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ABSTRACT

Health and environmental concerns have universally increased in importance
during the last several decades. In the material science sphere, researchers are
racing to replace poisonous, PZT-based pyroelectric materials with non-
hazardous environmentally friendly ones, which simultaneously possess

enhanced properties and provide the high performance.

Beside environmental issues, the lower pyroelectric response and narrow
operating temperature range have been identified as significant drawbacks of
presently used lead-free pyroelectric materials for future diverse advanced

industrial applications.

One of the possible, most challenging and highly promising solutions to those
industrial problems is utilizing composite ceramic materials (CCMs). Those
materials combine the best raw materials properties and the sophisticated
design. Therefore, they provided better performance compared to the original

materials.

The major aim of this systematic study is to investigate and improve the
pyroelectric properties of lead-free sodium bismuth titanate modified by barium
titanate ceramics, Na12Bi12TiO3-0.06BaTiOs (NBT-0.06BT), at the morphotropic
phase boundary (MPB) over a wide range of frequencies and temperatures. The
secondary goal is to control and lower the first phase transition temperature,
termed depolarisation temperature (Ty), to around room temperature (RT). Three
different techniques were used: (1) modifying the composition by altering A-site
element contents; (2) doping the A- and/or B-sites with selective elements; and

(3) forming composite pyroelectric ceramic material (CPCM).

This study confirms that NBT-0.06BT at the MPB regains its critical composition
and is sensitive to any compositional modification. These changes in NBT-
0.06BT composition can shift its structure slightly away from the MPB area and

will considerably change its pyroelectric properties.

It was found that the pyroelectric properties at RT and Ty were significantly

enhanced by tailoring the NBT-0.06BT composition. Likewise, T4 was controlled



and decreased by implementing the same techniques as used to tailor the

material composition.

This study succeeded in increasing the range of the pyroelectric coefficient
temperature response from one sharp peak at an exact temperature to a broad
peak, which extends to around 25 °C with maximum pyroelectric coefficient (7.10
x 10* C.m2.°C' at 40 °C) by developing CPCM. This significant achievement
can expand considerably the range of the pyroelectric working temperature and
is, therefore, both useful and valuable for a wide variety of pyroelectric

applications.
Keywords:

Electroceramic, Lead-free ceramics 0.94Nag 5Bip5TiO3-0.06BaTiOs,
Morphotropic phase boundary (MPB), Modified A-site elements of NxByT-
0.06B,T, A or B site doped NBT-0.06BT, both sites doped NBT-0.06BT,
Composite pyroelectric ceramic materials (CPCM); Depolarization temperature

(Ta), Pyroelectric properties, Figure of merits (FOMS).
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1 Introduction and Literature Review

1.1 Background

Pyroelectric ceramics are widely referred to as smart materials because they are
relatively sensitive to any alteration in temperature and responsive to it.
Pyroelectric ceramic materials are used as an active element in various electronic
devices [1,2], such as sensors, infrared detectors, thermal cameras, remote
medical diagnostic devices, gas detectors, airplanes, spacecraft and in many
other applications. The most widely utilized pyroelectric ceramics are lead-
containing materials, such as lead zirconate titanate, PbZrTi1xO3 (PZT), and
PZT-based multicomponent materials, due to their superior pyroelectric,
properties; they possess high pyroelectric coefficients (p), moderate relative
permittivity (&), low dielectric loss (tand), high stability at a wide temperature
range, and it is straightforward to alter their properties through doping with other
chemical elements. In addition, PZT shows a morphotropic phase boundary
(MPB) in its phase diagram between PbZrOs — PbTiO3 compositions, which

enhances their piezoelectric, pyroelectric and ferroelectric properties [3—6].

The toxicity of lead has been recognised for many centuries. When lead enters
the body through blood, bone, teeth, or soft tissues, it causes numerous health
problems, with its effects on children being much more severe than on adults [7—
9]. There was an in-depth discussion concerning the impact of lead coming from
electronic equipment at the 1992 Rio Earth Summit. Since then, the scientific
community along with the electronics industry have been striving to remove lead

from electronic equipment and to find lead-free alternatives [9].

However, the pyroelectric ceramics industry is still dominated by lead-containing
materials as there currently are no suitable lead-free alternatives [10,11].
Exploration into a lead-free pyroelectric material, which can substitute PZT-based
materials, is still ongoing, but the structure-property correlation of new materials

still needs further research.

A large number of lead-free systems have been studied, but they are still at the

research stage. However, sodium bismuth titanate, modified by barium titanate



(1-x)NaosBio.5TiO3-xBaTiOs (NBT-xBT), is currently attracting worldwide interest
[12—-19]: it shows high ferroelectric properties, particularly for compositions at the
morphotropic phase boundary (MPB) area (x = 0.06-0.07) where the
rhombohedral (Rh) and tetragonal (Tr) phases coexist [12,20,21]. Moreover, the
NBT-xBT has a lower coercive field (Ec) than Ec of the undoped NBT material,
this makes the poling of NBT-xBT much easier [19]. However, the phase diagram
of NBT-xBT is complex: it shows the presence of many phases such as
ferroelectric (FE), polar phase, antiferroelectric (AEF) or relaxor, weakly polar,
phase and paraelectric (PE), nonpolar, and needs further research in order to
fully understand the structure-property correlation [15,20,22—-25]. These phase
transitions occur at different temperatures: firstly, ferroelectric (FE) to
antiferroelectric (AFE) or to relaxor at depolarization temperature (T4) at 100 to
~165 °C [26-28]; and secondly, antiferroelectric (AFE) to paraelectric (PE)
phases at around 225 to 292 °C, which is either at the Curie temperature (T¢) or
at the temperature of maximum dielectric permittivity (Tm) [15,22—-25,27]. The
NBT-xBT phase transitions are also accompanied by structural transitions: from
rhombohedral and tetragonal (Rh + Tr) to tetragonal (Tr) if the composition is at
the MPB, or from rhombohedral(Rh) to tetragonal (Tr) if the composition is out of
MPB and from tetragonal (Tr) to cubic (C) [24,26,27]. These structural phase
changes are very important to pyroelectric study and to pyroelectric applications
because the maximum pyroelectric effects can be induced at these transitions.
However, these phase transition temperatures are far too high to be useful for
pyroelectric applications at room temperature. Thus, doping rare-earth elements
into the materials is a widely used approach to bring down the phase transition
temperature [2,29-37].

According to the literature, both undoped and doped NBT-0.06BT exhibit one
explicit sharp peak of pyroelectric coefficient (p) at depolarization (TJ),
temperature [2,15,23,24,35-38]. Such a pyroelectric response of these materials
normally occurs within a narrow temperature range. Therefore, extending the
working temperature range of undoped and doped NBT-0.06BT will undoubtedly

broaden the range of pyroelectric material applications.



To increase the pyroelectric response over a wide temperature range, composite
pyroelectric ceramic material (CPCM) was thought to be one of the possible
solutions [39,40], with many CPCM demonstrating an enhancement in their
properties and performance [39,40]. The fabrication technologies for these
materials usually involve multiple steps and require sophisticated facilities. The
advanced sintering method typically employed to obtain CPCM is the spark
plasma sintering (SPS) technique. CPCM contain two compositions, and these
compositions must remain individual without diffusing into a single composition.

Thus, a high sintering temperature and long dwelling time must be avoided.

SPS technology enables completion of the synthesis of the graded materials
within a very short time, leaving no time for diffusion occur. Therefore, in this
project, new composite pyroelectric ceramic material has been designed using

SPS technology.
1.2 Ferroelectricity and Related Phenomena

1.2.1 Dielectric Materials

Dielectric materials were defined as a sort of insulator that do not possess free
charge carriers [41]. One of the main uses of these materials is in capacitor
applications. A particular characteristic of this class of material is the polarization
resulting when an external electric field (E) is applied. This polarization can be
induced by a variety of forms (Fig.1-1). The best way to describe dielectric
materials is by two parameters: the dielectric permittivity (&r) or dielectric constant;

and dielectric loss tangent (tand).
As a capacitor with empty parallel plate, the capacitance C, can be expressed:

A (1-1)
CO = SOE

where & represents permittivity of the free space, A the surface area of the plates,
and d the distance between the parallel plates.

If an external electric field is applied (E) on a polar material, the total dielectric

displacement D will be:



D =¢,E + Py (1-2)

where Pris the total polarization equal to spontaneous polarization (Ps) and

polarization (P inducead) Which is induced due to electrical displacement.
Pr = Ps + Pinguced (1-3)

Another important parameter in dielectrics is X, (Chi, pronounced “ky”), which
refers to dielectric susceptibility; it represents the ratio of the polarization (P) of
dielectric materials to the external electric field (E) which has been applied on this

material
D = &g,E + y&,E (1-4)

In the case that two plates of a capacitor are filled with a dielectric material of

susceptibility X, the capacitance will increase by the factor 1+X.

The permittivity (&) defined as:

e=¢g,(1+y) (1-5)
where,
13 (1-6)
1+ y=—=c¢
X £, T
where & is the dielectric relative permittivity or dielectric constant.
Thus total capacity [42,43]:
A (1-7)
C= ¢
"d

According to Eq. 1-2, there are different mechanisms to generate the polarization
in dielectric materials. The total polarization occurring in these materials is mainly
dependent on the frequency of the applied electric field. The following different
types of polarization will contribute to the dielectric permittivity by changing the

total polarization (Eq. 1-3) of the dielectric material (Fig 1-1) [42].



e Electronic or atomic polarization
¢ |onic polarization
e Orientation or dipolar polarization

e Space charge or diffusion polarization

The contribution of each one of these types of polarization comes from the short-
range movement of the charges, as a response to the E, but in a different time
scale. Thus, every one of them has its own distinctive frequency, which

represents reciprocal of the characteristic time (relaxation time) where the

maximum tand appears (Fig.1-2).
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Figure 1-1: Different polarization processes [42].



1.2.2 Classification of materials based on Symmetry Principle

There are different types of crystals including single crystal and polycrystalline.
The physical properties of those crystals are mainly affected by their symmetry.
According to the symmetry principles of Neumann, the external properties of

crystals reflect the symmetry of their internal structures [44].

Relative permittivity &

~10Q10 ~1013 ~10Q15
Frequency (Hz)

Figure 1-2: The dependant of relative permittivity (¢) on frequency of alternative

electric field showing the contributions of the different types of polarization.

The crystal structure can be divided into 32 crystal classes or symmetry groups,
dielectric materials can belong to any of those 32 symmetry groups. According to
their symmetry elements, 21 of the 32 classes do not have a centre of symmetry
and of these, 20 are piezoelectric crystals meaning they can be polarised under
stress. Among the 20 piezoelectric crystal classes, 10 of them are polar materials;
they have a unique polar axis and possess a spontaneous polarization in the
absence of external electric field or mechanical stress. These dielectric materials
are known as pyroelectrics. In a pyroelectric crystal, its spontaneous polarization

will change by heating the material. Another category of those polar materials,




where the direction of spontaneous polarization can be switched by applying an

external electric field, are commonly called ferroelectrics (Fig 1-3) [42,45,46].

/ 32 system Groups \

ﬁl Non Centrosymmetric
60 Piezoelectric \

(10 Pyroelectric

Ferroelectric J

\
S J

Figure 1-3: The relation between the 32 Symmetry Groups.
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Centrosymmetric

1.2.3 Piezoelectric Materials

The word piezoelectric is derived from the Ancient Greek word, piezoein, which
means squeeze. Thus, piezoelectric materials can produce electricity from an
applied mechanical stress or conversely, by applying an external electric field a
mechanical stress can be generated. Therefore, these materials act as a coupling

mechanism between electrical and mechanical energy [47,48].

In piezoelectric materials, unit cells are non-centrosymmetric. This special
asymmetrical configuration in the unit cell of this sort of material can create
dissimilar charge distribution; as a result, electric dipoles will form in the crystal.
This macroscopic asymmetric charge displacement is proportional to the applied
mechanical stress. It has also been discovered that by applying a voltage to the
surface of piezoelectric material a small change in the dimensions of the material

can be created [47].

The piezoelectric direct or converse effects are represented as:



D; = d;jy0 (1-8)
Sij = dyijEy (1-9)

where equation 1-8 describes the direct effect and 1-9 describes the converse
effect. D; represents the polarization produced along the i-axis in response to the
applied external stress ojx whereas, for the converse effect, Sij refers to the strain
produced in a special orientation of the crystal in response of the external electric
field Ex along the k-axis. The parameters dijk and dk; are the piezoelectric

coefficients of both direct and converse effects respectively [44,47].

1.2.4 Pyroelectric Materials

Pyroelectric materials are a subclass of piezoelectric category, exhibition their
own spontaneous polarization (Ps). In general, the Ps in these materials is not
necessarily able to switch directions by the application of an external electric field.
The net polarization in the unit cell of this type of material has been induced due
to inherent dipole moment. This net polarization can be changed by manipulating
the temperature. The pyroelectric coefficient (p) is defined as the ratio of change

in Ps to the uniform changes in temperature (T) [49-52]:

_ dps (1-10)
P=ar

where p is measured by C.m2.°C-" or C.m?2.K"!, and will be calculated using the

relationship:

Ip (1-11)
P dr
dt
Where, Ip is the pyroelectric current, and can be measured during the heating
cycle; A the area of material electrode, and dT/dt the rate of heating within time
[51].



1.2.4.1 Pyroelectricity

Pyroelectricity (combining two “pyro-” the Greek word for heat, and electricity)
means generating electricity from heat [48]. It is commonly understood as a
number of electrical changes in a crystal that produced as a result of uniform
heating [48], or production of an electric dipole moment in a dielectric material
due to a homogeneous increase in temperature. The dielectric displacement
already existent in crystalline materials will increase as a result of thermal
expansion as temperature rise [50]. Pyroelectricity is one of the most effective

means to detect change in temperature [53].

Pyroelectricity as a physical phenomenon was discovered at around 314 BC by
the Greek philosopher Theophrastus [54] described the behaviour of a stone
named Lyngourion or Lyncurium which has the ability to attract pieces of wood
and straw. The behaviour of this material is because the electrostatic effects
produced due to the temperature change [54]. The same type of behaviour was
also noticed in another mineral, called tourmaline [54]. In 1707, Johann Georg
Schmidt reintroduced the concept of pyroelectricity back to European countries,
observing that tourmaline could not only attract ashes from warm coals, but also

could repel them [54].

Ten years later, the chemist Louis Lemery detailed the scientific characteristics
of pyroelectricity in a journal [54]. After that, the naturalist Linnaeus (Carl von
Linne) linked the pyroelectric property of tourmaline to electricity and designated
it as an electric stone. During the eighteenth century, the research of scientists
such as Franz U. T. Aepinus, Johann K. Wilcke, Benjamin Wilsonand and others
made the main contributions to the development of the electrostatics field [54], in
1824 the word “pyroelectricity” was first coined by David Brewster. John M.
Gaugain is the first scientist to have accurately measured pyroelectric charges in

1859, making the following important conclusions:

e The total amount of electricity that is produced by the element tourmaline

depends on the change in its temperature within exact limits.



e The quantity of electricity, which is generated through increasing the
temperature, should be produced through decreasing the temperature of
the material [54].

In 1878, W. Thomson (Lord Kelvin) formulated the pyroelectric phenomenon with
a theory. Ten years later, Voigt developed this theory, and Born, in 1921 and
1928, made further developments to this theory based on the dynamics of the
crystal lattice [48,55]. In 1933, French chemist Yeou Ta published a highly
significant paper and concluded that the element tourmaline might be utilized as
infrared sensor in spectroscopy [55]. However, pyroelectricity as a phenomenon
has been technically considered in the industrial use at more 45 years later
[42,45,46].

The pyroelectric effect has been mainly utilised in the detection of
electromagnetic radiation especially infrared radiation (/R). The importance of the
pyroelectric effect in infrared detection was becoming obvious from 1970
onwards and a widely acclaimed review of pyroelectric detectors was published
in that year [49,51,56].

The materials that show the best pyroelectric effect are ferroelectrics, which can

be in the form of single crystal, ceramic or polymer [45,51].

Most ferroelectric materials are pyroelectric materials (Fig 1-4), which means that
by applying a suitable electric field (E) it is possible to reverse the direction of
polarization them. In addition, this polarization will gradually reduce to zero at

Curie Temperature (Tc).

The typical relationship between polarization and temperature illustrated in Fig.
1-4 [49,50], and the gradient (dP/T) of the curve in Fig. 1-4 at certain
temperature (T) represents the pyroelectric coefficient (p). Pyroelectric coefficient
has several definitions and one of them is the change in the spontaneous
polarization caused by fluctuations in temperature [52]. In addition, its value at a
certain temperature is considered as one of the most important parameters

regarding material selection for pyroelectric applications. Pyroelectric coefficient

10



shows the highest value at Tc, whereas Ps is zero at this temperature, (Fig. 1-4)
[49,50].

Spontaneous Polarisation (Ps)
(d) ued1y207 312813014

Temperature (°C) Tc

Figure 1-4: Schematic of the relationship between spontaneous polarisation (Ps)

and temperature, where, Tc is Curie temperature.

1.2.4.2 Pyroelectric Effect

In solid materials, one of the least known properties is pyroelectricity [54]. At the
microscopic scale, there are several types of electric dipole moment in dielectric
materials. One of these is the dipole moment generated due to asymmetrical
distribution to the dissimilarly charged species, which is electronic or atomic
polarization (Fig 1-1) [50,51]. This asymmetric distribution, when temperature
changes, shifts the negative charge centre to the positive charge centre and
produces a spontaneous polarization (Ps), or electric dipole moments. Thus, the
material that has this kind of permanent Ps in its unit cell is generally known as a

pyroelectric material [54].

The pyroelectric effect can be demonstrated as a flow of current generated from
a piece of pyroelectric material which has been connected to an external circuit

due to fluctuations in temperature [51]. The characteristic example of a structure

11



that shows a Ps with changing temperatures is the perovskite structure [57], (Fig
1-12).

(a) (b)

Figure 1-5: Schematic of perovskite structure (ABO3); Grey spheres refer to A-site
cations, smaller blue sphere are the B-site cations, and green spheres are oxygen.

(a) centrosymmetric, (b and c) non-centrosymmetric [9].

The pyroelectric coefficient (p) which has been defined previously is the ratio of

change in Ps to the uniform changes in temperature (T) [49-52].
APs = pAT (1-12)

If a uniform piece of pyroelectric material has an electrode on both faces (Fig 1-
13), the p as a vector, has a perpendicular component on the surface of the
pyroelectric element (electrode). The pyroelectric charges will be detected as a
pyroelectric current (Ip) by ammeter connect in the external circuit:

dT (1-13)
Ip = Ap a

where Ip is the pyroelectric current; A is the electrode surface area; p the

pyroelectric coefficient; T is absolute temperature; t the time; dT/dt is the rate of
change of the temperature of the pyroelectric element over time [51]. Therefore,

the pyroelectric element is linked to the changes of input energy such as infrared

12



radiation (/R) that can produce a change in the material temperature; it is this

temperature change will generate a pyroelectric current.

Electrode

Ammeter

Figure 1-6: Schematic of a pyroelectric detector element.

At room temperature, the ammeter shows no current flow through the circuit (Fig
1-14 (a)), because there is no change in the temperature [50]. However, with an
increase in temperature of the pyroelectric element, the net spontaneous
polarization will be changed, as a result, a Ip flows in the external circuit (Fig 1-
14 (b)). The pyroelectric current represents the change in electric charge per unit
time; therefore, current will be generated due to the manipulation in the

temperature of pyroelectric material.

Although there are different types of pyroelectric materials, the highest
pyroelectric effect can be obtained from polar dielectric materials which are

ferroelectric materials [45,51,57].

In ferroelectric materials, the maximum value of Ps can be achieved at phase
change from low symmetry, such as, orthorhombic or rhombohedral or tetragonal
phases which are related to high pyroelectric state (FE), to high symmetry phase

(cubic) at Tc [45,51]. In addition, this maximum Ps value, which is obtained from
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irregular assembly of crystallite, can be linked to the number of potential polar
axes in the symmetry phase at T<Tc. For instance, in barium titanate (BaTiO3), it
shows a ferroelectric tetragonal phase with six polar axes below Curie
temperature (Tc= 7120 "C). Thus, is a much greater possibility for domains in the
crystals to align themselves in the direction parallel to the external electric field
and achieve a high Ps value, which is ~ 83% in comparison with the Ps value of
a single crystal; this may be increased to about 87% in rhombohedral phase and
around 91% in orthorhombic phase [42,45,51]. Thus, using ferroelectric ceramic
materials in variety of industrial applications has been considered beneficial as a

result of the promising properties that these materials have shown.

Because of the wide range of pyroelectric materials, choosing a material for
pyroelectric applications should be made according to specific parameters. One
of these considerations is the pyroelectric coefficient; its value at certain
temperatures is considered an important parameter for selecting a material for

pyroelectric applications.

dT ¥+ o+ o+

— =0 o
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Figure 1-7: Schematic of pyroelectric a material detector element connects to the
external circuit. (a) At room temperature (d7/df) = 0. (b) Over increasing
temperature (d7/dt) > 0.

However, the more efficient and accurate way for evaluating pyroelectric
materials’ performance can be achieved by calculating the figure of merits
(FOMs) that represent the essential parameters for the pyroelectric applications
[58].

The calculation of the FOMs is based on the values of the pyroelectric coefficient,
relative dielectric permittivity, dielectric loss and the specific heat [53]. There are
several types of FOMs depending on the specific type of pyroelectric application,

such as infrared or thermal imaging [2,24,59-62].

The types of the FOMs depend on the input of thermal or electrical circuits,
current or voltage. Therefore, for infrared applications that rely on the current
responsivity, Fiis the relevant FOM. Similarly, to enlarge the pyroelectric voltage,
the more suitable FOM is F, that corresponds to high voltage (v) detectivity.
Likewise, Fp is the FOM of the high and specific detectivity. Fc is a FOM of the
infrared detector materials. These FOMs have been used to characterize and
select the materials for thermal and infrared applications as sensors or
transducers [23,58,63].
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The measurement of the pyroelectric coefficient (p) can be carried out using
Equation 1-14, while the measurement the FOMs can be done using the following
equations [23,24,59,60]:

P (1-14)
Fi = C_
v
p (1-15)
Fy=———
v C‘IJ 81‘ £0
Fr= p (1-16)
g C, J& &, tand
F = p (1-17)

where p is the pyroelectric coefficient, Fi the high current (i) detectivity, Fy the
high voltage (v) detectivity, Fp high detectivity, Fc the pyroelectric figure of merit.
C, the specific heat, which is defined as the amount of head per unit of mass
required to rise the temperature of a mass by one degree Celsius [64,65], the C,
value is quoted (2.8 J.K'.cm) from [63], & the relative dielectric permittivity and

& the permittivity of free space.

Thus, the material that can show the highest FOMs Fi, Fy, Fp and F¢ values or
anyone of these FOMs (depending on the type of the pyroelectric application), at
wide temperature range, represents the most suitable pyroelectric material for

diverse pyroelectric applications.

1.2.5 Ferroelectric Materials:

The prefix “ferro” is derived from ferum, which means “iron” in Latin. This term is
used in ferromagnetism and although analogous to ferroelectricity, there is in fact

no iron in ferroelectric material [48,66].

Ferroelectrics are subclasses of pyroelectrics, and likewise, these materials
possess Ps; however, at applied E its spontaneous polarization can be reversed.

Thus, the hysteresis phenomenon can be generated by applied E, (Fig 1-5).
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At RT and E = 0, the ferroelectric material does not show any ferroelectric
response due to its polar domains being randomly orientated and these polar
directions cancel each other out. Thus, the net polarization (P) in this material is
zero (Fig 1-5 (1)).

By applying an electric field and increasing the field strength, the polarity of the
ferroelectric material can change due to the dipoles switching inside domains in
the direction of E and then the number of re-orientated domains increases.
Therefore, the material shows net polarization (P) and at this stage, the material
starts to be polarized, (Fig 1-5 (1 to 2)). With further increase in the E, the P will
show a gradual increase up to certain value, while the material does not show
further increase in net polarization, the P value at this stage represents the
maximum (Fig. 1-5 (2)). So it can be assumed that at this stage, all the domains
in the material will be aligned in one direction and the net polarization is widely
known as the saturation polarisation (Psa) (Fig. 1-5 (2)) [67,68]. By decreasing
the E value to zero, (Fig. 1-5 (2 to 4)) the ferroelectric material still presents net
polarization, which might be because parts of the domains are still aligned in the
same direction following the previous direction of E. The value of the polarization
in this case is commonly named remnant polarization (P;) (Fig. 1-5 (3)). With
further increasing the E but in opposite direction (Fig. 1-5 (4 to 5)), the material
will show polarization reversed, which means that the material starts to polarize
in the opposite direction, and with further increases in E, the P increases to
another steady maximum that is also referred to as the Psat (Fig. 1-5 (5)). The
value of the external field, to eliminate the P; and switch the domains direction to
opposite direction, is called coercive field (Ec) [67-69] (Fig. 1-5). The value of Ec
represents an important factor in ferroelectric applications for measuring the
energy that is required to reinitiate the domains and switch the material
polarization. The total area of hysteresis loop in ferroelectric materials refers to
the total value of energy, which is required to switch or orientate the domains in

the materials to the opposite side [67,68].
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(5)

Figure 1-8: Hysteresis loop for a ferroelectric material. P = polarization; Ps =
saturation polarization; P,= remnant polarization; E = electric field; Ec = coercive
field [69].

Ferroelectric material has the following specific characteristics [70]:

e Spontaneous polarization.
¢ Reversible spontaneous polarization.
e Hysteresis loop.

o Ferroelectric phase transition temperature.

1.2.5.1 Ferroelectricity and Ferroelectric domains

Ferroelectricity is a characteristic of specific materials and the ferroelectric crystal
can be defined as one exhibiting spontaneous polarization (Ps) [66]. The Ps in
this sort of crystal as a class of pyroelectric crystals, decreases with rising
temperature, while it disappears at particular temperature named the Curie
temperature (Tc) [48,66], (Fig 1-4). Curie point is identified by a peak in the
permittivity in addition to the vanishing of the Ps Therefore, Tc indicates the
phase change from polar structure and a lower symmetry status at low
temperatures to non-polar and a high symmetry structure at high temperatures.
In general, the ferroelectric material shows paraelectric phase at T = Tc.
[42,45,46].
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At a temperature T < Tc and without an applied external field, E = 0, the
polarization in ferroelectric crystal can be developed in at least in two different
directions. As a result, the depolarization field (Eq) will increase inside the crystal,
(Fig 1-6). To decrease the energy that is related to Eg4, ferroelectric crystals will
split into several polar regions along with each of these directions to minimize this
energy. These polar regions which are located inside the crystal are commonly
called domains, and they can be defined as the uniform polarization regains per
volume [71,72]. The interfaces or boundaries, which separate these domains, are
widely known as domain walls. These walls can be switched by applied E, [73—
75].

Figure 1-9: Schematic of surface charge, which is associated with spontaneous

polarization, (Ps) and depolarization field (Eg).

One of the best examples of developing domains in a crystal is tetragonal phase
with a perovskite structure (ABO3). In this case, the polarization vector in the
domains will be directed in one of the six [001] directions of the unit cell, (Fig 1-
7), or [110] planes making 90° and 180° walls as the angles between the dipoles
of adjacent domains they divide (Fig 1-8) [76].
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Figure 1-10: The schematic diagram of the six potential deformities of a tetragonal

cell at temperature T < Tc [9].

In seventeenth century, Rochelle discovered the potassium sodium tartrate
tetrahydrate (KNaC4H406.4H20) and named as “Rochelle salt’. Rochelle salt is a
single-crystal material. Two hundred years later, in 1921 ferroelectricity was
discovered in Rochelle salt by Valasek [71,72] after that he successfully achieved
another discovery which is finding the ferroelectric phenomenon polycrystalline
ceramics (barium titanate (BaTiO3)). This discovery has been represented the

most beneficial finding [71,72].
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5@3 domain wall

Figure 1-11: Schematic of domains in the tetragonal material [9].

The simple definition of “ceramic” is an agglomeration of tiny crystals, which are
fitted together in unorganized way [42,77]. The domains within the ceramic
materials can be permanently re-oriented and can be aligned in one direction by
applying E, thus this process is named “poling” process. This opinion contravenes
the prevailing opinion at that time (in 1945), which considered that ceramic
materials could not be active ferroelectric materials due to the random orientation
of their domains [72]. The discovery of electrical poling prompted considerable

interest in utilizing ceramic materials in many industrial applications [72].

1.2.5.2 Relaxor Ferroelectrics

Relaxor ferroelectrics or relaxors are a specific type of ferroelectrics, which have
received particular attention and generated considerable debate for a few years
now, because of their exceptional dielectric properties, which are still not fully
understood. [78-80]. These materials show wide and intriguing large dielectric
maximums that make them ideal for many applications, such as multilayer
capacitors (MLCs) [80], pyroelectric bolometers [81], electrostrictive actuators
[82] and for electro-optics [83]. In addition, the existence of a MPB region in
different solid solutions of relaxor compositions makes them one of the best

candidates for piezoelectric transducers [83].

The general characteristics of relaxor materials are [84—86]:

21



e The dielectric permittivity vs. temperature graph illustrates wide peaks at
the maximum dielectric permittivity (Tm).

e In dielectric relative permittivity and loss, the maximum corresponding
temperature (Tm), which appears at dissimilar values of ¢ and tand in
addition presents a frequency dependent behaviour.

e The maximum dielectric permittivity value appears at Tm; the relaxor
materials will not follow Curie-Weiss law and cannot be associated with a
phase transition from ferroelectric to paraelectric.

e These materials show polar nanoregions (PNRs) (Fig 1-9 (a)), in

comparison with the normal ferroelectrics, (Fig 1-9 (b)).

500 mm

Figure 1-12: (a) TEM image of NBT-0.06BT illustrates the nanometre-sized domains
in a virgin state [79]. (b) 180° domains for BaTiOs [78,88].

The PNRs can be considered as arranged or organized regions in an organized
matrix [80], as demonstrated in the schematic Figure 1-10. These PNRs can

dramatically affect the material behaviour [75-77].

The relaxor behaviour has been noticed in disordered perovskite (ABO3)

ferroelectrics, and in these materials, the functional response is mainly
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dependent on the A and B sites’ cations, like ionic radii, ionic charge and
electronegativity [84—86]. The typical examples for relaxor materials are NBT,
NBT-xBT, PLZT ((PbixLazsx)(ZryTi1-y)O03),PMN ((PbMg13Nb23)O3) PST
(Pb(Sci12Ta2)03), etc., and these materials were discovered by Smolensk’s
group [87]. In relaxor materials, polarization does not disappear after Tm, but it
still shows a value which then decreases gradually [89,90]. Furthermore, at Tm,
these types of materials do not present symmetry change through the phase
change; while at local length scales, the symmetry breaking into PNRs or nano
domains exists well at temperatures higher than T substantially influencing the

response of these materials.

Figure 1-13: Schematic of polar nanodomains.

1.2.5.3 Types of ferroelectrics

Ferroelectric crystals can be classified into four different types [91]:

a. Perovskite: PbZrTiOs, NapsBiosTiOs, BaTiOs.
b. Layer structure: SrBi>Ta2Oo.

c. Tungsten bronze: PbNb2Os.

d. Pyrochlore: Cd2Nb2Oy.
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In this study, we will focus on the perovskite ferroelectric materials.

Perovskite as a term is utilized to describe a large family of compound materials
with a crystal structure similar to the mineral perovskite CaTiOs. The name
perovskite was given in honour of Russian mineralogist Count Lev Alekseevich
von Perovskite (1792-1856). In general, perovskites are considered the most
important group of complex oxides [92,93]. In addition, they have received huge
attention in the fields of physics, chemistry and materials science due to the large
number of perovskite structures which have shown fascinating functional
properties, and have therefore been widely utilized in various technological

applications [94-98].

Perovskites have a general formula ABX3, where A and B refer to A and B-site
cations. The A-site has cations such as: Na*, Bi**, Ba2*, Pb?*, La%*, Ca?*, Sr?*,
etc., occupying eight or twelve coordination number (CN) while B-site cations
such as: Ti**, Ta%, Zr**, Sn** etc., has six CN. In addition, B-site cations have
smaller sizes and are less electropositive in comparison with those located at A-
sites. X is an anion and prefers to be an oxygen ion (0%) [93,99]. The basic or

aristotype structure is cubic as shown in Fig 1-11 (a).

A-site cations are located among eight BXe octahedral units whereas B-site ions
exist inside each of them and are surrounded by X anions, (Fig 1-11 (a)). Despite
the fact that the basic structure of perovskite is not complex, there are however
a wide variety of possible structures, which exhibit many differences. There is,
because A and B cations that occupy the A and B sites are able to accommodate
any element from the periodic table(Fig 1-11 (b)) [92,93,99,100].

The stability of a perovskite structure for any particular family of A, B, and O ions
is related to the Goldschmidt tolerance factor (f) [93,99,101-103]:

R, . Ry (1-18)
t =
V2(Rg + Rp)

where, Ra, R and Ro are the radii of ions which occupy A, B, sites and the
oxygen anion. The tolerance factor value of stable perovskite structure is in the
range of 0.77-1.10 [93,103,104]. When t = 1, the structure is cubic, and when t >
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1, it refers to the A-site being too small, and the B-site cation has less space to
move. Moreover, if t < 1, it indicates that the A-site cation is too large to fit in its
position while the B-site is a small cation; thus, the B-site cation has more space
to move. In both cases, the structure will shift from the cubic structure to the tilting
of the octahedral [93,99,103,104].

Although there are a wide variety of perovskite structures, two perovskite groups
have been investigated thoroughly due to their pyroelectric properties. Firstly,
rhombohedral (Rh) such as PbZrOs —based and NBT-based; and secondly,
tetragonal (Tr) PbTiOsz-based and BT-based [13,23,45,105,106]. In these
structures, the change from aristotype or highest symmetry status to lower
symmetry cases will increase the number of the possible polar axes in any
ceramic crystals and also, can increase the theoretical percentage of the
polarisation axis that may be achieved in the ceramic [45,51]. Thus, the domains
in the ceramic crystals can have more possibilities to align in any of these
directions. Moreover, the Rh and Tr systems can be doped with a wide range of
elements resulting in multiphase ceramic structures which will significantly

enhance the material properties.

(a) (b)

Figure 1-14: (a) the ideal perovskite structure (cubic) ABXs, Grey ball is the A-site
ions, blue balls refer to the B-site ions, and oxygen is the green ball [92]. (b) the
ions in the periodic table that can occupy A, B, and X sites of the perovskite
structure [100].
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As a result, the pyroelectric properties of these two ceramic groups have been
comprehensively investigated and interested an enormous number of

researchers [45,51].

1.2.5.4 Lead-contain ferroelectric material (Lead Zirconate Titanate (PZT)

Lead zirconate titanate (PbZr1xTixO3) or PZT-based materials refers to those
most utilized in the majority of piezoelectric, pyroelectric, and ferroelectric
industrial applications. The discovery of the solid solution of lead zirconate
titanate (PbZr1«TixO3), as a new piezoelectric material in 1954 by B. Jaffe at el.,
proved to be a major achievement. However, it should be remembered that this

lead-based material contains around 60 % (wt.) of lead which is toxic [107,108].

