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Abstract

Lead-free (Ba, 9, Cay 0oSn o7 Ti( 93)05 (BCST) ceramics, doped with holmium (Ho) in the range 0-1.0 mol%, were synthesized
using conventional solid-state sintering method. XRD analyses of these ceramic samples confirm single phase pure perovskite
structure. Evidence of Ho®* substituting Ba>* via electronic charge compensation exists in the range 0-0.4 mol%, while ionic
charge compensation mechanism dominates beyond 0.4 mol%. Crystallite size and lattice strain undergo systematic change,
while the room temperature dielectric constant (e, decreases with increasing Ho content. The Curie temperature 7, and
maximum dielectric constant (e,,) at 7, remain almost unchanged. Remnant polarization (P,), electromechanical coupling
constant (kp) and piezoelectric charge coefficient (d5;) exhibit increasing trend with increasing Ho content and reach their
maximum values of 8.2 uC/cm?, 25% and 220 pC/N respectively at 1.0 mol% of Ho content. The study reveals that doping

of BCST system with appropriate quantity of Ho can improve its ferroelectric and piezoelectric properties.

1 Introduction

Lead-based piezoelectric ceramics, particularly PZT fam-
ily, are widely used in sensors, actuators, ultrasonic motors,
energy harvesting systems, speakers, transformers, and
transducers due to their superior piezoelectric properties,
high Curie temperature and relatively good temperature
stability [1]. However, environmental concerns of the haz-
ardous lead have necessitated the search for lead-free piezo-
electric materials having the desired properties. Potential
alternatives to lead-based ceramics include BaTiO; (BT),
(K,Na)NbO; (KNN), (Bi,Na)TiO;(BNT), (Ba,Ca)(Ti,Zr)
0; (BCTZ), (Ba,Ca)(Ti,Sn)O; (BCST), and (Ba,Ca) (Ti,Hf)
O; (BCHT) [2-7]. Among these possibilities, BCTZ and
BCST ceramics have attracted much attention in recent times
after the reports of high piezoelectric properties observed in
them [8—11]. The presence of morphotropic phase boundary
(MPB) in PZT ceramics, which results in enhanced polariz-
ability and ease in domain switching, is an important factor
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for their extremely high dielectric, ferroelectric, and piezoe-
lectric properties [12, 13]. Such an phase coexistence region
can also be created in BCTZ and BCST systems which can
lead to improvement of their piezoelectric properties [14]. It
is reported that Ba(Zr ,Ti, 5)O3—x(Ba, ,Cay 3) TiO5 ceramics
have excellent piezoelectric properties at the R—T bound-
ary at x=0.5 [6]. Xue et al. reported that Ba(Sny ;,Ti g5)
0;—x(Baj ;Ca, ;)TiO5 ceramics have great piezoelectric
properties at the R-T boundary with x=0.3 [7]. The MPB
of BCTZ is more vertical than that of BCST due to the dif-
ference in 7, among the end members BCT, BZT, and BTS
(120 °C, 50 °C, and 30 °C, respectively). MPB would be a
disadvantage at the Sn rich boundaries of BCST ceramics as
it would reduce T, and probably reduce the stability of the
planar electro-mechanical coupling factor and piezoelectric
properties with increasing temperature.

Addition of rare earth elements in dielectric ceram-
ics such as BT stabilizes the temperature dependence
of dielectric constant and lowers the dissipation factor
[15, 16]. The incorporation of dopants in BT system is
mainly determined by strain, charge, charge distribution
and ionic size [17]. Assuming that local strain experi-
enced by that ion is similar in both the sites, substitution
is primarily dependent on ionic radius. In this case small
rare earth ions will occupy the B-site as acceptors, large
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one occupies A-site as donors and intermediate ions will
occupy both sites with different partitioning for each ion
[18, 19].

It is reported that BT doped with intermediate sized rare
earth ions such as Dy, Ho and Y provide good electrical
properties and higher reliability [15, 16]. Rare earth ion
Ho?* ¢radius ~ 0.1 nm) can substitute either Ba>*¢ 0.16 nm)
or Ti**¢ 0.06 nm) sites. When Ho>" is substituted for Ba
sites as a donor impurity, the extra charge is compensated
by ionic charge compensation mechanism either by gen-
eration of cation vacancies (Ba>* or Ti**) or by filling up
the pre-existing oxygen vacancies and thereby making the
material insulating; on the other hand when the charge
compensation is electronic usually for low Ho concentra-
tion, it involves injection of charge in the crystal struc-
ture which provides a source of semiconductivity in the
material. The solubility limit of Ho onto Ti sites of BT
was found to be less than 3.0 mol% [20-22]. As holmium
addition is less than 2 at.%, holmium substitutes both the
two cation sites; however, holmium tends to substitute the
Ba site under reducing conditions. The crystalline solubil-
ity limit of holmium is affected by Ba/Ti ratio. Composi-
tions of Ba/Ti < 1 have low solubility limit of about 2 at.%
and compositions of Ba/Ti> 1 have higher solubility limit
of about 10 at.%. Under which conditions whether elec-
tronic or ionic charge compensation mechanism is pre-
ferred over other is still not clear. Preferred mechanism
appears to be electronic at low dopant concentration and
ionic at higher dopant concentration. There are different
types of charge compensation mechanisms associated
with BaO-TiO,—HoO;,, ternary section composition [23],
namely: (i) substitution of Ho onto Ti sites via creation
of oxygen vacancies, (ii) double substitution of Ho onto
both Ba and Ti sites, maintaining electroneutrality in the
system, (iii) donor doping of Ho onto Ba with ionic com-
pensation via creating either Ti vacancies or Ba vacancies
or both. It has been observed that substitution of Ho at A
site (Ba site) tends to increase the Curie temperature up to
2 mol% in Ba,_,,,Ho,Zr (,5sTi( 97505 ceramics synthesized
by solid state reaction method and above 2 mol% the Curie
temperature tends to decrease due to substitution of Ho
ions at B site (Ti site) [24]. Reports also exist on the dif-
ficulty to optimize the concentration of acceptor or donor
dopants in BT or BT based ceramics as the concentrations
of electronic defects depends on sintering atmosphere as
well as dopant amount [25, 26]. Despite all these studies,
work on substitution of Ho in (Ba,Ca)(Ti,Sn)O; system has
not so far been reported in literature.

In this paper, ceramics of Baj g;Ca 1SN o7 Ti 9305 +
xHo,0; are prepared using solid state reaction method,
the results on the structural, dielectric, ferroelectric and
piezoelectric characterization of the prepared ceramics are
reported.

@ Springer

2 Materials and methods

(Bag 9;Cay goSng 07 Tig 93)05 + xH0,05 (x=0-1.0 mol%)
ceramics were prepared using conventional solid state reac-
tion method. High purity raw materials: BaC0O5(99.0%),
CaC04(99.5%), Ti0(99.5%), Sn0,(99.0%) and Ho,0+(99.9%)
were weighed stoichiometrically. They were mixed for 20 h
using ordinary ball mill with zirconia balls in an isopropanol
medium at 80 rpm and then dried for 12 h at 70 °C. The dried
samples were double calcined, first at 1050 °C for 4 h and then
at 1075 °C for 4 h. The calcined powders were pressed into
disks of 10 mm in diameter and 1.5 mm in thickness using
4 wt% polyvinyl alcohol (PVA) as a binder. The green pel-
lets were sintered at 1450 °C for 4 h in air. These Ho-doped
BCST ceramics will be respectively abbreviated as BCSTO,
BCST2, BCST4, BCST6, BCST8 and BCST 10 in the increas-
ing order of Ho contents. The sintered pellets were polished,
silver-coated and fired at 130 °C for 30 min. For piezoelectric
studies, the pellets were poled at 2-3 kV/mm electric field for
1 h at room temperature.

The crystal structures of the ceramics were examined by
X-ray diffractometer (Bruker D8 Discover) with CuK,, radia-
tion (A=1.5416 IOA) over 26 ranging from 20° to 80°. The bulk
density was measured using the Archimedes’ principle. The
microstructures of the freshly fractured surfaces of the ceram-
ics were viewed using SEM (Jeol JSM 6610L Japan). The
dielectric properties and electromechanical coupling factors
were measured using an Impedance analyzer (Wayne Kerr
6500B) with testing voltage of 1 V. The ferroelectric properties
were examined using PE loop tracer system (Marine India).
The piezoelectric charge coefficient (ds3) was measured with
a Piezometer (Take Control, PM 25).

3 Results and discussion
3.1 Structural analysis

Figure 1 shows X-ray diffractograms of the BCST ceramic
samples. The diffraction patterns reveal that all the ceramic
samples form a single phase perovskite structure crystalliz-
ing into ferroelectric tetragonal phase with P4Amm symmetry.
This result indicates that all the dopants have completely dif-
fused into the BCST lattice to form a homogeneous solid solu-
tion. The XRD patterns have been analyzed and refined using
Powder X software with Treor program [27]. Also the X-ray
diffraction peaks obtained matches well with JCPDS file no
03-0726.

The average crystallite size L and lattice strain # have been
determined from a graph of fcosé versus siné, using the Wil-
liamson—Hall method [28, 29],

p cosf = kA/L + nsinf
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Fig. 1 X-ray diffraction patterns of Ho doped BCST ceramics

where f is the FWHM of the peak profile, € the diffraction
angle, and A the wavelength of X-ray.

Table 1 shows the values of the refined lattice param-
eters with standard deviation in the range 0.0003-0.0007,
crystallite size and strain of the ceramics with various Ho>*
contents. It is seen that both the crystallite size and strain ini-
tially decreases for Ho>* contents up to 0.4 mol%, and then
increases at higher Ho** concentrations. Tetragonality (c/a
ratio) does not change significantly over the range of Ho’*
content investigated, except for the value of 0.9994, lower
than 1, observed for BCST4. The XRD patterns in Fig. 1 also
show that there is a gradual shifting of the diffraction peaks
towards the lower angles, indicating an increase in lattice
unit cell volume of the ceramics with increasing Ho>* con-
tent up to 0.4 mol%. Partial substitution of Ho*" with ionic
radius (IR=0.9 10\) for Ba>* (IR=1.6 A) with electronic
charge compensation mechanism is expected to be primarily
responsible for the altered unit cell dimensions. When Ho>*
ion incorporate Ba®* site in BT system, the extra charge
is compensated electronically with the reduction of Ti** to
Ti** [30, 31]. This can be well explained using Kroger and
Vink defect notion given by [32]:

Ho,05 + 2Ti0) — 2Hoy, +2Tip; + 60, + 1/20, + 2¢'

This observed expansion of unit cell volume is a result
of appearance of Ti’* ions (IR =0.67 A) having larger
Tonic radii than Ti** ions (IR=0.6 A), which is a conse-
quence of this plausible electronic mechanism preferred for
Ho substitution in Barium sub lattice up to low 0.4 mol%
concentration.

However, as Ho>* content further increases beyond
0.4 mol%, there is an observed shifting of the diffraction
peaks towards the higher angles, indicating a decrease in unit
cell volume. This shifting is attributed to the replacement
of Ba®* ions by Ho" ions in the higher Ho concentration
region via ionic charge compensation mechanism. When
Ho’* ion substitute Ba* site, ionic charge compensation
mode is preferred at higher dopant concentration under oxi-
dizing condition; i.e. by generation of Ti vacancies [33].
The associated defect chemistry equation can be written as
follows.
2Ho,0, + 3Ti0, — 4Hoj,, +3Tip +120,+V,  (2)

The evidence of switching over of the charge compensa-
tion mechanism from electrons (¢) to cation vacancies (V;;/)
around 0.4 mol% Ho content is also vividly supported by the
trend of observed values of cell volume listed in Table 1.
Such a combination of two doping mechanisms has also
been observed in Ho-doped BT system, wherein substitution
of Ho®* ions onto Ba* sites through electronic compensa-
tion is the preferred mechanism at low doping level less than
0.5 mol%, but the possibility of another mechanism involv-
ing substitution of Ho>* onto Ba" sites via cation vacancies
at higher concentration has been highlighted [34].

The phase transition in a ferroelectric system is always
accompanied by a complex evolution of domain structure
which tries to minimize the electric and elastic energy of
the system. The growth and orientation of domain walls
during the transformation gives rise to a change in crystal
symmetry. For instance, while transiting from the cubic to
tetragonal phase via the transition temperature 7, strain is
induced in the system and depolarization field is created. In
order to minimize the strain and thus depolarization field,
the system undergoes formation of domains, surface charge

(1)  orpolarization gradients within the crystal. The mechanism

Table 1 Crystallographic Ho content  Crystallite  Strain Lattice parameters (A) Cell volume (A3) Grain size (um)
and ml(frostructural x (mol%) size ( /0%)
properties of Ho-doped a c cla
Bag 91 Cayg g9Sng 67Tl 9303
ceramics 0.0 314 0.0037  4.0051 4.0069 1.0004 64.274 20.21

0.2 325 0.0031  4.0007 4.0170 1.0041 64.294 18.24

04 188 0.0012  4.0422 4.0397 0.9994 64.923 20.29

0.6 275 0.0024 39981 4.0184 1.0051 64.234 20.51

0.8 333 0.0032 4.0016 4.0088 1.0018 64.194 21.57

1.0 440 0.0056  4.0059 4.0155 1.0024 64.185 29.18
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of domain formations and their organization however is
strongly dependent on the crystallite size of the system.
Hsiang et al. [35], considering the thermodynamic relations
for unconstrained small crystallites (< 300 A) which do not
experience any clamping force from neighboring crystallites
as well as for constrained bigger crystallites (> 300 A) which
are clamped by its neighboring crystallites during the transi-
tion from cubic to tetragonal phase in BT, reported that for
small crystallites less strain is produced during transforma-
tion and therefore such crystal systems exist mostly in stable
cubic phase below 7. As the crystallites grow in size, more
strain in produced due to hard agglomeration and more BT
transform to tetragonal phase as a way to relieve the strain by
formation of ferroelectric domains. Whether the system will
be single domain (t-BT) or multidomain (t-BT) is dependent
on clamping conditions. In view of these considerations,
BCST4 having minimum crystallite size (~ 188 A), least
strain (0.0012) and small tetragonality (c/a) is more likely
to be in a cubic paraelectric phase below the Curie tempera-
ture T, as compared with others. Also It is also reported by
many researchers that the system possessing high strain val-
ues has high tetragonality observed [36, 37]. BCST4, having
low strain value (~ 0.0012) results in low tetragonality (~
0.9994) due to the release of internal stress as a consequence
of enlarged unit cell volume.

