and became stable. This feature might be due
to an initial state of measurement. After UV light was first turned on,
the resistance dropped immediately and decreased gradually during
continuous irradiation. When UV illumination was removed, the values
increased suddenly and returned to their initial state at a slower rate.
The resistance response of all samples still was maintained upon sti-
mulus and without UV light. With the results, variation in resistivity of

all ceramics upon light exposure was attributed to the creation of
oxygen vacancy: Of < 1/20,+V;+2€’ [23] which effectively doped free
electrons to the system and induced a better conduction in the sample.
When the UV light was switched off, the oxygen would re-combine with
free electrons at the surface, leading to the recovery in resistivity of the
ceramics. Such an oxygen vacancy effect had been observed previously
in other metal oxides (e.g., SrTiO5 [24], KTaO3 [25], TiO, ZnO [26],
and CaCu3Ti4012 [27]. In addition to UV light-induced conductivity, it
was seen that the photoresponse was dependent on each dopant. We
summarized the responsive ability on UV light of all ceramics in Fig. 8.
From the figure, BCT-Mg ceramic showed the largest photoresponse
(i.e., 35%), and the minimum value (i.e., 15%) was observed in BCT-Cu.
The photoresponse of these ceramics seemed to involve their grain sizes
(see Fig. 4(b)). The observed relationship between photoresponse and
grain size could be explained by a trapping process of the oxygen va-
cancies at grain boundaries. During UV light illumination on the sur-
face, oxygen vacancies were induced and entrapped immediately into
grain boundaries. Hence, there were non-equilibrium electrons inside
the grains, causing the change in electrical resistivity at the surface of
the materials. From this mechanism, the fine grain microstructure (i.e.,
large grain boundaries) should trap oxygen vacancies more than the
microstructure with larger grains, leading to better enhancement of
conductivity in the material possessing small grains. Thus, the BCT-Mg
sample with smaller grains had larger response as compared to the
others. The improvement in photoresponse of BCT-Mg ceramic due to
the influence of small grains was in agreement with another oxide (i.e.,
In,03 reported by E.A. Forsh et al. [28]).

In addition to the microstructural dependence of UV light response,
the difference in recovering time of the resistance to its original value
after the UV light was turned off was observed further. To explain this
phenomenon, we exposed UV light to the samples until obtaining the
saturating value as shown in Fig. 9. As seen in the figure, when the light
was switched on, the response of the resistance value of all ceramics
was still similar in previous cases (Fig. 8). However, after the light was
removed, the resistance of BCT-Mg and BCT-Cu increased suddenly in a
few seconds and gradually returned to the initial state. By contrast,
BCT-Fe ceramic exhibited a gradual increase of resistivity to the
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original state. The relative recovering values as a function of the
waiting time of all ceramics are plotted in Fig. 9. BCT-Fe ceramics
showed longer recovering time compared with BCT-Cu and BCT-Mg.
The waiting time of all ceramics is given as inset in Fig. 9. In the figure,
the longest time (i.e., 120 s) was found in BCT-Fe, while there was no
significant difference for BCT-Cu and BCT-Mg ceramics. BCT ceramic
substituted by only Fe dopants took longer for recovery of resistance,
although all dopants were acceptor-type doping. With this result, the
variation in the oxidation state of these dopants might be a possible
factor. In the case of the BCT-Mg sample, Mg ions had oxidation states

of only 2+; therefore, its recovering time was rapid (-15s). Interest-
ingly, BCT-Cu and BCT-Fe showed the apparent difference in recovering
times (-15 s for BCT-Cu and -120 s for BCT-Fe) although Cu and Fe ions
were transition metal. This result might be attributed to the more active
response of Cu ions than Fe ions, as suggested by O.P. Taran et al. [29].
Thus, the recovering value of BCT-Cu, therefore, was similar to BCT-
Mg. In the case of BCT-Fe, after the UV light was switched off, oxygen
vacancies would not re-combine immediately with electron inside the
grains due to the slower response. A longer time was needed to return to
the original state as compared with regular cases of BCT-Cu and BCT-
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time of all ceramics after removing UV exposure. An inset is waiting time of all ceramics.
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Mg. As a result here, it suggested that the photosensitivity of BCT-based
materials may be tunable by microstructural engineering and different
dopants, which could be an alternative material for such devices.

4. Conclusion

In this work, BCT-Cu, BCT-Mg, and BCT-Fe ceramics were fabricated
using solid-state sintering process. All dopants induced the change in
crystal structure and microstructure of BCT ceramics. The dielectric,
ferroelectric, and piezoelectric properties were observed in correlation
with the variation of crystal structure and grain size. The decrease in
grain size caused a better UV light response. The dopants significantly
affected the recovery rate of resistivity. These results suggested that
microstructural variation and difference of dopants could be useful for
tuning both the electrical properties and ultraviolet-induced con-
ductivity of perovskite materials, which may find future applications in
optoelectronic and electronic devices.
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