PZT is originally formed from the solid-solution of lead titanate (PbTiO3) as a
ferroelectric material, and the antiferroelectric material lead zirconate (PbZO3)
[3,109]. PZT-based materials have been considered as a multi-component
system by modifying the zirconia to titanium ratio, different numbers of
compounds can be obtained. The PZT phase diagram illustrates different phases
(Fig 1-15). It shows rhombohedral (Rh) at Zr/Ti >54:46 (Zr-rich), and tetragonal
(Tr) at Zr/Ti >48:52 (Ti-rich). However, both phases can exist at a Zr/Ti ratio of
around 53:47, and this intermediate composition is commonly called
morphotropic phase boundary (MPB) [3,9,109].
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Figure 1-15: The phase diagram of the PbTiO3-PbZrTiOz system PZT [3].

However, Neheda et al., most recently reported PZT phase diagram from the year
2000 (Fig. 1-16), evidence was found for existence of another phase (monoclinic)
between Rh and Tr phases [110]. The monoclinic phase (Cm) appears as a

wedge shape (Fig. 1-16); this shape has been considered a bridge between Tr
phase and Rh phase at the MPB [110].
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Figure 1-16: The latest PZT phase diagram [110].

27



MPB can be described as the boundary that separates areas of different
symmetries [11,111]. MPB composition exhibits superior dielectric, piezoelectric,
pyroelectric and ferroelectric properties. Although BaTiOs, (BT) was discovered
earlier than PZT, PZT supplants BT in a wide range of applications due to its

superior characteristics such as:

e High Curie temperature.

¢ High spontaneous polarization.

¢ High relative permittivity.

e Low dielectric loss.

e High electromechanical coupling coefficient.
o Easy to pole.

e Easy to modify its compositions with different with different dopants.

PZT-based materials provide quite high performance and for that reason they

have prevalent in huge number of industrial applications [45,51,56,108,109].

1.2.5.5 Lead-free ferroelectric materials
1.2.5.6 Barium Titanate (BaTiO3)

Barium titanate (BaTiO3 or BT) is considered as the first oxide material to show
ferroelectric properties and is deemed the first piezoceramic; it was utilized in
commercial applications in 1947; and it demonstrates a perovskite structure
[9,105,112]. BT, as a ferroelectric ceramic material was fundamental in proving
that ferroelectric ceramics can show piezoelectric behaviour after a poling

process [112].

BT was used initially for transducers and sensors as part of piezoelectric
applications, since then it has been predominantly utilized for high dielectric
constant capacitors applications [72]. BT illustrates different phase transitions at
different temperatures (Fig. 1-17). These phase changes are accompanied with
changes in mechanical and electrical properties; this can have as a consequence
decrease in stability over a wide temperature range. In addition, BT presents low

Curie temperature ~ 120 °C. Therefore, changes in its properties associated with
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a fluctuation temperature along with the lower Tc have limited the usefulness of

barium titanate in commercial applications [9,72,105,112].
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Figure 1-17: Schematic of the phase transitions of BaTiOs; with temperature.

1.2.5.7 Sodium Bismuth Titanate (Nao.5 Bio.5TiO3)

The most important as well as promising system among bismuth containing lead-
free ceramic systems is sodium bismuth titanate (Nao.5 Bio.sTiO3 or NBT). It was
first discovered by Smolenskii et al., in 1960 [72,112,113] and it presents very
promising ferroelectric properties: these include high remnant polarization (38
nC.cm™) and high Curie temperature (~ 320 °C). However, it did not gain attention
initially and it is only in the last twenty years, as a response to the pressure of the
environmental changes to find lead-free alternatives to the lead-containing

materials, that it has come to prominence [114].

In 1999, it was suggested that the main reason for the huge piezoelectric
response of lead containing materials, especially in PZT, is results from the
stereo-chemical activity of the pair (6s?) in the Pb ion. This leads to the large
structural distortion from the ideal perovskite phase structure (cubic), and this
deformation can generate a sizable ferroelectric polarizations [115]. In 2005,
Baetting et al., suggested that bismuth-based materials can present a similar, or

even larger, ion off centre cation in comparing with lead-based materials. The
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stereo-chemical activity pair (6s2) on the bismuth ion is also the driving force that

leads to the production of substantial ferroelectric polarizations [116—118].

However, the main drawback of this system is the high conductivity, in addition
to the high coercive field (Ec) ~ 73 kV. cm™, which makes the poling process in
this material problematic. Furthermore, to achieve a dense ceramic body, NBT
should be sintered at very high temperature at around 1200 °C and also for a
long dwelling time [9,112]. The high conductivity issue is linked to the loss of Bi3*

ions during sintering at a high temperature for a long time.

Uchida and Kikuchi in 1978 investigated the phase diagram of NBT material; they
reported that NBT has a rhombohedral (Rh) lattice structure [119-121]. Wang et
al. investigated the effects of doping bismuth in NBT material; they concluded
that the leakage current was reduced when doped and the piezoelectric and
dielectric properties were enhanced. Likewise, the NBT system with extra Bi**
content was reported by Hitruma et al.; they found that this system showed an

increase in its resistivity with more Bi®* content [122,123].

The NBT system presents a perovskite structure ABO3 where, Na* and Bi*
occupy the A-site, while Ti** occupies the B-site (Fig 1-18). Jones and Thomas
reported that the NBT system presents Rh structure with space group R3c at
room temperature; its structure may change with an increase of temperature to
tetragonal (Tr) with space group (P4bm); and then to cubic (C) (Pm3m) with a
further rise in temperature [124,125]. Another characteristic that was identified in
the NBT system and has drawn considerable interest is its phase transition
behaviour with dissimilar dielectric anomalies. The neutron diffraction results
revealed that at temperature range 250-400 °C and 500-540 °C, the material
structure shows coexistence of both Rh +Tr and Tr + C respectively [125,126].
However, another two transition temperatures were identified and those
transitions represent the depolarization temperature (T4) and the temperature of
the maximum dielectric constant (Tw) [125,126]. Simultaneously, the phase
change from Tr to C, which occurs at high temperature, has been proved by using
different techniques [127—-129]. However, the low temperature phase change at

Ts that has been considered as the transition from Rh to Tr is somewhat
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questionable [127-129]. Likewise, Vakhrushec et al., investigated the
coexistence of both Rh + Tr phases in NBT, and confirmed that this coexistence

existed at a range temperature between Ty and Twm.

Furthermore, Dorcet et al. reported the electron transmission microscopy (TEM)
data at the temperature of Ty up to Tm. It was concluded that there is an
intermediate phase (orthorhombic phase) that can be formed between
rhombohedral and tetragonal phases at this phase transition [121,130]. Although
there a number of studies which have reported the phase transitions at a wide
temperature range from Ty to Tw, in the literature, the exact interpretation to the
behaviour of NBT system at this phase change is still under debate and needs

further investigation.

Figure 1-18: Cubic perovskite phase of NagsBiosTiOs system [9].

Despite the fact that the NBT system shows strong ferroelectric and other
promising properties it still possesses some critical restrictions that can limit its

utility in various applications. These limitations include:

e High conductivity.

e High coercive field.
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e High leakage current.
e High dielectric loss.

e Default to achieve dense ceramic body.

Thus, to improve the NBT properties as well as its performance and to make it

more suitable for variety applications, two techniques can be utilized:

o NBT can be combined with another perovskite ceramic compositions, such
as BaTiOs, NaNbOs, BigsKosTiO3, and SrTiO3[23,25,131], forming a new
composition. At RT, NBT shows Rh structure, while the BaTiO3, NaNbOs3,
Bio.sKo.5TiO3, and SrTiO3z show Tr. Therefore, forming new solid solution
from (1-x)NBT-xBT, or (1-x)NBT-xBKT, or (1-x)NBT-xSrTiOz in attempt to
form new composition with morphotropic phase boundary (MPB) area
where, Rh + Tr coexisted like PZT can highly enhance the dielectric,
piezoelectric, pyroelectric, and ferroelectric properties of the new
composition [132].

e Doping with other elements such as Mn, Eu, La, Zr, Al, Co, Nb, Zr, Ta and
many other elements in both A and /or B-sites [19,133] can help enhance
the performance of NBT and NBT-xBT.

1.2.5.7.1 (Nao.s Bio.sTiO3)-based Solid Solution with Morphotropic Phase Boundary
(MPB)

Generally, the improvement in the piezoelectric response refers to the increase
of the number of the polar axes in the composition. In any crystallographic
symmetry, the number of polar axes that the dipoles can be aligned with in one
direction is always fixed. Therefore, the Zr-rich side of the MPB area of PZT, (Fig.
1-15) has rhombohedral crystal symmetry with eight equivalent directions as
polar axes. However, the PZT with Ti-rich side of MPB of the same material
possesses tetragonal symmetry with six equivalent directions as polar axes.
Because at MPB region two or more different phases coexist, the reorientation of
the polar axes in PZT will be increased to 14 available directions under an
external electric field. Therefore, the enhancement in dielectric and piezoelectric
properties of the PZT composition at MPB has been attributed to this

phenomenon [3,89].
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In NBT-based system, the morphotropic phase boundary appears when it
combines with 0.06 or 0.07 of BaTiO3, to form (0.94 or 0.93)NBT-(0.06-0.07)BT
system [20] ,which is reported by Takenaka et al., in (1991). The phase structure
of the MPB region at RT in this system encloses both Rh and Tr with applied Er
~3 kV.mm2 [134,135] (Fig. 1-19).
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Figure 1-19: NBT-xBT phase diagram [20].

Although the position of the MPB in the NBT-xBT system is widely reported in the
literature and the majority of researchers agree that it located at x=0.06 of BaTiO3
[12,13,15, 26, 29,101,104,134-138], it can be shifted to either the NBT-rich side
or the BT-rich side by modifying the NBT-0.06BT composition or doping it with
different elements. According to Hiruma et al. [139], the position of the MPB of
perovskite structure can be determined by calculating the Goldschmidt tolerance
factor (f) (Eqn. 1-12) BaTiOs and by calculating the (Xmeg) value for the new
composition using the equation [34,104,139]:
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tympe + tNBT (1-19)

Xupp =

tpr- tnpr
Therefore, the calculation from Eqgn. 1-19 will reveal whether the position of MPB
may shift to the NBT-rich or BT-rich side depending on the concentration of the

elements doped in the system.

1.2.5.8 Sodium Bismuth Titanate modified with Barium titanate ((7-x)Nao.5
Bio.5TiO3-xBaTiO3)

This system was first discovered by Takenaka et al. in 1991 as a lead-free
piezoelectric material. BT was added to NBT in order to form a composition that
can have MPB, as in PZT [140]. In addition to high piezoelectric response, the
solid solution of NBT-xBT is much easier to pole than undoped NBT. It is also
much easier to obtain a high-density ceramic body compared with other lead-free
piezoelectric ceramics, such as KosNaosNbO3 (KNN). However, the utilization of
NBT-xBT in industrial applications was limited and the progress in improving its
properties was very slow due to a lack in the understanding of the general
structure-properties correlation for NBT-xBT [19,136, 141-151].

The phase diagram of poled NBT-xBT shows a several phase transitions:

e From ferroelectric - antiferroelectric at depolarization temperature (Tq)
~100 to ~165 °C [26-28].

e From antiferroelectric - nonpolar phases ta around 225 to 292 °C, at either
the Curie temperature (T:) or the temperature of maximum dielectric
permittivity (Tm) [15,22-25,27].

The NBT-xBT phase transitions are also accompanyied with structural transitions
[24,26,27]:

e From MPB (rhombohedral + tetragonal) - tetragonal, if the composition is
at the MPB area, or from rhombohedral - tetragonal, if the composition is
out of MPB.

e From tetragonal to cubic.
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The phase diagram of undoped NBT-xBT shows appreciably different features
[152] (Fig. 1-20) compared with the poled phase diagram. There is an additional
region which is relaxor antiferroelectric (Re-anti-FE) with a symmetry group
(P4bm) existing between the ferroelectric (R3c) and ferroelectric (P4mm) phases
at RT. Moreover, this diagram presents two MPB regions. Firstly, (R3c + P4bm)
at 5% < x £ 6% second, (P4bm + P4mm) at 10% < x< 11% [134,135,152—-154].

Although the properties of undoped and doped NBT-xBT have been widely
investigated and reported in the literature [151,152], such as dielectric,
ferroelectric and piezoelectric; their pyroelectric properties have received less
attention [15,59,63,150,151].
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Figure 1-20: The phase diagram of unpoled NBT-xBT [152].

J. Abo et al. (2006) investigated the pyroelectric properties of xMn doped NBT-
0.06BT, 0 < x =0.8 (wt%). The maximum pyroelectric coefficient (p) at RT was
obtained in NBT-0.06BT-0.2Mn which is ~ 3.5 X 10* C. m. °C" and this p is
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higher than for undoped NBT-0.06BT ~2.9 X 10 C. m™. °C-'. In addition, the Fp
value is around 4.5 pPa™2, which is also higher than that for undoped NBT-
0.06BT (~2.7 uPa "2 ) [63].

Roddrigues Ruiz et al. studied the pyroelectric characteristics of the lead-free
NBT-0.065BT ferroelectric ceramics for infrared detectors [59]. In this study the
pyroelectric coefficient of this undoped material is around 1.7 X 10 C. m=2. °C"’!
at room temperature. In addition, the FOM F¢ for this undoped material was
calculated and it was found to be ~ 1.44 X 10° C. cm™. °C', which was lower
than the threshold Fc value (3 + 1) X 10° C. cm™. °C-" for pyroelectric materials

that are suitable for the use in pyroelectric sensors [59].

The pyroelectric properties of K and Li doped NBT-0.05BT ((Nao.os Ko.osLi
0.016)0.5Bi0.5TiO3-0.05BaTiO3) were studied by Lau et al. The KLi-NBT-0.05BT
shows quite good pyroelectric properties compared to Ko sNagsNbOs (KNN) and
PZT ceramics. The pyroelectric coefficient of this system is around 3.6 X 10 C.
m=2. °C-', and FOMs, Fi=2.2 X 10" m. V-, Fy =0.03 m2. C' and Fp =14.8 X 10
6 Pa2[23].

Guo and Gu investigated the pyroelectric response of undoped lead-free
(NayBi,)TiO3-xBaTiO3 (x=0.06-0.08, z/y = 1) ceramics. The results of this study
revealed that the stability of the induced ferroelectric phase is mainly related to
molar ratio of Bi®*/Na*. In addition, pyroelectric coefficient responses at the

depolarization temperature were obtained [62].

Guo et al. explored the pyroelectric properties of NBT-xBa(Zro.os5Ti0.0945)O3 (0 <
x £ 0.12) lead free ceramics and deduced that the composition at x =0.07
improved pyroelectric properties from RT up to Ty (87 °C), with p = 5.7 X 10 C.
m=2.°C'and FOMs Fi=2.3 X 10" m. V', Fy =0.022 m2. C"' and Fp =10.5 X 10"
6 Pa-'2, In addition, the highest pyroelectric coefficient of 221 X 104 C. m=. °C-"

was found around T4 [15].

Felix et al. reported the pyroelectric behaviour and the dielectric constant
tunability at two microwave frequencies, 100 MHz and 3 GHz, of NBT-xBT (x

=0.04 and 0.06). This research shows that the pyroelectric response and
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dielectric constant tunability of the composition at MPB (x=0.06) are greater than
the composition near the MPB (x=0.04) area. Also, pyroelectric figure of merit
(Fc) of the composition NBT-0.06BT was found to be comparable to the

commercial PZT pyroelectric material [24].

1.3 Aim and Objectives

The aim of the current research explore and enhance the pyroelectric
performance of ceramic (1-x)NaosBios5TiO3-xBaTiOs (NBT-xBT), particularly at
morphotropic phase boundary (MPB) where x=0.6. Efforts made to bring down
the depolarization temperature to near room temperature through modifying or
doping A and/or B sites. Furthermore, the operational temperature range of a
pyroelectric material is extended by designing and producing a new pyroelectric
composite material (PCM) in which two different but very close compositions are

included.

To achieve the target, the subsequent objectives were set out:

1- Identify sodium bismuth titanate modified by barium titanate NBT-xBT at
morphotropic phase boundary (MPB) as potential pyroelectric material.

2- Investigate the structure-property correlation at 0.05<x<0.08.

3- Explore the effects of changing the A-site stoichiometry by modifying the
sodium to bismuth (Bi/Na) ratio and also changing the barium content on
the microstructure, depolarization, dielectric and pyroelectric properties of
the NBT-xBT of the composition at MPB.

4- Investigate the effect of doping the A site of the NBT-xBT of the
composition at MPB on the microstructure, depolarization, dielectric and
pyroelectric properties.

5- Explore the effect of doping B site of the NBT-xBT of the composition at
MPB on the microstructure, depolarization, dielectric and pyroelectric
properties.

6- Study the effect of co-doping A and B sites of the NBT-xBT of the
composition at MPB on the microstructure, depolarization, dielectric and

pyroelectric properties.
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7- Develop a new pyroelectric composite material (PCM) as inhomogeneous
material using the spark plasma sintering (SPS) method as a novel method
of merging two or more dissimilar but close compositions to broaden the
operational temperature range of A or B site doped NBT-xBT of the
composition at MPB.

1.4 Thesis Structure

This thesis is divided into eleven chapters. The outlines of these chapters are

listed in Table 1-1, and the structure of the current thesis can be summarised as:

Chapter 1 includes introduction to the project background, various concepts
about materials, a concise literature review followed by the aims and objectives
of the current research.

Chapter 2 describes the sample preparation procedures and characterisation

methods that have been used in this study.

Chapter 3 explores lead-free 0.94Nao.sBio5TiO3-0.06BaTiOs as a potential
pyroelectric material.

Chapter 4 describes the identification of the morphotropic phase boundary
composition (MPB) in the (1-x)Nao 5Bio.5TiO3-xBaTiOs ceramics at 0.05 < x < 0.08
and the effects of morphotropic phase boundary on the microstructure,

depolarization, dielectric and pyroelectric properties.

Chapter 5 describes the effect of A-site nonstoichiometry compositions on the
microstructure, depolarization, dielectric and pyroelectric properties of this

material.

This chapter has been divided into two sections:
A. Changing the barium content in the Nao sBio5TiO3-0.06Ba1+xTiOs.
B. Changing the Na, Bi, and Ba contents of the NxByT-0.06B-T.

Chapter 6 explores the doping of the A-site of the 0.94Nao s5Bio 5TiO3-0.06BaTiO3
with xLa, 0.0=x<1.0 (mol%) on the microstructure, depolarization, dielectric and

pyroelectric properties of this material.
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Chapter 7 explores the effect of doping the B-site of the 0.94NagsBio5TiO3-
0.06BaTiO3 with xTa, 0.0sx<1.0 (mol%) on the microstructure, depolarization,

dielectric and pyroelectric properties of this material.

Chapter 8 explores the effect of co-doping the A and B-sites of the
0.94Nag sBio5Ti03-0.06BaTiOs with xLa and yTa on the microstructure,

depolarization, dielectric and pyroelectric properties of this material.

This chapter has been divided into two sections:

A. Giant pyroelectric properties in La and Ta co-doped lead-free
0.94NaBiTiO3-0.06BaTiO3 ceramics
B. Improvement of pyroelectric properties of lead-free 0.94NaBiTiOz-

0.06BaTiO3 ceramics at wide temperature range by co-doping La and Ta

Chapter 9 describes the investigation of a new composite pyroelectric material
(CPM) that was prepared by sintering two dissimilar but very close compositions
in SPS.

Chapter 10 bridges the previous chapters and presents the general and final

discussion.

Chapter 11 this chapter presents the conclusion and future works.
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Table 1-1: Thesis structure.

Chapter

1

10

11

Title
Introduction & Literature Review

Experiential procedure and Material

Characterisations

Investigate the NBT-0.06BT as a potential

pyroelectric material

Identify the Morphotropic Phase Boundary
Composition of (1-x)Nao.sBio.sTiOs3-
xBaTiO3

Modify A-site Elements Content
Doping A-site
Doping B-site
Doping A&B sites
Pyroelectric Composite Material (PCM)
Thesis overall discussion

Conclusions and Recommendations for

Future work
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2 Experimental Procedure and Material
Characterisation

2.1 Introduction

This chapter describes the synthesis procedure and the characterisation of the
unmodified, modified, undoped, and doped lead-free 0.94NagsBio5TiOs-
0.06BaTiO3 ceramic materials, in addition to the composite pyroelectric ceramic
materials (CCPCM).

The synthesis procedure that was implemented in the study is the conventional
solid-state route (CSSR) or the solid-state reaction route (SSRR). However, in

Chapter 9, CCPCM was sintered by using spark plasma sintering (SPS).

2.2 Synthesis Procedure

The performance of ceramic materials is closely linked to the means by which
they are synthesised [1]. Thus, the processing technique plays an essential role
in achieving the required microstructure, dielectric and pyroelectric properties of
synthesised materials. Nowadays, the increasing demand for advanced
functional “green” ceramic materials which possess specific properties has to
encouraged advanced modification and optimisation of the existing synthesis

techniques, in addition to invention of new synthesis techniques [2,3].

One of the most interesting techniques that has been utilised to synthesize and
also to prepare lead-free ceramic materials is the CSSR [4]. This synthesis
technique does have some shortcomings in that it consumes large amount of
energy at both calcination and sintering stages; there is a reasonable chance of
contamination; and it does not guarantee full homogeneity in the materials
produced. However, the CSSR does offer specific advantages, in that it is a low-
cost technique in comparison with other synthesis techniques; it offers high
reliability; it is easy to reproduce the ceramic materials; it is the mostly widely
used route for a large-scale production of ceramic materials; and it is suitable for

laboratory scale production of ceramics [4].
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2.2.1 CSSR

The CSSR route is the most widely utilised processing procedure for the
synthesis of polycrystalline bulk ceramics. This method involves a selection of
starting materials, such as oxides, carbonates and other materials. As solids do
not react at RT, it is essential to heat the solid reactants to high temperatures for
desired reactions to take place at a specific rate. Therefore, these solid materials
can chemically react without the existence of any type of solvent at the reaction
temperature. The main advantage of this process is that it produces the end

compound a solid form with the desired structure and properties [5,6].

The general steps of the CSSR are illustrated in Fig. 2-1. In the current study, the
synthesis technical route, was followed to make the unmodified, modified,
undoped and doped 0.94Nao sBio 5 TiO3-0.06BaTiO3 ceramic compositions, and is
presented in Fig. 2-2. And the fabrication procedure of the synthesis of the CPCM
in this study is illustrated in Fig. 2-3.
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Figure 2-1: Schematic of the synthesis steps in the solid-state reaction route [7].
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Figure 2-2: The synthesis steps of the conventional solid-state reaction route,

which was followed in this study.
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Figure 2-3: The flow chart for the synthesis of the composite pyroelectric ceramic
material (CPCM).
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2.2.2 Preparation of sodium bismuth titanate modified by
barium titanate materials and dopants targeting A and B
sites

2.2.2.1 Raw materials

The starting raw materials are commonly termed reagents [7]. The nature and the
quality of these materials have a significant effect on the final ceramic
compositions. The quality of reagents depends on the purity (%), which
represents the weight percentage of impurities, such as the minerals, from the
total weight. Most reagents contain different percentages of impurities. These

impurities may affect the properties of the final ceramic compositions [5,6].

The reagents that were used in the study are listed in Table 2-1:

Table 2-1: The reagents were used in the study.

Name Formula Purity % Form Supplier

Sodium carbonate NaCO3 99.50  Powder Sigma- Aldrich

Bismuth oxide Bi203 99.99  Powder Sigma- Aldrich

Barium carbonate BaCO: 99.98  Powder Sigma- Aldrich

Titanium oxide TiO2 99.99 Powder Sigma- Aldrich

Lanthanum oxide  La»03 99.50  Powder Sigma- Aldrich

Tantalum oxide Ta203 99.00  Powder Sigma- Aldrich
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2.2.2.2 Weighing, mixing and ball milling of raw materials

The reagents were dried in an oven for 6 hrs, to remove moisture, before
weighing; the amounts of powders were then calculated according to the

chemical formula of the final product.

In a situation where there are several kinds of reagent powders, in order to achive
a fine and well mixed powder, ball milling is used to grind and simultaneously mix
reagents together. In the milling process, the particles of the powders are
subjected to mechanical compression and shear stresses at their contact points
with the milling media. The size of the particles can play an essential role in the

formation of the final composition and also on its properties [8].

In this work, the raw materials were ball-milled (zirconia milling media) in acetone

in polyethylene pots for 24 hrs, to mix and mill the powders.
2.2.2.3 Drying, Grinding, Sieving and Calcination

The resultant slurries from the previous step were dried overnight at 50 “C in an
oven. The dried powder cakes were ground in a mortar for 10 -15 min. and sieved

through a 250 um mesh in order to aid the calcination step.

The calcination process is an endothermic process with a decomposition reaction
for the raw materials, which results in a single phase with liberation of gases. In
this process, the phase formation of the composition will take place by solid phase
reaction that includes the chemical reaction through atomic diffusion at high
temperature, but the temperature must be below the melting temperature of the

reagents [8,9].

In this study, the powders were calcined at 850 ‘C for 180 min., in a closed
alumina crucible with a heating ramp rate of 1 °C per minute, and cooling rate of
5 °C per minute in a furnace (Pyro Therm, ITEMP 14/6).
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2.2.2.4 Mixing and Ball milling (Second time), Drying (Second time),
Adding binder (PVA) and Sieving.

The calcined powders, which were obtained from the calcination stage, were re-
milled in acetone for 24 hrs., and then 2 %(wt.) of poly vinyl alcohol (PVA) was
added as an organic binder to the dried powders to enhance the mechanical
strength of the pellets during pressing. After that, the powders were fully dried in
oven at 80 °C. The dried powders were ground for 10 -15 min. and sieved (250

MM mesh).
Note: This step is not part of the synthesis route of CGPCMs, (Fig. 2-3).
2.2.2.5 Forming and Sintering

Following on from the previous step, the dried powders were pressed into green
pellets with a diameter (D) of ~10 mm and thickness (f) around 1.65 mm under a
uniaxial compaction with a load of ~78 MPs for 5 min at RT (Fig 2-4). After that,
the green pellets were sintered in a furnace (Pyro Therm, ITEMP 14/6) at
temperatures of up to 1150 °C for 120 min in closed crucibles, to minimize the
loss of volatile Na* and Bi%* (Fig. 2-5). After sintering the dimensions D and t of

the samples were around 1.5 mm and 1.00 mm respectively.

Figure 2-4: Picture of the samples before sintering.
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The green pellets are densified through the sintering stage. At the sintering stage,

several mechanisms can take place in the polycrystalline ceramic materials

through bonding and growth of necks between the particles. These mechanisms
are [10]:

a.

Surface diffusion.

b. Lattice diffusion from the surface.
c. Vapour transport.

d.
e

. Grain boundary diffusion.

Lattice diffusion from the grain boundary.

Figure 2-5: Picture of the samples after sintering.

However, the lattice diffusion and grain boundary diffusion are the most important

mechanisms in the densification process in the ceramic materials.

In the sintering process, the green pellets were heated to a high temperature of

between 50 and 80 (%) of the reagents melting temperature [11]. Although, the
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pellets did not melt in this process, the particles were joined together, and the

porosity were reduced in the final composition (Fig. 2-6) [10].

(@) (b)

boundary

Figure 2-6: Schematic of sintering process: (a) three grains before sintering, (b)
after sintering [12].

Note: This step is not part of the synthesis route of PCM (Fig. 2-3).

2.2.2.5.1 Spark plasma sintering (SPS)

SPS is a pressure-sintering route and is the newest, as well as one of the more
advanced sintering methods (Fig. 2-6) [1,13,14]. This method is based on high
temperature spark-plasma, which is produced for a short time in the gaps
between powder particles using electrical discharge at the start of a DC pulse
(Fig. 2-7) [13]. The large DC electric current pulse stimulation method will
produce:

a. Spark plasma.

b. Spark impact pressure.
c. Joule heating
d

. An electrical field diffusion effect.
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This method enables sintering the powdered materials in a very short period of

time, and also generates high quality materials.

The SPS method provides a number of advantages over conventional sintering

methods; these include accurate control of the final product, very high sintering
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speed, high reproducibility, and reliability. Nowadays, it is increasingly utilised in
the fabrication of various materials such as: functionally graded materials
(FGMs), intermetallic compounds, fibre reinforced ceramics and many other

advanced materials [13,16,17].

In this study, the powders were prepared by spark-plasma sintering (SPS) in a
HPD 25/1 FCT (Germany).

After the SPS stage, the samples’ colour changed from a white-coloured powder
to dark grey (Fig. 2-9 (a)) due to oxygen deficiency and it being fully contaminated
with carbon (C), which was caused by the reduced atmosphere of the SPS. The
annealing treatment in air changed the samples colour back to cream white (Fig.
2-9 (b)) possibly because the oxygen was supplied during annealing process.
This annealing as a heat treatment is considered an important procedure to
eliminate residual stress, which occurs as a result of either the SPS sintering
process or from the polishing process. In addition, it removes the surface C

contamination described previously [17].

In this study, the samples were annealed in the furnace in air at temperature
850°C for 20 hrs.

() (b)

Figure 2-9: Composite pyroelectric ceramic material (CPCM) pellets; (a) before

removal of carbon; (b) after removal of carbon.
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Note: The SPS step is not part of the synthesis route of unmodified, undoped,
modified and doped NBT-0.06BT (Fig. 2-2).

2.2.2.6 Polishing, Electroding and Poling

The pellets were manually polished on both sides using different grades of silicon
carbide papers and then mechanically polished using cloths. Silver conductive
paint (RS limited) was used to electrode the pellets. In addition, the pellets were
electrically poled at 6.5 kV/mm for 10 min at RT in mineral oil, carried out using a
Keithley (6517 Electrometer/high resistance) Dc power supply. Afterwards, the
poled samples were washed thoroughly by using isopropanol in order to remove
the mineral oil and then left in air for 3 hrs, to dry. The poled samples were placed
at RT for 60 min with their electrodes short-circuited to eliminate any unwanted

trapped charges.

On completion of all these stages, the pellets were ready to receive the required

characteristics.

V)

Figure 2-10: Picture of polished samples.
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Figure 2-11: Samples electroded with silver conductive paint.

2.3 Characterisation Techniques

Pyroelectric ceramics as electronic ceramics exhibit special properties, and can
be characterised by various experimental techniques. Part of the
characterisations relates to the synthesis method whereas, the others hand, the
second part was linked to the characterisations of the final ceramic materials in

the aim of analysing their use in the pyroelectric applications.

In this study, the following techniques have been utilised to achieve this goal:
A. X-ray diffraction (XRD).
B. Scanning electron microscopy (SEM).
C. Energy dispersive analysis (SEM-EDS) or Energy dispersive X-ray
spectroscopy (SEM-EDX)
D. Dielectric characteristics.

E. Pyroelectric properties.

2.3.1 X-Ray Diffraction (XRD)

In the current study, X-ray analysis was used to investigate crystallisation and
phase of the test samples using a Siemens Ltd Model: D500 X-ray diffractometer,
with a Cu Ka source. The test samples were calcined powders and / or sintered
pellets. In the case of powders, before the measurement, they are put into a
rectangle shaped metal mould attached to a glass slide. In the case of the pellet,

it was placed directly on the XRD device stage. The X-ray measurements were
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carried out in an angular range 26 = 20° - 90° with a scan range of 0.05° per
second. The data collected was evaluated with a DIFFRAC.SUITE EVA XRD
evaluation software (Bruker AXS), and then transferred into Excel to be

normalised, with the aim of enhancing its clarity.

2.3.2 Scanning Electron Microscopy (SEM)

In this study, SEM (FEG-SEM, model XL30 SFEG, Philips) was used to look at
the grain morphology of the sintered samples. In order to obtain high resolution
images, the samples were coated with a thin layer of conductive film of mineral

(gold or silver or platinum) to make the samples conductive.

2.3.3 Energy Dispersive analysis (SEM-EDS) or Energy Dispersive X-
ray spectroscopy (SEM-EDX)

In this study, EDS (EDS, Oxford Instruments-AZTEC) was utilised to analyse

elements of the samples. For the testing, the samples were coated with a thin

layer of conductive mineral (gold, silver or platinum) to make the samples

conductive.

2.3.4 Dielectric Characterisations

Ferroelectric materials show noteworthy dielectric properties, such as high
relative permittivity (&) and low dielectric loss tangent (tand); these are important
characteristics for a wide range of applications [7,18]. Therefore, studying the
dielectric properties at both room and high temperatures can provide valuable
information relating to the usefulness of these materials for various industrial

applications.

In the current study, two techniques to make dielectric measurements were used:
Firstly: at room temperature, the & and tand were measured at a broad range of
frequencies from 30 Hz to 10 kHz using WK, WAYNE KERR Precision
Component Analyser 6425. Dielectric properties were measured on both unpoled

and poled samples.
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Figure 2-12: Photo to the divice that used to measure the dielectric properties at

room temperature and at different frequencies.

Secondly, at high temperature, the dielectric measurements for the poled
samples with changing temperature were performed on an impedance analyser
(Wayne Kerr Electronics Ltd. Model 3245 and Hewlett Packard HP4092A), over
a temperature range from 20 to 150 "C using a custom-built temperature-

controlled hotplate in the frequency range of 0.1 - 10 kHz.

With both techniques, the relative permittivity of the ceramic samples was

calculated using:

C xd (2-1)

where &ris relative permittivity or dielectric constant of the samples; C is sample
capacitance; d is the thickness of the samples; A is the electrode surface area for

each sample.

2.3.5 Pyroelectric Characterisations

Pyroelectric measurements were made using the Byer-Roundy method [19] on a
custom-built computer-controlled rig which uses thermoelectric heaters at a

constant rate of 1°C/min to ramp the temperature between 20 ‘C and 90 "C whilst
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under vacuum conditions. The temperature was controlled using a computer (a
Viglen Contender Executive 40X40 running WorkBench 3.00, working with a
Eurotherm R20 temperature controller) and the pyroelectric current produced
was measured using a Keithley model 6517, (Fig. 2-12).

Figure 2-13: Photo to the divice that used to measure the dielectric properties with

increase temperature from room upto 150 °C and at different frequencies.

PYROELECTRIC RIG
peltier heater sample

vacuum

chamber——_| ~ | top plate

x— airfnitrogen

heat __—|

sink
- 3 Computer
Kiethley ] Control
Temp triangular
Meter Measure wave form
Temp Ramgd |27\, p
Control
Current
e IEEE | Measure |

Figure 2-14: Schematic of Byer-Roundy pyroelectric rig.
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Figure 2-15: Photo to the Byer-Roundy pyroelectric rig which used in this study.

The calculation of the pyroelectric coefficient was carried out using Equation 1-
14:
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3 Investigation of 0.94Na( sBio5TiO3-0.06BaTiO3 as a
potential pyroelectric material.

Abstract

This chapter presents the synthesis and characterisations of lead-free
0.94Nag 5Bio 5TiO3-0.06BaTiO3 (NBT-0.06BT) as a possible pyroelectric material.

3.1 Experimental

The 0.94NaosBios5TiO03-0.06BaTiOs (NBT-0.06BT) ceramic was synthesised
using the conventional solid-state route by the procedure described in Chapter 2
(Fig. 2-2).