3.2 Density and surface morphology

Figure 2 shows the effect of Ho>* content on the theoretical
density (TD) and relative density of the BCST ceramics.
As Ho* concentration increases, the bulk density gradually
decreases from 5.394 g/cm3 (91.02% of their TD) for the
ceramic composition with no Ho** to the minimum value
of 4.865 g/cm?® (82.77% of their TD) for 0.4 mol% Ho>*

T T T T T T 95.0
5.941 L=
~ — L 925
e . RN
9 o 1 ¢ X
D 5.921 ~
= \ 900 2
h=~4 n
(] c
[ ° ()
3 5901 -87.5
® =
S s ©
T 5.8 Y / -850 9
()
= v 82.5
5.86 +— —

T T T T T T T T T
0.0 02 04 06 0.8 1.0
Ho concentration, x (mol %)

Fig.2 Plot of theoretical density and relative density of BCST ceram-
ics against Ho>* content
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and then increases to 5.442 g/cm?® (91.60% of their TD) for
1.0 mol% Ho>*.

Figure 3 shows the SEM micrographs of pure and Ho-
doped BCST ceramics. Slope intercept method using Image
J software is used to measure the grain size for each compo-
sition. The grain size tends to decrease slightly from 20.2 um
for undoped ceramic composition to the value of 18.2 ym
for 0.2 mol% Ho** and then increases gradually to 29.2 um
for 1.0 mol% Ho>* (Table 1). The Porous and non-uniform
microstructure distribution is prevalent at low dopant con-
centration (x <0.4 mol%) giving rise to low density in these
samples. The porous microstructure in these samples may be
due to the creation of oxygen vacancies during the synthesis
at higher temperature [38]. The microstructures of BCST6,
BCSTS8 and BCST10 exhibit the presence of a liquid phase
sintering. The augmentation of liquid phase sintering and
enhancement of grain size have contributed to the improved
density of the ceramic system with increasing Ho content
in the range of 0.4-1.0 mol%. This liquid phase contrib-
utes to sintering by accelerating particle redistribution due
to enhanced atomic mobility [39]. The study thus reveals
that addition of Ho significantly affects the microstructure
of BCST ceramics.

3.3 Dielectric studies

Figure 4a shows the temperature dependence of the dielec-
tric constant of the BCST ceramic samples measured at
100 kHz from room temperature up to 120 °C. The e-T
curves of the ceramic samples exhibit one peak correspond-
ing to the ferroelectric to paraelectric phase transition (7,
~ 44 -66 °C). As seen in Fig. 4a, T, exhibits no significant
change with increase in Ho content, except for the signifi-
cantly lower value of T, ~ 44 °C observed at 0.4 mol%. The
dielectric loss tangent (tand) value tends to increase from
0.023 for no Ho conent to 0.028 for 0.4 mol% Ho content,
with a gradual decrease in value beyond 0.4 mol%. This
result is in agreement with density change observed with
variation in Ho content. However, room temperature die-
lectric constant (g,,) value recedes with rise in Ho content
except for the sample with 0.4 mol% Ho concentration. Fig-
ure 4b depicts the variations of room temperature dielectric
constant with frequency.

Sudden rise in dielectric constant value observed for
BCST4 is attributed to the shift in its curie temperature
near room temperature. It is a general understanding that
the system undergoes a change in its anisotropy near Curie
temperature. This favors enhancement in polarization rota-
tion and thus improves shear susceptibility and dielectric
constant value [9]. Receding dielectric constant value
beyond 0.4 mol% Ho content is a consequence of increase
in the average grain size which plays a dominant role in
controlling dielectric behavior of the material. As grain size
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Fig.3 SEM micrographs of Ho-substituted BCST ceramics a x=0 mol% b x=0.2 mol% ¢ x=0.4 mol% d x=0.6 mol% e x=0.8 mol% and f

x=1.0 mol%
Fig.4 a Temperature depend- (a) (b)
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measured at 100 kHz, b Varia- ™ e Ho0.4 moi% = 04 mair
tion room temperature dielectric E —— no-g.g mo::;a ~
constant (¢g,,) as a function of £ 4000 1 ot mol ,%
frequency, for BCST S § 3200 +
o i [0} = 0/
o 3000 g x =0 mol%
-2 2000 § 2400 x=06mol%
Q [ T "~ rrrrrrrrrvm—
[a] % x = 0.8 mol% —
1000 - =) x =1 mol%
T T T T 1 1 600 T T T
20 40 60 80 100 120 10* 10° 10°
Temperature(°C) Frequency (Hz)

increases, grain boundary regions; high insulating regions
having higher capacitance associated with them decreases in
percentage than low resistive regions i.e. grain bulk regions
[40].

Figure 4a also shows broadening of the dielectric peaks
around 7, indicating diffuse phase transitions. To further
study the phenomenon, the dielectric constants at tem-
peratures higher than T, have been fitted to the modified
Curie—Weiss law, proposed by Uchino and Nomura [41]:

1/e—-1/e, =(T-T,)/C(T>T,) 3)
where diffusivity y and C are the constants, with 1 <y <2.
The value of y determines the degree of diffuseness of the
phase transition. The value of y is equal to 1 for a system
with a completely ordered transition. On the basis of a local

compositional fluctuation model, the value of y is equal to 2
for a completely diffused system.

Figure 5 shows the plots of In(1/e —1/¢,,) versus In(T
— T,,) for the ceramics. The values of y as determined from
the slopes of the graphs in Fig. 5 exhibit a systematic change
with increasing Ho contents in the ceramics. It can be noted
that y increases from 1.54 to 1.62 at 0.4 mol%, and then
decreases to 1.47 for 1 mol% indicating that the diffuse-
ness of the ferroelectric transition peaks at Ho content of
0.4 mol%.

3.4 Ferroelectric studies

Figure 6a shows the room temperature polarization—electric
field (P-E) hysteresis loops of Ho-doped BCST ceramics,

@ Springer
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Fig.5 Variation of In(1/e—1/e,) with In(T7—T,) for BCST ceramics
having different Ho®* contents

measured at 50 Hz frequency. From the P—E hysteresis loops
in Fig. 6a, P, and E_, were determined for the ceramics and
are shown in Fig. 6b. For the base composition BCSTO,
the remnant polarization P, is 5.8 uC/cm? and the coercive
field E, is 2.3 kV/cm. With increasing Ho* content, P,
decreases to a minimum value of ~2.5 uC/cm? at 0.4 mol%
Ho®" content and then increases to 8.2 uC/cm? at 1.0 mol%
Ho’" content. This variation in the P, value indicates that
Ho’* substitution in the range 0-0.4 mol% weakens ferro-
electricity of BCST, whereas the substitution in the range
0.4-1.0 mol% strengthens its ferroelectricity, which can be
used for memory device applications like non-volatile data
storage below their T,.

The observed variation of P, with Ho content is in accord-
ance with that of the crystallite size (Table 1), for the change
of crystallite size on account of Ho>* substitution would
result in a similar change in domain size and in turn P,.
Existence of such a “size-effect” has also been reported by

(@) | (b)

Arlt et al. [42] who demonstrated in BaTiO; that the equilib-
rium domain width depends on the grain size and decreases
for grain sizes < 10 um, and is effectively constant for grain
size > 10 um. In the present work, significant decrease in
P, is observed for BCST4 where the crystallite size shows
a minimum.

The squareness of the loop R, has been calculated using
the formula:

qu=Pr/Ps+Pl.lE(./Pr

where P is the spontaneous polarization and P, ;; is the
polarization value at 1.1 times of coercive field value. For
fully saturated hysteresis loops R, is equal to 2.

Figure 6¢ shows the plots of spontaneous polarization P,
and squareness of the loop R, versus Ho content. It is seen
that both the parameters exhibit a declining trend with the
increasing Ho content of up to 0.4 mol%, after which their
values show a rise. The variation of P, with Ho content is in
agreement with similar variation in lattice strain (Table 1).
This observation supports the Landau Ginzburg theory
which predicts that square of the spontaneous polarization
is directly proportional to lattice strain. The behavior of the
graphs of P  and R, in Fig. 6¢ indicates that ferroelectric
nature of the BCST ceramics is more enhanced as the com-
position is farther away from 0.4 mol% Ho content.

It is well known that crystallite (or grain) size has strong
influence on the ferroelectric domain structure, domain
nucleation and domain mobility, and hence plays an impor-
tant role in determining the ferroelectric properties of a
material. The ferroelectric behavior in small crystallites is
highly masked by the strong contribution from crystallite
boundary effects that hinder polarization switching. With
increasing crystallite size, the energy barrier for ferroelectric
domain switching decreases. As a consequence, the reversal
of polarization direction of a ferroelectric domain occurs
with much ease in a large crystallite compared with that in a
small crystallite [43]. In view of this, the observed trend of

(c)
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Fig.6 a Room temperature P-E hysteresis curves measured at 50 Hz, b plots of P, and E, versus x, and ¢ plots of P, and R, versus x, for BCST

ceramics
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P, with a dip in its value to 2.52 uC/cm? at 0.4 mol% Ho con-
tent is commensurate with the corresponding crystallite size
change observed with increasing Ho contents (Fig. 3). Such
a variation of P, as a function of crystallite size has been
reported by Liu et al. [44] in PZT. More generally, the exist-
ence of “size effect” in ferroelectrics has also been observed
in different ceramic systems [44—47]. Another influential
parameter leading to the rise in P, values above 0.4 mol% Ho
content is the effect of cation vacancy defects in the crystal
structure. As examined using xrd analysis, the Barium site
(A-site) is being substituted by Ho via generation of cation
vacancies (V. )for higher Ho content (> 0.4 mol%). These
vacancies tend to behave as nucleating sites for new domains
during polarization switching thereby increasing polariza-
tion values [48].

The observed low values of spontaneous polarization
(P,) and T, for BCST4 can be also ascribed to the associ-
ated relatively small value of its tetragonality (Table 1). For
the ferroelectric materials having perovskite structure, the
tetragonality (c/a) is well known to produce significant influ-
ence on their ferroelectric properties such as P, and T, [49].
The general understanding is that increasing tetragonality in
the material yields higher values of P and 7.

It can be noted that, the electronic substitution of Ba** ion
in BCST system with 0.4 mol% Ho>* ion (Fig. 4) results in
a significant shifting of the ferroelectric—paraelectric transi-
tion (7,) to lower temperature. As a result of this shifting of
T, the paraelectric cubic phase of BCST4 comes so close to
the room temperature that its ferroelectric property degrades
appreciably and P, falls from 5.8 uC/cm? for x=0 to 2.5 uC/
cm? for x=0.4 mol%.

3.5 Piezoelectric studies

Figure 7 shows variations of piezoelectric coefficient d;; and
electromechanical coupling coefficient k, with Ho content
x. Both these parameters follow a decreasing trend for the
initial Ho contents up to 0.4 mol%, but pick up higher values
with further increase of Ho concentration. As seen in Fig. 7,
the piezoelectric properties are the least for BCST4 (d3; =60
PC/N, k, = 8%) and the highest for BCST10 (d33 =220 pC/N,
k,=25%).

The variation of d;; observed agrees with the similar
change in the density of the ceramics with Ho doping. From
thermodynamic theory, the piezoelectric constant ds; of a
ferroelectric material can be expressed [50] as :

d33 = 20166,

where ¢,, is the room temperature dielectric constant, O
the electrostrictive coefficient and P the spontaneous polari-
zation. The parameter O, depends on the domain struc-
ture and normally does not change appreciably by doping.
The parameter ¢, in the present study will also have less
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Fig.7 Variations of d3; and k,, as a function of Ho-content in BCST

influence on dj; in view of the diffuse phase transition occur-
ring near the room temperature. Therefore the observed
decrease (or increase) in d33 with increasing x (Fig. 7) sys-
tem could be mainly attributed to the associated change in
P, (Fig. 6¢).

The observed trend of piezoelectric properties can also
attributed to the different crystallite sizes (Table 1) of the
ceramics. In general, larger crystallite size helps in the lat-
tice distortion from the cubic symmetry, thereby resulting
in the improvement of piezoelectricity. In addition to this,
as the crystallite size increases, mechanisms like pinning of
domain walls would lessen, and the domain motion would
be with less hindrance [51]. The increase in domain mobil-
ity would increase the polarization switching rate and in
turn the piezoelectric properties of the ceramics. There are
reports of improvement of piezoelectric properties in other
perovskite systems having suitably large crystallites [52, 53].

It can further be noted that the observed trend of dj;
is also in consistent with the observed variation of strain
(Table 1) existing in the ceramics. For instance, the large
strain of 0.0056 in BCST10 could cause an anisotropic
distortion of the TiO4 octahedral of the perovskite system
which facilitates a preferential Ti off-center movement.
Such a distortion would help in strengthening the spontane-
ous polarization and hence piezoelectric properties of the
ceramic system.

4 Conclusion

In this paper the influence of Ho content on micro-
structural, electrical and piezoelectric properties of
Bag ¢,Cay g9Sn (7Tl 9305 ceramics has been studied. With
increasing Ho contents, Ho-substitution at Ba®* site mecha-
nism switches from electronic to ionic at about 0.4 mol%
Ho. This results in systematic changes of unit cell volume,
crystallite and lattice strains of the ceramics. Ferroelectric,
dielectric and piezoelectric properties of the ceramics reflect
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strong influence of the Ho substitution. While increasing
dominance of electronic compensation mechanism at low
Ho content causes a decline in the values of remnant polari-
zation (P,), electromechanical coupling constant (k,) and
piezoelectric charge coefficient (ds3), switching over to ionic
compensation mechanism enhances their values at higher Ho

content. The optimum values of 220 pC/N, 25% and 8.2 uC/

cm? were obtained for dss, k, and P, respectively at 1.0 mol%

of Ho content. The study reveals that controlled substitution
of Ba-site of BCST system with suitable amount of Ho can
improve its ferroelectric and piezoelectric properties mak-
ing them useful as piezoelectric transduces actuators and
ultrasonic motors.
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ARTICLE INFO ABSTRACT

Keywords: Conventional solid state sintering method was used to synthesize lead-free (Bag.91Cag.09Sn0.07Tio.03)03-xH0,03
Sintering (x =0,1.2,1.4,1.6,1.8 and 2.0 mol%) ceramics. The influence on electrical properties of the system as a result of
Grain size

the structural and microstructural changes introduced by the incorporation of rare earth Ho®>* ions has been
investigated. The X-ray diffraction analysis reveals that Ho®" ions completely diffuse into the
(Bag.91Cag.09Sn0.07Tio.03)03 lattice to form a homogeneous solid solution with a pure perovskite structure having
tetragonal symmetry. Evidence of Ho®>* substituting Ti** via the oxygen vacancy compensation mechanism
exists in the range of 0-1.6 mol % Ho content, while the self-compensation mode is the preferred mechanism
beyond 1.6 mol %. The average grain size exhibits a drastic reduction from 16 pm to 0.7 um as the Ho content
increases from 0 to 1.6 mol%, followed by a slight increase at higher Ho concentration. It suggests that addition
of Ho®* inhibits grain growth in the ceramics. In the composition range studied, increasing Ho>" content
produces a gradual decrease in the relative density from 93% to 81%, room temperature dielectric constant (&)
from 3997 to 807, electromechanical coupling factor (k) from 0.23 to 0.06, and piezoelectric charge constant
(d33) from 102 to 38 pC/N. This degradation in the properties is attributed to the crystalline and microstructural

Electrical properties
BaTiO; and titanates

changes driven by the increasing presence of Ho content in the ceramics.

1. Introduction

The piezoelectricity business reached a total of 36 billion USD in
2017 with the actuator applications occupying 38.89% of the total
piezoelectric market [1,2]. Lead zirconate titanate (PZT) dominates the
electronic industry as one of the most efficient and reliable piezoelectric
materials since 1960s. In PZT, the so-called morphotropic phase
boundary (MPB) is present which results in enhanced polarizability and
ease in domain switching providing properties largely independent of
temperature [3,4]. However, this lead-free material has been banned
due to environmental concerns following RoHs (Restriction of Hazardous
Substances Directive) [5]. A lot of research has been dedicated to de-
veloping new lead-free perovskites to reduce the production and waste
disposal of toxic lead [6-8]. The endeavor to develop lead-free per-
ovskites has mostly been focused on creating an MPB in these materials.
Research in this direction has yielded new lead-free alternatives based
on BaTiO3(BT), (K,Na)NbO3 (KNN), (Bi,Na)TiO3(BNT), (Ba,Ca)(Ti,Zr)
O3 (BCTZ), (Ba,Ca)(Ti,Sn)O3(BCST), and (Ba,Ca)(Ti,Hf)O; (BCTH),
having high piezoelectric properties [9-15].

Among these materials, barium titanate (BaTiOs, BT) is the first

* Corresponding author.
E-mail address: kongbam@gmail.com (K.C. Singh).

https://doi.org/10.1016/j.ceramint.2019.02.095

lead-free piezoelectric ceramic to be fabricated via conventional solid-
state reaction method [16]. However, the piezoelectric properties of
pure BT ceramic are practically low with its dz3 of about 190 pC/N.
However, some breakthroughs have recently been made in BT based
system with the addition of dopants like Zr, Sn or Ca which play an
important role in altering its phase transition behavior [17-21]. In one
such modified BT system, (Ba,Ca)(Ti,Sn)Os, it has been reported that
different phase boundaries can be constructed by modifying the pro-
portion of Ca and Sn, leading to enhanced electrical and piezoelectric
properties in the ceramics [22-24]. Aliovalent cations are reported to
be effective dopants for improving electrical properties in BaTiOs3 sys-
tems due to their acceptor/donor behavior [25]. The atomic radii of
trivalent rare earth cations lie between Ba®* and Ti** ions. This gives
them the ability to substitute both dodecahedrally coordinated A- and
octahedrally coordinated B- site, and therefore are widely used to
modify BaTiO3 [26,27]. These trivalent rare earth cations such as Ho®™,
Y3*and Dy®*are known to stabilize the temperature dependence of
relative dielectric constant by lowering the dissipation factor in di-
electric ceramics [28]. Ho® ", Y *and Dy>* show the most amphoteric
behavior in BaTiO3; [26-29]. When these ions are substituted for the A-
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site, they act as donors and reduce the concentration of oxygen va-
cancies [30], but when these dopants occupy the B-site, they act as
acceptors and lower the bulk diffusion of oxygen vacancies through
strain and electric field interactions [31]. It is also reported that rare
earth elements are dominant additives in BT forming the shell structure
[32]. Also a well-developed core-shell is observed when the rare-earth
elements are added to BaTiO3 [32]. Abnormal grain growth can be
restrained on doping with rare earth elements thus improving the di-
electric properties [33]. Trivalent rare earth cations, owing to their
special electronic structure and moderate ionic radii, have been widely
used in fruitfully modifying barium titanate based ceramics by in-
corporating them in both A- and B-sites of ABO; lattice [33,34].

The incorporation mechanism of these dopants depends on the in-
itial composition, the ionic radii difference, the A/B ratio and the
thermodynamic conditions of the system [26,27]. There are detailed
reports on the solid solubility of Ho in BaTiO3 at high temperatures in
air as well as in reducing conditions [35,36]. Under oxidizing condition,
in TiO, rich samples, a relatively low concentration ¢ 1.4 mol%) of Ho
preferentially occupies Ba-lattice sites via formation of ionized Ti va-
cancies to compensate for the excess donor charge. Beyond this con-
centration, it substitutes Ti-sites in BT system by creating ionized
oxygen vacancies for charge compensation [35]. However, this solu-
bility of Ho at Ba site increases to about 4 mol% under reducing con-
ditions [36].

In our previous paper, we reported the effects of free doping of Ho
in BT modified BCST system in low concentration range (x < 1 mol%)
[37]. It showed significant improvement in ferroelectric and piezo-
electric properties when incorporated in Ba-site (A-site) of the system.
The present work reports the result of the influence of Ho on the
structural and electrical behavior of BCST system at higher Ho con-
centrations.

2. Materials and methods

Lead-free (Bag.91Cag goSng 07 Tip.03)03-xH0,03 (x = 0,1.2,1.4,1.6,1.8
and 2.0 mol %) ceramic compositions were synthesized using conventional
solid state reaction method. The AR grade raw materials: BaCO3, CaCOs,
TiO,, SnO, and Ho,03 (Aldrich, purity =99%) were weighed according to
their stoichiometry for each composition. After careful weighing, they
were mixed for 20 h using ordinary ball mill in plastic bottle containing
isopropyl alcohol as milling media with zirconia balls. The mixture was
then dried for 12 hat 70 °C in oven and thereafter double calcined, first at
1050 °C for 4h and then at 1075°C for 4h in air. The powder samples
were also hand grounded using mortar and pestle in between two calci-
nation stages to ensure homogeneity of the mixture. The calcined powders
were uniaxially pressed into disks of 10 mm in diameter and 1.5mm in
thickness in Hydraulic press under 280 MPa using 4 wt.% polyvinyl al-
cohol (PVA) as a binder. The green pellets were sintered in closed alumina
crucible at 1450 °C for 4 h in air after burning off the PVA at 600 °C for 1 h.
The Ho-doped BCST ceramics so obtained were abbreviated as BCSTO,
BCST12, BCST14, BCST16, BCST18 and BCST20 in the increasing order of
Ho contents. Prior to electrical measurements, sintered pellets were po-
lished, silver-coated on flat surfaces before firing at 130 °C for 30 min to
form electrodes. For piezoelectric studies, the ceramics were electrically
poled for 1 h at room temperature in a silicone oil bath by subjecting it to
2-3kV/mm dc electric field value.

The crystalline phase of the sintered pellets was examined by X-ray
diffractometer (Bruker D8 Discover) with monochromatic Cu K, ra-
diation (A = 1.5418 f\) with 20 ranging from 20° to 80°. Treor refine-
ment program was performed with the Powder X software to determine
the unit-cell volume and lattice parameters for each composition. The
bulk density, p was measured using the Archimedes’ principle. The re-
lative density has been defined as the ratio of the bulk density p (mass
per unit volume) of a ceramic to the theoretical density (p,) calculated
by the unit-cell volume obtained from XRD analysis and its molecular
weight. SEM images were taken from polished and thermally etched
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Fig. 1. (a) X-ray diffraction pattern of Ho doped BCST ceramics, and (b)
magnified image of the XRD peaks around 45°.

surfaces of the ceramics using scanning electric microscope (Joel JSSM
6610L Japan) running at 30kV. The temperature and frequency de-
pendence of dielectric properties was measured at 1kHz using an
Impedance analyzer (Wayne Kerr 6500B Germany) with testing voltage
of 1V. The ferroelectric properties were examined using a computer
controlled PE loop tracer system (Marine India) at room temperature
and at a frequency of 50 Hz. The longitudinal piezoelectric charge
coefficient (d33) was measured with a quasi-static ds; Piezometer (Take
Control, PM 25). The electromechanical coupling coefficient (k,) was
calculated for poled ceramic samples using resonance and anti-re-
sonance method based on IEEE standards with the help of an
Impedance analyzer.

3. Results and discussion
3.1. X-Ray diffraction analysis

Room temperature X-ray diffractograms of (Bag.g1Cag.09Sno.07Ti0.93)
03-xHo0,03 ceramic samples with x = 0, 1.2, 1.4, 1.6, 1.8 and 2.0 mol%
are shown in Fig. la. These patterns confirm the presence of pure
perovskite structure in all the samples with ferroelectric tetragonal
phase having symmetry P4mm at room temperature. Absence of any
secondary peaks in the XRD patterns indicates that Ho has completely
diffused into the lattice of the host BCST system forming a homo-
geneous solid solution. Powder X software with Treor refinement pro-
gram was used for indexing and analysis of these patterns [38], and
JCPDS data with File no. 03-0726 was found to match well with all the
observed XRD patterns.

Fig. 1b shows the magnified picture around the 45° peak of the
ceramics, providing us with a clearer picture of peak shifting upon in-
creasing Ho>* content. It can be observed that upon increasing dopant
concentration up to BCST18 there is a clear shifting of the diffraction
peaks towards the lower angle whereas for BCST20 the peak shifting
occurs slightly towards the higher angle. This shifting in peaks is at-
tributed to the difference in ionic radius of the dopant and the host ion.
Aliovalent dopant Ho®* ion with IR- 0.9 A replaces Ti** ion having
smaller IR~ 0.6 A up to BCST18 leading to enlargement in unit cell
volume as substantiated by the relevant increase in unit cell parameters
shown in Table 1. Incorporation of Ho®> " as acceptor ions on Ti** sites
is compensated by generation of ionized oxygen vacancies (V), also
known as accepter mechanism [36]. The related defect reaction up to
1.8 mol% Ho content is represented as follows:

H0203 + 2TiTi + OO - 2H0r;-i + 2TiO, + VO (1)

In this case, two Ho>* ions displace two Ti*" ions with the
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Table 1
Crystallographic properties of Ho-doped Bag 91Cag 09Sno.07Tip 9303 ceramics.
Ho content  Crystallite  Strain Lattice parameters (A) Cell volume
X (mol %) size (A) a c c/a (A%
0.0 326 0.0158  3.9965 4.0126 1.0040 63.93
1.2 132 0.0073  4.0094 4.0112 1.0026 64.37
1.4 74 0.0053  4.0063 4.0114 1.0016 64.39
1.6 65 0.0038 4.0176 4.0259 0.9996 64.74
1.8 76 0.0074  4.0342 4.0625 1.0071 65.59
2.0 154 0.0103  4.0216 4.0534 1.0068 65.33

generation of one oxygen vacancy. The effect of occupying B-site (Ti
site) by the larger Ho ion is evidently reflected by the increased unit cell
volume till BCST18. However, a slight decrease in the cell volume is
observed for the ceramic with Ho content greater than 1.8 mol%. This
switch over can be accounted for by the change in the incorporation
mechanism from acceptor mechanism to self-compensation mechanism.
During the self-compensation mechanism, Ho>* ions enter the Ba-sites
as acceptors with oxygen vacancies and also compensate for the excess
positive charge with creation of titanium vacancies (Vj; ) [39]. The
defect equation concerning Ho incorporation via self-compensation
mechanism is as follows:

3H0,0; + 3Tiy; + 4Bag, + Op — 2Ho; + 2TiO, + Vi + 4Hog, + Vi
+ 3 BaO + BaTiO; (2)

In this case, two Ho®* ions again displace two Ti*" sites via gen-
erating one oxygen vacancy along with substitution of four Ho*" ions
at two Ba®™ sites via creating one Ti vacancy. The substitution at A-site
(Ba, IR 1.6 A) ion by a smaller Ho>* ion with Ti vacancy can lead to the
shrinkage of unit cell volume for higher Ho doped systems (BCST20).
This in turn suggests that Ho®>* enters BCST structure preferentially as
an acceptor at Ti-Sites. This also indicates that the solubility of Ho at
the Ba?™ sites is lower (< 1.2 mol%) than pure BT system in air [35].
The systemic variation in crystallographic parameters upon the addi-
tion of Ho in BCST system is recorded in Table 1.

Due to substitution of Ti ion (B-site) with Ho ion, there is an ap-
preciable increase observed in cell volume from 63.93 A® for undoped
BCSTO sample to a value 65.59 A% for doped BCST18 sample. Lattice
parameters a,b and ¢ show increasing trend with increasing Ho content
supporting the increased cell volume. In addition, tetragonality (c/a)
shows an interesting systematic variation suggesting the occurrence of
structural changes within the system as a result of varying dopant
concentration. Tetragonality drops with rising Ho concentration to a
minimum of 0.9996 for BCST16 and then upsurges for higher Ho con-
tent.

Williamson-Hall method was used to calculate average crystallite
size L and lattice strain 7 using the following equation [40,41]:

Bcosb = kA/L + nsinb

where f is the FWHM of the peak profile, k being the constant with its
value taken as 0.9, 6 the diffraction angle, and A (Cu Ky A = 1.5418 A
the wavelength of X-ray. Systematic variations in crystallite size and
lattice strain are plotted with Ho content as shown in Fig. 2. A drastic
reduction in crystallite size from 326 A for the undoped sample to a low
value of 65 A is observed for BCST16 before it increases beyond 1.6 mol
% Ho content. Similar trend is observed for lattice strain of the cera-
mics.

It can be observed that variations in crystallite size and lattice strain
with Ho content are similar to that of c¢/a ratio observed. Ceramics with
large crystallite size and strain have strong influence on crystalline
structure which is manifested in terms of the tetragonality (c/a) change.
Large strain values possessed by the ceramic system could be con-
sidered as the origin for its observed high tetragonality. Similar de-
pendence of phase structure on lattice strain is reported by researchers
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Fig. 2. Plots showing dependence of crystallite size and lattice strain, on Ho>*
content in BCST.

in PZT system [42,43], and also observed in lead free KNN ceramic
system [44]. With increase in Ho content up to 1.6 mol% i.e. BCST16,
microstrain and tetragonality tend to fall as a consequence of release of
the internal stress accompanying the enlargement of unit cell volume.
The slight rise in these parameters for the higher dopant contents can be
for the same reason related to the associated shrinkage in unit cell
volume.