The reagent materials used in this study were sodium carbonate (NaxCO3),
bismuth oxide (Bi2O3), barium carbonate (BaCO3), and Titanium dioxide (TiO2).

The samples preparation details are listed in Table 3-1:

3.2 Results and discussion

3.2.1 Microstructure

Fig. 3-1 (a) shows the XRD patterns of the NBT-0.06BT ceramic powders milled
at two different milling times (Table 3-1) and calcined at a wide range of
temperatures from 600 to 850 °C for 2 or 3 hrs., (Table 3-1).

Samples C, D, E, and F displayed a single crystalline perovskite phase without
any detectable secondary phase. However, Sample A and B showed one extra
peak at 65.0° - 70.0°, which might be considered as an indication of a second

phase.

The X-ray spectrum of Sample F shows an obvious peak shift towards a lower
angle compared to other samples. Likewise, Samples B and E also present a
slight shift to lower 20, and this shift can be linked to these samples preparation
conditions. Increasing the time of ball milling from 1 or 2 to 3 hours can have a
considerable influence on structure, grain growth and physical properties. While,
further increasing of milling time to more than 6 hours [1,2] has been shown to

have a small effect on the lattice size [1,2].
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Table 3-1: The preparation parameters of NBT-0.06BT samples synthesis.

Sample Milling time = Calcination temp./time Sintering temp./time
name (h) (°C/h) (°C/h)
A 12 600/2 1150/2
B 12 700/2 1100/2
C 12 750/2 1100/2
D 24 800/2 1100/2
E 12 850/2 1100/2
F 24 850/3 1150/2

Thus, the effect of changing the milling time from 12 to 24 hours on the XRD peak
shift can be negated. However, this peak shift towards a lower angle is most likely
related to an increase in the lattice size from raising the calcination temperature

in these samples.

Fig. 3-1 (b) shows a splitting of the peak [111] into [003] and [021] at 39.0° to
41.0° for all the samples indicating the existence of a rhombohedral (Rh) phase.
This splitting agrees with the XRD of the undoped NBT patterns that was

previously reported in the literature [3—6].
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Another splitting in all samples was spotted in the [200] peak into [200] and [002]
at 43.0°- 48.0°; this indicates the existence of a tetragonal (Tr) phase in the NBT
lattice (Fig. 3-1(c)). The co-existence of both Rh and Tr phases in NBT-0.06BT
verifies that samples A to F are at a MPB area. In the undoped NBT-xBT the co-
existence of Rh and Tr at x = 0.06 was widely reported in the literature [14-18].
Therefore, the phase structures of all samples are consistent with those reported

in literature [7—11].

Fig. 3-2 (A to F) exhibits the morphology of all samples by SEM. Samples A to F
show dense structures with some pores, particularly obvious in Samples A and
B. Generally, samples (A to F) show distinguishable granular shaped grains with
different grain sizes (Table 3-2). Sample A shows the biggest average grains
sizes, which is around 2.2 um, while Sample F presents the lowest size of grains
(1.82 um) (Table 3-2). The increase of the samples’ grain sizes can be interpreted
as a consequence of both calcination and sintering temperature/time. It is
commonly known that increasing the calcination and sintering duration time and
temperature can considerably enhance the average grains size in the ceramics,
whilst simultaneously they may decrease the samples densities because the
volatility of either Na* or Bi®*, or both of them, at high temperatures [1,15-17].
Therefore, samples that have been calcined and/or sintered for a long time, as
well as at high temperature, may have their composition changed to become Ba-
rich due to the elements volatilization. As a result, the average grain sizes can be
decreased due to the effect of barium. Generally, Ba?* behaves as an inhibitor of
grain growth in NBT systems, and a similar effect was also observed when lead
was substituted with barium in lead-based ceramics, such as PZT and PLZT (La-
containing PZT), [10,13,18]. In addition, the volatilization of Bi** and/or Na* will
create A-site vacancies and these vacancies may be located at the grain

boundaries, which can prevent grain growth [19,20].

All the samples show close to an average density value, which is around 5.81 *
0.167 gm.cm (Table 3-2). Sample B demonstrates the highest density, whereas

Sample E shows the lowest density value (Table 3-2).
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Table 3-2 illustrates the lattice parameters (a, b, and c) and the c/a ratios of
Samples A to F. The measurement of the (a, b) and c reveals that the changes
in the synthesis conditions (temperature and time) have been slightly affected the
(a, b) and ¢ parameters where they were changed from (a = b) = 5.489 A and ¢
= 13.385 A in Sample A to (a = b) = 5.511 A and ¢ = 13.468 A in Sample F,
respectively (Table 3-2). Sample F presents the biggest lattice parameters ((a =
b) = 5511 A, ¢ = 13.474 A)), whereas Sample C has the smallest lattice
parameters ((a = b) =5.485 A, ¢ = 13.381 A)) among all other samples (Table 3-
2). Sample F, lattice parameters result is supported by the XRD spectra which

showed shifting toward low 26.

The c/a ratio shows that Sample F also has the biggest c/a ratio, while Sample D
presents the lower c/a ratio among all other samples in this study. The biggest
c/a ratio (2.445 A) of Sample F can be linked to the structure of this sample, which
means that this sample displays more tetragonality in its structure than all other

samples (Table 3-2).

Fig. 3-3 (A to F) illustrates the SEM-EDS element analysis of all samples. All

samples contain the four elements (Na, Bi, Ba and Ti) apart from oxygen.

3.2.2 Dielectric properties

Figs. 3-4 (a, b) and 3-5 (a, b) illustrate the dielectric properties of the unpoled and
poled lead—free NBT-0.06BT ceramics at a wide frequency ranging from 80 Hz
up to 10 kHz at room temperature (RT). The relative permittivity (&) and the
dielectric loss tangent (tand) show a strong frequency dependence on the

samples preparation conditions.

The change of the dielectric relative permittivity (&) before and after poling
decreases with increasing frequencies represents a characteristic of dielectric
and ferroelectric materials. This behavior is because the dipoles in these
materials follow the field at low frequency, which contributes to the permittivity
value. This contribution decreases as frequency increases and the dipoles start

to struggle to follow the changing field [13,18,21,22].
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Table 3-2: The lattice parameters, c/a ratio, average grain size, density and the

density value compared with the theoretical density (6 gm.cm) of Samples A to F

in this study.

Lattice

parameters (A)

Sample
name
a=

A 5.489
B 5.485
C 5.485
D 5.511
E 5.52
F 5.511

13.385

13.382

13.381

13.468

13.469

13.474

c/a
ratio

2.4385

2.4398

2.4396

2.4384

2.4400

2.4449

Average
grain size
(um)

86

2.20

2.11

2.12

1.85

1.89

1.82

Density

()

gm.cm™

5.843

5.891

5.824

5.815

5.722

5.757

Compare with
theoretical
density %

97.38

98.18

97.06

96.91

95.36

95.95



Figure 3-2: SEM morphology of Samples A to F respectively in this study.

In poled NBT-0.06BT samples, the reduction in both &rand tand at RT is indicative
of the poling field having induced long-range ferroelectric order [18,23], and this

is similar to the conventional relaxers PLZT and PMN [18,24].

In Fig. 3-4 (a), Sample C shows the highest & ~ 477 among all samples before
poling whereas, Sample D presents the maximum &, which is around 225 after
the poling process at RT (Fig. 3-4 (b)). Likewise, Sample F shows the lowest &
at both before (~ 648) and after (~ 427) poling, respectively, among all samples
(Fig. 3-4 (a, b)).

The lower relative permittivity (&r) of Sample F can be understood according to
samples preparation conditions. It has been reported that the & decreases with

increased in the milling time [1,17].
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Figure 3-3: The energy dispersive analysis (SEM-EDS) of the all samples A to F.

Increasing milling time will initially reduce the grain size, as has been mentioned

before, but with quite long milling time, the average grains size of the samples
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may be slightly affected, hence the effect of increasing milling time from 12 to 24

hours cannot be considered as a significant factor in this case.

It well known that a sample that has small average grains size can present lower
& than a sample with bigger average grains size [25,26]. Therefore, Sample F
shows the lowest relative permittivity among all other samples. Sample A displays
bigger average grains size whilst, Sample C shows a highest & value than all
other samples. This result can be linked to those samples structures. The XRD
pattern of Sample A reveals that there is an extra peak in XRD spectra of Sample
A (Fig. 3-1(a)); this extra peak can be considered as an indication of the existence
of a non-ferroelectric secondary phase. This second phase has a considerable
effect on the dielectric permittivity and it may lead to a decrease in the & of this

sample [25].

The dielectric loss shows similar downward trend as in the &, with the increase
of frequency before and after poling (Fig. 3-5 (a, b)). Fig. 3-5 (b) shows that the
tand of Samples A, B, C, D, and F were significantly decreased after poling (Fig.
3-5 (a, b)). Before poling, Sample C presented the highest tand ~ 0.85, while
Sample E showed the lowest tand value among all other samples (Fig. 3-5 (a)).
After poling Sample D (~0.084) showed the highest dielectric loss value whereas,
Samples C (~0.034) displayed the lowest tand value (Fig. 3-5 (b)).

In addition, Samples C and E exhibited an unexpected tand trend, slightly
increasing with an increase the frequency from ~ 0.034 and ~ 0.037 at low
frequency to around 0.040 and 0.036 at high frequency after poling. These slight
increases in tand of both samples might be because of some defects or

distortions in the structure of these samples [23,27].
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Figure 3-4: the relative permittivity of all samples (a) before and (b) after poling

process.
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Figure 3-5: The dielectric loss of all samples where (a) before and (b) after poling

process.

3.2.3 Pyroelectric properties

In order to evaluate the pyroelectric performance of the NBT-0.06BT judge if it
can consider to be a pyroelectric material, its pyroelectric coefficient (p) and figure
of merit (FOM) Fp of all samples were calculated at RT in this study. Both p and
FOM values are essential parameters for selecting any material for a pyroelectric

application.
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The calculations of the pyroelectric coefficient (») and FOM (Fp) were carried out
using Equations 1-11 and 1-17 in Chapter 1 [19,28-31].

Table 3-3 illustrates the pyroelectric coefficients (p) and the FOM (Fp) for all the

samples in this study.

Table 3-3: The pyroelectric coefficients (p) and the figure of merit (Fp) for all the
samples (A to E).

p x10# (C.m2°C1) Fp x10°6 (Pa'?) at 1kHz
Samples name
at RT at RT
A 0.63 1.85
B 1.08 3.58
C 1.34 3.10
D 1.53 1.57
E 1.34 1.96
F 3.14 9.08

The p and the Fp values show a strong correlation with the samples structures in
this study. In addition, the pyroelectric coefficient and the figure of merit (Fp)
followed the same trend as in the c/a ratio, which increased from A to F. Sample
F presents the highest p ~ 3.14 X 10 C.m2.°C', whereas Sample A (0.63 X 10-

4 C.m2.°C") demonstrates the lowest value among all samples.

The low p values of Samples A and B may be related to the structures of these
samples. The extra peaks, which were noticed in the XRD spectra of Samples A
and B (Fig. 3-1(a)), refers to the existence of a non-ferroelectric secondary phase.
This second phase can lead to decrease the pyroelectric coefficients value due

to reduce the ferroelectricity in Samples A and B [25]. However, the high p value
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of Sample F can be comprehended due to the c/a ratio. Sample F has the highest
c/a ratio compared with all other samples in the study; this means that this sample

possesses more tetragonality in its structure than all other samples.

Sample D presents the lowest Fp, which is around 1.57 X 106 Pa-'2, while Sample
F shows the highest Fp ~ 9.08 X 10-° Pa 2 compared with all other samples. The
Fo result of Sample D can be directly linked to its higher & and tand values

compared with all other samples (after poling).

Although, Sample F shows a lower p value in comparison with PZT (4.14 X 10
C.m2.°C") [28,34], it presents slightly higher Fp value (Table 3-3) (9.01 X 106 Pa-
12)119,23]. Thus, Sample F illustrates good pyroelectric properties demonstrating
that the NBT-0.06BT can be considered as a pyroelectric material at room

temperature.

The microstructure study confirmed that all the sample compositions are in MPB
area; Sample F showing the highest pyroelectric properties. This might be linked
to the synthesis parameters that were followed in this sample’s preparation, which

were slightly different from other samples in the study.

3.3 Conclusion

The correlation between the preparation method and the properties of NBT-
0.06BT ceramics which were synthesised using a conventional solid-state route
was investigated. The preparation conditions of the samples which were slightly
changed included milling time, calcination, and sintering temperatures, in addition
to, the duration time. It has been revealed by the study that the microstructure,
dielectric, and pyroelectric properties of NBT-0.06BT at RT were mostly affected
by the calcination and sintering temperature/time whilst, increasing the milling
time from 12 to 24 hours has less effect on these materials properties. The
pyroelectric study demonstrated that the composition, which was prepared by
milling and mixing for 24 hours, calcined at 850°C/3hrs., and sintered at 1150 °C
/2hrs., presented the highest pyroelectric properties (p ~ 3.14 x10* C.m=."C-' and

figure of merit Fp around 9.08 pPa'? at RT) than all other compositions. It has
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therefore been proven by this study that NBT-0.06BT can be considered as a

pyroelectric ceramic material with the pyroelectric properties comparable to PZT.
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4 Identification of the Morphotropic Phase Boundary
Composition in the (1-x)Nag sBio5TiO3-xBaTiOs3,
0.05=x<0.08.

Abstract

This chapter investigates the MPB composition in (1-x)Nao.sBio5TiO3-xBaTiO3
ceramics, (x= 0.05, 0.06, 0.07, and 0.08) and the effects of the extra barium
titanate (xBT) content on the forming of the MPB, microstructure, depolarization
temperature, dielectric and pyroelectric properties of the NagsBio5TiO3-xBaTiOs

material.

4.1 Experimental

The lead free (1-x)NaosBiosTiO3-xBaTiOs (NBT-xBT), (x= 0.05, 0.06, 0.07, and
0.08) ceramics were synthesised using a conventional solid-state technique
employing the method described in Chapter 2, Fig. 2-2.

The reagent materials used in this study were sodium carbonate (NaxCO3),
bismuth oxide (Bi-O3), barium carbonate (BaCOs3), and Titanium dioxide (TiO>),
and are listed in Chapter 2, Table 2-1.

4.2 Results and discussion

4.2.1 Effects of the extra barium titanate (BT) content on
microstructure

Fig.4-1 (a) shows the X-ray diffraction spectra of lead-free (1-x) NBT-xBT,
(0.05=x<0.08) ceramics powders calcined at 850°C for 3 hrs. Samples A to D
presented pure perovskite structure, with no secondary phase detected,
demonstrating that all the barium titanate concentrations diffused into the NBT
main lattice and formed the new NBT-xBT, (x=0.05, 0.06, 0.07, and 0.08)

ceramics [1-3].

Enlargement of the XRD pattern for Samples A, B, and C shows the splitting in
the peak [111] into [003] and [021] at 39.0°< 6 < 41.0° (Fig.4-1 (b)), indicating the
existence of the rhombohedral (Rh) phase. The room temperature (RT), XRD
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spectra of undoped NBT presented a Rh symmetry with splitting of the [111] peak
into [003]/[021] at 38.0°< 8 <42.0° and a single peak at 45.0°< 0 <48.0° [1,4-6].
However, Sample D illustrates a single peak in [111] demonstrating tetragonal
(Tr) phase [2,3,5,6]. Another peak splitting was spotted [200] into [200] and [002]
at 45.5° < 8 <£47.5° in Samples B, C, and D (Fig.4-1 (c)). This split refers to the
existence of tetragonal phase in the NBT lattice (Fig.4-1 (c)) [4,7-11]; whereas,
Sample A shows a single peak [200], meaning that Sample A has a pure Rh
phase [2,35,6]. The coexistence of Rh and Tr phases in the Samples B and C
(x=0.06 and 0.07) confirms that these samples structures are at the MPB area.
While, Samples A and D present pure Rh and Tr phases respectively (Fig.4-1 (b

and c)).

To determine the stability of the perovskite structure, the Goldschmidt tolerance

factor (t) relation was calculated using Equation 1-12 in chapter 1 [12-15].

The tolerance factor value of stable perovskite structure is in the range of 0.77-
1.10 [14,16,17].

The calculated t values of the NBT-xBT (0.05=<x<0.08) compositions were around
0.974, 0.975, 0.976, and 0.977 respectively suggesting that all samples

compositions show stable structure.

Table 4-1 presents the lattice parameters (A), the c/a ratio, the average grain size
(um) and density (gm.cm?) of all the samples. The lattice parameters are “a = b”
and “c” vary by increase of the barium content in the samples composition. The
(a=b) parameter shows gradual increase from Sample A to D (Table 4-1). While,

the “c” parameter exhibits a large increase from Sample A to D; but the ultimate
“c” value was found in Sample B. Because Sample B has the highest c value of
all the samples, this could indicate that this Sample has more tetragonality in its
structure compared to the others. The c/a ratio increased considerably with
increased Ba?* from x= 0.05 to x=0.07 from Sample A to C, then decreased

significantly to Sample D (x=0.08) (Table 4-1).
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Figure 4-1: (a) XRD patterns of NBT-xBT calcined at different tempreature (b)
enlargement of [111] peak split into [003] and [021] at 39.0° to 41.0° (c)
enlargement of [200] peak split into [200] and [002] at 45.5° to 47.5°.
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Table 4-1: Composition (sample name), lattice parameter, c/a ratio, average grain

size and density of all samples in this study.

Lattice parameter

Composition, . Density(p)
(Sample name) A) c/a Average grain
ratio size (um) (gm.cm™)
a= c
NBT-0.05SBT, A 54960 133130  2.424 1.85 5.806
NBT-0.06BT,B  5.5113 13.4744  2.445 1.79 5.757
NBT-0.07BT, C  5.5333  13.4648  2.433 1.64 5.617
NBT-0.08BT,D  5.5664 13.4553  2.417 1.52 5.493

Fig. 4-2 (a to d) illustrates the SEM surface morphology of the samples A, B, C,
and D. All the samples display a dense microstructure with an average density of
around 5.668 + 0.368 g.cm™. Sample A shows the highest density value whereas

Sample D presents the lowest value of all (Table 4-1).

Samples A, B, and D show an obvious granule grain shape with various grain
sizes, while it not so clear in Sample C (Fig. 4-2 (c)). The average grain size

reduces considerably from Sample A to D (Table 4-1).

The reason behind the reduction in the average grain size may be linked to the
extra Ba?* content in the composition of Samples B, C, and D (Table 4-1). In
general, Ba?* behaves as an inhibitor of the grain growth in an NBT system. In
lead-based ceramics, such as PZT and PLZT (La-containing PZT), a similar effect

was also observed when lead was substituted with barium [1,18,19].
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Figure 4-2: SEM surface morphology of the (1-x)NBT-xBT of all samples.

Another technique utilized to confirm the elements that have contributed in each
NBT-xBT (0.05=x<0.08) composition is energy-dispersive X-ray spectroscopy
(SEM-EDS or SEM-EDX). This analysis technique is used to analyse the sample
elements, or their chemical characterisation (Fig 4-3 (a to d)). All the sample
compositions were illustrated with the four elements (Na, Bi, Ba and Ti) in addition

to oxygen.
4.2.2 Effects of the extra barium titanate (BT) content on dielectric
properties

Figs 4-4 (a and b) and 4-5 (a and b) illustrate the frequency dependence of the
dielectric properties (relative permittivity (&r) and dielectric loss (tand)) for the
unpoled and poled NBT-xBT(0.05<x<0.08) in frequency range from 80 Hz up to
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10 kHz at room temperature (RT). The & and the tand show a strong relationship

with both the extra barium titanate concentration (x) and frequency.

a, NBT0.05BT =i : : b, NBT0.06BT

¢, NBT0.07BT  Heeet d, NBT0.08BT

Figure 4-3: The energy dispersive analysis (SEM-EDS) of NBT-xBT, (x=0.05, 0.06,
0.07, and 0.8) Samples A (a), B (b), C (c), and D (d) respectively.

The dielectric permittivity (&) trend, has been observed decreasing with
increasing frequency, before and after the poling process for this material as most
of dielectric and ferroelectric materials do. This behavior is due to the dipoles in
these materials being able to follow the field at low frequency and contribute to
the permittivity value. This decreases as frequencies increase and the dipoles

start to struggle to follow the changing field [18-21].

The &rrapidly increased with increased xBT content up to x=0.07, then decreased

at x=0.08 before and after the poling process at RT (Fig 4-4 (a and b)). This
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behavior can be interpreted according to the ionic matching relationship and
Hume-Rothery rules [10,22], the ionic radius of all elements in the sample
compositions are Na* (1.39 A, CN 12) (CN=coordination number), Bi®* (1.31 A,
CN 12), Ba* (1.61 A, CN12), and for Ti** (0.61 A, CN 6). Thus, the excess of the
barium titanate concentration can create A-site vacancies in the NBT-xBT,
(x=0.06, 0.07, and 0.08) perovskite structure. According to the radius matching,
the Ba?* can replace the Na* but it is difficult to replace the Bi®* due to the facts
that the radius difference between bismuth and barium is more than 15%.
Because the barium behaves as a donor this will make the domain wall
movement easier, as a result, the dielectric properties of NBT-xBT, (x=0.06, 0.07,
and 0.08) increased up to x=0.07 [1].

In Fig. 4-4 (a, b), Sample C shows the highest & ~ 1031 and 482 among all
samples before and after poling at RT. Likewise, Sample A shows the lowest &
both before (~ 559) and after (~ 409) poling at low frequencies (Fig. 4-3 (a, b)).
However, at frequencies in the range from 0.5 kHz up to 10 kHz, Sample D
exhibits the lowest &rat both before and after poling (~ 486 and ~ 415) (Fig 4-4 (a
and b)).
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Figure 4-4: the relative permittivity of all samples (a) before and (b) after poling
process.

The relationship between the tand and the frequency before and after the poling
process is illustrated in Fig 4-5 (a and b). It can be clearly seen that the tand of
Samples A, B, and C are significantly decreased after poling, but this is not the
case with Sample D (Fig 4-5 (a and b)).

Sample D presents the highest tand than all other samples before and after the
poling stage: ~ 0.379 and ~ 0.389 respectively (Fig. 4-4 (a, b)); Sample C
demonstrates the lowest loss both before and after the poling process: 0.089 and
0.053 respectively (Fig. 4-5 (a, b)).

The high dielectric loss in Sample D may be because there are some defects or
distortions in its structure causing increases in the dielectric loss value of this

Sample before and after poling [3,23].

In poled NBT-xBT samples, the reduction in the dielectric properties (&- and tand)
at RT, can be understood due to that the poling field having been induced in the
long-range ferroelectric order in these samples [19,23] Similar behaviour was
observed in the poled PLZT and PMN materials [19,21,24].
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Figure 4-5: the dielectric loss of all samples (a) before and (b) after poling process.

Fig. 4-6 (a-d) presents the change of dielectric properties of poled samples from
A to D as a function of temperature from 20 to 150 °C at 1, 10, and 100 (kHz).
The relative permittivity (&r) of all the compositions increases with temperature;

this is typical behavior for ferroelectric materials [25].

concentration, with values of 362, 396, 430, and 489, respectively for the

Samples A to D at RT and 1 kHz. Therefore, the increment in the Ba%* content

107

increase of Ba?



from x = 0.05 to x = 0.08 can be responsible for the significant increase in the

relative permittivity value, as detailed previously [26].

The dielectric loss (tand) also increases with the temperature up to a certain point
and then decreases. The tand value of Sample A is ~ 0.027 at RT and 1 kHz (Fig.
4-6 (a)). It increases to around 0.044, 0.045, and 0.048 for Samples B, C, and D
respectively (Fig. 4-6 (b-d)).

The temperature at which tan®d shows a maximum value is known as the
depolarization temperature (Tq) [20,37,38]. The tand values at T4 are around
0.038, 0.051, 0.067, and 0.070, and their corresponding temperatures estimated
at ~130, 115, 100 and 120 (°C) for Samples A, B, C, and D, respectively (Fig. 4-
7). The tand results at Ty reveal that A also has the lowest value among all
samples (Fig. 4-7). The & values at Ty are ~ 555, 582, 730, and 927 for Sample
A, B, C, and D, respectively (Fig. 4-6 (a-d)). The &rvalues at Ty clearly reveal that
the increase in barium concentration has a significant correlation with the
dielectric properties but the most dramatic effect on the relative permittivity is the

change of temperature at wide temperature range.

4.2.3 Effects of extra barium titanate (BT) content on depolarization
temperature

Increasing the xBT in the compositions (x=0.05, 0.06, 0.07, and 0.08) of samples
A to D can also cause a significant effect on the depolarization temperature (T4)
of the NBT-xBT [26]. However, even though depolarization temperature has been
considered an important parameter in pyroelectric study, its origin has not yet
been fully understood for NBT-xBT. Thus, it has more than one definition
[7,14,29-31], and one of them is the phase transition temperature from
ferroelectric (FE) to anti-ferroelectric (AFE) phases or from ferroelectric to relaxor
anti-ferroelectric (RAFE) [3,23,27,32].

In this study, the T4 was identified by two methods: (1) Dielectric method, from
the dielectric loss peak value vs temperature plots (Fig. 4-7); (2) Pyroelectric
method, the pyroelectric coefficient (p) peak value vs temperature plots (Fig. 4-
8) [33].
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For both methods the Ty is heavily dependent on increasing the Ba?*

concentration in the samples (B to D) compositions.
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Figure 4-6: the change of the dielectric properties of the NBT-xBT with increase in
temperature, (a) NBT-0.05BT; (b) NBT-0.06BT; (c) NBT-0.07BT and (d) NBT-0.08BT.

Fig. 4-7 reveals that Ty decreased from ~130 °C in Sample A to around 120 °C
for Sample D. However, Sample C presents the lowest Ty which is ~ 100 °C (Fig.
4-7). Furthermore, Sample D illustrates a higher T4, which is more than 20 °C
higher than the Ty for Sample C (Fig. 4-7). This result confirms that with an
increase in the BT concentration by more than x=0.07, the depolarization

temperature will shift towards a higher temperature.
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The depolarization temperature can also be obtained from the ultimate
pyroelectric coefficient (p) value. It is generally known that the maximum p that
can be achieved in this sort of materials is at the phase transition temperature
[21,34-36]. In this study, Ty value was only identified for Sample C by this,
method; it showed a decrease from more than 90 °C to ~ 80.0 °C (Fig. 4-8).
However, the exact T4 values could not be identified for Samples A, B, and D by
this method due to the upper temperature limit of equipment, so the T4 values for
Samples A, B, and D are most likely to be higher than 90 °C (Fig. 4-8).

The decrease in Ty for Samples A to D, is possibly caused by the excess amount
of barium. According to Yoon et al., Guo et al., and Li et al. [18,27,37] the Ty
coincides with phase transition from ferroelectric to a so-called “intermediate”
phases. This transition shows a shift of Tytoward lower temperature for samples
with excess BT concentration.
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Figure 4-7: the change of the tand with increase in temperature and the

depolarization temperature for each sample of NBT-xBT (0.05<x<0.08) materials.

It has been reported that the c/a ratio increase with extra Ba?* content [18], thus,

the increase in BT concentration would lead to the improvement of the
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tetragonality of BaTiOs in NBT-xBT, (x=0.06, 0.07 and 0.08) by compensating for
the loss in barium during the calcination and sintering stages (Table 4-1) [18].
These extra barium concentrations are more likely to have replaced one of A-site
ions rather than B-site [18,37] due to radius similarity (as discussed previously),
which may result in the generation of some of the A-site vacancies when Ba?*
replaces Na*.
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Figure 4-8: The pyroelectric coefficient for NBT-xBT (0.055x<0.08) and the

identifying of the depolarization temperature for Sample C.

Comparing Ty values obtained by the two methods, the pyroelectric method
shows Ty value for Sample C lower than the dielectric method, which is in

agreement with the literature [7].

These vacancies can reduce ferroelectric long-range ordering and weaken the
coupling between A-site ions and TiOe octahedron, as a result inducing the phase
change at a lower temperature [18,37]. The results of this study agree with the
literature [26,27]; however, in general the Ty trend is to shift towards a lower

temperature with increased BT content from x= 0.05 up to x=0.08.
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4.2.4 Effects of extra barium titanate (BT) content on pyroelectric
properties

The most efficient way to evaluate a pyroelectric material’s performance is to
calculate the figure of merits (FOMs) that represent the essential parameters for
pyroelectric applications [7]. The calculation of the FOMs is based on the values
of the pyroelectric coefficient, relative dielectric permittivity, dielectric loss and the
specific heat [18]. There are several types of FOMs depending on the particular
type of pyroelectric application, such as infrared or thermal imaging [11,38]. The
types of FOMs depend on the input of thermal or electrical circuits, current or
voltage [7,33,39].

In this study, the pyroelectric coefficient (p) of NBT-xBT(0.05=x<0.08) were
measured from 20 to 90 ‘C for Samples A to D. The calculations of the
pyroelectric coefficient (») and FOMs were carried out using Equations 1-11 and
1-15 to 1-18 in chapter 1 [9,33, 40,41]:

Fig. 4-8 shows the change of p vs. T for Samples A to D from 20 to 90 °C. Sample
B presents the highest p value at both room and depolarization temperatures
(Tables 4-2 and 4-3). While in the temperature range from 35 °C to 82 °C, Sample
C displays the highest pyroelectric coefficient value with maximum value of p at
80 °C. In contrast, Sample B has the highest p value over the temperature range
83 °C to 90 °C among all other samples (Fig (4-6)). Samples A and D show low
pyroelectric coefficient values at both RT and Ty (Tables (4-2 and 4-3)). The low
p in both Samples (A and D) can be linked to these samples structures. The XRD
results reveal that Samples A and D are located around the MPB (Fig 4-1 (a to
c)), therefore, the low p values can most likely be attributed to the effect of the
MPB area.

The high pyroelectric coefficient at Ty for Samples B and C may be understood
due to the effect of the phase change. The polarization state and also the
structure of these Samples (B and C) are possibly changed from ferroelectric (FE)
rhombohedral (Rh) and tetragonal (Tr) co-existing (MPB) to antiferroelectric

(AFE) or relaxor antiferroelectric (RAFE) tetragonal (Tr) phases; these
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polarization states and structure changes will substantially enhance the p values

of these Samples.

The p, and FOMs F;, Fy, and Fp values for all samples are listed in Table 4-2 at

RT and 1 kHz while, those values at 90 °C or T4 and 1 kHz listed in Table 4-3.

Table 4-2: The pyroelectric coefficient (p) and the FOMS, F;, Fy, and Fp for the NBT-
xBT; A, NBT-0.05BT; B, NBT-0.06BT; C, NBT-0.07BT; and D, NBT-0.08BT at room

temperature and 1 kHz.

Sample px10*#(C.m~ Fix10"'(m.V?) Fy(@m2.C)at Fp (x10°Pa'?)

name 2°CYatRT atlkHzatRT  1kHz at RT  at 1kHz at RT
A 0.90 0.32 0.01 3.43
B 3.14 1.12 0.021 9.08
C 3.04 1.09 0.018 8.32
D 0.70 0.24 0.006 1.70

The FOMs Fj, Fy, and Fp values (Tables (4-2 and 4-3)) at both RT and T4 show
the same trend as in p. Sample B demonstrates the highest FOMs values while
Sample D has the lowest F;, Fy, and Fp values among all samples in this study
(Tables (4-2 and 4-3)). Although, Sample B has a lower pyroelectric coefficient
value than PZT (4.14 X 10 C.m2.°C") [9,42], it does; however, show higher Fy
(0.021 m2.C") and Fp (9.08 X 10 Pa'?) values than PZT (0.008 m2.C-") and
(9.01 X 106 Pa-"2) respectively at RT and 1 kHz (Table 4-2) [9,23,25,42].

At 90 °C or T4, Samples B and C show higher p, Fi, Fy, and Fp values (Table 4-3)
than some of lead-free ceramic compositions, such as NagsBiosTiO3-
0.07Ba(Zro.0s5Tio.945)03 (NBT-0.07BZT) (20 X 104 C.m2.°C, 7.33 X 10719 m.V-,
0.066 m2.C!, and 33.6 X 106 Pa-'2) [42] respectively.
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Table 4-3: The pyroelectric coefficient (p) and the FOMs, F;, Fy, and Fp for the NBT-
xBT; A, NBT-0.05BT; B, NBT-0.06BT; C, NBT-0.07BT; and D, NBT-0.08BT at 90 °C

and 1 kHz.
Samol px104(C.m  Fix10°(m.V?)  Fy(m2.C)at  Fp (x10°Pa'?)
ample
P 2°oC1)at90°C at 1kHz at 90°C  1kHz at 90°C  at 1kHz at 90°C
name
or T, or T, or T, or Ty
A 15.06 at 90°C 5.38 at 90°C 0.13 at 90°C 49.10 at 90°C
B 23.9 at 90°C 8.55 at 90°C 0.19 at 90°C 65.52 at 90°C
C 20.30 at 80°C 7.27 at 80°C 0.13 at 80°C 40.56 at 80°C
D 9.17 at 90°C 3.27 at 90°C 0.05 at 90°C 17.18 at 90°C

The FOMs F,, and Fp at room and depolarization temperatures with a wide range

of frequencies are listed in Tables 4-4, 4-5, 4-6 and 4-7.

In these tables, Sample B illustrates the maximum FOMs F,, and Fp at both RT
and Ty, and at over all the frequency ranges of all the samples. While, Sample D
presents the lowest Fy, and Fp values in these temperatures and over the

frequency ranges of all samples.

The high Fy, and Fp values in Sample B can be related to its higher p and also to
lower dielectric properties (&r and tand) at room, depolarization temperatures and

over a wide range of frequencies.

The Fc values of Samples A to D at RT and at frequency range from 100 Hz to
and 1 MHz, were calculated, (Table 4-8). The Fc values reveal strong reliance on
the excess in BT content. Generally, the materials suitable for infrared detectors
should have a Fc threshold value ~ 3+1 x10° C. cm2."C" [41]. All samples show

Fc values lower than the threshold value (Fig. 4-8).
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Table 4-4: The FOM, Fy for the NBT-xBT; A, NBT-0.05BT; B, NBT-0.06BT; C, NBT-
0.07BT; and D, NBT-0.08BT at RT and 90 °C or T, and at frequency 0.1, 10, 100k Hz
and 1 MHz.

Fv (m2.C) at RT

Sample
name 0.1kHz 10kHz 100kHz 1MHz
A 0.009 0.010 0.011 0.011
B 0.020 0.024 0.026 0.027
C 0.018 0.022 0.023 0.025
D 0.006 0.006 0.006 0.006

Table 4-5: The FOM, Fy for the NBT-xBT; A, NBT-0.05BT; B, NBT-0.06BT; C, NBT-
0.07BT; and D, NBT-0.08BT at 90 °C or Ty and at frequency 10, 100k Hz and 1 MHz.

Fv (m2.C) at 90°C or T,
Sample name

10kHz 100kHz IMHz
A 0.134 0.145 0.148
B 0.204 0.216 0.221
C 0.140 0.144 0.145
D 0.056 0.057 0.058
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Table 4-6: The FOM, Fp for the NBT-xBT; A, NBT-0.05BT; B, NBT-0.06BT; C, NBT-
0.07BT; and D, NBT-0.08BT at RT and at frequency 0.1, 10, 100k Hz and 1 MHz.