3.2. Surface morphology

SEM micrographs of thermally etched surfaces of Ho doped BCST
ceramic samples are shown in Fig. 3. It is evident that the micro-
structure exhibits appreciable changes with the increase of Ho content.
The sample with no Ho content viz., BCSTO, shown in Fig. 3a has dense
and homogeneous microstructure with average grain size of about
16 um. However as seen in Fig. 3b—e, there is a significant drop in the
average grain size for the Ho doped BCST samples. With increasing
Ho®* content, the grain size drastically decreases to a minimum value
of ~0.7umat 1.6 mol% Ho>* content indicating the suppression of
grain growth in Ho modified BCST ceramics. This suppression in grain
size might be due to non-uniform distribution of Ho>* near grain
boundary regions restricting their mobility that weakens the mass
transportation and results in grain growth inhibition [45]. The charge
mismatch between the dopant as solute and grain boundaries causes
build-up of a solute cloud. As the grain boundary starts to move, the
dopant concentration profile becomes asymmetric due to difference in
diffusivity between the host and dopant ions. This asymmetry leads to a
solute drag on the grain boundary thus reducing the driving force for
migration [46,47]. The developing restraint in grain boundary migra-
tion gives rise to the reduction in grain size with increasing the dopant
concentration.

Fig. 4(a—f) shows the histogram representation of distribution of
grain size with different Ho concentrations. It is clearly seen that un-
doped BCST system has relatively uniform dense microstructure
whereas porous and non-uniform microstructure distribution is pre-
dominant for doped system (x = 1.2mol%). This substantial effect of
Ho on surface morphology and microstructure of BCST results in the fall
of density of the ceramics. Bulk densities of the ceramics as measured
using Archimedes’ principle are listed in Table 2. The bulk density
shows a declining trend with increasing Ho content. It decreases from
93% of the theoretical density (TD) for BCSTO to 81% of the TD for
heavily doped BCST20 system. The study thus reveals that addition of
Ho significantly affects the microstructure of BCST ceramics. No deli-
quescence was observed in the ceramics when exposed to water for
24 h.
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Fig. 3. SEM micrographs of Ho substituted ceramics with (a) x = 0 mol%, (b) x = 1.2mol%, (c) x = 1.4mol%, (d) x = 1.6 mol%, (e) x = 1.8 mol%, and (f)
x = 2.0 mol%.

3.3. Dielectric studies ceramic systems with different Ho concentrations are summarized in
Table 2. It is seen that there is a notable reduction detected in ¢, values

Frequency dependence of room temperature dielectric constant (e from BCSTO (g;+~3997) to BCST20 (¢,:~800) ceramic system. It ex-
and dissipation factor (tand) with various Ho®* concentration are il- hibits a clear declining trend with an increase in Ho content, which is

lustrated in Fig. 5(a, b). Also the dielectric properties for all prepared consistent with the degrading density (Table 2). The observed large
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Fig. 4. Histogram representation of distribution of grain size of BCST system with (a) x = 0mol%, (b) x = 1.2mol%, (c) x = 1.4mol%, (d) x = 1.6 mol%, (e)
x = 1.8 mol%, and (f) x = 2.0 mol% Ho content.

dielectric constant value for BCSTO can be attributed to its homogenous

dense microstructure. Such dependence of dielectric constant on den-
sity is also observed in many other systems [48,49]. The observed de-

crease in dielectric constant value may also be a consequence of

shrinking grain size with rising Ho concentration. Crystallite size tends
to decrease with decreasing grain size which in turn makes crystallite
size comparable with the domain wall width leading to domain wall
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pinning effect. This would inhibit domain wall motion resulting in
degradation of dielectric constant value with grain size.

While all the ceramics show a decreasing trend in ¢, with increasing
frequency, the fall of ¢,, values at higher frequencies becomes steeper
till BCST14 beyond which the decline is less abrupt. The decreasing
trend of dielectric constant at higher frequencies is commensurate with
the rise in tan 8 values up to BCST14 at higher frequencies. The increase
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Table 2
Dielectric properties of various Ho-doped Bag.91Cag 09Sno 07 Tio.0303 ceramics.
Ho content (mol%) 0 1.2 1.4 1.6 1.8 2.0
Bulk Density (g/cma) 5.62 5.42 5.29 5.19 4.92 4.78
Relative Density (%) 93.15 91.07 88.72 87.54 83.99 81.17
Porosity (%) 6.85 8.93 11.28 12.46 16.01 18.83
&r, 30°C 3997 2936 2380 2459 1678 807
em at T, 5544 3147 2489 2513 1736 814
Curie temperature, T, (°C) 58 53 49 43 39 35
Dielectric loss, tan 8 0.044 0.021 0.025 0.022 0.023 0.018
@)
45004 e . ..
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Fig. 5. Frequency dependence of (a) dielectric constant (e,), and (b) dissipation
factor (tand) at room temperature, for Ho doped BCST system.

in tan 8 at higher frequencies is suggestive of the increasing presence of
conductive losses in the system which results in the observed declining
trend of dielectric constant. It can also be remarked that at lower fre-
quencies Ho doped BCST systems show low tan § values in the range
0.018-0.025, much less than that of undoped system BCSTO (Table 2).

Fig. 6a shows temperature dependence of dielectric constant (&)
curves for Ho doped Bag 91 Cag.09Sng o7 Tig.9303 ceramics measured over
the temperature range 25°- 150°C at 1kHz frequency. The major
characteristic peaks observed in each curve indicates the transition
temperature from ferroelectric to paraelectric phase - the Curie tem-
perature T,. This temperature along with room temperature dielectric
constant (¢,) tends to decrease with increasing Ho concentration in
BCST system, as seen in Fig. 6a. The observed decrease in T, values
might be a result of B-site (Ti-ions) substitution with Ho ions. This
substitution leads to an increase in unit cell volume with simultaneous
decrease in available Ti-O bonds which in turn weakens Ti-O interac-
tion within TiOg octahedral of the perovskite structure, giving rise to
decrease in Curie temperature.

Interestingly, higher incorporation of Ho®* ions into the system
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Fig. 6. (a) Temperature dependence of dielectric constant (¢), and (b) plot
showing variation of In(1/¢ -1/ey,) with In(T-T.) for BCST ceramics having
different Ho®* contents, measured at 1 kHz frequency.

induces a broadening effect on this transition peak. This broadening is
further analyzed by calculating the diffuseness parameter using mod-
ified Curie Weiss law. The dielectric constants at temperatures higher
than T, have been fitted to this model, proposed by Uchino and Nomura
[50]:

/e — 1/gn = (T — T)/C , (T>Tm) (T>Tm) 3)

where ¢, is the maximum value of dielectric constant at temperature
T,,. Diffusivity y and C are the constants, with 1 <y < 2 where vy de-
termines the degree of diffuseness of the phase transition. The value of y
is equal to 1 corresponding to a completely ordered phase transition
whereas vy is equal to 2 for a completely diffused system expected on the
basis of a local compositional fluctuation model.

Fig. 6b shows the plots of In(1/¢ - 1/¢,,) versus In(T - T,,) for the
ceramics. The values of y as determined from the slopes of the graphs in
Fig. 6b exhibit a systematic change with increasing Ho content in the
ceramics. It can be noted that y increases drastically from 1.64 for
BCSTO to 1.99 for BCST16, and then slightly decreases to 1.94 for
BCST20 indicating a systematic change induced in the diffuseness of the
ferroelectric transition peaks at different Ho content. It is observed that
the diffuseness of the dielectric peak increases while a decrease in T,
towards the room temperature is observed with Ho doping in BCST
system. Both of these phenomena are responsible for transferring a
large fraction of paraelectric phase near the room temperature. The
increasing presence of paraelectric component at the room temperature
is also evidenced by the observed variations of tetragonality and grain
size with increasing Ho content (Table 1). It is a general understanding
that the diffuseness of the dielectric peak has an origin in local
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Fig. 7. (a) Room temperature P-E hysteresis curves measured at 50 Hz, (b) plots

of P, and E, versus x, and (c) plots of P; and tetragonality, versus x, for Ho doped
BCST ceramics.

compositional fluctuation that gives rise to different micro-regions with
slightly varying individual ferroelectric-paraelectric phase transitions
[51,52]. These micro-regions might have increased with decreasing
grain size and crystallite size with Ho doping and thus increased the
diffused behavior of dielectric peak of the material [52].

3.4. Ferroelectric studies

Room temperature PE hysteresis loops for the Ho doped BCST
ceramic samples, measured at 50 Hz are shown in Fig. 7a. The varia-
tions in remnant polarization (P,) and coercive field (E.) values de-
termined from these loops are depicted in Fig. 7b. It can be inferred that
with the increase of Ho®* concentration, the value of P, follows a de-
creasing trend towards the lowest value at x = 1.6 mol%, after which it
upsurges. This suggests that ferroelectricity of the ceramics weakens
when Ho®" substitutes the Ti-site and strengthens when it occupies Ba-
site.
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Decrease in ferroelectricity in ceramic system is closely related to
changes observed in grain size. There have been reports which suggest
the weakening of the ferroelectric properties as a result of decreasing
grain size in the ceramics [53-55]. In general, these properties directly
depend on ferroelectric domain structure, nucleation and its mobility.
As the grain size decreases the energy barrier for ferroelectric domain
switching increases along with increased grain boundary effect in
smaller grains. These effects subsequently hinder the polarization
switching and suppress the ferroelectric behavior under an applied
electric field in small sized grains [56]. It has also been observed that
polarization reversal of ferroelectric domains is easier in large sized
grains as compared to small ones [48]. Also this degradation in ferro-
electric property for Ho doped ceramic samples in view of its low P,
value is also a result of their low T, which ensures the presence of
partial paraelectric phase at room temperature. It can be also noted that
there is an overall growth in E, values from 1.09 kV/cm to 4.86 kV/cm
as the Ho content increases from BCSTO and BCST20. This indicates that
the ceramic system changes its ferroelectric nature towards hard fer-
roelectric behavior at higher Ho®** concentration. The elevated coer-
cive field value is also closely related with the decreased grain size. As
grain size decreases, back field originates due to increased percentage
of grain boundary regions which opposes the switching during field
loading [57].

Ferroelectricity originates from the structural changes occurring
within the system. In order to emphasize these changes, plots showing
variations in spontaneous polarization (Ps) and tetragonality (c/a) with
various Ho®>" content are presented in Fig. 7c. It is seen that the ob-
served trend of spontaneous polarization (Ps) is in agreement with that
of tetragonality. It has been reported for the perovskite type ferro-
electric materials that its tetragonality (c/a) can significantly affect
their ferroelectric properties such as P; and T. [58]. P, values are
generally expected to rise in the material having high tetragonality due
to ease in orientation of dipoles along their respective polar axes. This
might be a plausible reason for the rise in P, values at higher dopant
contents (x = 1.8 and 2.0 mol%). Another contributory factor towards
the upsurge of P, is the appearance of cationic vacancy defects as a
result of self-compensation mechanism dominance at higher con-
centration. These defects facilitate domain motion during switching as
they themselves act as nucleating site for new domains [59]. However,
ceramics with these concentrations also show hysteresis loops with
larger area and as a result hysteresis losses are large too.

3.5. Piezoelectric studies

Effective changes in piezoelectric coefficient d3; and electro-
mechanical coupling coefficient k, with Ho concentration are depicted
in Fig. 8. Both these parameters follow a decreasing trend for increasing
Ho concentration in BCST system. As seen in Fig. 8, the piezoelectric
properties attain the highest values for undoped BCSTO (ds3 = 102 pC/
N, k, =22%) and the least values for heavily doped BCST20
(d33 =38 pC/N, kp = 60/0)

Thermodynamic theory suggests that the piezoelectric constant ds3
of a ferroelectric material is dependent on polarization and dielectric
permittivity which can be expressed [60] as:

dsz = 2Qq1€06rPs

where Q; is the electrostrictive coefficient, ¢, the room temperature
dielectric constant and P the spontaneous polarization. Normally Qi
does not change appreciably due to doping as it is mainly dependent on
the domain structure which does not undergo appreciable changes with
doping. Therefore the observed decrease in ds; with increasing x
(Fig. 8) in BCST system could be mainly attributed to the associated
change in ¢, and P, (Figs. 5a and 7c¢). In addition to above factors the
presence of phase transition T, occurring near the room temperature
due to rise in Ho®>* content further weakens ferroelectricty and thus
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Fig. 8. Variations of ds; and k, as functions of Ho-content in BCST.

piezoelectricity.

The variation in ds3 observed correlates well with the changes de-
tected in the density of the ceramics with Ho doping. This reduction in
piezoelectric properties may be attributed to cumulative changes ob-
served in grain size and the density of the ceramics. There are reports of
improvement of piezoelectric properties in other perovskite systems
having suitably large crystallite/grain size [61,62]. With smaller
grains/crystallite size there is a probability of suppression of lattice
distortion arising from cubic lattice which deteriorates piezoelectric
behavior of a material. Another factor which could contribute in de-
grading piezoelectric behavior is the difficulty in domain wall motion as
a consequence of increased coercive field (E.) values with Ho con-
centration and also due to domain wall pinning effect arising due to
corresponding reduction in crystallite size with grain size.

The observed reduction of piezoelectric nature for x = 1.2 mol% Ho
content thus supports the presence of appropriate grain size for a ma-
terial to possess good piezoelectric properties; similar observation has
been reported for BaTiO3 ceramic system [61]. There are similar reports
on donor doped PZT system [62] which show degrading piezoelectric
properties due to restricted domain wall motion accounted to their
smaller grain size. Further it can be noted that the observed decrease of
ds3 is also in accordance with the variation of strain (Table 1) existing
in the ceramics up to x < 1.6 mol%. For instance, the small strain of
0.0038 in BCST16 is not enough to create anisotropic instability in the
system leaving it hardly with any TiOg octahedral distortion in the
perovskite structure. This ensures rigid Ti off-center movement which
further weakens the spontaneous polarization and hence piezoelectric
properties of the ceramic system. The overall degradation in the pie-
zoelectric properties may be due to the existence of a critical grain size,
poorer density and the presence of Curie temperature T, too close to
room temperature.

4. Conclusion

In the present work, Barium Titanate based lead-free
(Bag.01Cag.0oSng 07 Tig.93)03-xH0,03 (x = 0,1.2,1.4,1.6,1.8 and 2.0 mol
%) piezoceramics were synthesized by traditional ceramic processing
sintering technique. Presence of pure perovskite structure with tetra-
gonal symmetry was confirmed by XRD analysis for all the ceramic
compositions prepared. It can be concluded that under oxidizing con-
dition, the solubility of Ho ion at Ba-site in BCST ceramic system is
lower than the reported solubility in pure BT system as it tends to
substitute Ti-site for x = 1.2 mol%. The mechanism for Ho-substitution
at Ti-sites switches from acceptor mechanism to self-compensation
mode at about 1.8 mol% Ho content. This brings a systematic change in
unit cell volume, crystallite and lattice strains of the ceramics. The
gradual decrease in room-temperature dielectric constant (e,) and
Curie temperature shift towards RT with rise in Ho content in BCST

Ceramics International 45 (2019) 10371-10379

system exhibits strong dependence of dielectric properties on the Ho
content. Increasing Ho content significantly reduces grain size by in-
hibiting grain growth in the ceramics thereby inducing hard ferro-
electric nature in them. The bulk density, piezoelectric charge coeffi-
cient ds3 and electromechanical coupling factor k, decreases as Ho>*
concentration increases from 0 to 2 mol%. The gradual degradation in
piezoelectric properties with rise in Ho®*content in the ceramics is
attributed to the poorer density, refined grains, decreasing dielectric
constant and declining ferroelectric properties.
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Topic: To understand and compare various Pseudo-Newtonian potentials in black holes with
super-Eddington Accretion rates.

Name of the Student: Shaoni Kar
Supervisor: Dr. A K Chaudhary
Department of Physics, Sri Venkateswara College, University of Delhi

Objective: To compare mathematically and through simulations, the different Pseudo-Newtonian
potentials to mimic the general relativity effects around a non-spinning black hole; to attempt to
extend it mathematically to the formation of relativistic jets by spinning blackholes.

Introduction: Black holes are the most exotic prediction of Einstein’s general relativity and range
in mass from a few solar masses to supermassive degrees. They have the strongest possible
gravitational fields out of all celestial bodies. The investigation of general relativity in the
environment of black holes is one of the fundamentals of current astrophysics research and the
main motive behind designing of advanced telescopes.

Accretion is the process where external mass inflows into gravitating objects resulting in angular
momentum transport and gradual formation of a stellar disk from the flow around the compact
object. This can be visualised to some extent through simulation tools. However, employing the
relativity equations implements huge complexity that can be avoided through the use of the
different forms of Pseudo- Newtonian potential that limits the error in calculation to less than
10%, even for super-massive blackholes spinning at Super-Eddington accretion rates. This
project is an attempt to understand and compare these effects, and extend it to actual general
relativity.

Parameters chosen:

a. Mass of black hole: 5 * 1078 Solar mass

b. Accretion Rate: 250 L(edd)/c”2 to 1500 L(edd)/c"2

c. Self turbulence is generated by the initial magneto-rotational instability.

Project plan:

1. Mathematical derivation of pseudo- Newtonian potentials and comparison to General
Relativistic conditions; comparative study on type of potential best suited for a blackhole with
given parameters.

2. Magneto-hydrodynamic simulations of Super- Eddington accretion disks by implementing the
various Pseudo- Newtonian potentials and comparative study. Possible conclusion: These
accretion rates giving rise to certain values of radiation pressure to gas pressure ratio are only
possible in AGN Disks.

3. Attempt to mathematically formulate a similar code for actual relativistic conditions for a black
hole of the given parameters.

Expected Outcome:

The simulations of the MHD using tools like Matlab are expected to produce graphics that
reassert the assumption of the chosen accretion rates being found solely in AGN disks. Apart
from this, we also expect to induct actual general relativistic calculations in the simulation to
produce a probably more realistic picture.
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Topic: Role of Synthesis Techniques in the Development of Nanocrystalline CaF,:Tm Phosphor
and its Characterization for Dosimetry of Gamma Rays and Ion Beam.

Student: Ms. JASLEEN KAUR
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OBJECTIVE: Synthesis techniques play a vital role in thermoluminescence (TL) characteristics of
nanophosphors. With deep understanding of TL mechanism, I aim at improving TL characteristics of
CaF,:Tm nanophosphors by using different roots of synthesis and thus developing an indirect dose
measuring device for gamma rays and ion beam.

INTRODUCTION: TL is a wide spread phenomenon exhibited by most of minerals, inorganic
crystals, glasses and ceramics, organic compounds etc. in which previously absorbed energy from
electromagnetic radiation or other ionizing radiation is re-emitted as light upon heating the material [1].
TL is a very good technique which has extended to a whole spectrum of disciplines such as archaeology,
forensic sciences, geology, radiation dosimetry, radiation physics, space sciences and many more.
Most of the interest in TL comes from the possibility of using it in radiation dosimetry. Radiation is an
important tool in nuclear and medical research programs. Since radiation is hazardous, it is necessary
to monitor the dose absorbed by the workers who are involved in such programs. Thermoluminescence
dosimeter being inexpensive and very sensitive to radiation is one of the many devices used to measure
the radiation dose. The main basis in the thermoluminescence dosimetry (TLD) is that TL output is
directly proportional to the radiation dose received by the phosphor and hence provides the means of
estimating the dose from unknown irradiations. Thus, TL dosimeters are being used in personnel,
environmental and medical dosimetry.

Moreover, the importance of nanomaterials has tremendously increased in the field of luminescence as
they exhibit enhanced optical, electronic and structural properties, and have potential as efficient
phosphors.

Lastly, the most important fact is to find the interrelations among the preparation methods, the structural
defects and the TL properties of the material as the structure of the defects can be controlled to a high
extent by the preparation method [2].

EXPERIMENTAL PLAN: Nanocrystalline CaF,:Tm would be prepared by different methods (viz.
chemical co-precipitation, combustion etc.). This phosphor would be irradiated with gamma (Co®’) and
ion beam. Physical properties would be checked by X-ray diffraction and other techniques such as
TEM/SEM to understand the particle size and the morphology of the samples. Thus, I intend to develop
a phosphor that would not only be suitable for dosimetry of electromagnetic radiations like gamma rays
but would also work for dosimetry of particulate radiation (ion beam) which are now being commonly
used in radiotherapy for cancer treatment.

EXPECTED OUTCOMES: Firstly, I hope to understand the role played by the method of preparation
in determining the TL properties of a material. Thereafter, I intend to develop an indirect dose
measuring device for gamma rays as well as ion beams. Moreover, the computational skills learnt would
be origin, TL reader, powderX, stopping range in matter (SRIM) along with pellet making and ladder
making.
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DISSERTATION TOPIC: SYNTHESIS AND CHARACTERIZATION OF THERMOLUMINESCENT
NANOPHOSPHOR TRICALCIUM PHOSPHATE DOPED WITH DYSPROSIUM

Student name: Ms. Najdeep Kaur (College Roll Number 1816038, B.Sc. (Hons.) Physics IIl Year Session 2018-19)
Supervisor: Dr. Anant Pandey

Affiliation: DEPARTMENT OF PHYSICS, SRI VENKATESWARA COLLEGE, UNIVERSITY OF DELHI,
DHAULA KUAN, NEW DELHI-110021

PURPOSE:

e To synthesize and characterize thermoluminescent nanophosphor tricalcium phosphate doped with
dysprosium (Ca;(PO,)>:Dy).

e To optimize the phosphor by varying the dopant (dysprosium) concentration in order to establish best
possible TL sensitivity in the phosphor.

e To compare the optimized sample with the commercially available standard thermoluminescent dosimeters
(TLD).

INTRODUCTION: Luminescence is basically a phenomenon in which some energy source kicks an electron of an
atom out of its ground state into an excited state by supplying extra energy (0 the electron, and then as the excited
state is not stable the electron jumps back to its ground state by giving out this energy in the form of light. Now
depending on the method of excitation. luminescence can be classified into a number of categories.
Thermoluminescence (TL) is one of them in which light is emitted by a semiconductor or an insulator, when it is
heated at low temperature after being irradiated by some ionizing radiations such as x-rays, gamma rays etc. TL has
a number of applications in a number of fields like radiation dosimetry, age determination of ancient objects,
geology etc. [1]. Due to continuous use of different radiations in places like hospitals, nuclear reactors, nuclear
research centres, etc it's very important to keep track of radiative exposure levels of individuals to avoid radiation
based harmful effects. Since tricalcium phosphate is a nearly tissue-equivalent material (close to being bone-type), it
has been reported as a promising TL material prepared by a number of methods like wet precipitation and solid state
synthesis [2] and in one of the reports, the same host material is doped with terbium and thulium studied for their TL
properties [3]. In the present dissertation project the same host material i.e. tricalcium phosphate but with a different
dopant (dysprosium) will be studied. The nanophosphor Ca;(PO,)-:Dy will be prepared by the method of chemical
co-precipitation and further irradiated by both UV and gamma rays for TL dosimetry purpose.

EXPERIMENTAL WORK: The experimental work includes the synthesis of the required phosphor Ca;(PO,)::Dy
with varied concentrations of the dopant by the co-precipitation method and, then the characterization of the
prepared samples by using various characterization techniques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), photoluminescence (PL). and transmission electron microscopy (TEM). These samples will then
be irradiated by gamma and UV rays. After which, the samples will be tested for their TL properties.

EXPECTED DELIVERABLES AND SKILLS LEARNT: It is expected that the prepared optimized phosphor
shows high TL sensitivity towards UV, and gamma rays and a linear dose response over a wide range of doses. It is
also expected that the phosphor shows low fading over a long period of time. The skills that will be learnt during the
project include: working on TL readers and gamma chambers, computational skills to carry out data analysis on
application softwares like Origin and powder-X, characterization of samples through XRD, SEM, PL, and TEM.
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Abstract

Bagg_,) Y, Ca 1 Zr o7 Ti( 9305 lead free piezoelectric ceramics were synthesized for x=0-0.035 in the steps of 0.005. The
lead free piezoceramics are gaining importance as there is an urgent demand for replacing the highly toxic PZT family
piezoceramics. Ba, ¢Ca Zr (7 Tij 9305 (BCZT) is one such system. It shows some high electrical properties but suffers with
a low Curie temperature, which restricts its usage in low temperature range only. In the present study, the Curie temperature
has been improved by 9 °C. A polymorphic phase transition (PPT) has also been observed around x=0.015, consisting of
orthorhombic and tetragonal phases, which provides the polarization vector more number of favorable directions. As a result
the remnant polarization (P,), piezoelectric charge coefficient (d;;) and electromechanical coupling coefficient (kp) attain their
maximum values of 5.21 pC/cm?, 200 pC/N and 24.78% respectively for x=0.015. This increase in transition temperature

and other electrical properties makes BCZT a potential candidate for a lead free piezoelectric system.

1 Introduction

Piezoelectric ceramics have been in use for many years, due
to their wide area of applications. These applications include
actuators, sensors and transducers. One of the most widely
used piezoceramic is lead zirconium titanate (PbZr Ti,_ Os),
abbreviated as PZT, which is a lead based composition.
But, lead, being the hazardous substance, must be and has
already been banned from almost all of the industries. It
is well known that its use can cause serious health issues,
including cancer [1]. For many years, the search for a lead-
free piezoelectric composition has been going on. But, a
suitable candidate has not yet been found; this forced the
European countries to implement RoHS 2017 that restricts
the use of all hazardous substances except PZT (Lead zirco-
nium titanate) in the electronic industry, to be replaced by
a suitable candidate by 2022 [2]. Such exemption calls for
the urgent need of finding a lead-free piezoelectric replace-
ment for highly toxic lead-based PZT. In 2009, Liu et al.
were able to introduce the world to a lead free composition
x[Ba(Zr, ,Tij )Os] — (1 = x)[(Ba, ;Ca, 3)TiO;], abbreviated
as BZT-BCT, with comparable piezoelectric properties to
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the existing prevalent piezoceramic, PZT [3]. Since the dis-
covery of the BZT-BCT composition, a lot of efforts have
been made to further improve its electrical properties. Most
of these studies include optimizations in the sintering condi-
tions and techniques [4—7], tailoring the initial particle size
[8-12] and doping with suitable elements at A-site, B-site or
simultaneously both sites [13—17]. But, the major drawback
associated with this composition is its low Curie tempera-
ture, which restricts its usage in low temperature range only.

In one of our previous studies, we synthesized
Ba, 4Cay | Zrg (7 Tip 9305 —xY (x=0, 0.02, 0.04, 0.06, 0.08,
0.1) ceramics in which yttrium was freely doped to enter any
of the possible sites [18]. We observed that yttrium enters
A-site with Ba®* vacancies for x=0.02 only and after that it
enters B-site with Ti** vacancies for x=0.04 to x=0.1. Also,
we observed that A-site substitution of yttrium resulted in
elevated Curie temperature with improved electrical proper-
ties. The increase in Curie temperature was the highlight of
the previous study as the low Curie temperature is the major
drawback of BCZT compositions. The enhanced results were
attributed to the multi-phase coexistence region in A-site
substitution of Y3

The present study is to see the effect of A-site substitu-
tion, with change in the concentration of Y3+, on the tran-
sition temperature and electrical properties of BCZT
composition. For this, we synthesized and investigated
Ba g9 Y,Cag 1 Z1 07Ty 9305 (x=0, 0.005, 0.01, 0.015, 0.02,
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0.025, 0.03, 0.035) ceramics for their electrical properties. All
the microstructural information and studies of electrical prop-
erties of the synthesized ceramics are reported in this paper.