Fp (x10°Pa'?) at RT
Sample name

0.1kHz 10kHz 100kHz 1MHz
A 2.21 3.45 3.36 2.51
B 8.76 10.12 10.40 7.00
C 7.55 8.79 8.54 6.00
D 0.64 1.78 1.74 1.26

Table 4-7: The FOM, Fp for the NBT-xBT; A, NBT-0.05BT; B, NBT-0.06BT; C, NBT-
0.07BT; and D, NBT-0.08BT at 90 °C or T4 at and at frequency 10, 100k Hz and 1
MHz.

Fp (x10-°Pa?) at 90°C or T,
Sample name

10kHz 100kHz 1MHz
A 48.80 47.61 34.13
B 66.29 65.49 41.85
C 43.13 43.66 31.74
D 18.20 17.44 13.44

However, Rodriguez-Ruiz et al.; calculated the Fc value for 0.935Nag 5Bio 5 TiO3-
0.065BaTiO3 composition at RT and found that the Fc value for this composition
is around 1.44 x10° C. cm. °C™" [41]. In this study, the Fc values of Samples B

and C are higher than those been reported in literature by Rodriguez-Ruiz et al.
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The high Fc values for Samples B and C can be linked to their higher p values at

room temperature.

Table 4-8: The FOM, F¢ for the NBT-xBT; A, NBT-0.05BT; B, NBT-0.06BT; C, NBT-
0.07BT; and D, NBT-0.08BT at RT and frequency range from 100 Hz to 1 MHz.

Fc x10° C.cm™2 °C! at RT

Sample
fhame 0.1kHz 1kHz 10kHz 100kHz 1MHz
A 0.44 0.47 0.48 0.49 0.50
B 1.53 1.58 1.63 1.67 1.70
C 1.45 1.54 1.56 1.58 1.56
D 0.33 0.31 0.31 0.32 0.31

4.3 Conclusion

NBT-xBT (0.05=x<0.08) ceramics were synthesized by a conventional solid-state
route. The pyroelectric properties of these materials were investigated and
compared with PZT and some other lead-free ceramics.

The microstructure study using the XRD technique, confirms that the
compositions of the Samples B and C (x =0.06 and 0.07) are both at the MPB
area, while Samples A and D (x =0.05 and 0.08) are around the MPB region. The
lattice parameter values and c/a ratio slightly change with increasing the BT
content up to x =0.07, then decreased. The SEM investigation shows the average
grain size reduced from 1.85 to 1.52 (um) with increasing the BT concentration.
Moreover, Sample A (x =0.05) presents higher density than all other samples.
Both relative permittivity (&) and dielectric loss (tand) increase with an increase

in BaTiOs content.

The T4 was identified by two different methods and decreased from ~ 130 °C in
Sample A (x= 0.05) to around 120 °C in Sample D (x= 0.08) with extra Ba?*
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content However, Sample C presents the lowest Ty which is around 100 °C
according to the dielectric method. The T4 value was identified solely for Sample
C (80 °C) according to pyroelectric coefficient method whereas the exact Ty

values for Samples A, B and D was not identified by this method.

Sample B has the optimum p, FOMs (F;, F, and Fp) at RT and at T4, and this
sample shows higher F, and Fp values than PZT at RT. In addition, Sample B
presents higher p, Fi, Fy and Fp values than NBT-0.07BZT lead-free ceramic

material.

This study reveals that the MPB region of NBT-xBT is located at x=0.06 and 0.07
BT but the highest improvement of the pyroelectric properties was achieved at x
=0.06 BT.
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5 Modifying the A-site of the Nag sBio5TiO3-0.06BaTiO;
by changing its elements contents.

This chapter has been divided into two parts:

A. Changing the barium content in the Nao s5Bio 5TiO3-0.06Ba1+xTiOs3.
B. Changing the Na, Bi, and Ba contents of the NxByT-0.06BT.

Abstract

The aims of this chapter are to improve the pyroelectric properties of the NBT-
0.06BT ceramics at both room and depolarization temperature, by forming
nonstoichiometry compositions through modifying the concentration of the barium
(Ba), the sodium and bismuth (Na and Bi) or all the elements (Ba, Na, and Bi) in
the A-site of the material. In addition to, control and bring the depolarization

temperature down to around room temperature of the new compositions.

5.1 The effects of changing the Ba?* content in the
Nao.sBiosTiO3-0.06Ba1+xTiOs.
The text in this part of chapter 5 is based on a paper published in the Journal of

Materials Science: Materials in Electronics. Please see publication 1 in the

publication list.

5.1.1 Experimental

All the ceramics samples were synthesised using a conventional solid-state
technique employing the method described in Chapter 2, Fig. 2-2, and the raw

materials used in this project were powders as same as in the previous chapters.

The amounts of powders were calculated according to the chemical formula of
0.94Nao 5Bio.5TiO3-0.06Ba1+xTiO3 with x= 0.00, 0.01, 0.02, and 0.03. Sample

compositions are listed in Table 5-1.
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5.1.2 Results and discussion
5.1.2.1 Effects of the extra barium on microstructure

Fig. 5-1 shows the XRD patterns of 0.94NBT-0.06B1+xT (NBT-0.06B1+xT) ceramic
powders calcined at 850 °C for 3 hrs. Fig. 5-1(a) showed that all ceramic samples
have a pure perovskite structure (ABO3) and no second phase was observed.
The absence of other phase indicates that NBT-0.06B1+xT lattices have either
absorbed the extra amount of Barium (Ba?*) and formed the NBT-0.06B1+xT
ceramic solid solutions [1,2] or the amount of the second phase is too small to be
tested by XRD. Fig. 5-1 shows, in all the samples, a splitting in the peak [111]
into [003] and [021] at 39.0° - 41.0°, indicating the existence of rhombohedral
phase (Fig. 5-1(b)) and a splitting in the peak [200] into [200] and [002] at 45.0° -
48.0°, indicating the existence of tetragonal phase (Fig. 5-1(c)). The coexistence
of both rhombohedral and tetragonal phases in NBT-0.06B++xT ceramics proves
that the sample structures are at morphotropic phase boundary (MPB), which
was consistent with what was reported in literature [3-5]. Fig. 5-1(c) shows that
the splitting in peak [200] became quite pronounced for the sample at x = 0.02 as
shown in Fig. 5-1 (b). It seems that the composition of NBT-0.06B1+xTi with x=0
— 0.03 is still within MPB.

The measurement of the lattice parameters (a, b and c) reveals that the extra
Ba?* content has slightly changed a, b and c froma=b =5.488 A, c = 13.505 A’
toa=b=5493 A ¢ =13.505 A for Samples A to D respectively (Table 5-1).

Sample C presents the biggest lattice parameters (a = b = 5.494 A, ¢ = 13.505
A).

Comparing the ionic radii of the A-site cations of Na* (1.39A"), Bi** (1.31 A") and
Ba2*(1.61 A) (coordination No. 12) according to Hume-Rothery rules, BaZ* in
NBT-0.06B1:xTi could replace Na* but seems to be difficult to replace Bi®*

because the radius difference between Bi** and Ba?* is more than 15% [5].

Yoon et al. reported that the c/a ratio increased with adding more extra Ba?*
content and reached the maximum at x=0.02 [5]. Thus, the increase in Ba?*
content would lead to the improvement of the tetragonality of BT in NBT-

0.06B+1+xT by compensating for the loss in Ba during the sintering stage.
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However, any extra Ba?* content more than x=0.02 would not go to increase the
c/a ratio because the c/a ratio was saturated at 0.02, and therefore consequently
the extra Ba would precipitate into a secondary phase [5], but in this study the
second phase was not identified up to x = 0.03, probably due to the amount of

the secondary phase being too small to be tested by XRD.

Fig. 5-2 shows the surface morphology of the NBT-0.06B1+xT ceramics by SEM.
The average grain size was reduced from 1.7 ym at x=0.00 to 1.61, 1.31, 1.52 at
x=0.01, 0.02 and 0.03, respectively. Increasing Ba?* led to a sharp reduction in
the grain size and reached the lowest value at x=0.02. In general, Ba?* behaves
as an inhibitor of the grain growth in NBT system. In lead-based ceramics, such
as PZT and PLZT (La-containing PZT), similar effect was also observed when
lead was substituted with barium [1,5,6]. All the samples showed a density 94.63
+0.333 g/cm?® as shown in Table 5-1. Density measurements revealed that
Sample A, B and D at x=0.0, 0.01 and 0.03 have a similar density value; however,

Sample C, at x=0.02 has a higher density.

5.1.2.2 Effects of the extra barium on dielectric properties

Fig. 5-3 shows the temperature dependence of the dielectric properties of poled
NBT-0.06B1+xT from RT up to 150 °C at different frequencies (1, 10 and 100kHz).
The relative dielectric permittivity (&) and the dielectric loss tangent (tand) show
a strong dependence upon Ba content and temperature. The & increased with
temperature for all samples; however, the & showed increasing at x=0.01, and
0.02 at room temperature and this can be related to extra Ba?*. The extra Ba at
x=0.01 compensated the deficiency in Ba in BT side and rectified the tetragonality
in NBT.

The excess Ba up to 0.02 can then replace cations in the A-site of the NBT-
0.06B1+xT perovskite structure, so Ba?* will replace Na* according to the radius
matching rules and the donor behaviour of Ba will make the domain wall motion

easier resulting in the increase of the dielectric properties of NBT-0.06B1+0.02T [7].
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Figure 5-1: XRD patterns of NBT-0.06B+)TiOs ceramics where, (a) x=0.00, 0.01,
0.02, and 0.03; (b) expansion at 20 from 39.0° to 41.0° and (C) expansion at 20 from
45.0° to 48.0°
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Table 5-1: The NBT-0.06B1.xT, composition (sample) depending on the extra concentrations of Ba?* from A, x=0.00 to D, x=0.03;
samples density (gm.cm), comparing with the theoretical density (%) which is (p=6 gm.cm), and the relative permittivity (s:),

dielectric loss (tand) both at 1kHz and RT, the depolarization temperature (Ty) value 0.0<x<0.03.

Composition Lattice
Compare with .
(Sample name) parameters (A) Density(p) P . Devolarizati Relfltl.VGf Diclectric
3 theoretical épolarization permittivity ielectric loss
0.94NBT-0.06B1.~T gm.cm o temperature(7,) ('C) (tand) at RT
density% (&) at RT
a=b c
NBT-0.06BT
5488  13.505 5.697 94.95 125 1178 0.042
(A, x=0.0)
NBT-0.06B1+0.01T
5487 13.437 5.661 94.35 85 1468 0.046
(B, x=0.01)
NBT-0.06B1+0.02T
5494 13.505 5.718 95.55 85 1472 0.045
(C, x=0.02)
NBT-0.06B1+0.03T
5493  13.505 5.678 94.63 115 1266 0.040

(D, x=0.03)
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Figure 5-2: The SEM surface morphology, NBT-0.06B1.xT where, (a) x=0.00; (b)
x=0.01; (c) x=0.02; (d) x=0.03.

The & values at x=0.01 and 0.02 were close to 1500 for both compositions
whereas, the ¢ values at x = 0.0 and 0.03 at RT were near 1225. However, at Ty,
and 150 °C, the &-for the samples at x = 0.01 and 0.02 increased to around 2000
and 2150 (Tq), and above for both compositions 2500(150 °C) respectively.
However, the &rvalues for the samples at x = 0.00 and 0.03 were relatively low

which are around 2250.

5.1.2.3 Effects of extra barium on depolarization temperature

Depolarization temperature (T,) is a parameter that has not clearly been defined
[7], but the European standard on piezoelectric properties has defined it as the
reduction of remnant polarization because of temperature and other influences

[8]. However, there are other definitions of Ty such as the steep reduction of
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remnant polarization [9], or the phase transition temperature from ferroelectric

(FE) to anti-ferroelectric (AFE) or to relaxor anti-ferroelectric or to relaxor [10-14].

In this study, Tywas identified from the measurement of the dielectric loss (tand)
vs. temperature. Fig. 5-3 shows that the Ty of the NBT-0.06B1+0.00T was at ~125°C
and decreased to ~85 °C, at x = 0.01 and 0.02, and then rises to ~115 'C, at x =
0.03. The reduction in Ty is probably due to the formation of A-site vacancies with

increasing Ba content in NBT-0.06B1+xT structures.
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Figure 5-3:The change of the relative permittivity (¢,) and loss tangent (tand) with
changing temperature (°C) from RT up to 150°C, for the NBT-0.06B1.xT where
0.0=x<0.03 from (a) to (d) in three different frequencies (1, 10 and 100) kHz. The

identified of the depolarization temperature (Ty) from the dielectric loss lines at

1kHz.

In ferroelectric NBT-BT perovskite structure, the ferroelectric domain stability is
affected by the coupling between ferroelectric (BOs) and A-site cations, and the
stability of the ferroelectric domains will be reduced when vacancies are
generated between the octahedral (BOe) ferroelectric and A-site cations. In this

study, Ba?* content at x=0.01-0.02 created A-site vacancies so the stability of the
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ferroelectric domain reduced as a result inducing the phase change from
ferroelectric (FE) to relaxor anti-ferroelectric (relaxor AFE) and fast reduction by
40°C in depolarization temperature (Tq4) [2,4,8]. With a further increase of Ba?* to
x=0.03, which is more than Ba?* saturation content (x =0.02), the T4 was
decreased by only about 10°C, because there were less vacancies in A-site due
to minimal (Ba?*/Na*) replacement and more ferroelectric domain wall stability
[4,15,16]. The value of the Ty of NBT-0.06BT in this work is close to that reported
in the literature (~123°C) but the depolarization temperature of the NBT-
0.06B1:xT, (0.01< x <0.02) is lower than 123 °C [17]. Table 5-1 lists the values of
relative dielectric permittivity (&) and dielectric loss (tand) at RT and

depolarization temperatures (T4) at 1 kHz achieved in this work.

5.1.2.4 Effects of extra barium on pyroelectric properties

The calculation of the figure of merits (FOMs) is based on the values of
pyroelectric coefficient (p), relative dielectric permittivity (&), the dielectric loss
tangent (tand) and the specific heat (C,). There are several numbers of FOMs
which are more appropriate to certain pyroelectric materials applications [17,18]

and are derived from these application requirements.

Pyroelectric coefficient (p) and the FOMs were analysed by using the following
equations 1-11 and 1—15 to 1-18 in chapter 1 [19-22].

The pyroelectric current of NBT-0.06B1+T, (0.00=x<0.03) ceramics was
measured from RT to Ty or 90 °C that is our equipment upper limit.

Table 5-2 shows the pyroelectric coefficient(p) and the figures of merit (FOMs)
values of the NBT-0.06B1+T, (0.00 < x <0.03) at RT, Tgor 90 °C. The p values
varied with the Ba?* content and increased from 2.9 x 10 (C.m™=. 'C") to 3.54 x
104 (C.m=2."C") when x increased from 0.00 to 0.02 at RT. All the samples
showed a great increase in p when the measurement temperature increased
from 20 °C to Ty or 90 °C. This great increase in p at Ty or 90 °C was caused by
the increase of I, induced by the reorientation of ferroelectric domain and phase
transition in MPB. When the temperature rises from RT to Ty, the phase transition
from ferroelectric (FR) to relaxor antiferroelectric (relaxor AFR) started, and thus

a sharp change in polarization resulted in a significant increase in p at T4[20].
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The T4 for Sample B (x=0.01) and C (x=0.02) is below 90°C and for Sample A
(x=0.00) and D (x=0.03) above 90 °C, which explained why Sample B and C had
a greater increase in p than Sample A and D. According to Anton et al. [9], the
T4 determination depends on the highest value of the dielectric loss tangent,
which may consistently generate higher Ty than other methods such as the
thermally stimulated depolarization current; therefore, the T4 for Sample A and D
might actually be less than ~ 125°C and ~ 110°C, as a result that the observed
increase in p for Sample A and D could be related to the beginning of the phase
transition in these samples.

The increase of Ba content up to x = 0.02 reduces the distortion in the perovskite
structure due to the replacement of Na*(1.39 A) by Ba?* (1.61 A), which can shift
the Tyto lower temperature [21-23]. Further increase in Ba content to x = 0.03
would lead to the appearance of a secondary phase or the replacement of Na*.
Thus, the depolarization temperature at x = 0.03 shows a slight increase than that
atx =0.01-0.02 [4,21,23]. Table 5-2 also lists the p value (4.14 x10* C.m=2."C"")
of a typical PZT ceramic measured at RT as a reference. The prepared NBT-
0.06B1+xT at x= 0.01 — 0.03 in this research show the comparable pyroelectric
coefficients (3.30 - 3.5 x10* C.m=2. °C") [16,18,19].

The values of Fj, Fy, and Fp of the NBT-0.06B1+xT samples (0.00< x <0.03) at RT,
Tq or 90°C are also shown in Table 5-2. The F; value increased from 1.04 x10"
O(m/V) (x =0.00) to 1.24 x 10" (m/V) (x = 0.02) at RT and from 1.24 x 10-'°(m/V)
(x = 0.02) to 260 x 10-'°(m/V) (x = 0.02) at T4 (85°C). The F; of Sample C (x =
0.02) at RT is very close to that for PZT (1.415 x10'° (m/V)) [24]. However, at Ty
(85°C) this sample (x = 0.02) shows a much higher p value (260x10'° (m/V) than
the best value (~7.33 x10"°(m/V)) at T, (50 °C) reported by Gue et al. [25].

The Fy values at RT and T4 or 90°C increased from 0.99 x102 (m2.C-") at x=0.00
to 1.05 x102(m2.C") at x=0.03. All these F, values exceed the value for PZT
[19,22,23,25]. Fy values increased at Ty from 0.95 x 102 m?/C to 164 x 102 m?/C
for Sample C (x = 0.02).

The values of Fp at RT, T4 or 90°C are shown in Table 5-2. The Fp values

increased with extra Ba?* content at RT from 8.6 x10- Pa2 (x = 0.00) to 9.2 x10-
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6 Pa-'2 (x=0.03). Giant values for Fp achieved at T4 for Samples B and C were
674 and 915(x10¢ Pa "?) respectively. Fp for PZT [19,22,23,25] at RT is 9.01x10"
6Pa2 and Sample D showed a higher Fp value than PZT (Table 5-2).

Table 5-2 Comparing the pyroelectric coefficients and the figures of merits (F;, Fy,
and Fp) of the NBT-0.06B+T (0.0<x<0.03) ceramics at frequency 1kHz, at two
different temperature RT, Ty or 90 °C with the other lead-free compositions and

PZT.

px10*
Fi XIO'10 FVXI()'ZmZ.C'l Fp X10'6Pa'1/2
Composition C.m?.°C!
m.V-1 at f. 1kHz atf. 1kHz
at RT or T4
NBT-0.06BT 290 atRT 1.04 atRT 0.99 at RT 8.6 at RT
. 19.7 at
NBT-0.06BT 55.3at90C 14 at 90°C 75.6 at 90°C
90°C
1.238 at
NBT-0.06Ba;.o:T 3.47 at RT o7 0.95 at RT 7.7 at RT
. 215 at
NBT-0.06Ba;.0i T 601 at 85°C 115 at 90°C 674 at 90°C
85°C
1.244 at
NBT-0.06Ba;.0; T 3.54 at RT RT 0.95 at RT 8.3 at RT
. 260 at
NBT-0.06Ba;.0, T 741 at 85°C 164 at 85°C 915 at 85°C
85°C
1.177 at
NBT-0.06Ba; 03T 3.30 at RT RT 1.05 at RT 9.1 at RT
. 26.12 at
NBT-0.06Ba;.03T 73.1at90 C 90°C 15 at 90°C 83.9 at 90°C
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1.415 at

PZT 4.14 at RT 0.8 at RT 9.01
RT
NBT-0.07BZT 57atRT  203atRT  2.18atRT 10.5
L. 7133at ) )
NBT-0.07BZT 20.0 at 50°C i 6.60at50°C  33.6at 50°C
50°C
NBT-0.07BZT 221 at 87°C ] ) ]
BNKBT 325atRT  195atRT  2.6atRT 13.43
0.931 at
KNLNTS 1.9 at RT o 0.7 at RT 11.5

5.1.3 Conclusion

The NBT-0.06B++xT ceramics with extra Ba content were prepared by using
conventional solid-state synthesis route. The microstructure, dielectric,
depolarization temperature and pyroelectric properties of these ceramics were
dependent upon the Ba?* content. The depolarization temperature shifted to
around 85°C with increasing the Ba?* content up to x = 0.02. The pyroelectric
coefficient and figures of merits (Fi, Fv and Fp) all increase at RT when Ba?*
content increases to x = 0.02. The giant pyroelectric coefficient, 741 x 10 (C.m"
2.°C"), was obtained at Tywhen Ba?* content increases to x = 0.02. The results
for NBT-0.06B++xT obtained in this study indicate that NBT-0.06BT are

promising candidates for pyroelectric applications in a wide temperature range.

5.1.4 References

1. Xu C., Lin D., Kwok KW. Structure, electrical properties and depolarization
temperature of (Bi0.5Na0.5)TiO3—-BaTiO3 lead-free piezoelectric ceramics.
Solid State Sciences. 2008; 10(7): 934-940. Available at:
DOI:10.1016/j.solidstatesciences.2007.11.003

138



Rawat M., Yadav KL., Kumar A., Patel PK., Adhlakha N., Rani J. Structural,
dielectric and conductivity properties of Ba2+ doped (Bi0.5Na0.5)TiO3
ceramic. Advanced Materials Letters. 2012; 3(4): 286—292. Available at:
DOI:10.5185/amlett.2012.2322

Chen M., Xu Q., Kim BH., Ahn BK., Ko JH., Kang WJ., et al. Structure and
electrical properties of (Na0.5Bi0.5)1-xBaxTiO3 piezoelectric ceramics.
Journal of the European Ceramic Society. 2008; 28: 843—849. Available at:
DOI:10.1016/j.jeurceramsoc.2007.08.007

Li Q., Wang J., Ma L., Fan H., Li Z. Large electrocaloric effect in
(Bi0.5Na0.5)0.94Ba0.06TiO3 lead-free ferroelectric ceramics by La203
addition. Materials Research Bulletin. Elsevier Ltd; 2016; 74: 57-61.
Available at: DOI:10.1016/j.materresbull.2015.10.010

Yoon MS., Khansur NH., Ur SC. The effect of pre-milling/pre-synthesis
process and excess Ba on the microstructure and dielectric/piezoelectric
properties of nano-sized 0.94[(Bi0.5Na0.5)TiO3]-0.06[Ba(1+x )TiO3].
Ceramics International. Elsevier Ltd and Techna Group S.r.l.; 2010; 36(4):
1265-1275. Available at: DOI:10.1016/j.ceramint.2010.01.011

Hiruma Y., Yoshii K., Nagata H., Takenaka T. Investigation of Phase
Transition Temperatures on (Bi1/2Na1/2)TiO3-(Bi1/2K1/2)TiO3 and
(Bi1/2Na1/2)TiO3-BaTiO3 Lead-free Piezoelectric Ceramics by Electrical
Measurements. Ferroelectrics. 2007; 346(773557621): 114—119. Available
at: DOI:10.1080/00150190601180471

Cho J-H., Jeong Y-H., Nam J-H., Yun J-S., Park Y-J. Phase transition and
piezoelectric properties of lead-free (Bi1/2Na1/2)TiO3-BaTiO3 ceramics.
Ceramics International. 2014; 40: 8419-8425. Available at:
DOI:10.1016/j.ceramint.2014.01.051

Ranjan R., Dviwedi A. Structure and dielectric properties of
(Na0.50Bi0.50)1-xBaxTiO3: 0=x<0.10. Solid State Communications. 2005;
135: 394-399. Available at: DOI:10.1016/j.ss¢c.2005.03.053

139



10.

11.

12.

13.

14.

15.

Anton EM., Jo W., Damjanovic D., Rdel J. Determination of depolarization
temperature of (Bi1/2Na 1/2)TiO3-based lead-free piezoceramics. Journal
of Applied Physics. 2011; 110(9): 1-14. Available at:
DOI:10.1063/1.3660253

Guo Y., Gu M., Luo H. Antiferroelectric phase and pyroelectric response in
(NayBi z)Ti1-xO3(1-x)-xBaTi3 ceramics. Journal of the American Ceramic
Society. 2011; 94(5): 1350-1353. Available at: DOI:10.1111/j.1551-
2916.2011.04509.x

Sapper E., Schaab S., Jo W., Granzow T., Rédel J. Influence of electric
fields on the depolarization temperature of Mn-doped (1-x)Bi1/2Na1/2TiO3-
xBaTiO3. Journal of Applied Physics. 2012; 111(1): 14105. Available at:
DOI:10.1063/1.3674275

Zhang S., Kounga AB., Aulbach E., Jo W., Granzow T., Ehrenberg H., et
al. Lead-free piezoceramics with giant strain in the system
Bi0.5Na0.5TiO3-BaTiO3—-K0.5Na0.5NbO3. Il. Temperature dependent
properties. Journal of Applied Physics. 2008; 103(3): 34108. Available at:
DOI:10.1063/1.2838476

Jo W., Daniels JE., Jones JL., Tan X., Thomas P a., Damjanovic D., et al.
Evolving morphotropic phase boundary in lead-free (Bi 1/2 Na 1/2)TiO 3-
BaTiO 3 piezoceramics. Journal of Applied Physics. 2011; 109(1): 14110.
Available at: DOI:10.1063/1.3530737

Jo W., Daniels J., Damjanovic D., Kleemann W., Rodel J. Two-stage
processes of electrically induced-ferroelectric to relaxor transition in
0.94(Bi1/2Na1/2)TiO3-0. 06BaTiO3. Applied Physics Letters. 2013;
102(19): 0—4. Available at: DOI:10.1063/1.4805360

Ma X., Xue L., Wan L., Yin S., Zhou Q., Yan Y. Synthesis, sintering, and
characterization of BNT perovskite powders prepared by the solution
combustion method. Ceramics International. Elsevier; 2013; 39(7): 8147—
8152. Available at: DOI:10.1016/j.ceramint.2013.03.088

140



16.

17.

18.

19.

20.

21.

22.

Li XJ., Xi ZZ., Long W., Fang PY. Synthesis of antiferroelectric
(Bi0.534Na0.5)0.94Ba0.06TiO3 ceramics with high phase transition
temperature and broad temperature range by a solid-state reaction
method. Chinese Science Bulletin. 2013; 58(23): 2893—-2897. Available at:
DOI:10.1007/s11434-013-5972-2

Xu Q., Huang DP., Chen M., Chen W., Liu HX., Kim BH. Effect of bismuth
excess on ferroelectric and piezoelectric properties of a (Na0.5Bi0.5)TiO3-
BaTiO3 composition near the morphotropic phase boundary. Journal of
Alloys and Compounds. 2009; 471(1-2): 310-316. Available at:
DOI:10.1016/j.jallcom.2008.03.078

Patel S., Chauhan A., Kundu S., Madhar NA., Llahi B., Vaish R., et al.
Tuning of dielectric, pyroelectric and ferroelectric properties of
0.715Bi0.5Na0.5Ti03-0.065BaTiO3-0.22SrTiO3 ceramic by internal
clamping. AIP Advances. 2015; 5(8): 87145. Available at:
DOI:10.1063/1.4929328

Lau ST., Cheng CH., Choy SH., Lin DM., Kwok KW., Chan HLW. Lead-free
ceramics for pyroelectric applications. Journal of Applied Physics. 2008;
103(10): 10-13. Available at: DOI:10.1063/1.2927252

Guo F., Yang B., Zhang S., Wu F., Liu D., Hu P., et al. Enhanced
pyroelectric property in (1-x)(Bi0.5Na0.5)TiO3-xBa(Zr0.055Ti0.945)03:
Role of morphotropic phase boundary and ferroelectric-antiferroelectric
phase transition. Applied Physics Letters. 2013; 103(2013): 182906.
Available at: DOI:10.1063/1.4828675

Shannigrahi SR., Tay FEH., Yao K., Choudhary RNP. Effect of rare earth
(La, Nd, Sm, Eu, Gd, Dy, Er and Yb) ion substitutions on the microstructural
and electrical properties of sol-gel grown PZT ceramics. Journal of the
European Ceramic Society. 2004; 24(1): 163-170. Available at:
DOI:10.1016/S0955-2219(03)00316-9

Abo, Jiro Kobune M., Nishimura T., Yazaw T., Nakai Y. Effects of

manganese addtion on pyroelelctric properties of (Bi 0.5 Na 0.5 TiO 3 )

141



23.

24.

25.

0.94 (BaTiO 3 ) 0.06 ceramics. Integrated Ferroelectrics. 2006; 80(1): 87—
95. Available at: DOI:10.1080/10584580600656502

Zhu YZ., Lin SP., Zheng Y., Ma DC., Wang B. Improvement of pyroelectric
figures of merit in zirconia-doped congruent lithium niobate single crystals.
Journal of Materials Science. 2016; 51(6): 3155-3161. Available at:
DOI:10.1007/s10853-015-9625-5

Wang X., Tang X., Chan H. Electromechanical and ferroelectric properties
of (Bi 1/2 Na 1/2) TiO 3—(Bi 1/2 K 1/2) TiO 3—-BaTiO 3 lead-free piezoelectric
ceramics. Applied physics letters. 2004; 85(1): 91. Available at:
DOI:10.1063/1.1767592

Guo F., Yang B., Zhang S., Wu F., Liu D., Hu P., et al. Enhanced
pyroelectric property in (1-x)(Bi0.5Na0.5)TiO3-xBa(Zr0.055Ti0.945)03:
Role of morphotropic phase boundary and ferroelectric-antiferroelectric
phase transition. Applied Physics Letters. 2013; 103(18): 182906. Available
at: DOI:10.1063/1.4828675

142



5.2 Variate the Na (v, Biy), and Ba(;) contents of the
Nao.sBio.sTiO3-0.06BaTiOs

The text of this part is established on a paper published in the Journal of Materials

Science: Please see publication 2 in the publication list.

5.2.1 Experimental

A solid-state synthesis technique was selected to prepare the stoichiometry
0.94NBT-0.06BT (NBT-0.06BT) and nonstoichiometry 0.94NaxBi,TiOs-
0.06Ba.TiOs (NaxBiyT-0.06Ba,T) compositions. The reagents used in this project

were same as in the former chapters.

The amounts of powders were calculated according to the chemical formula of
0.94Na,Bi, TiO3-0.06Ba, TiO3, with the X, y, and z value for each composition listed
in Table 5-3.

5.2.2 Results and discussion
5.2.2.1 Effects of nonstoichiometry composition on microstructure

Fig. 5-4 (a) depicts the XRD spectra of stoichiometry and nonstoichiometry
ceramic powders calcined at 850 ‘C for 3 hrs. All the compositions present a
single crystalline perovskite structure with no evidence of any secondary phases
indicating that the excess Na*, Bi®*, and Ba?* diffused into the NBT-0.06BT main
lattice and formed the new nonstoichiometry NxByT-0.06B,T ceramic solid

solutions [1,2].

Fig. 5-4 (b) illustrates a splitting of the peak [111] into [003] and [021] at 39.0° to
41.0°, for all the compositions showing the existence of the rhombohedral (Rh)
phase. This split coincides with that observed in the X-ray diffraction spectra of
the unmodified or undoped NBT [1,3].

A similar splitting was identified in all compositions for the [200] peak into [200]
and [002] at 46.0° to 48.0° as shown in Fig.5-4 (c), which indicates the presence
of tetragonal (Tr) phase in the NxB,T-0.06B.T lattice [2-4]. The co-existence of
both Rh and Tr phases in the NxByT-0.06B.T ceramics confirms that the
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structures of stoichiometry composition (A) is at the MPB and also the
nonstoichiometry compositions (B, C, and D) remain at MPB area. Although the
stoichiometric state of B, C, and D have been changed by modifying the elements
molar concentrations (X, y, and z) in this study as mention before, XRD patterns
show no significant changes in the phase structure of nonstoichiometry NxByT-
0.06B.T compositions compared with the stoichiometry composition, which

agrees with literature [1,3-5].

According to the ionic matching relationship [6], the ionic radius of all elements in
the compositions are Na* (1.39 A, CN 12) (CN=coordination number), Bi®* (1.31
A, CN 12), Ba%* (1.61 A, CN12), and for Ti** (0.61 A, CN 6). The excess in the
elements content will compensate the loss of elements due to evaporation at the
calcining and sintering stages and may also substitute other cations in the
composition [7]. For instance, the excess in the barium content in Composition D
may compensate the deficiency in the Ba?*, which will improve the tetragonality
in the No.5Bo.534TiO3-0.06B1.02T composition [8], simultaneously being more likely
to substitute the sodium than replace the bismuth in NBT due to the larger radial
difference (>15% for Bi) [1].

To determine the stability of the perovskite structure, Goldschmidt tolerance

factor (t) relation was calculated by using Equation 1-12 in chapter 1 [9-12].

The tolerance factor value of stable perovskite structure is in the range of 0.77-
0.99 [11]. The average t value which has been calculated for the stoichiometry
and nonstoichiometry compositions in this study it is around 0.982, suggesting

that all compositions illustrate stable structure.

Table 5-3 illustrates the lattice parameters (A), the c/a ratio, the average grains
size (um) and samples density (gm.cm=) of all compositions. The lattice

parameters are “a = b” and “c” vary by modifying x, y, and z contents. The c

parameter shows a slight increase from composition A to D.
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Figure 5-4: (a) XRD patterns of NBT-0.06BT and N,B,T-0.06B.T; (b) enlargement of
[111] peak split into [021] and [003] at 39.0° to 41.0°; (c) enlargement of [200] peak
split into [200] and [002] at 46.0 to 48.0°
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Table 5-3: Lattice parameters (A), cells volume (A), tolerance factor, grain size (um) and density (gm.cm) of NBT-0.06 and NxB,T-

0.06B.T ceramics.

Lattice parameter

y A Density(p)
Composition (&) c/a ratio Average grain size (um) (gm.cm)
name
a= c
NBT-0.06BT
A 5.5113 13.4744 2.4449 1.79 5.757
No.52B0.52T-0.06BT
5.4914 13.5048 2.4595 1.67 5.754
B
N0_5B0_534T'0.06BT
5.5113 13.4902 2.4516 1.55 5.541
C
No.5B0.534T-0.06B1.02T
5.4957 13.5048 2.4586 1.41 5.704

D

146



Compositions B, C, and D have higher c/a ratio than Composition A indicating
that the nonstoichiometry compositions B, C, and D have more tetragonality in

their structure. This result agrees with the Yoon et al., results [13].

Fig. 5-5 shows the SEM surface morphology of the compositions A, B, C, and D.
All the compositions display a dense microstructure with an average density of
around 5.689 = 0.264 g.cm3. Although, B, C, and D have nonstoichiometry
compositions with excess sodium, bismuth and barium, contents but they present
a lower density value than Composition A (Table 5-3). Stoichiometry and
nonstoichiometry compositions show a granule grain shape with various grain
sizes. The average grain size reduces gradually from Compositions A to D (Table
5-3). The reason behind the reduction in the average grain size may link to the
compositional changes that happened during calcining and sintering at high
temperature. The loss of Na* is more likely higher than that of Bi** due to the
larger volatility of Na*. Thus, the composition may shift to a bismuth-
nonstoichiometry state after calcining and sintering. Generally, the bismuth
behaves as an inhibitor of the grain growth in the NBT structure. Hence, the

excess in bismuth content in Composition B can reduce the grain size [3].