2 Materials and methods

Raw materials of BaCO; (99.9%), CaCO; (99.9%),
Zr0, (99.8%), TiO, (99.8%) and Y,0; (99.5%) were
weighed in their stoichiometric ratios according to
Ba 9 Y, Cay 1 Z1 07 Tip 9305 (x=0, 0.005, 0.01, 0.015, 0.02,
0.025, 0.03, 0.035) composition. The mixture was milled in a
ball mill with isopropanol as the milling medium, along with
the zirconia balls, for 24 h. The mixed powder was then cal-
cined at 1100 °C for 4 h. Then PVA (Polyvinyl alcohol, 4
wt%) was mixed with the calcined powder to serve as a binder
and with the help of a hydraulic press, green pellets of 10 mm
diameter and 1 mm thickness were made. The pressure applied
was 320 MPa. The pellets were kept at 600 °C for 1 h to burn
off PVA. After this the pellets were continued to be heated to
1450 °C, where they were kept for 4 h for sintering to yield
the desired ceramics (abbreviated as BCZYT). The heating
rate was kept at 5 °C min~!. For electrical measurements, The
silver paste was coated on both the plane surfaces of the sin-
tered ceramics which served as electrodes. The densities of
all the sintered ceramics were measured using Archimedes
Principle: pp =w,/(W, — W, qr)> Where, p i =observed density
of the ceramic sample, w,=weight of the sample in air, and
Wyater = Weight of the sample in water. The theoretical density
of the ceramics is given by the relation: py,=ZM/N,V, where,
Z=number of formula units per unit cell, M =molar mass
of the composition, N, = Avogadro’s number and V=unit
cell volume calculated using XRD. X-ray Diffractometer
(BRUKER D8 DISCOVER) was used to analyze the crystal-
line phases of the ceramics. The temperature and frequency
dependences of the dielectric constant were examined using
Precision Impedance Analyzer (WAYNE KERR 6500B).
The SEM images of the polished and thermally etched sur-
faces were taken using ZEISS scanning electron microscope.
These SEM images were used to study the surface morphol-
ogy of the ceramics. P-E hysteresis loops of all the ceram-
ics were recorded using P-E loop tracer system (MARINE
INDIA). Poling of the ceramics was performed using a Poling
unit (Stanford Research Systems PS350) at an electric field
of 2.5 kV/mm for 30 min. The piezoelectric charge coeffi-
cient (d;;) was measured using Piezo d33 m (YE2730A d33
METER). The electromechanical coupling coefficient (k,) was

calculated using a Precision Impedance Analyzer (WAYNE
KERR 6500B) following resonance and anti-resonance data
based on IEEE standards:

ke =2.51(f, = f.) /f;»

where, f, is the resonant frequency, and f, is the anti-resonant
frequency.

3 Results and discussion
3.1 Density

In the present study, we were able to achieve the density
as high as 97.9% of the theoretical density in the ceramic
sample for x=0.015. Above this concentration, the density
shows a gradually decreasing trend to a minimum value of
92.43% of the theoretical density. All the observed and cal-
culated values of the densities are tabulated in Table 1.

3.2 XRD studies

Figure 1 shows the XRD patterns of the BCZYT ceram-
ics taken at room temperature in the range of 260 =20-80°.
All the diffraction peaks are assigned with the characteristic
(hkl) indices, calculated using PowderX software [19-21].

All the prepared ceramics are found to exhibit perovs-
kite structure without any secondary phases. As seen in
Table 2, the cell volume shows a systematic change with
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Fig.1 XRD patterns of Bayq_,,Y,Cay Zr( 0, Tij ;05 ceramics taken
at room temperature

Table 1 Observed density, 0

theoretical density

0.005 0.010 0.015 0.020 0.025 0.030 0.035

and relative density of
B.a(os—x)Yx(?ao1zr0.07Ti0493O3
piezoceramics

Observed density (g/cm?) 5.47
Theoretical density (g/cm®) 5.81
Relative density (g/cm®) 94

5.54 5.63 5.70 5.60 5.53 5.44 5.35
5.82 5.83 5.82 5.81 5.80 5.79 5.78
95 96 98 96 95 94 92
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the increasing concentration of yttrium in the ceramics
with a minimum value of 64.39 A3 occuring at x=0.015.
This observed behavior can be understood on the basis of
charge compensation reactions, written using Kréger-Vink
notations.

When the Y-ion is doped at Ba-site, the extra charge can
be compensated by the barium vacancy:
2Y,0; + 6TiO, — 4Y;, + 6Tiy; + 180, + 2V (D)
or, by titanium vacancy:
2Y,0; + 3TiO, — 4Y; + 3Tiy; + 120, + Vi1 )
or, by both, barium and titanium vacancies:
4Y,0; + 6TiO, — 8Yy, + 6Tiy; + 240, + 2V +2V7

3)
The ionic radii of Y>*, Ti** and Ba?* are 1.075 A, 0.605 A
and 1.61 A respectively [22]. So, the decreasing trend in the
cell volume from x=0 to x=0.015 indicates that the incor-
poration of yttrium into the lattice takes place by following
the reaction Eq. 1. However, the increase in cell volume
from x=0.015 to x=0.035 indicates that cation with the
lower ionic radius is leaving the lattice, which in the pre-
sent case is Ti**. But, as the observed cell volume remains
smaller than that of the un-doped one, it can be interpreted
that from x=0.02 to x=0.035 the reactions are governed by
the reaction Eq. 3, in which both the cationic vacancies are
generated with the barium vacancies proportionately becom-
ing lesser in number than that in the earlier case. Similar
results have been reported on BaTiO; [23].

The XRD patterns also reveal that from x=0 to x=0.01,
the ceramics are in orthorhombic phase with the clear splitting
of the peak around 26 ~45°, with Iy,/I,y0> 1, where, I, and
I are the peak intensities for (002) and (200) miller planes’
reflections. On the other hand, the ceramics from x=0.02 to

x=0.035 are purely in tetragonal phases with Iy,/I,,, < 1. The
ferroelectrics structures were confirmed with the help of Pow-
der X software. The ceramic with x=0.015 is in a mixed phase
indicative of the polymorphic phase transition (PPT) compris-
ing of orthorhombic and tetragonal phases, with Iy,/l,00~ 1.
This multi phase coexistence can lead to some high electrical
properties as the polarization vector gets many favorable direc-
tions. Also, as seen in Table 2, the tetragonality (c/a) from
x=0.015 to x=0.035 decreases as the x increases, converging
to nearly cubic structure.

The tolerance factors calculated for all the compositions are
tabulated in Table 2. The calculations were performed using
the modified formula for tolerance factor [24]:

1= (09— VR, + xR} + 0.1RZ +R, )/
(v2(0.07R;F +0.93R} +R,))

where, x=0-0.035, t=tolerance factor, R2BJ;= ionic radius
of Ba2*, R§+=i0nic radius of Y37, Ré::ionic radius of
Ca?t, R, =ionic radius of 0", Ri'=ionic radius of Zr*",
R&i=ionic radius of Ti**. For a stable perovskite structure
the tolerance factor lies in the range 0.95 <7< 1.06, where
t denotes the tolerance factor. All the calculated values lie
within this range confirming the stability of the perovskite
structure [24]. Also, we get a decreasing trend in the value
of the tolerance factor with increase in the dopant concen-
tration. It implies the transition from a lower symmetrical
structure to the higher symmetrical one, which is also evi-
dent from the XRD patterns of the ceramics.

The crystallite size (L) was also calculated for all the ceram-
ics using Scherrer formula [25]:

L=kA/Bcoso,

where, k=0.9 (shape factor), A =wavelength used (Cu-
K,), @=angle of the highest intensity reflection and f is the

Table 2 Structural and 0 0005 0010 0015 0020 0025 0030  0.035
electrical properties of
Bag,9YCag1Zr0,47Tig.030; Average grain size (um) 245 163 154 151 1.99 2.53 3.26 3.45
prezoceramics Crystallite size (A) 261 285 286 300 265 260 245 219
Tetragonality (c/a) - - - - 1.0004  1.0002  1.0001  1.00001
Cell volume (A%) 64.59 6448 6440 6439 6442 6446 6447 6448
Tolerance factor 1.048  1.047 1.046 1.045 1.044  1.043  1.042 1041
Curie temperature (°C) 83 87 88 92 88 86 84 82
P, (uClem?) 408 378 442 521 512 4.98 4.96 4.88
P, (uC/cm?) 889 894 907 914 847 8.35 773 7.68
E, (kV/em) 201 204 225 291 338 3.5 3.93 4.47
Ry, 089 095 070 076  0.78 0.79 0.81 0.82
dss (PC/N) 132 145 164 200 138 98 95 86
k, (%) 1742 1743 1752 2478 1752 1742 1742 17.25

P, remnant polarization, P, spontaneous polarization, E, coercive field, R,, squareness of P-E loop, d;
piezoelectric charge coefficient, k, electromechanical coupling coefficient
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corrected FWHM (Full width at half maximum), calculated
using:

B = PP,

where, f, is the observed FWHM and f, is the broadening
due to the instrument. As seen in Table 2, as the yttrium
content increases the crystallite size increases to a maxi-
mum value of 300 A for the composition with x=0.015. For
x>0.015, the crystallize size decreases continuously. With
the decrease in the crystallite size the dipole moment per
unit volume tends to decrease, which can affect the overall
polarization of the ceramics.

3.3 SEM studies

Figure 2a—h show the SEM micrographs of the polished
and thermally etched surfaces of all the yttrium doped
Bagg_,)Y,Ca  Tij 9371 (705 ceramics.

All the ceramics are densely packed and appear to pos-
sess multimodal grain size distribution. With increase in
yttrium content the smaller grains tend to gradually disap-
pear and bigger grains increase in number. This increase
in larger grains at the expense of the smaller grains can be
attributed to the difference in the chemical potential of the
surfaces. Figure 3a—h shows the grain size distribution in
the ceramics, calculated using the line intercept method in
Imagel] software [26].

It is clear from the histograms that initially there are
small as well as large grains in the ceramics, but with
the increasing presence of yttrium in the ceramics the
grain size distribution spreads with the growth of bigger
grains at the cost of smaller grains. The average grain size
(Fig. 3e) shows a fall from x=0 to x=0.015, after which
it increases to the larger values.

Fig.2 SEM images of polished and thermally etched surfaces of Bagg_,)Y,Ca 1 Zr( (7 Ti 9303 ceramics with a x=0, b x=0.005, ¢ x=0.010, d

x=0.015, e x=0.020, f x=0.025, g x=0.030 and h x=0.035
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Fig.3 Grain size distribution of the grains in the Bagq_,)Y,Cay Zr; 17 Tij 9305 ceramics with a x=0, b x=0.005, ¢ x=0.010, d x=0.015, e
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3.4 Dielectric studies

Figure 4a, b shows the temperature dependence of the
dielectric constant measured at 1 kHz.

All the ceramics show a global maximum at the Curie
temperature (7,), which is the indication of the phase tran-
sition from ferroelectric phase to paraelectric phase. For
the first four compositions, i.e. from x=0 to x=0.015,
another hump, below T, has also been observed (Fig. 4b).
This hump signifies the transition from a ferroelectric
phase to another ferroelectric phase. As the temperature
increases, the ceramic undergoes the symmetry transfor-
mation, generally from lower symmetry to the higher one.
In the present case, this is a transition from orthorhombic
structure to a structure of higher symmetry, i.e. tetragonal

and the corresponding temperature is labeled as 7,_,. Fig-
ure 4d shows the variation in 7,,_, with the change in x.
The T,_, for the un-doped one was found to be 52 °C. It
decreases with the increase in x and reaches to around room
temperature for x=0.015. With further increase in x, the
T,_, goes below the room temperature and hence could not
be observed, whereas, T, increases as the amount of yttrium
increases to x=0.015, which is of great importance in view
of BCZT composition. It decreases with further increase in
x. The variation in T, can be explained with the help of the
concept of bond-dissociation energy. The values for bond
dissociation energy of Ba—O, Y-O and Ti-O are 563 kJ/
mol, 715 kJ/mol and 662 kJ/mol [27]. As discussed in XRD
section, from x=0 to x=0.015, yttrium enters A-site with
only A-site ion vacancies. The Y-O bond is stronger than
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Ba-O bond and hence the Ba—O bonds get disturbed, in
turn strengthening the Ti—O bonds. This strengthening of
Ti—O bond increases the transition temperature. However,
from x=0.02 to x=0.035, it has been seen that yttrium
enters A-site with the creation of A-site ion and B-site ion
vacancies simultaneously. These Ti** (B-site ion) vacancies
weaken the Ti—O bonds and hence decrease the transition
temperature.

The temperature dependence of dielectric constant was
also observed at three different frequencies i.e. at 1 kHz,
10 kHz and 100 kHz (Fig. 5a-h).

It was noticed that with the increase in the frequency,
the dielectric constant at room temperature decreases and
the transition temperature shifts to the higher temperature.
Also, the transitions are found to be diffused. These are the
two characteristics of a relaxor ferroelectric and hence it is
concluded that all the ferroelectric ceramics, in the discus-
sion, are relaxor ferroelectrics [28]. The relaxor behavior
is due to the formation of polar nano regions or polar nano
domains that are active below as well as beyond the Curie

@ Springer

temperature. These are the small ordered regions disturbing
the long range order of the system.

The diffusivities were also calculated for such transitions
(Fig. 6).

The diffusivity is found to rise initially reaching the maxi-
mum value of 2 at x=0.015, after which it decreases. Relat-
ing with the XRD results, it is clear that diffusivity increases
with the increasing presence of A-site vacancies only, but it
decreases when the generation of B-site vacancies is preva-
lent. It is thus suggestive that the diffusivity is directly pro-
portional to the number of A-site vacancies in yttrium doped
Bay oCay 1 Zr() 17Tl 9305 ceramic system.

3.5 Ferroelectric studies

Figure 7a shows the P—E hysteresis curves of all the ceram-
ics, recorded at room temperature and at 50 Hz. All the loops
are well saturated hence showing the behavior of a ferro-
electric. Figure 7b shows the variation in remnant polari-
zation and coercive field with increasing yttrium content.
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The remnant polarization increases with x and reaches to a
maximum value of 5.21 pC/cm? for x=0.015. The coercive
field keeps on increasing with the increase in the yttrium
concentration. The increase in remnant polarization with
increase in x can be explained on the basis of increased
crystallite size. As the crystallite size increases, the dis-
tance between the atoms increases and hence individual
dipoles increase. This influences the overall polarization of
the ceramics. Also, in this range of x=0 to 0.015, it can
be noticed that the corresponding average grain size of the
ceramics decreases (Table 2). With the decreasing grain size,
the grain boundaries increase in number. Along with this the
rise in remnant polarization suggests that the contribution
towards net polarization comes from the boundaries as well,
that corresponds to the space charge or interfacial polariza-

Fig. 6 Diffusivity of all the Bagg_,)Y,Cay 1Zr; o7 Tij 9305 ceramics as
aslope of In (1/¢,— 1/¢,) versus In(T—T,) graph

tion. The increase in coercive field can be explained on the
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tent

basis of charge defects. As sintering was performed at high
temperature, oxygen vacancies are expected to occur plus as
the yttrium content increases, various stoichiometric defects
may also appear. These defects contribute to domain wall
pinning effect which in turn makes polarization reversal dif-
ficult and hence increase the coercive field of the concerned
ferroelectric ceramic.