Both Compositions C and D are bismuth-nonstiochiometric. Therefore, the effect
of the Bi%* on grain size is more pronounced in these compositions. Composition
D presents the smallest grain size, which is due to the influence of Bi** and Ba?*
nonstoichiometric (excess content), and both of which, may boost the prevention
of the grain growth [1,8,13,14]. In PZT ceramics similar results (grain size
reduction) have been reported where lead was substituted with barium
[1,8,13,14].

5.2.2.2 Effects of nonstoichiometry composition on dielectric properties

Modifying the stoichiometric state of the starting composition has a big effect on
the magnitude of the dielectric properties of the NxB,T-0.06B. T material. Fig. 5-6
(a-d) presents the change of the dielectric properties of poled compositions from
A to D as a function of temperature from 20 to 150 °C at 1, 10, and 100 (kHz).
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The relative permittivity (&r) of all the compositions increases with temperature,

which behaves like a typical ferroelectric material [15].

Figure 5-5: SEM surface morphology of NBT-0.06BT and NxB,T-0.06B.T ceramic

compositions.

The dielectric loss (tand) also increases with the temperature up to a certain point
and then decreases. The tand value of Composition A is ~ 0.0436 at RT and 1
kHz (Fig. (5-6 (a)). It increases for nonstoichiometry Compositions C and D to
around 0.0531 and 0.0561 respectively (Fig. 5-6 (b-d)). However, Composition
B presents unexpected dielectric loss value (~ 0.0427) which is the lowest value

among all other compositions (Fig. (5-6 (b)).
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The temperature at which tand shows a maximum value is widely known as the
depolarization temperature (T4) [16-18]. The tand values at T are around 0.0510,
0.0548, 0.0599, and 0.0625, and their corresponding temperatures estimated at
~115, 85, 55 and 65 ('C) for Compositions A, B, C, and D, respectively (Fig. 5-7).
The tand results at T4 reveal that B shows the lowest value among all other
compositions. The & values at T, are ~582, 792, 1055, and 1105 for
Compositions A, B, C, and D, respectively (Fig. 5-6 (a-d)). The &r values at Ty
clearly present that the change in the nonstoichiometric state of the composition
has a significant effect on the dielectric properties but the dramatic effect is on

the relative permittivity at wide temperature range.
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Figure 5-6: Relative permittivity (¢;) and loss tangent (tand) vs temperature for (a)
NBT-0.06BT, (b) No.sBo.sT-0.06BT, (c) No.sB0.53aT-0.06BT and (d) No.sBo.534T-0.06B1.02T.

5.2.2.3 Effects of nonstoichiometry composition on depolarization
temperature

Changing the stoichiometric state of the composition can also make a large effect

on the depolarization temperature (T,) of the NxByT-0.06B,T compositions, where

the Nao49Bios0TiO3 shows lower Ty than NaogsoBiosoTiOz [7]. Although

depolarization temperature is an important parameter in pyroelectric study, but

its origin has not been fully understood for NBT-xBT.
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Figure 5-7: The identification of the Ty values of all compositions by dielectric
method loss tangent (tand) against temperature (°C) for NBT-0.06BT and NB,T-
0.06B.T at 1 kHz.

It has more than one definition [11,16,19-22], which includes the phase transition
temperature from ferroelectric (FE) to anti-ferroelectric (AFE) phases or from

ferroelectric to relaxor [17,19,23,24].

In this study, the Ty is subjectively identified by two methods: (1) Dielectric
method, from the dielectric loss peak value vs temperature plots (Fig. 5-7); (2)
Pyroelectric method, the pyroelectric coefficient (p) peak value vs temperature
plots (Fig. 5-8) [25]. For both methods the Ty is strongly dependent on modifying
X, ¥, and z concentrations of the compositions. Fig. 4 reveals that Ty decreased
from 115 °C in Composition A to around 55 °C for Composition C respectively.
Composition D illustrates a higher T4, which is more than 10 “C higher than the
Tq for Composition C (Fig. 5-7) whereas a shift to lower temperature for Ba?*-

nonstoichiometric composition was expected according to our previous study [8].
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T4 can also be obtained from the maximum pyroelectric coefficient values. It is
widely known that the maximum p can be achieved at the phase transition

temperature [26—29].

0.01
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Figure 5-8: Pyroelectric coefficient (p) vs temperature at different x,y, and z
contents of NBT-0.06BT and N,B,T-0.06B.T ceramics.

In this study, T4 values identified by this method showed a decrease from more
than 90 "C to ~ 82.7, 60.0, and 60.6 'C for Compositions A to D respectively. The
exact Ty could not be identified for Composition A by the pyroelectric method due
to the upper temperature limit of equipment (Fig. 5-8). In addition, Composition D
shows a similar T4 to Composition C although as mentioned above, a lower value
with increasing the Ba?* content [8] was expected. The Bi**-nonstoichiometric
(excess content) in Composition D may be the reason for unexpected high Ty in
both methods.

The decrease in Ty for nonstoichiometry compositions is probably caused by the
excess amount of bismuth and/or deficiency of sodium and also by extra barium
concertation in the case of Composition D. According to Yoon et al., Guo et al.,

and Li et al. [13,17,30] the T4 coincides with phase transition from ferroelectric to
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a so-called “intermediate phase” phase, and this transition shows a shift of Ty
toward lower temperature for compositions with excess Bi* and/or deficit of Na*.
Excess Bi®* concentration in the Compositions B, C and D are more likely to
replace the A-site ions, Na*, Bi** and Ba?* rather than B-site Ti** [13,30] as
discussed before, which may result in the generation of some of the A-site
vacancies when Bi®** replaces Na*. These vacancies can reduce ferroelectric
long-range ordering and weaken the coupling between A-site ions and TiOs
octahedron, as a result inducing the phase change at lower temperature [13,30].
Our results agree with the literature but also reveal that the Ty can be reduced
and shifted towards lower temperature not only by changing the Bi*/ Na* ratio

but also by modifying all the A-site ions (Na*, Bi**, and Ba?*) contents [7,8,17].

Comparing Ty values obtained by the two methods, the pyroelectric method
shows Ty values slightly lower than the dielectric method, which is in agreement
with the literature [16].

5.2.2.4 Effects of nonstoichiometry composition on pyroelectric properties

Modifying the stoichiometry state of the start composition can significantly affect
the pyroelectric coefficient (p) of NBT-0.06BT material. However, the efficient way
for evaluating the pyroelectric material performance is to calculate the figure of
merits (FOMs) that represent the essential parameters for the pyroelectric
applications [16]. The calculation of the FOMs is based on the values of the
pyroelectric coefficient, relative dielectric permittivity, dielectric loss and the
specific heat [13]. There are several types of FOMs depending on special types
of the pyroelectric applications such as infrared or thermal imaging [4,31]. The
types of FOMs depend on the input of thermal or electrical circuits, current or
voltage [16,25,32].

In this study, the pyroelectric coefficient (p) of NBT-0.06BT and NxB,T-0.06B,T
were measured from 20 to 90 ‘C for stoichiometric Composition (A) or Ty for
nonstoichiometric Compositions B, C, and D. The calculations of the pyroelectric
coefficient (p) and FOMs were carried out using the Equations 1-11 and 1-15 to
1-18 in chapter 1 [14,33-35].
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Fig. 5-8 shows the change of p vs. T for all compositions from 20 to 90 ‘C, with
Composition B showing the highest p value at RT. In the temperature range from
33 ‘C to 70 °C, Compositions C and D have similar pyroelectric coefficient values
with a very close maximum value of p. In contrast, Composition B shows a very
characteristic peak p value. Generally, pyroelectric materials show one sharp
peak at a phase transition temperature as with Composition B. However, it is very
evident that the broad flat profiles for Compositions C and D in the temperature
range (33 - 70 °C) must be linked to a different compositional structure. The
composition of both samples is located at the MPB. At Ty, their structure has been
changed to tetragonal with antiferroelectric or relaxor state. However, with the
increase of temperature, the structure and polarization states possibly changed
from rhombohedral and tetragonal co-existing (MPB) ferroelectric to tetragonal
ferroelectric and then to tetragonal antiferroelectric or relaxor. This phase
transition may give the pyroelectric coefficient with a broad flat peak temperature

region.

The p, and FOMs F;, Fy, and Fp values for all compositions are listed in Table 5-
4 at RT while, those values at 90°C or Ty are listed in Table 5-5.

The pyroelectric coefficients of nonstoichiometric compositions vary but are

higher than Composition A at RT and T..

Composition B shows the optimum p value at both RT and Ty (Tables 5-4 and 5-
5). This may be linked to the microstructural change due to the change of the
stoichiometric state of this composition. Composition B has a bigger c/a ratio than
all other compositions (Table 5-3), indicating Composition B has more

tetragonality in its structure than all other compositions [18,29,30,36,37].

Importantly, at RT, the p values for nonstoichiometry compositions are higher
than that of PZT and other lead-free compositions (Table 5-4) [1,11,16,38].

The Fi, Fv and Fp show also an increasing trend as p at RT. Compared with PZT
and other lead-free compositions (Table 5-4) [13,14,28,34,38], the
nonstoichiometry compositions have higher F;, Fv and Fp values at RT with

Composition B showing the highest value at RT and T4 (Tables 5-4 and 5-5) from
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this study. The optimum F, and Fp values (Tables 5-4 and 5-5) was observed for
Composition B at both RT and Ty, which can be linked to the lower & and the
higher p values observed at these temperatures compared to Compositions C
and D. Also, the stoichiometry composition A has a better Fp value than C and D
due mainly to the increases in & and tand in this nonstoichiometry compositions.
The Fc values of stoichiometry and nonstoichiometry compositions at RT and at
two frequencies 100 and 1000 (Hz), were calculated, (Table 5-6). The F¢ values
revealed a strong dependence upon x, y, and z content. Generally, the materials
suitable for infrared detectors should have a Fc threshold value ~ 3+1 x10° C.
cm=2.°C" [35]. Composition B shows Fc¢ values which are within the threshold
range. Compositions A, C, and D, present lower and close to that the Rodriguez-
Ruiz et al. founded for a 0.935Nag s5Bio5Ti03-0.065BaTiOs composition which is
around 1.44 x10°C. cm™. °C1[35] . Thus, the composition of Composition B is a

promising candidate for this particular pyroelectric application.

Table 5-4: Pyroelectric coefficient (p) and FOMs (F;, Fv, and Fp) results at RT of
NBT-0.06BT and NxB,T-0.06B.T in the present study and literature.

Composition p X104 (. F; x10-1 Fy (m2.C") Fpx10°Pal?

o Vilya¢ | at1kHz at 1kHz
Hame 2oCtyaerT ™Y )2
RT at RT at RT
NBT-0.06BT
3.14 1.12 0.021 9.08
A
B 6.99 2.50 0.047 16.63
C 4.77 1.71 0.022 8.32
No.sBo.s3aT-
0.06B1.0:T
4.20 1.50 0.018 6.96
D
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PZT

NBT-0.065BT

NBT-0.06BT-
0.002Mn

NBT-0.07BZT

BNKBT

KNLNTS

NKLBT-0.05BT

4.14

4.60

3.51

5.73

3.25

1.94

3.61

1.42

2.03

1.95

0.93

1.27

0.008

0.022

0.026

0.007

0.017

9.01

10.52

13.43

11.51

Table 5-5: Pyroelectric coefficient (p) and FOMs (F;, Fv, and Fp) results at T, of NBT-
0.06BT and NxB,T-0.06B.T in the present study and literature.

Composition,
name

NBT-0.06BT
A

No.52Bo.s2T-
0.06BT,

B

No.sBo.534T-
0.06BT,

C

No.sBo.s34T-
0.06B1.0.T,

D

NBT-0.07BZT

p x10*
(C.m2.°CY)

at90°C or 7,

23.91 at 90
’C

75.33 at 82.7
‘C

35.24 at 60.0
’C

34.93 at 60.6
’C

20.01 at 50°C

FiXIO'm
(m.VY)
at90°C or T,

8.60 at 90 °C

26.92 at 82.7
°C

12.61 at 60.0
°C

12.54 at 60.6
’C

7.33 at 50 °C
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Fy (m2.C")
at 1kHz

at90°C or 7,

0.19 at 90 °C

0.39 at 82.7°C

0.13 at 60.0 °C

0.12 at 60.6 °C

0.07 at 50 °C

Fp x106 (Par
12) at 1kHz

at90°C or 7,

65.51 at 90 °C

138.72 at 82.7
°C

52.34 at 60.0
C

49.80 at 60.6
'C

33.62 at 50 °C



22.10 at 87

NBT-0.07BZT C

Table 5-6: The figure of merit Fc, results at room temperature and at 100 and
1000(Hz) of NBT-0.06BT and N,B,T-0.06B.T ceramics.

FOM, Fc¢ x10° C. cm2 C! at RT

Composition,
name 100 Hz 1000 Hz

NBT-0.06BT, 1.53 1.58

A
No.52B0.52T-0.06BT, 2.58 2.86

B
No.5B0.534T-0.06BT, 1.52 1.60

C
No.5B0.534T-0.06B 1.0 T, 1.31 1.37

D

5.2.3 Conclusion

The stoichiometry NBT-0.06BT and nonstoichiometry NxByT-0.06B.T ceramic
compositions were prepared by a conventional solid-state technique. The
pyroelectric properties of these compositions were investigated, and their values

were better than those in PZT and other lead-free ceramic compositions.

XRD indicates that all compositions phase structure is at the MPB region. The
lattice parameter values and c/a ratio slightly change in nonstoichiometry
compositions. The average grain size reduces from 1.79 (A) to 1.41 um (D).
Moreover, the stoichiometry composition shows a higher density than the
nonstoichiometry compositions. Both relative permittivity (&) and dielectric loss
(tand) are affected by change the stoichiometric state of the compositions and

show an increase with the increase of x, y, and z contents.
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The T4 was subjectively identified by two different methods and decreases from
~ 115 °C in Composition A to around 55 “C in Composition C, as predicted by the
dielectric method. However, the Ty value for Composition C was ~ 60°C according
to pyroelectric coefficient method which questions the accuracy of the two
techniques to give a definitive answer. However, it was evident that certain
compositions showed much clearer maxima to pinpoint the Ty, compared to

others, which suggests the techniques may still be valid.

Composition B has the optimum p at RT and T,. The Fi, Fyand Fp increase with
the increase of Na* (x) and Bi®* (y) contents up to x = y= 0.52 at both RT and Tg.
The Fc shows the optimum values in Composition B. The results presented in this
study demonstrate that the nonstoichiometry No.52B0.52T-0.06BT composition is a
promising material for infrared detectors and other pyroelectric applications in a

wide range of temperatures and frequencies.
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6 Doping A-site of Nao.sBio5TiO3-0.06BaTiO; with xLa,
0.0=x<1.0 (%omole).

This chapter is based on a paper published in the Journal of the European

Ceramic Society. Please see publication 3 in the publication list.

Abstract
In this chapter, the pyroelectric properties of A-site (La) doped NBT-0.06BT were

investigated in the aim to control and bring down the depolarization temperature
to near room temperature and simultaneously, to improve the pyroelectric
properties at both RT and T4. The lanthanum (A-site dopant) was precisely
selected according to that the elements with bigger ionic radii than sodium or

bismuth can shift the T, toward low temperature.

6.1 Experimental

A solid-state synthesis route was selected to prepare La®*-doped 0.94NBT-
0.06BT composition. The raw materials used in this project were powders and
they were the same as in previous chapters. Lithium oxide (La203), 99.5%, was

also used in this work.

The amounts of powders were calculated according to the chemical formula of
0.94Nag 5Bio 5TiO3-0.06BaTiO3z-xLa203, with x= 0.0, 0.2%, 0.5%, and 1.0%.

6.2 Results and discussion

6.2.1 Effects of La®** on microstructure

Fig.6-1 (a) shows X-ray diffraction patterns of the La-doped NBT-0.06BT ceramic
pellets sintered at 1150 "C for 2 hrs. All samples showed a pure perovskite
structure (ABQ3), indicating that the NBT-0.06BT lattices have absorbed the La3*

content forming a new solid solution, NBT-0.06BT-xLa [1-6].

Lattice parameters (A) and c/a ratio of all the samples are given in Table 6-1.

“ 0

Table 6-1 shows that the lattice parameters “a = b” and “c” are affected by La3*

doped. The c/a ratio shows that Sample B has the lowest ratio among all the
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samples. La%" can substitute A-site ions in NBT-0.06BT due to the radius

similarity according to the Shannon radii [2,3,7-11].

Fig.6-1 (b) shows that a split of the peak [111] into [003] and [021] at 39.0° to
41.0° for all the samples as shown in undoped NBT [8,12-14], indicating the
existence of rhombohedral phase. Another split was observed in [200] into [200]
and [002] at 46.0° - 48.0°, which indicates the existence of tetragonal phase in
NBT lattice (Fig. 1(c)). The coexistence of rhombohedral and tetragonal phases
in NBT-0.06BT-xLa ceramics verifies that all the compositions are at
morphotropic phase boundary (MPB) region. The coexistence of rhombohedral
and tetragonal in NBT-xBT at x = 0.06-0.07 was reported in literature [1,7,9,15].
Therefore, the NBT-0.06BT-xLa phase structure (Sample A-D) is consistent with
that reported in literature [1,7,9,15].

Fig. 6-2 exhibits the SEM morphology of all the NBT-0.06BT-xLa ceramic
samples. Sample A presents a quite dense structure with a few visible pores. The
structures of Samples B, C, and D become denser and no obvious pores can be
identified. Sample A presents two distinguishable grain shapes, rod and granule
in a wide range of sizes. However, after La%* doping, the granules disappeared
and only rods with different sizes existed. The average grain size varies with La%*
content and shows a sharp increase firstly from 1.78 ym (x = 0.0 %) to 2.85 ym
(x = 0.2 %) then slightly decrease to 2.71 ym (x = 0.5 %) then further to 2.59 ym

(x =1.0 %). Sample B presents the biggest grain size among all other samples.

La®* enhances the growth of NBT-0.06BT-xLa grains when it substitutes Na*,
resulting in A-site vacancies in order to keep charge balance. Generally, the
creation of the A-site vacancies is quite beneficial for the mass transportation.
This mass transport might be responsible for boosting the grain growth in the
NBT-0.06BT-xLa with increasing La®* concentration [2,13].

The densities of Samples B, C, and D (5.84, 5.79, and 5.85 (gm.cm?),
respectively) are quite similar but higher than that of Sample A (5.76 gm.cm®).
The higher densities of the doped samples are supported by the SEM pictures
(Fig. 6-2).
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Figure 6-1: (a) X-ray diffraction patterns of NBT-0.06BT-xLa 0.0 < x < 1.0 %; (b)
enlargement of splitting [111] peak into [003] and [012] at 39.9° to 41.0°; (c)
enlargement of splitting [200] peak into [200] and [002] at 46.0° to 48.0°.
*Unidentified peak.
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Table 6-1: The lattice parameters (A), c/a ratio for NBT-0.06BT and NBT-0.06BT-
xLa (%) compositions.

Lattice parameter

NBT-0.06BT-xLa, sample name A)
c¢/a ratio
a c
NBT-0.0BT, A 5.5113 13.4744 2.4449
NBT-0.0BT-0.002La, B 5.5178 13.4558 2.4386
NBT-0.0BT-0.005La, C 5.5048 13.5061 2.4535
NBT-0.0BT-0.01La, D 5.4876 13.5114 2.4622

U = A N e Tl T N7Y

Figure 6-2: SEM morphology of the NBT-0.06BT-xLa 0.0 < x <1.0 (%) ceramics.
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6.2.2 Effects of La* on dielectric properties

Fig. 6-3 shows the temperature dependence of dielectric properties of poled NBT-
0.06BT-xLa, from RT up to 150°C at 1, 10, and 100 kHz.

The undoped sample shows a relative permittivity (&r) value of ~ 400 at RT and 1
kHz (Fig. 6-3 (a)) whereas the doped samples present higher & values of 600 —
700 (Fig.6-3 (b to d)). The &r of all the samples increased with temperature, which
is typical for ferroelectric materials [16]. The relative permittivity against
temperature demonstrates an obvious declining (Fig 6-4(a)). This declining
temperature starts at ~70, ~69 and ~30 "C for x=0.2, 0.5 and 1.0 (%), respectively
but it was not identified for Sample A, (Fig 6-4 (a)) although there is evidence that
it may be outside the temperature measurement window. These temperatures
are so close to the temperatures where their dielectric losses (tand) show the
maximum values which are around 75, 70, and 25 “C for samples B, C, and D,
respectively (Fig 6-4(b)). These temperature values can be identified as
depolarization temperatures (Td) (Fig 6-4(b)). The &r values for doped samples
at Ty, (1 kHz) are around 650 for Sample C and ~700 for Samples B, D. Sample
D shows the highest relative permittivity value ~1300 at 150 °C, at which it was

around 850 for sample A.

The increase in & for doped samples with temperature is because the lattice

deformation due to the La3* substitution to Bi®*.

This deformation was identified by XRD (Table 6-1), which makes the ferroelectric
domains re-orientating easier during the poling process. Bismuth in NBT-xBT
volatiles at high temperature resulting in a higher conductivity or increasing the
leakage currents [8]. As a result, La%* addition to NBT-0.06BT leads to the
increase of & values [2,13]. La%* can also substitute Na*, which behaves as a

donor, resulting in A-site vacancies and the increase of & [2,17].
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against temperature (°C) for NBT-0.06BT-xLa, 0.0 < x 1.0 %, from room

temperature up to 150 °C at 1 kHz and Ty value of all samples.

Dielectric losses (tand) of the doped samples are quite similar, which are between
0.055-0.06 at RT and 1 kHz, higher than the undoped sample (~0.04). Also, the
tand increased with temperature up to a certain value depending on the dopant
content and then decreased. The maximum dielectric loss was observed at Ty,
which is ~0.07, ~0.065, and ~0.055 for Samples B, C, and D respectively while it
is around 0.05 for Sample A.
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6.2.3 Effects of dopant La3* on depolarization temperature

The T4 represents one of the important parameters in the pyroelectric study. It
has a few definitions, and one of them is the phase transition temperature from
ferroelectric (FE) to anti-ferroelectric (AFE) or to relaxor anti-ferroelectric (relaxor-
AFE) phases [6,14,18-24].

In this study, the T4 were identified by two methods: 1. Dielectric method, the
temperature at dielectric peak (Fig. 6-4 (a, and b)); 2. Pyroelectric method, the

temperature at pyroelectric coefficient (p) peak (Fig. 6-5) [3].

The dielectric (permittivity& loss) vs temperature plots in Fig. 6-4 reveal that Ty
decreased from 115 °C (Sample A) to around 25 °C ~ 30 °C (Sample D) (Fig. 6-4
(a and b)), which is in agreement with the literature [13,23,25,26]. The Ty values
identified from dielectric permittivity for the doped samples are slightly higher than

or equal to the Ty identified from the dielectric loss (fand) curves (Fig. 6-4 (b)).

T4 can also be obtained from the ultimate pyroelectric coefficient values. It is
known that the maximum p can be achieved at the phase transition temperature
[7,14,20,23,25,27-30]. The T4 values identified by this method show a reduction
in Ty from > 90 'C to ~ 67.9, ~ 73.5, and ~ 46.8 "C for Samples B-D respectively
(Fig. 6-5). Sample C shows an abnormal Ty which is 6.0 “C higher than the Ty of
Sample B as it should shift to lower temperature with increasing the dopant
content (Fig. 6-5). The exact depolarization temperature could not be identified
for Sample A by this method due to the maximum temperature of the equipment
being at 90 ‘C (Fig 6-5).

The reason that Ty shifts to lower temperature with the increase of La®* content
might be because La®* (1.36 A) is larger than Bi®*(1.31 A). Generally, doping A-
site of NBT-0.06BT with larger elements will shift Ty to lower temperature.
Therefore, doping Sr, La and other elements in NBT-0.06BT [7,14,30-33] leads
the Ty to lower temperatures, whereas, doping NBT-0.06BT with smaller
elements such as Dy3*(0.912 A) [33-35] shifts the T4 value to higher temperature
[33,34,36].
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Figure 6-5: Pyroelectric coefficient (p) vs temperature (°C) for the NBT-0.06BT-xLa

ceramics, 0.0 < x = 1.0 (%).

6.2.4 Effects of La®** on pyroelectric properties

The pyroelectric coefficient (p) represents an important parameter for selecting
the material for pyroelectric applications but improving the performance of a
pyroelectric material cannot be achieved by only increasing the p value. Figure

of merit (FOM) is another important parameter to be taken into account [3,8].

There are several types of FOMs depending on the special pyroelectric

applications such as infrared or thermal imaging [2,5,13].

In this study, the pyroelectric coefficient (p) of NBT-0.06BT-xLa, 0.0 <x < 1.0 (%)
was measured at RT and at 90 °C for Sample A or T4 for Samples (B, C, and D).
The calculations of FOMs were calculated using Equations (1-11 and 1-15 to 1-
18) in chapter 1 [1,4,37-39].

Fig. 6-5 shows the change of p with temperature for NBT-0.06BT-xLa from 20 to
90 °C. Sample C (x = 0.5%) shows the highest p at RT. Samples B and C show
similar profiles differentiated only by their own relative Ty values which coincide
with the maximum observed p values for the samples. The Ty value for Sample

A clearly lies outside the measurement window so it is difficult to comment on its
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likely profile. Sample D presents quite different profile with a broad shape;
however, it shows the Ty, without distinguishable sharp peak. This profile may
link to its structure and polarization states. Sample D composition is located at
MPB. With the increase of temperature, the structure and polarization states
possibly changed from rhombohedral and tetragonal co-existing (MPB)
ferroelectric to tetragonal ferroelectric and then to tetragonal antiferroelectric or
relaxer. This phase transition may give the profile of the pyroelectric coefficient a

broad and flat shape.

Pyroelectric coefficient (p) and FOMs F;, Fy, and Fp values for all the samples at
RT are listed in Table 6-2 and at 90 °C or T4 in Table 6-3.

The p increased from Samples A to D at RT and a huge increase at T4. Sample
C has the highest p value at RT while Sample B at T4, which probably links to the
microstructure change of these samples. The calculation of c/a ratio reveals that
Sample C has a higher ratio which means that Sample C has more tetragonality
in its structure than Sample B at RT (Table 6-1).

The huge increase in p at T¢ may be attributed to the positive correlation between
p and pyroelectric current (Iy), which reaches the maximum at Ty [5]. The large p
values obtained at Td are most likely related to a phase transition. The Tq
coincides with the phase transition temperature. At RT and at Ty, the p values
for Samples B and C are higher than those of PZT and other lead-free ceramic
compositions (Tables 6-2 and 6-3) [7,23,27,40].

The Fi and F, values show an increase from Samples A to D at RT and a large
increase at Ty due to their large p values. Comparing the Fi and F, values with
those of PZT and other lead-free ceramic compositions at RT, the La-doped NBT-
0.06BT samples have higher F; and F, (Tables 6-2 and 6-3).

Fp values of all doped samples at RT and 90°C or T, show worse values. The
lower Fp values for doped samples may be related to the higher values of both
relative permittivity and the dielectric loss which are higher than the undoped
sample, though pyroelectric coefficient values of Samples B, C, and D were quite

higher than Sample A value.
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The Fc values of NBT-0.06BT-xLa at RT and at 33, 100, 1000 (Hz) were
calculated. Generally, the materials suitable for infrared detectors should have
the FC threshold value at ~ 3+1 x10° C. cm™=.'C" [38].

Table 6-2: The pyroelectric coefficient and FOM F;, Fy, and Fp results at room

temperature (RT) in this study and in literature.

.. Fix10" | F,(m:C')atf. Fpx10°Pa'?at
Composition px10? C.m.°C

m.V-! 1kHz f. 1kHz
Tat RT
at RT at RT at RT
NBT-0.06BT 2.14 1.12 0.021 9.08
NBT-0.06BT- 5.15 1.84 0.032 1.0
0.002La
NBT-0.06BT- 7.42 2.65 0.048 1.4
0.005La
NBT-0.06BT- 3.60 1.28 0.021 1.4
0.01La
PZT 4.14 1.415 0.008 9.01
NBT-0.07BZT 5.7 2.03 0.0218 10.5
NBT-0.06BT- is ) ] _
0.2Mn
BNKBT 3.25 1.95 0.026 13.43
KNLNTS 1.9 0.931 0.007 11.5
NKLBT-0.05BT 3.6 127 0.017 )
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Composition

NBT-0.06BT

NBT-0.06BT-
0.002La

NBT-0.06BT-
0.005La

NBT-0.06BT-
0.01La

NBT-0.07BZT

NBT-0.07BZT

px10*(Cmr
2°ch
at 90 °C or
T,

23.9at 90 °C

105.4 at 67.9
C

86.1 at 73.5
C

40.6 at 46.8
C

20.0 at 50 °C

22.1at87°C

Fi x101°
(m.V7)

at 90 °C or
T,
8.6 at 90 'C

37.6 at 67.9
C

30.8 at 73.5
C
14.5 at 46.8
C

7.33 at 50
©
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depolarization temperature (Tg) in this study and in literature.

Fy (m%.C™") at f.

1kHz

at 90 °‘Cor 7,

0.19at 90 °C

0.56 at 67.9 °C

0.52 at 73.5°C

0.22 at 46.8 °C

0.066 at 50 'C

Table 6-3: The pyroelectric coefficient and FOM F;, Fy, and Fp results at 90 °C or

Fp x10¢ (Pa'?) at

f. 1kHz

at90 °‘Cor T,

65.5at 90 °C

18.2at67.9 °C

15.8at73.5°C

7.8 at 46.8 'C

33.6at 50 C



The composition of Sample C presents Fc values 2.10 + 0.380, 2.89 + 0.398, and
2.98 + 0.205 (x 10° C.cm™. ‘'C") at RT and at 33, 100, 1000 (Hz) respectively,
which are suitable for infrared detectors. However, Samples A, B, and D show
the Fc values less than the threshold value. Rodriguez-Ruiz et al [38].
Investigated the pyroelectric coefficient of 0.935Na0.5Bi0.5TiO3-0.065BaTiO3
ceramics and calculated the Fc of this material, which equals to 1.44 x10° C.cm
2, 'C"', which is also lower than the threshold value. The high Fc values for
Sample C in this work are due to the high p and the lower relative permittivity at
RT.

6.3 Conclusion

La-doped lead-free NBT-0.06BT ceramics were prepared using a conventional
solid-state technique. The pyroelectric properties of these compositions were
investigated and compared with undoped NBT-0.06BT and other lead-free

materials including PZT.

All compositions were found being at the morphotropic phase boundary area.
The values of lattice parameters and c/a ratio slightly changed with increasing the
dopant content. The average grain size, relative permittivity (&r) and dielectric loss
(tand) increase with La content. The Ty was identified by two different ways and
decreases from ~ 115 “C in NBT-0.06BT to RT and 46.8 ‘C in 1.0 % La-doped
NBT-0.06BT, according to the dielectric and pyroelectric coefficient methods

respectively.

Samples B and C show the optimum p, Fi and F, values at RT and at Ty
respectively. Sample C shows F¢ values of 2.10, 2.89, and 2.98 (x10-° C.cm-2.
‘C") at RT at 33, 100 and 1000 (Hz) respectively which are suitable for infrared
detectors. The results presented in this study demonstrate that NBT-0.06BT-xLa
(0.2% =< x < 0.5%) ceramics are promising materials for infrared detectors and

other pyroelectric applications in a wide temperature range.
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7 Doping B-site of Nao sBio.5TiO3-0.06BaTiO3 with xTa,
0.0 = x <1.0 (%mole).

This chapter is based on a paper published in the Journal of Ceramics

International. Please see publication 4 in the publication list.

Abstract

The main objective of this chapter is, by doping Tantalum (Ta), to bring the
depolarization temperature (Tq) of NBT-0.06BT down and to observe the
pyroelectric properties of these compositions in both room and depolarization
temperatures. Ta as B-site dopant was carefully chosen due to that the elements

with bigger ionic radius than titanium may move the T, toward low temperature.

7.1 Experimental

Ta%*-doped 0.94NBT-0.06BT ceramics were prepared by a solid-state synthesis
route. The raw materials used in this project were powders as they previously

mentioned before, in addition to tantalum oxide (Ta203), 99.0%.

The amounts of powders were calculated according to the chemical formula of
0.94Nag 5Bio 5TiO3-0.06BaTiO3-xTa, where x = 0.0% (Sample A), 0.2% (Sample
B), 0.5% (Sample C), and 1.0% (Sample D).

7.2 Results and discussion

7.2.1 Effects of Ta on Microstructure

Fig. 7-1 (a) depicts XRD patterns of the Ta-doped NBT-0.06BT ceramics powders
calcined at 850 ‘C for 3 hrs. All samples (A to D) showed a single crystalline
perovskite phase without any detectable secondary phase, demonstrating that
the Ta%* diffused into NBT-0.06BT lattice and formed new NBT-0.06BT-xTa solid
solutions. The different contents of the dopant did not cause a significant change
to the phase structure of NBT-0.06BT.

The enlargement of the X-ray diffraction spectra of all samples illustrates the
splitting in the peak [111] into [003] and [021] at 39.0° - 41.0° (Fig.7-1 (b)),

indicating the existence of the rhombohedral phase. The XRD spectra of a pure
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NBT presented a rhombohedral symmetry with splitting of the [111] peak into
[003]/[021] at 38.0° - 42.0° at room temperature (RT) [1,2].

The split of the peak [200] into [200] and [002] at 46°- 48° was observed, which
refers to the existence of tetragonal phase in the NBT lattice [2-7] (Fig. 7-1(c)).
The coexistence of rhombohedral and tetragonal phases in the NBT-0.06BT-xTa
ceramics confirms that all sample structures are at the MPB area. The position of
the MPB of perovskite structure, such as NBT-0.06BT, can be determined
according to Hiruma et al. [8] by calculating Goldschmidt tolerance factor (t) of
the second part (BaTiOs3) of this composition, and for our Ta-doped sample, by
calculating the (Xwrg) value of the (BaTaTiOs3) using the equations 1-12 and 1-19
in chapter 1[8-10].

Therefore, the result reveals that the MPB position moves from x,,p5 = 0.0600 in
Sample A to xypp = 0.0619 in Sample D, (Table 7-1). These results reveal that
Samples C and D may slightly move away from the 0.0600, indicates that the
high concentration of the Ta®* shifts the MPB position towards Ba-rich end (Table
7-1).

Table 7-1 shows the calculation of the MPB positions, lattice parameters (A), the
c/a ratio, the average grain size, samples density, and compare with the
theoretical density of undoped and doped samples (A-D). The lattice parameters
“a = b” and “c” have been affected by Ta%" dopant. The ¢ parameter shows an
obvious increase from 13.4744 in Sample A to 13.5114 in Sample D. The
calculations of the c/a ratio reveal that Samples B, C, and D have higher ratio
than Sample A, indicating that the doped samples are more tetragonal in the

structure than the undoped sample.
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Figure 7-1: (a) X-ray diffraction patterns of NBT-0.06BT-xTa, 0.0 < x< 1.0%. (b)
enlargement of splitting [111] peak into [003] and [021] at 39.6°- 40.6°. (c)
enlargement of splitting [200] peak into [200] and [002] at 46.0° — 47.5°.
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Table 7-1: The positions of the morphotropic phase boundary (MPB), the lattice parameters (A), c/a ratio, the average grain size

(um), samples density (gm.cm), and comparison with the theoretical density (%) which is (p = 6 gm.cm™).

Sample name

NBT-0.06BT-
xTa (%)

Sample A, 0.0%

Sample B, 0.2%

Sample C, 0.5%

Sample D, 1.0%

The Morphotropic phase
boundary (MPB) position

0.06

0.0604

0.0609

0.0619

Lattice parameter

5.511

5.473

5.505

5.500

A)

13.474
13.490
13.506

13.511

188

c/a ratio

2.4449

2.4578

2.4536

2.4601

Average
grain

size(um)

1.82

1.78

1.74

1.62

Density(p)

gm.cm

5.757

5.867

5.872

5.823

Compare with

theoretical

density%

95.95

97.80

97.90

97.00



T T,

Figure 7-2: SEM surface morphology of the NBT-0.06BT-xTa, 0.0 < x < 1.0 %

ceramics.

Comparing the ionic radius of Ta®* with the A- and B-sites ionic radii according to
the Shannon effective radii and the ionic radius relations [11], the ionic radius of
A-site ions are Na*(1.39 A, CN12) (CN=coordination number), Bi**(1.31 A, CN12)
and Ba?*(1.61 A, CN12)[12-15]. The B-site ion is Ti** (0.605 A, CN6), therefore,
it can assume that the Ta%* (0.64 A, CN6)ions [4,6,7,12,16] substitute the B-site
ions of the NBT-0.06BT lattice but not entering A-site because the big radius

difference between A-site ions and the Ta®*.

Fig.7-2 shows the scanning electron microscope (SEM) images of the sample
surfaces of the NBT-0.06BT-xTa ceramics. All samples display a dense
microstructure with an average density around 5.8298 + 0.138 g/cm?®. The

Samples B, C, and D show a quite similar density, higher than Sample (A).
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Sample C presents the highest density value among all other samples (Table 7-
1). The average grain size of all samples decreases from ~1.82 um in Sample A
to ~1.62 ym in Sample D (Table 7-1). The microstructures of Samples B, C, and
D become slightly inhomogeneous with increasing the dopant content [16]. The

small grains aggregated and were surrounded by large grains.

The reduction of grain size in doped samples is due to the creation of cation
vacancies in A-site. Ta®* replaces Ti** due to the radius analogy. However, there
is a valence difference between them. Thus, the Ta®* behaves as a donor, and in
order to maintain the charge balance in the system, A-site vacancies form. These
A-site vacancies may locate at the grain boundaries due to the thermodynamic
stability of the system. The grain growth is restricted by these A-site vacancies.
Thus, the Ta®* can act as an inhibitor. As a result doping NBT-BT system with

donor elements prevents the growth of the grains [17,18].

7.2.2 Effects of Taon dielectric properties

Fig. 7-3 (a to d) shows the temperature dependence of the dielectric properties
of poled NBT-0.06BT-xTa samples from RT to 150 ‘'C at three different
frequencies of 1, 10, and 100 kHz. The relative permittivity (&) of all samples
increases with temperature , which behaves like a typical ferroelectric material
[19].

The undoped sample shows a relative permittivity (&) value of ~ 396 at RT and
at 1 kHz (Fig. 7-3(a)). However, the doped samples (Fig. 7-3 (b to d)) illustrate
much higher & values that are around 870, 1082 and 1006 for Sample B, C and

D respectively.

Samples B, C, and D show a sharp increase in & with temperature except in
Sample A. This sudden rising in & starts at ~100 ‘C, ~60 ‘C, and ~70 'C for
Samples B, C, and D respectively. The & values at these temperatures for the

doped samples are around 1487, 1424, and 1367 respectively.

The dielectric loss (tand) of undoped sample is ~ 0.044 at RT and 1 kHz and after
doping, it increases to around 0.051, 0.057, and 0.056 for Samples B, C, and D

respectively. All doped samples show a close tand value. With the increase of
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temperature, the tand value increases to the maximum at the temperature widely
known as the depolarization temperature (Tq) [3,20,21]. The T4 for Sample A is
~115 °C while it is around 90 ‘C, 50 ‘C and 50 °C for Samples B, C, and D
respectively. The dielectric loss values of Samples A, B, C, and D at Td are ~
0.051, 0.067, 0.065, and 0.064 respectively. Obviously, the doped samples show

higher tand values than undoped sample at T..

The temperatures that the &r value shows a sudden increasing (~100, ~60, and
~70 °C) in Samples B, C, and D are close to the Ty, (90, 50 and 50 °C), which
were identified from the tand peaks. Thus, these temperatures can also be
considered as Tq.
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Figure 7-3: The change of the relative permittivity (¢;) and loss tangent (tand) with
temperature for Samples A to D at three different frequencies (1, 10, and 100) kHz.

7.2.3 Effects of Ta on depolarization temperature

Depolarization temperature (Ty) is an important parameter in pyroelectric study.
Its origin has not been fully understood for NBT-xBT [3,22], and it has a few
definitions [9]. One of the definitions is the steep reduction of remnant polarization

[3,6]. However, Jo et al. reported that the Ty could be the phase transition

temperature from ferroelectric to relaxor [23].

In this study, the T4 could be identified by two methods: (1) Dielectric method, the
temperature at dielectric peak (Fig. 7-4 (a), and (b)); (2) Pyroelectric method, the

temperature at pyroelectric coefficient (p) peak (Table 7-2) [24].
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Figure 7-4: The change of the relative permittivity (&) and loss tangent (tand) with
temperature for Samples A-D at 1 kHz, and the identification of the depolarization

temperature (Ty).

The dielectric (permittivity and loss) vs temperature plots in Fig.7-4 reveal that Ty
decreased after doping Ta®* from 115 °C (Sample A) to around 70 °C or 50 °C
(Sample D) (Fig. 7-4 (a) and (b)).
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Table 7-2: The depolarization temperature (Ty) obtained by two methods in this

work and others.

Dielectric method

Compositions f Pyroelectric
Ta(C)by  Tu(C)by
(Sample name) (kHZ) method
Er tand
NBT-0.06BT 1 - 115 More than 90
(Sample A)
NBT-0.06BT-0.002Ta 1 100 90 78.8
(Sample B)
NBT-0.06BT-0.005Ta 1 60 50 49.1
(Sample C)
NBT-0.06BT-0.01Ta 1 70 50 56.9
(Sample D)

The & curves for doped samples show the Ty values at 100 °C, 60 °C and 70 °C
in Samples B, C and D respectively; however, it was not identified in Sample A
(Fig.7-4 (a)). These depolarization temperatures are slightly higher than the T4
that was identified from the dielectric loss (tand) curves for the same samples
(Fig. 7-4 (b)). Sample D shows an abnormal depolarization temperature, which
is more than 10 °C higher than the T, for Sample C whereas it should shift to

lower temperature with increasing the dopant content.

The second method to obtain the Ty is from the maximum pyroelectric coefficient
values. It is widely known that the maximum p can be achieved at the phase
transition temperature [25-28]. NBT-0.06BT shows two phase-transition
temperatures. Firstly, at depolarization temperature (T4) which is between 100 °C
- 165 "C [3,28-30]. Secondly, at T, which is between 225 °C — 292 °C [3,28-30].
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In this study, the lower phase transition temperature was utilised to identify the
Tqs and they were found being 78.8 °C, 49.1 °C, and 56.9 °C for Samples B, C, and
D, respectively. Unfortunately, Ty could not be obtained for Sample A by
pyroelectric method due to the upper temperature limit of equipment being 90 °'C
(Table 7-2). In addition, Sample D shows an abnormal T4, which is more than 8
‘C higher than the Ty of Sample C whereas, it should shift toward lower
temperature with increasing the Ta content. This can link to the position of the
MPB area in this sample, which is moved to 0.0619 (Ba-rich). Thus, the excess
in the Ba?* content could be responsible for the shift in Ty value toward higher
temperature. Although the MPB of Sample C moves to the Ba-rich end due to the

same reason, the MPB position is closer to 0.0600 (Table 7-1).

Comparing the depolarization temperature results obtained by the two methods,
the pyroelectric method shows Ty values lower than the dielectric method, which
is in agreement with the results reported by Anton et al. [3]. Doping the B-site of
the NBT-0.06BT with elements which have a bigger ionic radius than Ti** may be
responsible for the decrease of the T, to lower temperature. These elements
consumed a larger space in oxygen octahedral than the elecments with smaller
ionic radii. Therefore, it may reduce the degree of freedom for B-site ion moving
in the TiOs octahedra. As a result, it weaken the ferroelectric properties [31] of
the NBT-0.06BT, and shifteds the phase transition from ferroelectric (FE) to
antiferroelectric (AFE) [4,20,22,23,32,33] or intermediate phase [3,30,34] at
lower temperature. Thus, undoped NBT-0.06BT [28] showed Ty at higher
temperature than B-site doped with bigger radii elements such as NBT-0.06BT-
Nd [35]; NBT-0.06Ba(ZrTi)O3[33]; NBT-0.06Ba(MnTi)O3[36] .

7.2.4 Effects of Taon pyroelectric properties

Pyroelectric coefficient (p) is defined as the change in the spontaneous
polarization by fluctuations in temperature [37]. In addition, its value at certain
temperature is considered as one of the important parameters while selecting the
material for pyroelectric applications. However, the efficient way for evaluating

the pyroelectric material performance can be achieved by calculating the figure
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of merits (FOMs) that represent the essential parameters for the pyroelectric

applications [3].

The calculation of the FOMs is based on the values of the pyroelectric coefficient,
relative dielectric permittivity, dielectric loss and the specific heat [37]. There are
several types of FOMs depending on special types of the pyroelectric applications

such as infrared or thermal imaging [7,34].

The types of FOMs depend on the input of thermal or electrical circuits, current
or voltage. Therefore, for infrared applications that rely on the current
responsivity, Fiis the relevant FOM. Similarly, to enlarge the pyroelectric voltage,
the more suitable FOM is F, that characterizes to the high voltage (v) detectivity.
Likewise, Fp is the FOM of the high and specific detectivity. Fc is a FOM of the
infrared detector materials. These figure-of-merits have been used to
characterize and select the materials for thermal and infrared applications as

sensors or transducers [2,24,38].

In this study, the pyroelectric coefficient (p) of NBT-0.06BT-xTa was measured
from RT to T, for doped samples (B, C, and D) or 90 °C for undoped Sample (A).

The measurements of the pyroelectric coefficient (p) and FOMs were carried out
using the Equations 1-14 to 1-18 in chapter 1 [5,39,40].

Fig. 7-5 shows the change of p vs. temperature for NBT-0.06BT-xTa at a wide
temperature range from RT to 90 °C. Sample B (x=0.2 %) shows the highest p at
RT (Table 7-3). At a temperature range from 30 °C to 52 'C, Sample C (x=0.5 %)
presents the highest pyroelectric coefficient of ~ 109.0 x 10* C.m2. 'C" at Ty
(~49.1 °C). At temperature range between 53 'C to 60 ‘C, Sample D (x=1.0 %)
shows a highest p value which is around 76.1 x 10 C. m?2. °C", at T4 (~ 56.9 C).
At temperature range from 60 ‘C up to 90 ‘C Sample B illustrates the maximum
pyroelectric coefficient value which is around 146.1 x 104 C. m2. ‘'C", at Ty (~
78.8 'C).
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Figure 7-5: The change of pyroelectric coefficient (p) as a function of Ta5+ content
and temperature (°C) for the NBT-0.06BT-xTa, 0.0 < x < 1.0 %.

Table 7-3 and 7-4 list the pyroelectric coefficient(p) values and FOMs of all
samples at RT and Ty respectively. The p increased from Sample A to Sample D
at RT and a huge increase at Tq. Sample B shows the maximum p value at RT
and Ty, which may link to two factors: (1) the microstructure changes of this
sample. The measurement of c/a ratio reveals that Sample B has a bigger ratio
(~ 2.4578) than Sample C (~ 2.4536), which means that Sample B is more
tetragonal in its structure than Sample C. (2) the position of the MPB in the
composition of this sample. The tolerance factor calculation reveals that the x;pp
value is 0.0604 which means that the composition of Sample B is in the MPB
area. The huge improvements in the p values at Ty may be attributed to the
positive correlation between the pyroelectric coefficient (p) and pyroelectric
current (I,,), which reaches the maximum at Ta. In pyroelectric materials, the
increase of temperature will alter the lattice spacing of the nonsymmetrical ions
location, which varies the spontaneous polarization of the pyroelectric material.
The variation of the spontaneous polarization generates the /p [36]. So the
optimum current (I,) and coefficient (p) values appear at Ty because the

maximum change of the spacing appears at Ty [36].
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Furthermore, the great increase in p at Ty for Sample B may be because the
composition of this sample is at MPB, which makes the reorientation of
ferroelectric domains easier and results in a sharp change in polarization. This
effect appears gradually but with the highest value at T4. Thus, the pyroelectric
coefficient shows a great enhancement at this temperature [12]. It has been
reported that the optimum pyroelectric coefficient value of (1-x)NBT-xBT
materials can be achieved at phase transition temperature [21,28,34,41]. Hence,
the ultimate p values obtained at Ty in this study relates to the phase transition.
The Ty coincides with the phase transition temperature as mentioned before. At
RT, the p values for doped samples are higher than that of PZT and other lead-
free compositions (Tables 7-3 and 7-4) [3,6,9,42].

The FOM, F; values of the NBT-0.06BT-xTa samples at RT and 90 ‘C or Ty are
listed in Tables 3 and 4. The F; values increased from Samples A to D at RT. While
Sample B (x = 0.2 %) presents the highest value (Table 3). The comparison
between the F; values at RT and value of PZT and other lead-free compositions
[27] reveal that the doped Samples have higher F; values than other lead-free
compositions as well as PZT at RT (Table 3). Fi values show further improvement

for all samples at 90°C or Ty.

The Fy increases with Ta®* content and reaches a maximum at x=0.2% at RT. Table
4 presents the F, results at 90°C or T,. The F, values increase for Sample A to
Sample D. Sample B also presents the best F, value at T4. Again, the F, values for
all samples in this study are higher than that of PZT and other lead-free

compositions [5,43].

The Fp results show poor values at both RT and Ty. The lower Fp values for
doped samples may be related to the higher values of both relative permittivity
and the dielectric loss that are higher than the undoped sample, though
pyroelectric coefficient values of Samples B, C, and D were quite higher than

Sample A value.

Table 7-5 illustrates the F¢ values of the NBT-0.06BT-xTa, at RT and at three
frequencies, 33, 0.1, 1000 (Hz). The Fc values revealed a strong dependence

upon Ta%* dopant content. In general, the materials suitable for infrared detectors
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should have the F¢ threshold value at ~ 3+1 x10°C. cm2.°C-" [39]. The Fc of only
NBT-0.06BT-0.002Ta (Sample B) shows the suitable values for infrared
detectors. Rodriguez-Ruiz et a./ [39]. investigated the pyroelectric coefficient of
0.935Nao 5Bio.5TiO3-0.065BaTiO3 ceramics and calculated the Fc of this material
that equals to 1.44 x10° C.cm™. °C-'. The high F¢ values for Sample B are due
to the high p and the lower relative permittivity at RT.

Table 7-3: The pyroelectric coefficient and FOMs F;, Fy, and Fp results of the NBT-
0.06BT-xTa, 0.0 < x 1.0 %, at RT in the present work and in literature.

p x10*(C.m~ Fix10"® F,(m:C')at Fpx10°Pa?)

Composition 2°ch (m.V1) 1kHz at 1kHz
at RT at RT at RT at RT
NBT-0.06BT 3.14 1.12 0.021 9.08
NBT-0.06BT- 7.14 2.55 0.033 1.29
0.002Ta
NBT-0.06BT- 6.97 243 0.025 1.04
0.005Ta
NBT-0.06BT- 5.32 1.90 0.021 0.85
0.01Ta
PZT 4.14 1.415 0.008 9.01
NBT-0.07BZT 5.7 2.03 0.0218 10.5
NBT-0.06BT- 3.5 - - -
0.002Mn
BNKBT 3.25 1.95 0.026 13.43
KNLNTS 1.9 0.931 0.007 11.5
NKLBT-0.05BT 3.6 1.27 0.017 -
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Table 7-4: The pyroelectric coefficient and FOMs F;, Fy, and Fp results of the NBT-
0.06BT-xTa, 0.0 < x 1.0 %, at 90 °C or T4 in the present work and in literature.

4 }
p x10 Fix10 g m2Cctyat Fpx10-5Pa
Composition (C.m2.°C1) (m.V?) 1kHz 112y at 1kHz

at90°’Cor Ts  at90°Cor7, 2t90°Cor7; at90°Cor T,

NBT-0.06BT 23.9at90°C 8.6at90 °C 0.19at90°'C  65.5at90°C

NBT-0.06BT- ) . ) )
146.1at79°C  52.2at79°C  0.48at79°C  19.7at79°C
0.002Ta
NBT-0.06BT- ) ) ) )
109.0at49°C 38.0at49°C  0.34at49°C  14.0at49 °C
0.005Ta
NBT-0.06BT- ) ) ) )
76.1at57°C  27.2at57°C  025at57°C  10.4at57°C
0.01Ta

NBT-0.07BZT 20.0 at 50°C 7.33at50°C  0.066at50°C 33.6at50°C

NBT-0.07BZT 221 at87°C - - -

Table 7-5: The figure of merit, Fc in different frequencies 33, 100, and 1 Hz at RT.

Sample name FOM, Fc¢ (x10°C. cm2 C') at RT
NBT-0.06BT-xTa% 33Hz 0.1Hz 1kHz
Sample A, 0.0% - 1.53 1.58
Sample B, 0.2% 2.26 2.31 2.42
Sample C, 0.5% 1.93 1.97 2.10
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Sample D, 1.0% 1.56 1.60 1.68

7.3 Conclusion

The NBT-0.06BT-xTa ceramics were synthesized by a conventional solid-state
route. The pyroelectric properties of these materials were investigated and

compared with undoped NBT-0.06BT, other lead-free and PZT ceramics.

The XRD study proves that the compositions of the undoped and doped are both
at or near the MPB region. The lattice parameter values and c/a ratio slightly
change with increasing the dopant content. The SEM investigation shows the
average grain size reduced from 1.82 to 1.62 (um) with increasing the Ta®*
content. Moreover, the doped samples present higher density than the undoped
sample. Both relative permittivity (&) and dielectric loss (tand) increase with Ta

content.

The T4 was identified by two different methods and decreased from ~ 115 °C in
undoped Sample A to around 70 °C (from &) or 50 ‘C (from tand) in doped Sample
D, according to the dielectric method. However, the Ty values for Samples B, C,
and D, are 78.8, 49.1, and 56.9 ‘C respectively according to pyroelectric

coefficient method.

Sample B has the optimum p at RT and at T,. The Fi and F, increase with the
increase of Ta%* content up to x = 0.2% at both RT and at T4 in a wide range of
frequency. The Fc shows higher values in Sample B. Results presented in this
work demonstrate that NBT-0.06-xTa ceramics at 0.2 % < x <0.5 % are promising
materials for infrared detectors and other pyroelectric applications in a wide

temperature.
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8 Co-doping A and B sites of 0.94NagsBios5TiO3-
0.06BaTiO3 with different concentrations of xLa and yTa.

This chapter is divided into two sections:

A. Doping the xLa-NBT-0.06BT-yTa with various concentrations of
lanthanum, 0.0 <x< 1.0 (%mole); but the tantalum content is fixed on y=0.2
(Yomole).

B. Doping the xLa-NBT-0.06BT-yTa with altered concentrations of tantalum,
(0.0<y<1.0 (%mole)), while the content lanthanum is specified on x =0.5

(Y%omole).

Abstract

The aim of the present chapter is to improve the pyroelectric properties of NBT-
0.06BT by co-doping the A&B sites with different concentrations of La** and Ta%*
at both RT and Ty, and at the same time to bring the depolarization temperature

down these compositions to around RT.

8.1 (A) Co-doping A&B sites of NBT-0.06BT with different
concentrations of lanthanum oxide (xLa203), 0.0 <x<1.0
and tantalum oxide (yTaz0s) is y=0.2.

This part of is based on a paper published in the Journal of Alloys and

Compounds. Please see publication 5 in the publication list.

8.1.1 Experimental

La%*and Ta® doped 0.94NBT-0.06BT (NBT-0.06BT) ceramics were prepared by
a solid-state synthesis technique. The raw materials used in this study were
lithium oxide (La203), 99.5%, tantalum oxide (Ta203), 99.0%, bismuth oxide
(Bi203), 99.999%, sodium carbonate (Na2COs), 99.5%, barium carbonate
(BaCO:3), 99.98%, and Titanium dioxide (TiO2), 99.8% (all Sigma- Aldrich).

The amounts of powders were calculated according to the chemical formula
xLa203-0.94(Na Bi)o.5TiO3-0.06BaTiO3-yTa203, where x =y = 0.0% (Sample A);
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x =y =0.2% (Sample B); x= 0.5%, y =0.2% (Sample C); and x = 1.0%, y =0.2%
(Sample D).

8.1.2 Results and discussion
8.1.2.1 Effects of Ta and La On Microstructure
Fig. 8-1 (a) depicts XRD patterns of the doped NBT-0.06BT ceramic powders

calcined at 850 "C for 3 hrs. All samples (A-D) show a single perovskite phase
without any detectable secondary phase, demonstrating that both dopants (La%*
and Ta®") diffused into NBT-0.06BT main lattice and formed new xLa-NBT-
0.06BT-yTa, solid solutions. The different concentrations of the dopant did not

cause a significant change to the phase structure of NBT-0.06BT.

Fig. 8-1 (b) shows a split of the peak [111] into [003] and [021] at 39.0° to 41.0°
for all the samples indicating the existence of rhombohedral (Rh) phase. This split
is in agreement with the phase structure of undoped NBT [1,2]. Another split was
observed in [200] into [200] and [002] at 46.0°- 47.5°, which indicates the
existence of tetragonal (Tr) phase in NBT lattice (Fig. 8-1 (c)). The coexistence
of both Rh and Tr phases in xLa-NBT-0.06BT-yTa ceramics verifies that all the
compositions are at morphotropic phase boundary (MPB) region. In undoped
NBT-xBT the co-existence of Rh and Trat x =0.06-0.07 was reported in literature
[3-5]. Thus, the phase structure of the doped xLa-NBT-0.06BT-yTa (Samples B,
C, and D) are remained in the MPB and consistent with that reported in literature
[3-7].

According to Shannon effective radii [8], for the comparison between the La3* and
the Ta®* ionic radius with the A-site Na*(1.39 A, CN12) (CN=coordination
number), Bi**(1.31 A, CN12) and Ba?*(1.61 A, CN12) [9-12]. And B-site Ti**
(0.605 A, CNB) ionic radii, it can be assumed that the La%*(1.36 A, CN12) may
substitute A-site ions due to the radius similarity. While, the Ta®* (0.64 A, CN6)
ions [13-14] can substitute the B-site ions of the NBT-0.06BT.

The calculation of the Goldschmidt tolerance factor () [15] which helps to
determine the stability of the perovskite structure by using Equations 1-12 in
chapter 1 [6,7,15,16]:
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The t value of stable perovskite structures is in the range of 0.77-0.99 [16]. The
calculated t values for all samples compositions in this study is around 0.976,

which means that all samples compositions illustrate stable structure.

Table 8-1 illustrates the lattice parameters (A), c/a ratio and average grain size

“ 0

of all samples. The lattice parameters “a=b” and “c” are affected by La%* and Ta%*
doped. The c parameter shows a clear increase from Sample A to Sample D
(Table 8-1). The calculations of the c/a ratio reveal that the doped samples (B, C,
and D) have higher ratio than undoped sample (A), indicating that Samples B, C,

and D have more tetragonality in their structure.

Fig. 8-2 shows the SEM morphology of the ceramic samples. In general samples
A-D show quite dense structures with a few observable pores in Sample A, which
appear to diminish with increased doping and further densification. Sample A
presents two distinguishable granular and rod-shaped grains, in a wide range of
sizes. In the co-doped samples only, a granular morphology was observed. The
average grain size varies with La®* and Ta%" contents and shows increase from
Sample A to Sample D (Table 8-1). The reason behind the growth of grain in size
can be linked to dopants effect. La* enhances the growth of the grains in NBT-
0.06BT when it substitutes Na* and/or Ba?* resulting in A-site vacancies will
create in order to keep charge balance [1,17,18]. Generally, creation of the A-site
vacancies is quite beneficial for the mass transportation. This mass transport
might be responsible for boosting the grain growth in the NBT-0.06BT with

increasing La®* concentration [18,19].

Ta® may affect the composition in a contrary way to La%*. The Ta®* behaves as
an inhibitor to the grains growth in NBT-0.06BT due to the valence difference
between Ta%" and Ti** [13,14,20]. As a result, A-site vacancies will be created.
These A-site vacancies may locate at the grain boundaries due to the
thermodynamic stability of the system, which prevents the growth of grains [20-
22].

The average grains size firstly only shows a slight increase for sample B

compared to the undoped sample.
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Figure 8-1: (a) XRD patterns of NBT-0.06BT and xLa-NBT-0.06BT-yTa; (b)
enlargement of [111] peak split into [003] and [021] at 39.0°-41.0°; (c) enlargement
of [200] peak split into [200] and [002] at 46.0°- 47.5°.
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Table 8-1: Lattice parameters (A), c/a ratio and average grain size values of all NBT-
0.06BT and xLa-nbt-0.06BT-yTa ceramic compositions.

Lattice parameter

Sample name, xLa-NBT-0.06BT- A) / Average
c/a
yTa grain size
ratio
: ¢ (um)
A, NBT-0.06BT 5.511 13.474 2.445 1.78
B, 0.002La-NBT-0.06BT-0.002Ta 5.511 13.490 2.446 1.80
C, 0.005La-NBT-0.06BT-0.002Ta 5.494 13.505 2.458 2.05
D, 0.01La-NBT-0.06BT-0.002Ta 5.498 13.505 2.455 2.11

B. 0.002La-NBT-0.06BT-0.002Ta 'Y
/ U e o TR T

D, 0.01La NBT-0.06BT-0.002Ta |
77 D ;

Figure 8-2: SEM morphology of NBT-0.06BT and xLa-NBT-0.06BT-yTa ceramics.
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This is possibly due to a competing dopant cancelling effect. However, with
increased La3* and fixed Ta®* concentrations, the effects of La®* became more
pronounced, and the average grains size is clearly enlarged in Sample D (Fig. 8-
2).

8.1.2.2 Effects of La and Ta on dielectric properties

Fig. 8-3 (a-d) shows the change of the dielectric properties of poled undoped and
doped NBT-0.06BT as a function of temperature in a wide temperature range
from 20 up to 150 'C at 1, 10, and 100 kHz.

Sample A shows a relative permittivity (&r) of ~ 396 at RT and 1 kHz (Fig. 8-3 (a)).
However, Samples B, C, and D (Fig. 8-3 (b-d)) present much higher &r values as
shown in Table 8-2. Sample C shows the lowest & value among all other
samples. The &rof all the samples increases with temperature, which behaves
like a typical ferroelectric material [22]. Samples B, and C show a pronounced
inflexion in & with temperature while it is not recognized in Samples A, and D
(Fig. 8-3(a-d)), although there is evidence that they may appear outside the

temperature measurement window.

The dielectric loss (tand) of the undoped sample is around 0.044 at RT and 1
kHz, and although there is a significant increase to ~ 0.062 for Samples B,
Samples C and D have similar values as Sample A (Table 8-2). The tand value
shows a gradual decrease in the doped samples with increasing La%* content
from Samples B, C, and D at RT. With increasing the temperature, the tand value
increases to a maximum value at the temperature that is widely known as the
depolarization temperature (Ty) [23-25]. The T4 for Sample A is ~115 ‘C while it
is around 45, 40 and 45 ‘C for Samples B, C, and D respectively. The dielectric
loss values at Ty are ~ 0.051, 0.066, 0.052, and 0.045 for Samples A, B, C, and
D respectively (Fig. 8-4). Also, the relative permittivity values at Ty are around
582, 1209, 721, and 1112 for samples A to D respectively. Obviously, the doped

samples show higher & values than undoped sample at Ty, (Fig. 8-4).
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8.1.2.3 Effects of La and Ta on depolarization temperature

In this study, the Ty is successfully identified by two methods: (1) Dielectric
method (tan® vs temperature plots in Fig. 8-4); (2) Pyroelectric method

(temperature vs pyroelectric coefficient (p) plots in Fig. 8-5 (b)).

The dielectric method reveals that T, decreased after doping with La3* and Ta%*
from 115 °C (Sample A) to around 40 °C for Sample C as mentioned in 8.1.3.2
Sample D shows an unexpected depolarization temperature which is more than
5 °C higher than the T, for Sample C whereas it should shift to lower temperature

with increasing the A and B sites dopant content (Fig. 8-4).

The second method to obtain the Ty is from the maximum pyroelectric
coefficient(p) value. It is widely known that at phase transitions, maximum p
values can be observed [1,18,20,26-29].

In this study, the lower phase transition (FR to relaxor AFE) temperature of the
NBT-0.06BT [23,29-31] was utilised to identify the Ty with observed values of 61,
55, and 33 “C for Samples B, C, and D, respectively. Unfortunately, the exact Ty
could not be identified for Sample A by this method due to the upper temperature
limit of equipment being at 90 "C (Fig. 8-5 (b)).

The reason behind the observed decrease in the T4 might be attributed to two
factors. Firstly: the generation of A-site vacancies due to La®* replacement of Na*
and/or Ba?* [1,17]. The ferroelectric domain stability is affected by the coupling

between A-site cations and ferroelectric (TiOs).

This stability decreases with the increase of A-site dopant content [18]. Doping
with B-site donor can also create A-site vacancies, which will maintain the charge
neutrality in the structure [20,34,35].

Secondly: the reduction of the degree of freedom for B-site ion movement in the
TiOs octahedra due to dopping with B-site ions which have a bigger ionic radius,
such as the Ta®" (0.64 A) for Ti** (0.605 A) [13,14,34]. The Ta%" will occupy a
larger space in oxygen octahedral than the Ti** due to the difference in the ionic

radii. As a consequence of this, the ferroelectric properties become weakened
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[20,34,35]. As a result of both effects, these induce the phase transition from
ferroelectric (FE) to relaxor anti-ferroelectric (relaxor AFE) to be at lower
depolarization temperature [4,18,20,29,36,37].
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Figure 8-3: Relative permittivity (¢;) and loss tangent (tand) vs temperature for (a)
NBT-0.06BT, (b) 0.002La-NBT-0.06BT-0.002Ta, (c) 0.005La-NBT-0.06BT-0.002Ta
and (d) 0.01La-NBT-0.06BT-0.002Ta at three different frequencies 1, 10, and 100
(kHz).
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Table 8-2: Relative permittivity (¢;) and loss tangent (tand) values at room and

depolarization temperatures.

Sample name, At room At depolarization
xLa-NBT-0.06BT-yTa temperature temperature
& tand & tand Ta (°C)

A, NBT-0.06BT
396.16 0.0436 582.33 0.051 115

B,0.002La-NBT-0.06BT-
0.002Ta 1073.85 0.0616 1208.76  0.066 45

C, 0.005La-NBT-0.06BT-
0.002Ta 671.22 0.0472 721.15 0.052 40

D, 0.01La-NBT-0.06BT-
0.002Ta

1008.88  0.0429  1112.04  0.045 45

8.1.2.4 Effects of La and Ta on pyroelectric properties

The figure of merits (FOMs) represent a standard and an efficient way to evaluate
pyroelectric material performance [2,38], and have been characterized as key
parameters in the pyroelectric applications [23].

The calculation of the FOMs is based on the values of pyroelectric coefficient,
relative dielectric permittivity, the dielectric loss tangent and the specific heat [39].
There are several types of FOMs which are more appropriate to certain
pyroelectric materials applications and are derived from these application
requirements 23,38,40].

In this study, the pyroelectric coefficient (p) of xLa-NBT-0.06BT-yTa was

measured from 20 to 90 ‘C for all samples.
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The measurements of the p and FOMs were carried out using the Equations 1-
11 and 1-15 to 1-19 in chapter 1 [19,26,40,41].
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Figure 8-4: The identification of the Td values of all samples by dielectric method

(loss tenant (tand) against temperature (°C)) for all samples at 1 kHz.

Fig. 8-5(b) shows the variation in pyroelectric coefficient (p) as a function of
temperature for xLa-NBT-0.06BT-yTa from 20 to 90°C. Samples B and C show
very similar profiles differentiated only by their own relative Ty values which
coincide with the maximum observed p values for the Samples. The Ty value for
Sample A clearly lies outside the measurement window as previously mentioned
so it is difficult to comment on its likely profile. Although all sample compositions
are believed to be at the MPB according to the XRD results, Sample D shows
significantly different responses to B and C. There is a clear evidence of a broad
p maximum for Sample D, which indicates a relaxor phase transition, and the
peak value of 5.4 x10* C.m=2.°C" at Ty, although it is small compared to Samples
B and C, it still represents a better value than PZT. The higher concentration of
La®* dopant can give lower pyroelectric coefficient for NBT-0.06BT at Ty because
it shifts the composition outside MPB [23] and also the A-site vacancies created

by doping La®* and Ta% may locate outside the grain boundary, which
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suppresses the movement of grain boundaries, and therefore reduces the

polarisation as a result, it significantly decreases the pyroelectric coefficient for

Sample D.
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Figure 8-5: (a) Part of the (1-x)NBT-xBT phase diagram; (b) pyroelectric coefficient
(p) vs temperature for all samples and the identification of the depolarization
temperature (Tg). The two phase changes in Samples B and C that correspond to
the change of FE (Rh +Tr) to FE (Tr) (phase change 1) and the change of FE (Tr) to
AFE (phase change 2) were pointed out in the (1-x)NBT-xBT phase diagram (a).

The pyroelectric results seem strongly affected by the La®* and Ta®*

concentrations as well as the depolarization temperature.
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The shape of the profiles for samples B and C may be indicative of two phase
changes, ((1 and 2) in Fig. 8-5 (b)) taking place within the temperature window.
According to the (1-x)NBT-xBT phase diagram ( Fig 8-5 (a)) [42], by La%* and
Ta®%* co-doping, the triple point was lowered, which means the phase transition
from FE to AFE occurs at lower temperature and at the same time, MPB was
shifted either to BT-poor end (in case La replaces Na and/or Bi and Ta replaces
Ti) or BT-rich end (in case La replaces Ba and Ta replaces Ti). Thus, the two-
phase changes are from ferroelectric MPB (Rh + Tr) to ferroelectric (Tr), (Fig. 8-
5 (b), phase change 1) and then from ferroelectric (Tr) to antiferroelectric (Fig. 8-

5 (b), phase-change 2).

At RT, the p values show an increase for Samples A to C. This trend can possibly
be linked to the microstructure change of these samples. The trend in the values
of c/a ratio in Table 8-1 matches the trend in p values. Sample C has the largest
value which means that it has a more tetragonal unit cell which contributes to a

greater pyroelectric response.

The huge increase in the pyroelectric value at Ty is clearly linked to the effect of
the phase transition as confirmed in literature [1,27,29,39,46,43-45]. At RT, the
pyroelectric coefficient values for Samples B and C are higher than those of PZT

and other lead-free ceramic compositions (Tables 8-3 and 8-4) [30,38,39,46].