The observed P-E loops are slimmer than those of a nor-
mal ferroelectric, which is due to the relaxor behavior of the
ferroelectric ceramics, as discussed earlier. The degree of
saturation of the loops can be measured in terms of a param-
eter called squareness of the loop, R, given by:

qu = Pr/Ps + Pl.l(Ec)/Pr’

sq’

where, P, =remnant polarization, P,=spontaneous polari-

zation and P, g, = polarization at the electric field of 1.1
times of the coercive field. The values of R, vary between
0.70 and 0.95 for all the ceramics (Table 2), showing incom-
plete saturation of the loops, which can again be due to the
relaxor behavior of the ceramics.

3.6 Piezoelectric studies

Figure 8 shows the dependence of piezoelectric param-
eters, piezoelectric charge coefficient (ds;) and electro-
mechanical coupling coefficient (k,), on Y3* content in
Bag g, Y, Ca ,Zr) 7 Tij 93 O; ceramics.

Both these parameters attain their maximum values of
200 pC/N and 0.25 respectively at x=0.015. Such high val-
ues of ds3 and k,, in this sample can be attributed to the
associated high density, high P, and high ¢,. From the ther-
modynamic theory, the dependence of d;; on P, and ¢, is as
follows [29]:

dz3 = 20),€,€, P
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Fig. 8 Piezoelectric charge coefficient and electromechanical cou-
pling coefficient of Bay_,)Y,Cag ; Zr( o7 Tij 9305 ceramics

where, ¢, is the dielectric constant, P, the spontaneous
polarization, and Q,, the electrostrictive coefficient which
couples longitudinal strain and polarization.

Also, as confirmed from XRD analysis and temperature
dependence of dielectric constant, there exists a mixed phase
of tetragonal and orthorhombic structure around x=0.015,
at room temperature. Such a mixed phase provides the
maximum favorable orientations for the polarization vec-
tor and hence contribute to the high piezoelectric proper-
ties at x=0.015. In addition, the large crystallite size is also
contributing to the improved piezoelectric properties of
the sample. As the crystallite size increases, the individual
dipole moments increase which contributes to more polari-
zation. It can also be seen from the SEM images that the
grain size decreases to its minimum value at x=0.015. It
is known that as the grain size decreases, the domain wall



Journal of Materials Science: Materials in Electronics

density increases, which is the region where major dynamics
happen and is responsible for the high piezoelectric effect.
The ceramic with x=0.015 being the composition of lowest
grain size contains largest domain wall density and hence the
appreciable piezoelectric effect. The effect of A-site vacan-
cies can further be highlighted as the major contribution
towards the enhanced electrical properties. Only with A-site
vacancies, the properties were increased and reached to their
respective maxima. It is apparent from the present study that
there exists a “cut-off”” value for x after which B-site ions
also start vacating their lattice site.

4 Conclusion

In this work, Ba ¢_,)Y,Cay 1Zr( 47 Tij 9305 (x=0, 0.005,
0.01, 0.015, 0.02, 0.025, 0.03, 0.035) ceramic composi-
tions have been made and investigated for their microstruc-
tural and electrical properties. All the ceramics show dense
microstructure. There can also be seen a gradual transfor-
mation from orthorhombic phase to tetragonal phase as we
increase x=0.015 to 0.02, which confirms the presence of
polymorphic phase transition (PPT) around x=0.015. Plus,
it has been seen that yttrium ion can substitute for A-site in
the BCZT composition provided its concentration is opti-
mally chosen. The increase in various electrical properties
has been observed. The dielectric, ferroelectric and piezo-
electric properties improved for 0.015 mol% of yttrium con-
tent. This increase in the electrical properties can majorly be
attributed to the occurrence of PPT around x=0.015. Also,
the increase in 7, by 9 °C is a finding of a great importance
here. This study emphasizes on the dependence of electri-
cal properties and transition temperature on the amount of
yttrium ion concentration and the site it occupies in the per-
ovskite structure. The study conclusively reveals that this
A-site doped BCZT composition can further be optimized
to get the desired results.
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ARTICLE INFO ABSTRACT

Keywords: Recently developed (Bag.gsCag.12)(Tip.04Sn0.06)03 (BCST) ceramic composition gained popularity as a cleaner
High-energy milling substitute for the lead-based Pb(Zr,Ti)O3 (PZT) after its electrical properties were found to be comparable to
Sintering those of some soft-end PZTs. These properties can be further enhanced by optimizing the microstructure and
MiCTOStTUCFure . phase-symmetry of the ceramic system. In the present work, BCST nanopowders have been synthesized via solid-
llzlzerf)(:/es;i:zm properties state reaction method followed by high-energy ball milling. Initial particle size has been controlled by varying

the milling speed from 100 —400 rpm at fixed milling time. It has been observed that a mere change in initial
particle size strongly affects the microstructural, structural and electrical properties. A monotonous decline in
average particle size (~97 %) with an enormous rise in the average grain size (~260 %) with milling speed is
observed. The increase of milling speed causes the evolution of perovskite crystal symmetry of the ceramics from
orthorhombic to tetragonal, with the bulk density acquiring a peak value for BCST ceramic prepared from 175-
rpm milled powder. As a consequence of relatively high density and favorable phase-structure, the piezoelectric

properties of this ceramic sample exhibit a significant enhancement of about ~70 %.

1. Introduction

Piezoelectrics are widely used in actuators, resonators, ultrasonic
generators, sensors and similar electronic devices. Currently, PZT is
extensively employed in the electronic industry for various piezo-
electric applications due to its advanced piezoelectric properties origi-
nating from the presence of Morphotropic Phase Boundary (MPB) in the
material [1,2]. The MPB makes the domain reorientation in the mate-
rial easier due to a larger possibility of polarization directions asso-
ciated with the coexistence of two mixed phases. A vertical MPB in the
PZT material gives it an added advantage of having temperature-in-
dependent electrical properties. However, there is an urgent need for a
cleaner lead-free piezoelectric material due to the concerns caused by
the lead (Pb) content in PZT to the environment [3,4]. As a result, some
of the lead-free materials like BaTiO3 (BT), K;.,.Na,NbO3 (KNN), Bi,,
oNaj »TiO3 (BNT), have been studied extensively in the recent times
[5]. The pseudo-binary BT system has been considered as a potential
candidate. However, the BT systems were found to be much inferior to
PZT in terms of their piezoelectric properties [6]. To improve these
properties, suitable dopants are used to modify the host composition.
The piezoelectric properties of BT systems can be enhanced by shifting
the polymorphic phase transition (PPT) closer to room temperature or

* Corresponding author.
E-mail address: kesingh@sve.ac.in (K.C. Singh).

https://doi.org/10.1016/j.mtcomm.2020.101400

by introducing the substance at the phase boundary of the ferroelectric
and non-ferroelectric phase. This results in the facilitation of the po-
larization rotation of dipoles which are under external stress or field.
During recent years, many variations of BT have been proposed, which
include BNT-BT, (Bao'gssro_os)(Zro_OSTio‘gs)Og (BSZT), (Bal,xCax)(Til_
4+S1,)03 [5,7-13].

In Ba;_4Ca,)(Ti;.ySn,)O3 materials, the replacement of A-site (Ba
of the BT system by Ca?* shifts the orthorhombic to tetragonal (To.1)
and rhombohedral to orthorhombic (Tr ) phase transition tempera-
tures towards the lower temperature region but it barely affects the
Curie temperature (T.), whereas the replacement of B-site (Ti* ") by
Sn** shifts Tr.o and To.r towards higher temperature region and can
significantly lower the T, [12,13]. Moreover, high piezoelectricity in
these systems is attributed to the concurrence of two or more phases
which emanates to an unstable polarization state, making it easier for
the external electric field to cause polarization rotation. In our previous
work, conventional ceramic processing route was employed to produce
(Ba;_,Ca,)(Ti;.,Sn, )O3 ceramics, with x ranging from 0.06 to 0.18 and y
from 0.04 to 0.08. It was seen that the ceramic composition (x = 0.12
and y = 0.06) exhibits the highest directional strain with optimum
piezoelectric and ferroelectric properties. This particular ceramic
composition proved to be an ideal candidate to be used for various
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piezoelectric applications owing to a primary pyroelectric coefficient
(p1) of 0.488 C/m?k and hydrostatic electrostrictive coefficient (Qy) of
0.0414 m*/C2. Apart from this, a high value for dielectric constant, low
dielectric loss along with maximum spontaneous polarization was ob-
served. The improved electric properties including dielectric, ferro-
electric, pyroelectric and piezoelectric properties are traced to the
complimentary contribution from BCT and BST terminals [14].

Nanoscience plays an integral part in today’s world due to the fact
that the properties exhibited by these particles greatly differ from those
shown by their bulk counterparts. Reports have shown enhanced
properties including mechanical, electrical or optical properties in na-
nomaterials [15,16]. This can be explained by understanding the na-
noscale effects which become relevant at this scale, such as the
“quantum size effect” wherein the electrical properties are altered with
the reduction in the particle size in the given size range. BCST has been
chosen for the present study in view of improving its properties further.
This study owes allegiance to various reports on improvement in the
electrical as well as physical properties of the BT ceramic samples
prepared with nanoparticles [17,18]. It has been found that the particle
size of BT strongly affects its dielectric constant [19]. Moreover, below
a certain critical particle size, the lattice structure converts from dis-
ordered tetragonal symmetry to ordered cubic symmetry resulting in
the disappearance of ferroelectricity [20,21]. The average critical par-
ticle size for BT below which it loses its ferroelectric nature is reported
to be below 50 nm [22]. The present work is an attempt to compre-
hensively analyze the ramification of the change in particle size on the
electrical properties of BCST system. Even though there have been re-
ports of a similar study for simpler-structure ceramics like alkaline
niobate, BT systems, etc., such a study on complex system like BCST
composite system has not been reported so far.

Though nanoparticles can be obtained via various techniques like
hydrothermal synthesis, sol-gel technique or the chemical co-pre-
cipitation method [23-25], we have opted for the high energy ball
milling (HEBM), being the most extensively used technique for syn-
thesizing nanopowders due to its simplicity and cost effectiveness in
terms of large scale production [26,27]. The HEBM is proven to be more
effective than the conventional milling method due to its ability to
bring about a possible chemical change in the sample in contrast to the
inability of the latter. The aforementioned change can be further
exploited for the creation of the required perovskite structure by solid
state reaction, merely by ball milling, hence eliminating the calcination
process altogether [28,29]. Furthermore, the coriolis and frictional
forces produced in HEBM result in a more enhanced degree of particle
size reduction than its counterparts.

2. Materials and method

Raw powders of AR grade CaCO3 (99.5 %), SnO, (99.0 %), BaCO3
(99.0 %) and TiO, (99.5 %) were stoichiometrically weighed to yield
(Bap.gsCao.12)(Tip.04Sn0,06)O3 ceramics. These contents were properly
mixed in plastic bottles containing zirconia’s balls and isopropanol for
20 h in an ordinary ball mill. The mixture obtained was dried at 70 °C in
an oven over 24h which was then crushed using agate mortar and
pestle. The powder mixture was then calcinated at 1150 °C in air for 4 h
in order to obtain the required perovskite structure. A Retsch PM 100
planetary ball mill was used to high energy ball mill this calcined
powder to achieve the highest degree of fineness. The ball mill contains
an eccentrically arranged grinding jar on the sun wheel which moves
opposite to the direction of the grinding jar while maintaining the ratio
of both speeds at 1: -2. Balls and vials made of agate are used for the
process. The grinding balls are subjected to Coriolis force resulting from
the superimposed rotational movements. High dynamic energies are
released from the interaction involving frictional and impact forces
between the balls and the grinding jar and are responsible for the ef-
fective particle size reduction in the ball mill. 5g of the prepared
powder was taken for each study with the weight ratio of the calcined
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sample to the milling balls fixed at 1:5. This was then ball milled at
various milling speeds: 0 rpm, 100 rpm, 175 rpm, 250 rpm, 325 rpm and
400 rpm for a fixed milling time of 5 h. The ball-milled powder was then
pressed into disks of 10 mm diameter and 1 mm thickness with a hy-
draulic press producing a 320 Mpa uniaxial pressure. These pellets were
further sintered at 1450 °C in air for 4 h with a constant heating rate of
5 °C/min starting from 40 °C. The samples so obtained were accordingly
named as BCSTO, BCST100, BCST175, BCST250, BCST325 and
BCST400.

TEM (FEI Morgagni 268 TEM) data was employed to study the size
of the particles of the milled powder samples. The crystalline structure
of the ceramics was analysed using the X-Ray diffractometer (Bruker D8
Discover) data obtained with Cu-k, radiation (A, =1.5406 A) for 20
ranging from 20° to 80° with the step interval of 0.04°. FESEM micro-
graphs of thermally etched ceramic surfaces were gathered using
FESEM (Zeiss Gemini SEM 500) after measuring the bulk densities for
various ceramic samples through Archimedes’ principle: pops=ws/(W4-
Wyater), Where p,ps — observed density of the ceramic sample, w, = weight
of the sample in air and wy.,= weight of the sample in water.
Meanwhile, the theoretical density for the samples was estimated using
the formula: py, =ZM/N,V, where Z=number of formula units per unit
cell, M=molar mass of the composition, Ny = Avogadro’s number and
V="Unit cell volume calculated from XRD analysis. All the electrical
measurements were made after silver coating the pellet on both sides,
with the silver acting as electrodes for the sample. The coated samples
were fired at 130 °C for 30 min. The variation of dielectric properties
with temperature and frequency was measured at the testing voltage
fixed at 1V, through an impedance analyzer (Wayne Kerr 6500B,
Germany). Further, the PE loop tracer system (Marine India) was used
to detect the ferroelectric properties at a frequency of 50Hz. A dc
electric field as high as 3 kV/mm was used to pole the ceramic samples,
keeping the temperature fixed at 60 °C to measure the piezoelectric
charge coefficient (dsz3) using a Piezometer (Take Control PM 25).
Resonance and anti-resonance method was employed to estimate the
planar electromechanical coupling coefficient (k,) using the data ob-
tained from the impedance analyser [30].

3. Results and discussion
3.1. TEM analysis

TEM images for the powders produced under various milling con-
ditions are depicted in Fig. 1. Fig. 2 shows the dependence of particle
size on the milling speed as determined from Fig. 1. The average par-
ticle size can be seen to gradually reduce from 275 nm for the unmilled
powder to 115nm for 175-rpm and finally to 7 nm for the 400-rpm
sample.