At RT, the Fi, and F, values show an increase from Samples A to C then decrease
and at Ty, they show an even larger increase Samples B and C show the optimum
values at RT and Tqrespectively, which is due to the large p values and lower &r
of these two samples achieved at RT and T4. These values are higher than those

of PZT and other lead-free ceramic compositions at RT (Tables 3 and 4).

Fp values of all samples at RT and 90°C or T4show lower values; however, Fp
values for doped samples are much less than for undoped sample. These values
for Sample B, C, and D may be linked to the higher values of the relative
permittivity and the dielectric loss than the undoped sample though the
pyroelectric coefficient values of Samples B and C are quite higher than its value

in Sample A.
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The Fcvalues of xLa-NBT-0.06BT-yTa at RT and at three of frequencies from 33
to 1000 (Hz) were calculated and listed in Table 5. In general, the materials
suitable for infrared detectors should have the Fc threshold value at ~ 3+1 x 10-°
C.cm™2.°C - [3]. The composition of 0.002La-NBT-0.06BT-0.002Ta (Sample B)
presents Fc values which are suitable for infrared detectors at RT and this
frequency range (Table 8-4).

However, Samples A, C, and D show Fc values which are either less than the
threshold value (Samples A and D) or higher than its value (Samples C) (Table
8-5). Rodriguez-Ruiz et al., [3] calculated the Fc of 0.935NagsBiosTiOs-
0.065BaTiO3; ceramics which equals to 1.44 x10° C.cm™=. C', this value lower
than the threshold value. The high Fc values for Sample B are due to the high p
and the low relative permittivity.

The stability of pyroelectric materials with frequency and temperature represents
one of the important parameters in pyroelectric applications [47]. Figs. 8-6 (a, b,
and c) and 7 (a and b) present the FOMs (Fy, Fp, and Fc) dependence of xLa-
NBT-0.06BT-yTa ceramics on frequency and temperature. The F,, Fp, and Fc
show an excellent frequency stability at the whole measurement window.
However, Sample C (Fig. 8-6 (b)) presents a fluctuation in Fp at frequency ranging
from 33 to 200 Hz, which shows the highest value ~ 20.33 (uPa"’?) at 33 Hz and
then decreases to 14.85 (uPa"?) at 80 Hz. After that, Fp increases again to 16.04
(uPa2) at 200 Hz (Fig. 8-6 (b)).

Fv and Fp show two different temperature dependences in the measurement
window. In Fig 8-7, Samples A and D show reasonably stable profiles, while
Samples B and C show an increasing dependence at the same measurement
window. The unstable profile of Fy and Fp for Samples B and C follows the similar
trend in pyroelectric coefficient that highly increases with rising temperature (Fig.
8-5).
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Table 8-3: Pyroelectric coefficient (p ) and FOMs (F;, Fv, and Fp) results at RT of NBT-0.06BT and xLa-NBT-0.06BT-yTa in the present
study and literature.

Composition p x10* (C.m2°C) r;nfg’]l)o Fy (m.C7)at 1kHz  Fpx10-(Pa'2) at 1kHz

at RT at RT at RT at RT

NBT-0.06BT 3.15 1.12 0.021 9.08

0.002La-NBT-0.06BT-0.002Ta 8.43 3.01 0.032 1.24

0.005La-NBT-0.06BT-0.002Ta 12.92 4.61 0.078 2.76

0.01La-NBT-0.06BT-0.002Ta 2.87 1.03 0.012 0.05

PZT 4.14 1.42 0.008 9.01

NBT-0.07BZT 5.71 2.03 0.022 10.50
NBT-0.06BT-0.002Mn 3.52 - - -

BNKBT 3.25 1.95 0.026 13.43

KNLNTS 1.90 0.93 0.007 11.51
NKLBT-0.05BT 3.63 1.27 0.017 -
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Table 8-4: Pyroelectric coefficient (p ) and FOMs (Fi, Fv, and Fp) results at 90 °C or Ty of NBT-0.06BT and xLa-NBT-0.06BT-yTa in

the present study and literature.

Composition

NBT-0.06BT

0.002La-NBT-0.06BT-0.002Ta

0.005La-NBT-0.06BT-0.002Ta

0.01La-NBT-0.06BT-0.002Ta

NBT-0.07BZT

NBT-0.07BZT

p x104(C.m2°C1)

at 90°C or 7,

23.94 at 90 °C

58.62 at 61.3 °C

54.00 at 54.9 °C

5.39at33.27°C

20.00 at 50°C

2.21at87°C

Fi x10°(m.V)
at 90°C or 7y

8.55at90 °C

20.94 at 61.3 °C

19.28 at 54.9 °C

1.93 at 33.27°C

7.31at50°C
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Fy (m2.C™") at 1kHz

at 90°C or 7y

0.19 at 90 °C

0.18 at 61.3°C

0.28 at 54.9 °C

0.02 at 33.27°C

0.07 at 50 °C

Fp x10°%(Pa"?) at 1kHz
at 90°C or Ty

65.5at 90 'C

7.60 at 61.3 °C

10.46 at 54.9 °C

7.19 at 33.27°C

33.6at 50 °C



Table 8-5: The figure of merit FC results at room temperature and wide frequency
range from 33 to 1000 (Hz) of NBT-0.06BT and xLa-NBT-0.06BT-yTa ceramics in

present study and literature.

FOM, Fc¢ (x10° C. em2 'C1)

Sample names, xL.a-NBT-0.06BT-yTa at RT
33Hz 0.1Hz 1kHz
A, NBT-0.06BT - 1.53 1.58
B, 0.002La-NBT-0.06BT-0.002Ta 2.40 2.46 2.57
C, 0.005La-NBT-0.06BT-0.002Ta 4.55 4.67 4.99
D, 0.01La-NBT-0.06BT-0.002Ta 0.84 0.86 0.90
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Figure 8-6: FOMs (Fv, Fp, and F¢) vs. frequency ranging from 33 to 2000 HZ. (a) Fv
vs. f; (b) Fp vs. f, and (c) Fc vs.
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Figure 8-7: FOMs (Fv and Fp) vs. temperature ranging from 25 to 55 °C. (a) Fyvs. T
and (b) Fpo vs. T.

8.1.3 Conclusion

La%* and Ta®" co-doping in NBT-0.06BT ceramics does not significantly change
the crystal lattices and the doped samples remain in MPB region. Depolarization
temperature (Ty) was significantly reduced and pyroelectric coefficient of NBT-

0.06BT ceramics greatly increases both at room temperature and Ty upon doping
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La%* (0.2 - 0.5%) and Ta%" (0.2%). FOMs, F;, F, and Fc, are increased with the

dopants with Fc value suitable for infrared detector application at RT. The

pyroelectric coefficient of La%* and Ta%" co-doped NBT-0.06BT shows one order

of magnitude higher than those observed in PZT materials and other lead-free

compositions, and also the FOMs are comparable with or even better than those

shown in PZT and other lead-free ceramics, demonstrating that xLa-NBT-0.06-

yTa ceramics, particularly at 0.2 < x < 0.5 (%) and y = 0.2%, are promising

materials for infrared detectors and other pyroelectric applications in a wide

temperature range.
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8.2 (B) Co-doping A&B sites of 0.94Nao.sBio5TiO3-0.06BaTiO3 with
lanthanum oxide (xLa203) is x=0.5 and different concentrations
of tantalum oxide (yTaz03), 0.0 <y <1.0.

This part of chapter 8 is based on a paper, which is currently under review in the

Journal of material science.

8.2.1 Experimental

La%*and Ta%* co-doped 0.94NBT-0.06BT (NBT-0.06BT) ceramics were prepared
by a solid-state synthesis technique. The raw materials were as same as in

chapter 8-1

The amounts of powders were calculated according to the chemical formula
xLa203-0.94(Na Bi)o5TiO3-0.06BaTiO3-yTa203, where x =y = 0.0% (Sample A);
x=0.5%,y=0.2% (Sample B); x =y = 0.5% (Sample C); and x = 0.5%, y =1.0%
(Sample D).

8.2.2 Results and discussion
8.2.2.1 Effects of La and Ta on Microstructure

Fig. 8-8 (a) shows XRD spectra of co-doped NBT-0.06BT ceramics powders
calcined at 850 “C for 3 hr. All samples (A-D) present a pure perovskite (ABO3)
phase structure with no evidence of any secondary phase indicating that both
dopants (La®* and Ta®%") diffused into NBT-0.06BT main lattice and formed new
xLa-NBT-0.06BT-yTa polycrystalline solid solution. The different contents of the

dopants did not cause a significant change in the phase structure of NBT-0.06BT.

Fig. 8-8 (b) shows splitting of the peak [111] into [003] and [021] at 39.0° to 41.0°
for all the samples indicating the existence of rhombohedral (Rh) phase. This
splitting matches that previously reported for undoped NBT XRD patterns [1,2].
Further splitting was noticed in the [200] peak into [200] and [002] at 45.5°- 47.5°,
for samples A, B, and C which indicates the existence of tetragonal (Tr) phase in
the NBT lattice (Fig. 1(c)), while the phase structure of sample D shows a single
[200] peak, (Fig. 1(c)). The co-existence of both Rh and Tr phases in xLa-NBT-
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0.06BT-yTa at the doping content up to x= y= 0.5 % verifies that samples A, B,
and C are at a MPB region. In undoped NBT-xBT the co-existence of Rh and Tr
at x = 0.06 was widely reported in the literature [3-6]. Therefore, the phase
structures of samples A, B, and C remain in the MPB area and are consistent
with that reported in literature [3-9]. However, the composition of sample D slightly
shifts away from the MPB region possibly due to the high concentration of the

dopants.

According to the ionic matching relationship [10], the ionic radius of all elements
in NBT-0.06BT are Na* (1.39 A, CN 12) (CN=coordination number), Bi* (1.31 A,
CN 12), Ba?* (1.61 A, CN12) [4,7] and Ti** (0.61 A, CN 6). The comparison of
these values with La®" (1.36 A, CN12) and Ta%* (0.64 A, CNB) reveals that the
La3%* can substitute A-site ions and the Ta%* ions [11,12] can substitute B-site Ti**
ion in NBT-0.06BT due to the radius similarity.

The Goldschmidt tolerance factor (f) relation could be calculated by using

Equation 1-12 in Chapter 1 [15,16] to determine the perovskite structure stability:

The tolerance factor value of stable perovskite structure is in the range of 0.77-
0.99 [15,16]. The calculated average t value for all compositions in this study is ~

0.976, which means that all compositions possess a stable structure.

Table 8-6 illustrates the lattice parameters (A), c/a ratio, and the average grain

size of all the samples.

“0

Table 8-6 shows that the lattice parameters (“a=b” and “c”) are affected by doped
La®*" and Ta®%", as shown by the ¢ parameters for samples B to D (Table 1). The
calculation of the c/a ratio reveals that the Samples B, C, and D have a bigger
ratio of c/a than Sample A indicating that doped samples have bigger tetragonal

cells in their structure than the undoped sample A.
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Figure 8-8: (a) XRD patterns of NBT-0.06BT and xLa-NBT-0.06BT-yTa; (b)
enlargement of [111] peak split into [003] and [021] at 39.0° to 41.0° (c)
enlargement of [200] peak split into [200] and [002] at 45.5° to 47.5°.
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Table 8-6: Lattice parameters (A), c/a ratio, and the average grain size of NBT-
0.06BT and xLa-NBT-0.06BT-yTa ceramics.

Sample name, xLa-NBT- Lattice Average grain size
0.06BT-yTa parameter / (nm)
c/a
A) ratio
a c
A, NBT-0.06BT

5.5113  13.4744  2.4449 1.78

B, 0.005La-NBT-0.06BT- 5.4935 13.5048 2.4584 2.05
0.002Ta

C, 0.005La-NBT-0.06BT- 5.5118 13.4955 2.4485 1.70
0.005Ta

D, 0.005La-NBT-0.06BT- 5.5113 13.4876  2.4488 1.59
0.01Ta

Fig. 8-9 exhibits the morphology of all xLa-NBT-0.06BT-yTa samples by SEM.
Generally, all samples show quite dense structures, but some missing grain
porosity can be seen for Sample A, which is not apparent with doping. Sample A
presents distinguishable granular and rod-shaped grains. In the co-doped
samples, the granular morphology starts to dominate as the surface layer tends

to merge with the underlying morphology.
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Figure 8-9: SEM morphology of NBT-0.06BT and xLa-NBT-0.06BT-yTa ceramics.

The grains in Samples B, C, and D present a uniform distribution (Fig 8-9). The
average grain size varies with La%* and Ta% concentrations and appears to
increase from Sample A to B but then reduces for C and D. La®* enhances the
growth of the grains in NBT-0.06BT when it substitutes Na* resulting in A-site
vacancies in order to keep charge balance [1,17,18]. Generally speaking,
creation of the A-site vacancies is quite beneficial for the mass transportation
[18,19]. This mass transport might be responsible for increasing the grain growth
in the NBT-0.06BT with increasing La®* content [18,19]. On the contrary, Ta%* as
a donor element may behave as an inhibitor to the grain growth in the NBT-
0.06BT system, in which Ta%" will replace Ti** according to the radius analogy
[11,12,14,20,21]. As a result, the average grain size is increased (Sample B) with
the addition of unequal concentrations of La** (0.5%) and Ta%*( 0.2%), so the

effects of La®* on the grain size are more pronounced than Ta%*. Secondly, when
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the doped amounts of La®* and Ta%" are equal (x=y=0.5%), the average grain size
shows a reduction. This is possibly due to competing dopants cancelling effect.
Finally, with more Ta®* content (Sample D), the average grain size shows further
reduction (Table 8-6).

8.2.2.2 Effects of La and Ta on dielectric properties

Fig. 8-10 (a-d) shows the change of the dielectric properties of poled undoped
and co-doped NBT-0.06BT as a function of temperature from 20 to 150 C at
three different frequencies from 1 to 100 (kHz).
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Figure 8-10: Relative permittivity (&) and loss tangent (tand) vs temperature for (a)
NBT-0.06BT, (b) 0.005La-NBT-0.06BT-0.002Ta, (c) 0.005La-NBT-0.06BT-0.005Ta,

and (d) 0.005La-NBT-0.06BT-0.01Ta at three frequencies 1, 10, and 100 .

Sample A shows a relative permittivity (&) of ~ 396 at RT and 1 kHz (Fig. 8-10
(a)). However, Samples B, C, and D (Fig. 8-10 (b to d)) present considerably
higher &rvalues, which are around 671, 754, and 925, respectively. The & of all
samples increases with temperature below Tc or Twm, which is a typical behavior
of ferroelectric materials [21]. The co-doped Samples B, C, and D show a
pronounced inflexion in & with temperature which is not observed for Sample A
(Fig. 8-10(a-d)), although there is evidence showing that the inflexion may occur

outside the temperature measurement window.

In oxide ferroelectric ceramics, relative permittivity normally increases due to
inverse correlation with average grain size [22,23]. In this work, Sample D has
the smallest average grain size and shows the highest &, but the dominating

factor effecting & more likely relates to the dopant effects.

The dielectric loss (tand) of the undoped sample is around 0.044 at RT and 1 kHz
and after co-doping, becomes ~ 0.047, ~ 0.044, ~ 0.048, for samples B, Cand D

respectively. From literature, tand shows a maximum value at the depolarization
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temperature (Tq) [24-26]. In this work the estimation of this maximum has been
more difficult due to the subtle variations in tand, across the temperature range.
The estimate of Ty for sample A appears at ~115 “C whilst similar estimates for
samples B, C and D are proposed at around 40, 45, and <40 °C, respectively.
The dielectric loss at Tqis around 0.051, 0.052, 0.047 and 0.048 for samples A,
B, C and D, respectively (Fig. 8-11). The relative permittivity at Tyis around 582,
721, 837, and 925 for Samples A, B, C and D, respectively. The dielectric results
at &rclearly show that the La®* and Ta®* co-doping has a significant effect on the
&rvalues, and the large increase in & observed near Ty is in agreement with that

generally seen for ferroelectric ceramics in literature.
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Figure 8-11: The identification of the Td values of all samples by dielectric method

(loss tenant (tand) against temperature (°C)) for all samples at 1 kHz.

8.2.2.3 Effects of La and Ta on depolarization temperature

In this study, there is an attempt to subjectively identify Tyby two methods: (1)
Dielectric method (dielectric loss vs temperature plots in Fig. 8-11) [24,26-28]; (2)
Pyroelectric method, (pyroelectric coefficient (p) vs temperature plots in Fig. 8-
12).
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Although the dielectric loss method has been reported in literature [24,26-28] as
a viable approach, figure 8-11 shows that we can only tentatively predict Ty in
this work primarily based on the temperature range limitations of the equipment
and the flat nature of figure 8-11 in the region of interest. However, by looking at
figure 4 we can propose that the Ty values for samples A to D are 115°, 40°, 45

and <40 "C respectively.
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Figure 8-12: Pyroelectric coefficient (p) vs. temperature for all samples and

identification of the depolarization temperature (7).

The second method to find the Tyis by observing the temperature, at which the
maximum pyroelectric coefficient value is obtained. It is widely known that the
maximum p value can be obtained at the phase transition temperatures [1,29-
31]. In this study, the first phase transition (from Ferroelectric phase (FR) to
intermediate phase) temperature in NBT-0.06BT [24,31-33] is utilised to identify
the Ty as shown in figure 8-12. As expected from above, the exact Ty could not
be identified for sample A by this method due to the upper temperature limit of
the equipment being only 90 °C. For the co-doped materials, the peak maxima
are more clearly defined and values of ~55°, 35" and 35-37 “C for samples B, C,

and D, respectively, can be initially extracted from them. In the case of sample B
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however, the shape of the plot suggests there may be two phase boundaries in
close proximity due to the pronounced “shouldering” which appears in a similar

location to the peak maxima of samples C and D.

The reason behind the observed decrease in the Ty might be attributed to two
factors. Firstly, the replacement of La%* to Na* generates A-site vacancies
[1,17,18]. The ferroelectric domain stability is affected by the coupling between
A-site cations and ferroelectric (TiOs). This stability decreases with the increases
of A-site dopant content [5,17,34]. Secondly, the degree of freedom for B-site ion
movement in the TiOg octahedra due to doping with Ta%* (0.64 A) that has a bigger
ionic radius than Ti** (0.605A) [11,12,20,35] is reduced. The Ta%* will occupy a
larger space in oxygen octahedral than the Ti**. As a consequence of this, the
ferroelectric properties become weakened [20,26,36], which results in the phase
transition from ferroelectric (FE) to relaxor anti-ferroelectric (relaxor AFE) to be at
lower temperature [4,17,20,31,37,38]. From figure 8-12 it is interesting to observe
what is apparently happening in terms of phase boundary changes, particularly
in terms of the Ta%* effects on the shape of the plot of sample B compared with
C and D. Possibly because of the close proximity of the morphotropic phase
boundary and triple point for these NBT-BT compositions, the subsequent
depression of the triple point temperature could mean that there is a particular
critical composition (Sample B) where on heating you can pass from
rhombohedral to tetragonal to antiferroelectric, but with a slight compositional
change sideways (Sample C) you find only the rhombohedral to antiferroelectric

transition.

8.2.2.4 Effects of La and Ta on pyroelectric properties

As mentioned above the pyroelectric coefficient (p) is considered as an important
parameter in the selection of materials for pyroelectric applications [24,27]. The
efficient way to evaluate pyroelectric performance of a material is by calculating
the figure of merits (FOMs) [2,24,39]. The calculation of the FOMs is based on
the values of pyroelectric coefficient, relative dielectric permittivity, the dielectric
loss tangent and the specific heat [3,39-41], there are several types of FOMs

depending on the applications [3,24,39-42].
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In this study, the pyroelectric coefficients (p) of xLa-NBT-0.06BT-yTa were
measured from 20 to 90 "C for undoped sample A or 20 to Tqfor doped samples
(B, C, and D).

The measurements of the p and calculation of FOMs were carried out using the
Equations 1-11 and 1-15 to 1-18 in chapter 1 [3,6,24,39-44].

Fig. 8-12 shows the pyroelectric coefficient (p) as a function of temperature for
xLa-NBT-0.06BT-yTa from 20 to 90 ‘C. Samples B and C show well defined
profiles differentiated only by the T4 values, which coincide with the maximum
observed p values. Sample B shows a considerably higher p value than sample
C, which can probably be related to the close proximity of the two-phase
transitions proposed above in section 8.2.3.3. The Ty value for sample A clearly
lies outside the measurement window as previously mentioned so it is difficult to
discuss its likely profile. Sample D shows a significantly different response
relative to B and C. It shows the lowest p value of all the samples. The low p
value can be linked to the sample structure that has slightly shifted from the MPB
area, as supported by the XRD study (Fig. 8-8, (c)). The pyroelectric results seem
strongly affected by the La3* and Ta%"concentrations as well as the depolarization

temperature.

Pyroelectric coefficient(p) and FOMs F;, Fy, and Fp values for all the samples at
RT are listed in Table 8-7 whereas Table 8-8 presents these values at 90 "C or
Tq4. At RT, the p values show an increase for the doped B and C samples
compared to the undoped sample A. The trend in the values of c/a ratio in Table
8-6 agrees with the trend in p values. Sample B has the largest c/a value, which
means that Sample B has more tetragonality than the other co-doped Samples
and that contributes to a greater pyroelectric response. The difference in
magnitude of the maximum p values between Samples B and C can also be
linked to the difference in transition taking place, ie. tetragonal to antiferroelectric

compared with rhombohedral to antiferroelectric.

The huge increase in p at Ty is clearly linked to the shift in the phase transition
as confirmed in literature [1,27,29,31,33,45-47]. At RT, p values for Samples B
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and C are higher than those of PZT and other lead-free ceramic compositions
(Tables 8-7 and 8-8) [27,28,33,39].

At RT, the Fi and F, values for samples B and C are greater than the undoped
sample but for sample D are worse. At Tq, the co-doped materials show a
decrease in Fi and F, for samples B to D with only Sample B being higher than
the undoped material. The optimum values at RT for Samples B and C, and for
Sample B has at Ty, are due to the larger p values and lower ¢, that these two
samples possess. Promisingly, these FOMs are higher than those of PZT and

other lead-free ceramic compositions at RT (Table 8-7).

Fp values of all samples at RT and 90°C or T4 show lower values than Fp for PZT
and some other lead-free compositions [3,39]. However, the Fp values of the
doped samples are much less than that of the undoped sample due to their larger
relative permittivity and dielectric loss even though their p values, particularly for

Samples B and C, are much higher than that in Sample A.
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Table 8-7: Pyroelectric coefficient (p ) and FOMs (Fi, Fy, and Fp) results at room temperature (RT) of NBT-0.06BT and xLa-NBT-
0.06BT-yTa in the present study and literature.

p x10* (C.m2°C") Fix10" m.V"') F, (m:C")at 1kHz Fpx10° (Pa'?)at 1kHz

Composition
at RT at RT at RT at RT
NBT-0.06BT 3.15 1.12 0.021 9.08
0.005La-NBT-0.06BT-0.002Ta 12.92 4.61 0.078 2.84
0.005La-NBT-0.06BT-0.005Ta 5.12 1.83 0.027 1.13
0.005La-NBT-0.06BT-0.01Ta 0.64 0.23 0.003 0.11
PZT 4.14 1.42 0.008 9.01
NBT-0.07BZT 5.71 2.03 0.022 10.50
NBT-0.06BT-0.002Mn 3.52 - - -
BNKBT 3.25 1.95 0.026 13.43
KNLNTS 1.90 0.93 0.007 11.51
NKLBT-0.05BT 3.63 1.27 0.017 -
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Table 8-8: Pyroelectric coefficient (p ) and FOMs (Fi, Fv, and Fp) results at 90 °C or Ty of NBT-0.06BT and xLa-NBT-0.06BT-yTa in

the present study and literature.

Composition

NBT-0.06BT

0.005La-NBT-0.06BT-0.002Ta

0.005La-NBT-0.06BT-0.005Ta

0.005La-NBT-0.06BT-0.01Ta

NBT-0.07BZT

NBT-0.07BZT

at90°C or 7,

23.9 at90°C

54.0 at 54.9°C

20.6 at 35.1°C

1.6 at 35.5°C

20.0 at 50°C

22.1at 87°C

at 90°C or 7,

8.6 at 90°C

19.3 at 54.9°C

7.4 at 35.1°C

0.6 at 35.5°C

7.33 at 50 °C

249

at90°C or T,

0.19 at 90°C

0.28 at 54.9°C

0.11 at 35.1°C

0.01 at 35.5°C

0.07 at 50 °C

p x104(C.m2°C") Fix10"°(m.V"') F, (m2.C")at1kHz Fpx10(Pa'?)at 1kHz

at 90°C or 7T,

65.5 at 90°C

10.5 at 54.9°C

4.2 at35.1°C

0.3 at 35.5°C

33.6 at 50 °C



8.2.3 Conclusion

The compositions of co-doped lead-free NBT-0.06BT ceramics with different
contents of La3* and Ta® up to x =y = 0.5% remain in the MPB region and no
significant structural change was detected. The depolarization temperature (T4),
observed by two methods, was significantly reduced and the pyroelectric
coefficient of NBT-0.06BT ceramics was greatly increased both at room and
depolarization temperatures. FOMs, F;, and F, increased with the increase of the
dopant contents at RT up to x =y = 0.5% and up to x=0.5% and y =0.2% at T..
The pyroelectric coefficient of La®* and Ta%* co-doped NBT-0.06BT shows a one
order of magnitude increase than that observed in PZT materials and other lead-
free compositions. Likewise, the FOMs, Fi, and F, are comparable with or even
better than those observed in PZT materials and other lead-free compositions,
demonstrating that xLa-NBT-0.06-yTa ceramics, particularly at x = 0.5% and 0.2
<y <0.5 (%), are promising materials for infrared detectors and other pyroelectric

applications in a wide temperature range.
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9 Synthesis and Characterisation of the Composite
Pyroelectric Ceramic Material (CCPCM) by merging
two A-site ((0.2 and 0.5) %La) doped NBT-0.06BT
compositions

A composite material has basically been defined as the combination of two or
more materials that results in better properties than those of the individual
components used alone [1]. Generally, a composite is considered to be any
multiphase material that exhibits a significant proportion of the properties of both
constituent phases such that a better combination of properties is realized [2].
Therefore, composite materials have been proven as a way for improve the
materials properties in compare with its original components. In this scope, this
chapter it has been merged two A-site doped pyroelectric ceramic compositions
aiming to enlarge and extend the pyroelectric working temperature of the lead-

free NBT-0.06BT ceramic material.

9.1.1 Experimental

The raw materials used in this study were powders, lithium oxide (La203), 99.5%,
bismuth oxide (Bi203), 99.999%, sodium carbonate (Na>CO3), 99.5%, barium
carbonate (BaCO3), 99.98%, and Titanium dioxide (TiO2), > 99.8% (all Sigma-
Aldrich).

In this study, two synthesis routes were utilized. A solid-state synthesis route was
selected to prepare Composition A, 0.002La-doped 0.94NBT-0.06BT and
Composition B, 0.005La-doped 0.94NBT-0.06BT. The full details about the
synthesis way was reported in chapter 2 (Fig. 2-2). While the synthesis procedure
of Composition M was prepared by mixing equal weight amount of two
compositions 0.002La-0.94NBT-0.06BT and 0.005La-doped 0.94NBT-0.06BT
and then sintered by SPS, for full details of the preparation method please, see

Figure 2-3 in chapter 2.

The SPS equipment utilized to sinter Composition M is (HPD 25/1 FCT
(Germany), and sintering temperature was 1000 °C under pressure 50 MPa for 5

min with heating and cooling rates of 100 °C /min.
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The pellets obtained by SPS were polished on both sides using different silicon
carbide papers. Then the pellets were annealed at 850 °C in a furnace for 20 hrs.,
at a heating ramp and cooling rate of 10 °C per min. in a furnace to remove the
carbon from the pellets and also to release the residual stress after sintering by
SPS.

Compositions A, B, and M have been characterized in the same way that followed

in the samples in the previous chapters please, see chapter 2.

9.1.2 Results and discussion
9.1.2.1 Microstructure

Fig. 9-5 (a, b, and c) shows X-ray diffraction patterns of Compositions M (Cm from
now afterwards), A (Ca) and B (Cg). Cu presents a single perovskite phase
without any detectable secondary phase, which is well agreed with the XRD

patterns of Ca and Ceg.

Fig. 9-5 (b) presents the split in peak [111] into [003] and [021] at 39.0° to 41.0°
for all compositions, indicating the existence of rhombohedral (Rh) phase. This
split agrees with the phase structure of undoped NBT [3,4]. Another split has been
spotted in the peak [200] into [200] and [002], which indicates the existence of
tetragonal (Tr) phase in NBT lattice [5-11] (Fig. 9-5 (c)). The coexistence of both
Rh and Tr phases in Cu, Ca, and Cg, verifies that all compositions are at the
morphotropic phase boundary (MPB) region [12]. In undoped NBT-xBT the co-
existence of Rh + Tr at x = 0.06-0.07 was reported in literature [7,13,14]. Despite
the synthesis route of Cv is completely different from that of Ca and Cg the phase
structure of Cu remains in the MPB region and it phase structure is consistent
with that reported in literature [7,13-16].

Table 9-5 lists the lattice parameters, c/a ratio, cell volume, the average grain
size and the density of all the compositions. The lattice parameters “a = b” and

¢’ of Cwm are slightly affected by composition combination and the sintering
technique, where “c” shows higher value than Ca, but it's slightly lower than Cg
value (Table 9-1). Cv shows higher tetragonality (c/a ~ 2.4806) than both Ca (c/a

~2.4386) and Cs (c/a ~ 2.4535) (Table 9-1).
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However, Cu shows the lowest cell volume ~ 252.405 A3 among three
compositions (Table 9-1). The average grain size of Cu also shows a
considerable decrease compared with Ca and Cg, (Table 9-1). The changes in
average grain size in Cu can be attributed to the fact that the SPS sintering
technique largely suppresses the grain growth due to a very short sintering time
[17-22].

Fig. 9-6 (a-c) illustrates the SEM morphology of all compositions. Cu shows a
completely different feature than Ca and Cs. It presents a structure with many
pores (Fig. 9-5 (a)). No obvious pores can be observed in Ca and Cg (Fig. 9-2 (b
and c)). Ca and Cg exhibit rod shape grains in a wide range of sizes. However,

Cw did not show clear grain shapes under current magnification.

Cwm shows a density around 5.852 (gm.cm3) which is higher than Ca and Cs

(Table 9-5), in spite of the existence of many noticeable pores.

This result is in agreement with literature [12,18-23]. The higher density in Cv can
be understood that SPS helps enhance the densification of Cv [12,18-23].

9.1.2.2 Dielectric properties

Fig. 9-7 (a-b) illustrates the change of the dielectric properties of poled ceramic
Cwm, Ca, and Cg, as a function of temperature from 20 °C up to 150 °C at 1 kHz.

Cwm shows dielectric permittivity (&r) of ~ 344 at room temperature (RT) and 1 kHz

(Fig. 9-7 (a)), whereas Ca and Cg show much higher &r values which are around
600 — 700 (Fig. 9-3 (a)) [10]. The & for all compositions increases with rising

temperature, which behaves like a typical ferroelectric material [24,25].

The relative permittivity vs. temperature plot demonstrates an obvious declining
after a certain temperature in Ca and Cg (Fig. 9-7 (a)). This declining in &r starts
at temperature ~70 ‘C and 69 ‘C for Ca and Cs, respectively. However, it could
not be identified in Cwm (Fig. 9-7 (a)).

258



()

110

1\ '200, 002

111" ! 211
100 ey 220 B

Intensity (a.u.)

[ % \
20 30 1"4[:} ~ * 50 \ 60 70 80 90
FA 4 N\
N. 20 (degree)s
N
b N AN
®) .« © N,
003 S AN
\\ 021
/ 200 ~ 002
o
B
A
021
200
003 / e
\-\ 00z
/
M
33 40 41 | as.s 46.5 47.5

Figure 9-1: (a) XRD patterns of compositions M, A (0.002La-NBT0.06BT), and B
(0.005La-NBT0.06BT); (b) enlargement of [111] peak split into [003] and [021] at
39.0° to 41.0°; (c) enlargement of [200] peak split into [200] and [002] at 45.5° to
47.5°.
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Table 9-1: The lattice parameters (A), c/a ratio, cell volume (A3%), average grain

size (um), and density (gm. cm) of Composition M, A, and B.

Composition name,

xLa-NBT-0.06BT

M, (A+B)

A, 0.002La-NBT-
0.0BT

B, 0.005La-NBT-
0.0BT

Lattice

parameter
A)
a=b c

5.489 | 13.505

5518  13.456

5.505  13.506
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c/a

ratio

2.481

2.439

2.454

Cell

volume
(A%

252.405

354.786

354.447

Average
grain size

(nm)

0.917

2.85

2.71

Density

(gm.cm™)

5.852

5.841

5.785



Figure 9-2: The SEM morphology of Compositions M (a), A (b), and B (c).

The dielectric loss (tand) of Cu is much lower (~ 0.027) than those of Ca and Ceg,
which are around 0.057 and 0.061, respectively at RT and 1 kHz, (Fig. 9-7 (b)).
With the increase of temperature, dielectric losses of Ca and Cg increase to the
maximum value at the temperature that is widely known as the depolarization
temperature (Ty) [26-29] and then decreases. The T4 of Ca and Cg are around 75
‘C and 70 'C, respectively [12] (Fig. 9-7 (b)).
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Cwm, however, exhibits an unusual tand profile, which shows a continuously
increasing within the temperature window. Despite that the graph of dielectric loss
vs. temperature of Cu did not show the depolarization temperature within the
temperature window, it might appear at the lower end outside the measurement

window [12].

Obviously, Ca and Cg show higher tand than Cwu up to 90 °C (Fig. 9-7 (b)) then Cwm
shows a higher tand than Ca and Cg. The tand of Cy presents low and reasonably
stable dielectric profile below 90 C with modest increases in & with increasing
temperature in the measurement window. While Ca and Cg show quite different
dielectric profiles with a sharp increase in both &-and tand (tand up to Ty) in the
same measuring window. This lower and reasonably stable temperature profile

in the &rand tand of Cw is quite beneficial for pyroelectric applications.

9.1.2.3 Depolarization temperature

Apart from dielectric method, Ty could also be identified by pyroelectric method
(Fig. 9-8) (a and b)) [30]. In this study, the temperature at which pyroelectric
coefficient shows a peak at FE — AFE phase transition was utilized as a second
method to identify the T4 for Cu, Ca and Cs, (Fig. 9-8 (a, and b)).

The Ty identified by this method are 40, 68 and 74 "C for Cy, Ca and Cg,
respectively, (Fig. 9-8 (a, and b)).

It is widely known that the performance of the ferroelectric materials is strongly
related to their microstracture and to average grain size [19,31-34]. Cu with the
smaller grain size than Ca and Cg shows a lower phase transition temperature
[17,29,30] and therefore more grain boundary [22]. The grain boundry is not
ferroelectric phase, thus the volume fraction of the grain boundry in Cv increases
with the decrease of grain size. As a result, the ferroelectric properties will be

weakened and thus the phase transition shifts to low temperature [22].

Comparing the Ty results for Ca and Cg which have been obtained by two
methods, dielectric and pyroelectric, the latter method shows T, values lower than

the former method, which agrees with the results reported by Anton et al. [26].
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Figure 9-3: (a-c) the temperature dependence of the dielectric permittivity (¢r) and
dielectric loss (tand) respectively of Compositions M to B, in wide

temperature range and at 1 kHz and identify of the depolarization

Pyroelectric coefficient (p) of a material is one of important parameters to be
considered for the pyroelectric applications [26,35] and defined as the change of
spontaneous polarization (P) produced by a fluctuation of temperature and
defined as [36,37]:



AP (9-1)

P=ﬁ

Figure of merits (FOMs) is another important parameter to be considered as well
as represents a standard and efficient method to evaluate the performance of a

pyroelectric material [4,26,38].

The calculation of the FOMs is based on the values of pyroelectric coefficient,
relative dielectric permittivity, dielectric loss tangent and specific heat [28,36-40].
There are several types of FOMs depending on the special pyroelectric

applications such as infrared or thermal imaging [30,38-42].

In the current study, the pyroelectric coefficients (p) of all the samples were
measured from 20 °C to 90 °C. The calculations of pyroelectric coefficient(p) and
FOM have been done using Equations 1-11 and 1-17 in chapter 1 at room and

depolarization temperature [13,30,38-40,42].

Fig. 9-8 (a and b) shows the dependence of p as a function of temperature for all
compositions from 20 to 90 "C. A broad p profile without a distinguishable sharp
peak was shown in Cm in Fig. 9-8 (a). However, single sharp pyroelectric
coefficient peak was observed at Ty in Ca and Cg. These pyroelectric responses
coincide with the phase transition from FE to AFE or relaxor-AFE phases at Tq
(Fig. 9-8 (a)).

While Cu shows this phase change at a lower and broader temperature range
between 30 'C to 55 ‘C (Fig. 9-8 (b)). In addition, p value of Cum exhibits
fluctuations at an average value of 6.72 x 10* C.m2."C" with the maximum p
appearing at 7.10 x 104 C.m=2."C"! between 30 — 55 °C, a 9 % variation (Fig.9-8
(b)).

The pyroelectric response of Cu may be attributed to its structure. Cwu is
composed of many tiny compositions that are compacted in different percentage
of Ca and Cg (Fig. 9-8 (b)).
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Figure 9-4: (a) the pyroelectric coefficient (p) vs temperature (°C) for Compositions
M, A, and B, at temperature from 20 °C to 90 °C, and identify of the T4 for
Compositions A, and B. (b) enlargement of the pyroelectric coefficient curve of

Composition M with identify of the T, for the same Compositions.

Those tiny dissimilar compositions would show slightly different pyroelectric
response. As a result, the pyroelectric response is smeared to a wide temperature
range (30 - 55 "C), (Fig. 9-8 (b)). The wide temperature response in pyroelectric
coefficient over a range of ~25 °C that has been achieved in Cu may give rise to

a potential breakthrough in pyroelectric device applications.
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Pyroelectric coefficient(p) and FOM Fp for Cu, Ca and Cg at RT and Ty are listed
in Table 9-2. Cw shows a p value between Ca and Cg at RT, but higher than PZT
and other lead-free compositions (Tables 9-2) [14,29,38,43]. In contrast, at Ty Cwm
presents lower p value than Ca and Cg, PZT, and other lead-free compositions
(Tables 9-2). Cg presents the highest p at RT, while Ca at Ta.

At Ty, the lower p value can possibly link to a lower depolarization temperature of
Cw. It is widely known that the phase transition from FE to AFE or relaxer AFR
happened at Ty [44-48], which means that the ferroelectric material might lose
most of its ferroelectric long rang order at this temperature. Cuv shows Ty at
around 40 °C, which is far lower than Tqof Ca and Cs. However, at Ty, the huge
increases of p in Ca and Cg can be interpreted due to the positive correlation
between p and pyroelectric current (/p), which reaches the maximum at T4 [49].
It has been reported that the peak p value of (1-x)NBT-xBT can be achieved at
phase transition temperatures [44-48]. Therefore, the large p values obtained at

Tqare most likely related to a phase transition.

Cwm shows a much higher Fp than Ca and Cg at both room and depolarization
temperatures (Tables 9-2), though Ca and Cg have higher p values at Tq. In
addition, Cwu also shows a higher Fpthan PZT and all other lead-free compositions
at RT (Tables 9-2), which is due to the higher p (at RT) and the lower dielectric

properties (erand tand) of this composition.
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Table 9-2: The pyroelectric coefficient (p) and the figure of merit FD at room (RT)

and depolarization temperature (Ty).

Composition name, p x10 p x10 Fp (uPa'?)  Fp (uPa'?)
xLa-NBT-0.06BT  (C.m2°C') (C.m2°C') atlkHzat at1kHzat
at RT at Ty RT T,
M 5.93 7.10 at 40 °C 23.0 253 at40°C
(A+B)
A 5.15 105.4 at 68 °C 1.0 18.2 at 68 °C

0.002La-NBT-0.06BT

B 7.42 86.1 at 74 °C 1.4 15.8 at 74 °C
0.005La-NBT-0.06BT

PZT 4.14 - 9.01 -
NBT-0.07BZT 5.7 20.0 at 50 °C 10.5 33.6 at 50 °C
NBT-0.06BT-0.002Mn 3.5 - - -
BNKBT 3.25 - 13.43 -
KNLNTS 1.9 - 11.5 -
NKLBT-0.05BT 3.6 - -

9.1.3 Conclusion

A compositionally graded pyroelectric composition (CGPC) of NBT-0.06BT was

synthesized by merging two different compositions using SPS technique.

The CGPC remains in MPB area. However, the grain size of the CGPC
significantly reduces in comparison with those in Ca and Cg. The pyroelectric
coefficient of CGPC stays stable in a broad temperature range (25 °C). Between
30 "C to 55 'C the p of CGPC shows an average value (6.72 x 104 C. m2."C") of
Ca and Cg with a variation of ~+ 9 %. At RT, the p value of CGPC shows ~ 5.93
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x 10 C.m=2."C" that is close to the average pyroelectric coefficient value (6.29 x
104 C.m2."C") of Ca and Cm. Figure of merit (Fp) of the CGPC presents higher

values of 23 and 25 yPa'? at both room and depolarization temperatures,

respectively. Both pyroelectric coefficient and figure-of-merit of CGPC exceed

PZT and other lead-free materials at both RT and T,. The new compositionally

graded pyroelectric ceramic composition might be a very promising material for

pyroelectric applications that require to be operated in a wide temperature range.
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10 Project Overall Discussion

This study aimed, firstly, to enhance the pyroelectric properties of the lead-free
0.94Nao sBio.5TiO3-0.06BaTiO3 ceramics over a broad temperature range, and
secondly, to control and decrease the depolarization temperature (Tq) to near
room temperature (RT) using three different methods, which included modifying
the initial material composition, doping ions into A- or/and B-sites in the initial
material composition, and synthesising composite pyroelectric ceramic material
(CPCM).

Those three main points were discussed in detail in the individual chapters and
this Chapter aims to link the main points to provide an overall understanding to

this work.

10.1 Microstructure

The microstructure of NBT-0.06BT was significantly affected by the three primary
mechanisms that were followed to improve the pyroelectric properties of this
composition. In addition, these mechanisms moved T, near RT. The

microstructural changes of the NBT-0.06BT are listed:

1. Stoichiometric variation of NBT-0.06BT original compositions by changing one

or two or all the A-site (Na, Bi, and Ba) element contents.

The NBT-0.06BT microstructure was affected by the variation of the A-site
element concentrations. Increasing the Ba?* concentration solely from x=0.00 to
0.03 changed the structure of NBT-0.06BT. The lattice parameters (a=b) show a
slight increase with increasing Ba?* content. However, the stoichiometric and
nonstoichiometric compositions showed little aviation in the “c” parameter except
for the NBT-0.06B1.01T composition, which showed a decrease. The density of
nonstoichiometric compositions variated with altering the barium content, and
NBT-0.06B102T showed the highest density among all compositions. The
average grain size decreased with increasing the barium content and reached a
minimum at x=0.02. Barium performs as an inhibitor of the grains growth in NBT
system. In PZT and PLZT (La-containing PZT), the comparable effect was

noticed when Pb?* was substituted with Ba?* [1-3].
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Furthermore, the alteration of the A-site (Na(), Bi), and Ba;)) element content
caused significant changes in the microstructure of the NxByT-0.06B,T material.
The lattice parameters profoundly increased with adding more x, y, and z content.
Conversely, the average grain size and the density presented noticeable
reduction with the change of the stoichiometry compared to the initial composition

and the addition of Na, Bi, and Ba concentrations.

All these NaxBi)TiO3-0.06Ba()TiOs structural changes may be interpreted in
termes of the compositional changes that occurred throughout the heat
treatments (calcining and sintering) at high temperature. The loss of sodium is
likely more significant than that of bismuth due to the higher volatility of Na.
Hence, the composition may shift to a Bi**-nonstoichiometry state after calcining
and sintering. Usually, the Bi®* behaves as an inhibitor of grain growth in NBT
microstructures. Consequently, the excess in bismuth content can reduce the
grain size [4]. Besides the effect of Bi®*, the increase of the Ba?* content also
reduces the grains size, enhancing the prevention the grain growth [1-3,5]. In
PZT ceramics it was noticed that the same reduction effect in the grain size of
due to substitution of lead with barium as mention before [1-3,5]. The density of

nonstoichiometric compositions reduced due to the above reasons.

2. Doping A-or/and B-sites of NBT-0.06BT with other elements (La and/or Ta).

Doping A-site of the material with lanthanum (up to 1.00 (mol %)) largely
increases the lattice parameters, average grains size, and the density of the

doped compositions.

La®*" may enhance the growth of NBT-0.06BT-xLa grains when La3* substituted
Na*. As a result, A-site vacancies will be created to keep charge balance.
Creation of the A-site vacancies is quite beneficial for the mass transportation.
This mass transport may be responsible for boosting the grain growth in NBT-

0.06BT-xLa with increasing La%* concentration [6,7].

Doping B-site of NBT-0.06BT with xTa%* (up to 1.00 (mol %) also affected the
material microstructure. Both the lattice parameters and the density of the doped

compositions increased even though the average size of grains reduced.
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The reduction of grain size and the increases in the density of doped
compositions are due to the creation of cation vacancies in A-site. Ta%* replaces
Ti** due to the radius analogy [2,8-11], but there is a valence difference between
them. Thus, Ta® behaves as a donor, and to maintain the charge balance in the
system, A-site vacancies form. These A-site vacancies may locate at the grain
boundaries due to the thermodynamic stability of the system. These A-site
vacancies restrict the grain growth. Thus, the Ta%" can act as an inhibitor. As a
result, doping NBT-BT system with donor elements prevents the growth of the
grains [12,13] and as mentioned previously the creation of A-site vacancies helps

to increase the density of the dopant compositions due to mass transport [6,7].

Doping both sites of the NBT-0.06BT with xLa and yTa in two different ranges of
concentrations (0.0 =x< 1.00; y=0.002)) and (x=0.005; 0.0 <y< 1.00)) affects the

microstructure of the NBT-0.06BT material.

The xLa-NBT-0.06BT-yTa (0.0 =x< 1.00; y=0.002), shows an increase in the
lattice parameters, average grain size, and the density of the doped
compositions. The growth of grains in size can be assigned to dopants effect.
La%* enhances the grains’ growth in NBT-0.06BT system when it substitutes
either Na* and/or Ba?* because of the creation of vacancies in A-site to keep
charge balance [6, 9,14]. Tantalum affects the compositions in a contrary way to
lanthanum. The Ta®* performs as an inhibitor to the grain growth in NBT-0.06BT
due to the valence difference between Ta®* and Ti** [11,15,16]. As a result, A-

site vacancies will be created, as mentioned before [12,13,15].

However, doping A (xLa)- and B (yTa)-sites with, (x=0.005 and 0.0<y<1.00)
demonstrates considerable changes in NBT-0.06BT microstructure. NBT-0.06BT
shifts outside MPB area by increasing Ta%" content to 1.00 (mol %). Also, the
lattice parameters and the density of the co-doped compositions increased with

increasing A- and B-site dopant contents, but the average grain size decreased.

The average of grain size increased by increasing of lanthanum and tantalum
concentration at x =0.005 and y=0.002, while it has decreased when further La
and Ta concentration is raised up to x=0.005 and y = 0.01. Lanthanum enhances

the growth of grains in NBT-0.06BT when it substitutes sodium resulting in A-site
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vacancies due to charge unbalance [6,10,14,17]. So, the grains will grow in NBT-
0.06BT with the increase of La%* content [10,17]. On the contrary, tantalum as a
donor element may behave as an inhibitor to the grain growth in NBT-0.06BT, in
which Ta%* will replace Ti** according to the radius analogy [11-13,15,16]. As a
result, the average grain size increased with the addition of different
concentrations of La%* (0.005) and Ta®*( 0.002), so the effects of La3* on the grain
size are more pronounced than Ta®%*. Secondly, when the doped amounts of La3®*
and Ta®* are equal (x=y=0.005), the average grain size shows a reduction. The
grain reduction is possibly due to competing dopants cancelling the effect. Finally,
with more Ta%* content (x =0.005; y=0.01), the average grain size shows further

reduction

3. Effects of forming CPCM on the NBT-0.06BT microstructure.

A CPCM was formed by merging two doped xLa-NBT-0.06BT, (x= 0.2 and 0.5
(%)) compositions. The lattice parameters and density demonstrated an obvious

increase.

The CPCMs have been manufactured from the 0.002Ta- NBT-0.06BT + 0.005Ta-
NBT-0.06BT compositions which demonstrated considerable reduction in lattice

parameters and density.
The average grain size was substantially reduced in the CPCM.

The reason for the reduction in the average grain size and the density of the
CPCM can be attributed to two factors: firstly, the spark plasma sintering (SPS)
technique, which represents the primary factor significantly suppresses the grain
growth due to short sintering time [12,13,18-23]; secondly, the effect of doping A-

site by increasing La%* concentrations.

Therefore, this study reveals that the microstructure of the NBT-0.06BT was
significantly affected by the composition stoichiometry, doping A-site and forming
CPCM.

278



10.2 Dielectric properties

The dielectric properties were also significantly affected by modifying the
compositions by varying the initial concentration of one or two or all the A-site
elements and forming A- or B-site doped NBT-0.06BT CPCMs.

The dielectric properties (dielectric permittivity (&) and loss tangents (tand)) were

studied as a function of two variables, frequency and temperature.

At RT, & and tand in all the compositions decrease with increasing frequency,
which is characteristic of dielectric and ferroelectric materials. This behaviour is
because the dipoles in these materials which are following the field at low
frequency and contribute to the permittivity value. This contribution decreases as
frequency increases and the dipoles start to struggle to follow the changing field
[2,4,24,25].

Likewise, after poling most of the compositions showed a reduction for both &-
and tand at RT, which can be understood because the poling field induces long-
range ferroelectric order in these samples [2,26].Similar behaviour was observed
in poled PLZT and PMN materials [2,12,26].

The dielectric properties of the poled compositions demonstrated a significant
correlation with increasing temperature. In this study, &r for all the compositions
increases with increasing temperature from 20 °C up to 150 °C. This behaviour

is typical for ferroelectric materials [2,26,27].

The dielectric loss of most compositions also increased with the increasing
temperature up to a certain point before decreasing. This temperature at which
dielectric loss exhibits a maximum value has been commonly referred to as the

depolarization temperature (Tq) [23,28,29].

Another variable affecting both the & and the tand was modifying the material
compositions and the dielectric permittivity and loss show different values as a

response to those parameters.
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10.3 Depolarization temperature

In this study, the depolarization temperature (T4) was successfully identified for
most of the compositions by two methods: firstly, by observing the peak on
dielectric permittivity or dielectric loss vs temperature plot. Secondly, by

observing peaks on pyroelectric coefficient (p) vs temperature plot.

The T4 showed a decrease with the experimental compositional changes and the

possible reasons for the lowering of Ty are:

1- Modifying NBT-0.06B1+xT by increasing barium content from x=0.00 to 0.03
decreases T,. Ba?* replaced A-site ions rather than B-site [3,32] due to radius
similarity as previously stated, resulting in the generation of A-site vacancies
when Ba?* replaces Na*. These vacancies reduce long-range ferroelectric
ordering and weaken the coupling between A-site ions and TiOg octahedron,
as a result inducing the phase change at lower temperature [3,32]. These

results agree with the literature [33-35].

However, the decrease of Ty in NxByT-0.06B.T was due to the excess amount
of bismuth and/or deficiency of sodium and also due to an excess of barium
concentration in the case of Nag sBio.534T-0.06Ba1.02T. According to Yoon et al.,
Guo et al., and Li et al., [3,28,34] the Ty coincides with phase transition from
ferroelectric to a so-called “intermediate” phase. This change showed a shift
of Tytoward lower temperature in the compositions with excess Bi* and/or
deficit of Na*. Excess Bi®* concentrations in nonstoichiometric compositions
are to replace the A-site ions, Na*, Bi** and Ba?* rather than B-site Ti** [3,34]
as discussed before, which results in the generation of A-site vacancies when
Bi** replaces Na*. These A-site vacancies reduce long-range ferroelectric
ordering and weaken the coupling between A-site ions and TiOe octahedron,
as a result, inducing the phase change at lower temperature [3,34]. These
results are in agreements with the literature but also reveal that the T4 can be
reduced and shifted towards lower temperature not only by changing the Bi%*/
Na* ratio but also by modifying all the A-site ions (Na*, Bi®*, and Ba?*) contents
[5,27,28].
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2-

Doping A-site of NBT-0.06BT with different lanthanum concentrations also
lowers the depolarization temperature. This shift in Ty may be because La®*
(1.36 A) has larger ionic radii than Bi®* (1.31 A). NBT-0.06BT doped with larger
elements have been shown to shift Ty toward low temperature
[4,10,33,34,36,37] , whereas doping NBT-0.06BT with elements that have a

small radius such as shift T4 to high temperature [37-40].

Likewise, doping various concentrations of Ta®* in NBT-0.06BT caused the
same effect. Doping elements which have a bigger ionic radius than Ti** may
be responsible for the decrease of T4 to lower temperature. These elements
consumed a larger space in the oxygen octahedron than the elements with
smaller ionic radii. Therefore, it may reduce the degree of freedom for B-site
ion moving in the TiOs octahedra. As a result, it weakens the ferroelectric
properties [41] of NBT-0.06BT, and shifted the phase transition from
ferroelectric (FE) to antiferroelectric (AFE) [10,16,26,28,42,43] or intermediate
phase [2,23,32] at lower temperature. Thus, undoped NBT-0.06BT [44]shows
T4 at higher temperature than B-site doped with bigger radii elements such as
NBT-0.06BT-Nd [35]; NBT-0.06Ba(ZrTi)O3 [45]; NBT-0.06Ba(MnTi)Os3[46].

Also, similar reasons can be used to interpret the shifting of the depolarization

temperature to lower temperature in La®* and Ta%" co-doped compositions.

The pyroelectric composite material prepared in this work contained smaller
grain size than the solid-state synthesised compositions and showed a lower
T4, which can be linked to both the average grain size and the grain boundaries
[47,49].The compositions with smaller grain size have more grain boundaries
than those with bigger grain size [22], and these grain boundaries are not a
ferroelectric phase [22]. Thus, the volume fraction of the grain boundaries in
CPCM increases with the decrease of the grain size. As a result, the
ferroelectric properties will be weakened and hence the phase transition shifts

to low temperature [22].
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10.4 Pyroelectric properties

The pyroelectric properties (pyroelectric coefficient (p) and the figure of merits Fi,

Fv, Fp, and Fc¢) of all compositions in the current study were obtained. The

pyroelectric properties of the NBT-0.06BT ceramic were enhanced through three

mechanisms discussed before. The reasons behind this enhancement in

pyroelectric properties can be summarised:

1-

Changing the initial concentrations of one or two or all the A-site elemental
content:

NBT-0.06B102T showed the highest p and FOMs (F;, Fv, and Fp), among all
other compositions. These enhancements can be due to the fact that
increasing Ba?* contents from x=1.00 to x = 1.02 reduced the distortion in
perovskite structure because the replacement of Na*(1.39 A) by Ba2* (1.61 A)
improved the tetragonality in NBT-0.06B1.02T [46,50,51]. In addition, the huge
p value at Ty may relate to the effect.

Likewise, the composition Nao 52Bio 52T-0.06BT with an excess of Na* and Bi3*
concentrations by (2%) demonstrated having the highest p and FOMs (Fi, Fv,
and Fp), at RT and T4 These results can be related to the microstructural
change in this composition. Nags2Bios52T-0.06BT has a bigger c/a ratio
(tetragonality) than all other compositions [29,32,44,52,53].

Doping A- or /and B-sites of the NBT-0.06BT with different La%* or/and Ta%"

concentrations.

For A-site doped NBT-0.06B, the 0.005La-NBT-0.06BT composition showed
the highest p value at RT whereas 0.002La-NBT-0.06BT showed the largest
pyroelectric coefficient at Ty. These results are probably linked to the change
in the structure of those compositions. The calculation of c/a ratio revealed that
0.005La-NBT-0.06BT has a higher c/a ratio, which means that 0.005La-NBT-
0.06BT composition possesses more tetragonality in its structure than
0.002La-NBT-0.06BT at RT. The huge increase in p at Ty is attributed to the
correlation between p and pyroelectric current (I,), which reached to the
maximum at Ty [52]. The large p values obtained at Ty are most likely related

to the effect of the phase transition. The Ty coincides with the phase transition
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temperature [3,6,46,56]. Also, both compositions 0.002La-NBT-0.06BT and
0.002La-NBT-0.06BT presented higher FOMs (Fi, Fy, and F¢) than the
undoped and doped compositions. The higher FOMs are due to the high

pyroelectric coefficient of those compositions and the lower & and tand values.

For B-site (xTa, x=0.00, 0.002, 0.005, and 0.01) doped compositions, NBT-
0.06BT-0.002Ta showed the highest pyroelectric coefficient and FOMs (F;, Fv,
and Fc) among all other undoped and also doped compositions at room and
depolarization temperatures. The reason for these proportion can be linked to
two factors: firstly, the microstructural changes in this composition. The
measurement of c/a ratio revealed that NBT-0.06BT-0.002Ta has a bigger
ratio (~ 2.4578) than NBT-0.06BT-0.005Ta (~ 2.4536), which means that NBT-
0.06BT-0.002Ta shows more tetragonality in its structure than NBT-0.06BT-
0.005Ta. Secondly, the position of the MPB for these compositions. The
tolerance factor calculation revealed that the x,,pp value was 0.0604 which
means that the composition of NBT-0.06BT-0.002Ta is in the MPB. The huge
improvements in p at Ty can be attributed to the improved pyroelectric current
(I,), which reached the maximum at Ty as previously state. In pyroelectric
materials, the increase in temperature will alter the lattice spacing of the
nonsymmetrical ions location, which changes the spontaneous polarization of
pyroelectric materials. The variation of the spontaneous polarization generates
the Ip [52] so, the optimum current (I,,) and pyro coefficient (p) appear at Ty

because the maximum change of the spacing appears at T4[52].

Similarly, the significant increase in p at T4 for NBT-0.06BT-0.002Ta is related
to the NBT-0.06BT-0.002Ta composition being located at the MPB, which
makes the reorientation of ferroelectric domains easier resulting in a sharp
change in polarization [8]. It has been reported that the optimum pyroelectric
coefficient value of (1-x)NBT-xBT materials can be achieved at the phase
transition temperature [29,32,44,53]. Hence, the ultimate p values obtained at

Tq in this study relates to the phase transition [1,23,54,55].
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3-In CPCM, p and FOMs were found to be increased compared to the two

origenal compositions and the potential operational temperature range has
also been extended from 1-2 °C to a range of 10 — 25 °C.

For the CPCM synthesised by merging two doped compositions 0.002La-NBT-
0.06BT and 0.005La-NBT-0.06BT this material seems to exhabit the highest
and the widest pyroelectric coefficent temperature respones compared to the
other CGPCs. The high p value at RT can be directly linked to the
microstrucutre of the CPCM which showed the highest tetragonality ratio (c/a
~ 2.4806) than both the component 0.002La-NBT-0.06BT (c/a ~ 2.4386) and
0.005La-NBT-0.06BT (c/a ~ 2.4535) compositions and the other CGPCs.

As a conclusion, these microstructural changes in these materials due to its

compositional variation such as lattice parameters, tetragonality ratio and

average grain sizes have been shown to enhance the pyroelectric properties.
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11 Conclusions and Recommendations for Future Work

11.1 Conclusions

The general conclusions of this study can be listed as:

1.

The lead-free NBT-0.06BT ceramic materials were synthesised using a
conventional solid-state route and show good pyroelectric properties.

The pyroelectric properties of NBT-0.06BT ceramic were significantly
enhanced in response to the variations in the conditions of its preparation.
The composition subjected to 24 hrs ball milling, calcination at 850 °C/ 3
hrs., and sintering at 1150 °C/ 2 hrs., exhibited the highest pyroelectric
properties, with a pyroelectric coefficient (p) ~ 3.14 x10* C.m=2. °C-! and
figure of merit Fp around 9.08 uPa "2 at room temperature (RT).

The (1-x)NBT-xBT(0.05<x<0.08) ceramics manufactured by the same
conventional route showed that the structure of NBT-0.06BT and NBT-
0.07BT compositions were in the close proximity to a MPB, whereas the
structure of NBT-0.05BT and NBT-0.08BT compositions at expected were
further away.

The depolarization temperature (Ty4), identified for (1-x)NBT-
xBT(0.05=x<0.08) compositions were around 130 °C, 115 °C, 100 °C, and
120 °C by dielectric method . However, only the NBT-0.07BT composition
had a Ty that would be estimated by the maximum pyroelectric coefficient
(p) at ~ 80 °C.

At room and higher temperatures, NBT-0.06BT composition possessed the
maximum p values compared to the other compositions, which were
around ~ 3.14 x10“4 C.m=. ‘C' at RT and 24 x10* C.m? ‘C'at 90°C. The
figures of merit (Fi, Fv and Fp) also presented higher values than the other
compositions. They are ~ 1.12 x10"°m.v"", ~0.021 m2.C-" and ~ 9.10 uPa
2 at RT respectively. Similarly, Fi, Fy and Fp showed the maximum values
of 8.6 x 10" m.v', 0.19 x107'° m2.C-! and 65.5 pPa'? respectively, at 90
C.

Modifying NBT-0.06BT compositions, by increasing Ba?* content from
x=0.0 to x= 0.01, and 0.02. shifted Ty from ~125 °C to ~ 85°C. However, at
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x=0.03, the Ty rose to ~ 125 °C. Ty was observed in both NBT-0.6B1.01T,
and NBT-0.6B102T compositions at a temperature of ~ 85 °C. An exact
value of Ty was not identified in either NBT-0.6B1.00T or NBT-0.6B1.03T
compositions when using the pyroelectric coefficient method.

The NBT-0.6B1.02T composition showed higher values of pyroelectric
properties than all other compositions at both RT and Tq, withp ~ 3.54 x10
4 C.m2 °C" and 741 x10* C.m?2. °C' at room and depolarization
temperatures respectively. Also, the FOMs (Fi, Fy and Fp) for this
composition at Ty were ~ 260 x101°m.v"', ~ 1.64 m?.C' and ~ 915 pPa'?,
respectively, much higher than all the other compositions.

Also, changing NxByT-0.06B,T ceramic compositions by modifying one or
two, or all of the A-site element contents demonstrated considerable effects
on both the Ty and the pyroelectric properties.

The Ty decreased from ~ 115 "C in NBT-0.06BT to around 85 'C, 55 'C,
and 65 'C for Nos2Bos2T-0.06BT, NosBos34T-0.06BT, and NosBossaT-
0.06B1.02T respectively. These temperatures were identified by a dielectric
method. However, they were around 83 “C, 60 °C, and 61 °C for No 52Bo52T-
0.06BT, NosBos534T-0.06BT, and NosBos3aT-0.06B102T respectively by
pyroelectric method.

This study also revealed that the nonstoichiometric No52Bo52T-0.06BT
composition showed the maximum p, Fi, Fy, Fp, and Fc values (~ 7.00 x10
4C.m2.°C", ~250x10""m.v", ~0.05m2.C", ~ 16.3 uPa"2and ~ 2.6 x10°
9C.cm?.°C"'(at 100 Hz) and ~ 75 x10* C.m2. 'C", ~ 27 x10""9m.v"!, ~ 0.40
m2.C", and ~ 139 uPa'? in both room and depolarization temperatures
respectively.

Pyroelectric  properties of nonstoichiometric compositions were
considerably improved due to the change of A-site element contents.

. The depolarization temperature and the pyroelectric properties of NBT-
0.06BT were affected by doping A-sites with different xLa concentrations
(x=0.0. 0.2, 0.5, and 1.00 (mole%)). The T4 which was found from the
dielectric properties (&rand tand) was around ~ 115 °C, ~73 °C, ~70 °C, and
~28 °C for NBT-0.06BT, 0.002La-NBT-0.06BT, 0.005La-NBT-0.06BT, and
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0.01La-NBT-0.06BT respectively. However, Ty was identified from the p vs.
temperature plots for the given compositions as; > 90 °'C, ~67.9 'C,~73.5
‘C, and ~ 46.8 ‘C respectively. From both methods, the depolarization
temperature was shifted toward a lower temperature by doping the NBT-
0.06BT with different amounts of lanthanum.

The pyroelectric properties of the NBT-0.06BT were highly enhanced by
La%* doping. 0.005La-NBT-0.06BT demonstrated the highest pyroelectric
properties (~ 7.42 x10* C.m2."C1, ~2.65 x10"m.v"', 0.048 m2.C"", and 2.1
x10° C.cm.°C-"(at 33 Hz)) for p, Fi, Fv, and Fc at RT respectively, whereas
for 0.002La-NBT-0.06BT the maximum properties were found to be around
105 x10* C.m=2."C, 38 x10"° m.v"!, and 0.56 m2.C™! for p, Fi, and F,,
respectively at Tg.

. Likewise, doping the material with different amounts of Ta®" greatly
enhanced the pyroelectric coefficient and the values of the figures of merit
at RT and Tg, but reduced the Ty for the B-site doped compositions.
According to the dielectric method, the Ty decreased from ~ 115 °C in the
undoped composition to ~ 95 °C, ~ 55 °C, and ~ 60 °C (average values) in
the Ta® doped compositions with x=0.002, 0.05, and 0.01. The
depolarization temperature as identified by the pyroelectric method was at
temperatures of around > 90 °C, 79 °C, 49 °C, and 57 °C in NBT-0.06BT,
0.002Ta-NBT-0.06BT, 0.005Ta-NBT-0.06BT, and 0.01Ta-NBT-0.06BT
compositions, respectively.

. The co-doping of NBT-0.06BT with a wide range of dopant concentrations
(xLa and yTa) affected both the depolarization temperature and the
pyroelectric properties.

The dielectric method used to determine the Ty of undoped and doped
compositions revealed that a depolarization temperature was observed in
all compositions with the values of around 115 °C, 45 °C, 40 °C, and 45 °C
for compositions NBT-0.06BT, 0.002La-NBT-0.06BT-0.002Ta, 0.005La-
NBT-0.06BT-0.002Ta, and 0.01La-NBT-0.06BT-0.002Ta respectively.
From the maximum pyroelectric coefficient value Ty was found at

temperatures ~ 61 °C, ~ 55 °C, and ~ 33 °C in the co-doped compositions,
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but this method did not provide exact values of the Ty value for undoped
compositions. The depolarization temperature seemed to be shifted
towards lower temperatures with doping of A-and B-sites of the NBT-
0.06BT with xLa (x=0.005), and yTa (y=0.002,0.005 and 0.01). The Ty was
found at the temperatures of ~ 115 °C, ~ 40 °C, ~ 45 °C, and < 40 °C using
the dielectric method, while the pyroelectric vs. temperature plot shows T4
at the temperature of around 55 °C, 35 °C, and 36 °C for the co-doped
compositions. This method did not reveal the precise value of
depolarization temperature for the NBT-0.06BT composition.

Two doping ranges of (0.002-0.01)La-NBT-0.06BT-0.002Ta and 0.005La-
NBT-0.06BT-(0.002-0.01)Ta were investigated and it was found that
0.005La-NBT-0.06BT-0.002Ta shows the highest p, Fi, and Fv values at
both room and depolarization temperatures, which are ~ 12.9 x10* C.m"
2°C1, 4.6x10"° m.v', and 0.08 m2.C' at RT. Further, the pyroelectric
coefficient and the FOM values at T4 were sharply increased to ~ 54 x10*
C.m2°C1,19 x10"m.v!, and 0.28 m2.C".

. Depolarization temperature and pyroelectric properties were significantly
changed by forming CPCM. Generally, the Ty shifted towards lower
temperature to around 41.5 °C in the CPCM. Composite pyroelectric
ceramic material synthesized using two xLa-NBT-0.06BT, (x=0.002, and
0.005) compositions presented the maximum pyroelectric properties, with
p and Fpvalues ~ 5.9 x10* C.m2."C" and 7.1 x10* C.m?2."C" and 23 pPa
V2 25 yPa'? at RT and Ty respectively.

Furthermore, comparing p and Fp values of the unmodified and undoped
NBT-0.06BT (p ~ 3.15 x10* C.m2."C' and Fp ~ 9.8 yPa"? ) and those of
the best CPCM (p ~ 5.9 x10* C.m2."C' and Fp ~ 23 yPa""?) indicates that
this composite pyroelectric ceramic material possessed higher pyroelectric
properties than the NBT-0.06BT at RT. However, the NBT-0.06BT
presented the higher p and Fp values, which are around 24 x10* C.m2."C
', and 66 yPa "2 respectively than the CPCM (p ~ 7.1 x10* C.m2."C" and
Fp ~ 25 yPa'?) at T,.

296



11.2 Recommendations for Future work

In the current study, unmodified and undoped NagsBio5TiO3-0.06BaTiO3 and

modified and A- or/and B- sites doped ceramic materials were synthesized by the

solid-state route. Further, in this study the CGPCs were manufactured using

spark plasma sintering (SPS), for all these compositions the microstructure,

depolarization, dielectric, and pyroelectric properties were then investigated. The

following recommendations are made for extending the present current study:

Modify the B-site element (Ti**) concentration of NBT-0.06BT and study
the effects the B-site variation on the microstructure, depolarization
temperature, dielectric and pyroelectric properties.

Doping NBT-0.06BT with other lead-free perovskite compositions such as:
KaosNaosNbOs (KNN), BazrTiOz (BZT), KosBiosTiOs (KBT) etc., and
investigate the microstructure, depolarization temperature, dielectric, and
pyroelectric properties of the new compositions.

Synthesize undoped and A or/and B-sites doped NBTO0.06BT
compositions using SPS and compare the microstructure, depolarization
temperature, dielectric, and pyroelectric properties of the new
compositions with compositions made using the solid-state synthesis route
as in this study.

Synthesize other composite pyroelectric ceramic materials, which will be
made from merging two doped A and B-sites of NBT-0.06BT compositions
and compare the properties of the new CPCM with those that were

manufactured in this study.
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