The energy provided during milling via the high-energy planetary
ball mill is used to produce nanoscale particles. This energy ruptures
the interatomic crystal bonds and forms additional surfaces resulting
from the cleavage of crystalline grains [31]. An analytical model, given
by Gusev et al. describes the relationship between post-milling particle
size (D) of the ceramic sample and the milling energy (E,,;) with the
equation [32]:

_ M[A + BIn(D;,/2b)emax {1 — exp(ct)}]
" By + M[A + BIn(Djn/2b)emar {1 — exp (ct)}1/Diy 6]

where D;, is the initial particle size for the ceramic samples, M is the
initial mass, A and B are constants which are characteristic of the
particular material, &= g4 [1-exp(ct)] (c < 0) is an empirical function
describing the variation of the micro-strains ¢ with the milling time ¢t
and b is the Burgers vector magnitude linked with the disordered net-
work of grains edge dislocations.

The milling energy, E,,;; which is used up in milling of the powder is
found to be proportional to w” (the cube of the angular rotation speed)
and the milling time t. Hence, it can also be expressed as:
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Fig. 1. TEM images for BCST nanoparticles milled for 5h. at (a) 0 rpm, (b) 100 rpm, (c) 175 rpm, (d) 250 rpm, (e) 325 rpm and (f) 400 rpm.
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Fig. 2. Plot showing change in particle size with a change in milling speed.

Enu= ka’t, @
where « is a constant factor for the milling system. Combining both the
equations given above, we obtain:
_ M[A + BIn(D;,/2b)€max {1 — exp(ct)}]
xw3t + M[A + BIn(D;,/2b)epac {1 — exp(ct)}]/Din 3)

In the above equation, we see that the average particle size post
milling is inversely proportional to @” as can also be observed from the
fitted polynomial curve which gives the adjusted R squared value of
0.98 suggesting a good fit (Fig. 2). Therefore, the observed gradual
reduction of the particle size with a rise in the rotation speed is in ac-
cordance with this model.

3.2. Structural analysis

Fig. 3a depicts the X-ray diffraction pattern for BCST ceramics,
milled at different milling speeds. XRD data was studied and indexed
with the TREOR90 program using Powder X software [33]. The XRD
peak patterns obtained for BCST0O, BCST325 and BCST400 are found to
be in agreement with the JCPDS file no. 05-0626 for the tetragonal (T)
symmetry, whereas JCPDS file no. 79-1482 for orthogonal (O)
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Fig. 3. (a) X-ray diffraction patterns for BCST ceramics prepared from powders
milled at different milling speeds and (b) magnified image of the XRD peaks
around 45°.

symmetry matches well for BCST100, BCST175 and BCST250 ceramic
samples.

It is seen in Fig. 3a that the perovskite structure is exhibited by all
the BCST ceramic samples, without the presence of any secondary
phase, with an exception of a secondary peak seen in the diffraction
pattern of BCST400 sample at 260 =38.16°. The existence of a secondary
phase for BCST400 sample demonstrates that the working sintering
temperature (1450 °C) is practically too high for this system. A similar
effect of high sintering temperature on the phase structure and the
composition of the compound has also been observed in
Li; _4LazZr,012_0.5x and Nag sKo sNbO3 ceramics [34,35]. As a general
understanding, reduction in initial particle size promotes sinterability
and thus decreases the sintering temperature for complete phase for-
mation with dense microstructure [36]. Therefore, we expect a lower
sintering temperature for the BCST400 sample with very fine initial
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Fig. 4. (a) Variations of tetragonality (c/a) and unit cell volume, and (b) Plots showing the variation of lattice strain and crystallite size, of BCST ceramics on milling

speed.

particle size (~7 nm, Fig. 1f). Additionally, porous surface morphology
has also been observed for BCST400 sample (Fig. 5f) indicative of in-
appropriately high sintering temperature for this particular milling
speed, similar to the inference drawn from the XRD analysis. Fig. 3b
shows the magnified image of the XRD peaks present around 45°. It
clearly shows that BCSTO sample crystallizes into the tetragonal phase
with P4mm symmetry characterized by the higher intensity (200) peak,
(I200) and lower intensity (002) peak, (Ipp2). As we increase milling
speed up to BCST250, the intensity pattern of the 45° peak changes with
more intense Ipp2 peak than I,op peak [12,37], suggesting a phase shift
to orthogonal Amm2 symmetry. On increasing the milling speed further
to 325-rpm, the intensity, I»9p can be seen re-emerging with higher
intensity count than Ipg, to finally depict a clearly defined tetragonal
symmetry for BCST400 sample.

The variation in unit cell volume (V) and tetragonality (c/a) for
BCST system against milling speed are plotted in Fig. 4a. The plot de-
picting the variation of crystallite size and lattice strain of BCST cera-
mics with milling speed is shown in Fig. 4b. The average lattice strain
and crystallite size present in the ceramic samples are calculated by
fitting the graph for Bcos6 versus sind, using the Williamson-Hall
method [38,39] which is given by:

Bcosb= % + 1sind )

where f3 is the peak profile’s FWHM, A is the wavelength for X-ray used
and O is the diffraction angle. Fig. 4b illustrates the dependence of
lattice strain () and crystallite size (L) on the milling speed.

Table 1 shows the crystallographic properties of the samples, in-
cluding crystallite size, cell parameters, lattice strain and unit cell vo-
lume of the BCST ceramics. As seen from Table 1, the cell parameters a
and b increase throughout, with a standard deviation in the range
0.0003 —0.0007 whereas c is seen to peak for the milling speed of 175-
rpm and falls on either side. These variations result in the tetragonality
and the cell volume peaking at 175-rpm as observed in Fig. 4(a). The
alterations in lattice parameters are also in agreement with the shifting
of diffraction peaks (Fig. 3b) upon milling. The diffraction peaks can be
seen to gradually shift towards smaller angles, signifying a rise in the
lattice cell volume till BCST175, after which the peak is seen to move
towards larger angles implying a decline in cell volume at higher
speeds.

From Fig. 4b, the crystallite size apexes at ~ 137 nm for the 175-
rpm sample before finally decreasing to ~ 50nm for the 400-rpm
sample. It can also be noted that the lattice strain shows a maximum
value of 0.0188 for BCST175 and finally falls to a value of 0.0073 for
BCST400. It has been reported by various researchers that the systems
with high strain values have a higher tetragonality [40,41]. The present
observation that both these parameters show the highest values at
BCST175 (Table 1), agrees with such reports.

The significant structural changes leading to changing crystal sym-
metries of BCST ceramic system are induced by the milling conditions.
It is a well-accepted fact that evolution of the domain structure (for-
mation of 90° and 180° domain structure) always accompanies the
phase transition of the ferroelectric system in order to reduce the strain
induced by its electric and elastic energy [22,42,43]. Whether the
system undergoes the creation of domains or surface charge/polariza-
tion gradients inside the crystal to minimize these strains depends on
the crystallite/particle size [22]. Furthermore, a thermodynamic theory
reported for the BT systems also states that there is an alteration in the
crystal structure from symmetric cubic to asymmetric tetragonal phase
for a crystallite size greater than 80 nm [22]. This transformation ac-
companied by the domain twinning is an attempt to reduce the in-
creased internal stress within the crystallite arrangement due to
clamping condition imposed by its neighboring crystallites. However,
smaller particles/crystallites with low internal stress may not undergo
lattice deformation since they are free from clamping. In view of these
considerations, as milling speed rises from 0 to 250-rpm, the BCST
system with lattice strain greater than 0.01 (Table 1) is more likely to
transform into a more asymmetric orthorhombic phase to lessen this
strain by the development of ferroelectric multi-domains. Whereas, on
further increasing the milling speed such as in BCST325 and BCST400
systems having small crystallites with less strain, exhibit no crystal
transformation and are mostly stable in tetragonal phase below curie
temperature T..

3.3. Surface morphology and density measurement

Fig. 5 (a—f) shows the FESEM micrographs of polished and thermally
etched surfaces of BCSTO, BCST100, BCST175, BCST250, BCST325 and
BCST400 ceramic system respectively. Average grain size for each
sample is estimated using the slope-intercept method via the Image J
software. Besides, the histograms plotted in the insets in Fig. 5(a—f)
show the distribution of grain size against its number count. As seen in
the figure, BCSTO consists of evenly spread small-sized grains while the
bigger grains tend to evolve in size along with the shrinkage of smaller
ones with a further rise in the milling speed. A significant effect of
changing milling speed on the microstructure packing and the porosity
can also be observed in Fig. 5. Further, the microstructure tends to be
more homogenous and dense with a reduction in the porosity up to
BCST175. However, on further increasing the milling speed, the dif-
ference between the sizes of bigger and smaller grains gradually be-
comes even more significant with escalating porosity in the sample.

Changing surface morphology and microstructure of BCST ceramics
as a result of varying milling speed also affects the density of the
ceramics. In order to analyze this effect, Archimedes’ principle is used
to calculate the bulk density for each sample showing no deliquescence
on exposure to water for 24 h. Further, the relative density for all the
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Fig. 5. FESEM micrographs of polished and thermally etched surfaces of (a) BCSTO, (b) BCST100, (c) BCST175, (d) BCST250, (e) BCST325 and (f) BCST400 ceramic
system.

ceramics is also determined using the theoretical density, which is and relative density of the sample with milling speed. It should be noted
calculated with the help of its molecular weight along with the cell that while the grain size shows an increasing trend starting from
volume, as derived from the XRD analysis. The variations in bulk 3.85 um for BCSTO to 13.88 pm for BCST400, the relative density is seen
density, relative density and the porosity with milling speed are sum- to increase and peak at 175rpm (93.16 % of TD) before decreasing

marized in Table 2. Moreover, Fig. 6 depicts the relation of grain size rapidly for BCST400 at 78.7 % of its TD.

Table 1
Size dependent crystallographic properties of BCST ceramics.
Milling Speed (rpm) Crystallite size (nm) Strain Lattice parameters (A) Tetragonality Cell volume (A®)
a b c (c/a)
0 42.9 0.0052 3.9978 3.9978 4.0091 1.0028 64.07
100 48.47 0.0118 4.0003 4.0009 4.0028 1.0006 64.09
175 137.27 0.0188 4.0044 4.0117 4.0477 1.0108 64.54
250 93.68 0.0183 4.0036 4.006 4.0121 1.0021 64.35
325 41.76 0.0077 4.0121 4.0121 4.0009 0.9972 64.23
400 49.69 0.0073 4.0057 4.0057 4.0079 1.0005 64.34
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Table 2
Measured properties of (Bag ggCao.12)(Tip.045n0.06) ceramics milled for various
milling speed.

Milling Speed (rpm) 0 100 175 250 325 400
Bulk Density (g/cm®) 5.35 5.34 5.41 5.33 5.24 4.59
Theoretical density (g/ 5.76 5.79 5.8 5.82 5.79 5.78
cm®)
Relative Density (%) 91.45 91.35 9316 91.46 89.7 78.7
Porosity (%) 8.55 8.65 6.85 8.54 10.3 21.3
&, 30°C 2431 2350 2483 2248 1998 1500
Dielectric loss, 30 °C 0.0157 0.0172 0.0185 0.0187 0.0179 0.0225
Curie temperature, T, 79 80 72 70 74 77
Q)
em at Te 3894 3715 4221 4698 4228 3003
Curie constant, C 0.876  0.798 0.796  0.743  0.704  0.559
(x10°°C)
T T T T T L 94 5
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Fig. 6. Plots of average relative density and grain size of BCST ceramics as a
function of milling speed.

It is commonly understood that the reduction of the excess surface
energy is the macroscopic driving force for sintering, which can occur
either through the elimination of solid interfaces leading to densifica-
tion or through the reduction in the surface area by increasing the
average grain size and thus causing coarsening of the sample [36,44].
For milling speeds from O to 175-rpm, the finer particles produced
activate the atomic diffusion process rate, promoting densification.
These diffusion processes increase the transportation of matter from the
interior of the grains to the pores, leading to grain growth along with
the pore shrinkage. Both these simultaneous effects lead to the densi-
fication of the sample as observed in Fig. 5(a—c). However, on further
increasing the milling speed above 175-rpm, we see that while the
average grain size increases, the inter-granular spacing widens with
rising porosity resulting in coarsening of the samples (Fig. 5d-f). This
may be attributed to the formation of agglomerates originated from the
activation of electrostatic and other surface forces in very fine particles
having increased surface/volume ratio [36]. Coarsening of the micro-
structure occurs upon heating of these agglomerates as they tend to
sinter together as partially sintered agglomerates with large pores be-
tween them. As coarsening prevails over densification at higher milling
speeds, an extremely porous microstructure is anticipated to form as
also observed in BCST400 (Fig. 5f) ceramic sample due to the dis-
appearance of driving forces for densification.

3.4. Dielectric studies

Fig. 7 depicts the change in dielectric constant (e,) measured at
room temperature with frequency for BCSTO, BCST100, BCST175,
BCST250, BCST325 and BCST400 ceramic samples. It is clearly visible
that the dielectric constant (¢,,) tends to fall with a rise in the frequency,
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Fig. 7. (a) Frequency variation of dielectric constant (¢,) measured at room
temperature for BCST ceramics milled at various milling speeds.

with an increasing rate towards higher frequencies. It is also worth
observing that the ¢, values for the BCSTO, BCST100 and BCST175
remain very close to each other, whereas there is a significant drop in
the value for dielectric constant with the rise in the milling speed
thereafter. This declining trend with increasing milling speed is also in
accordance with the degrading density of the samples (Table 2). The
observed high values of dielectric constant for BCSTO, BCST100 and
BCST175 are attributed to the homogeneity and high density of its
microstructure. A similar dependence of ¢, on the density of the sample
has also been observed in many other such systems [14,45]

The dependence of the dielectric loss (tand) and dielectric constant
(¢) on temperature, measured at 10 kHz are illustrated in Fig. 8. The
measured electrical properties for each sample have been provided in
Table 2. It can be observed that ¢,, at 30 °C slightly increases to 2483 for
BCST175 and then rapidly declines on further increasing the milling
speed (1500 for 400 rpm); similar to the observations made from Fig. 7.
The maximum dielectric constant (e,,) at T, is found to be the highest
(4698) for BCST250 before showing a declining trend. The receding
dielectric constant value for BCST175 is a consequence of the dominant
role played by increased average grain size (Table 2) in determining the
dielectric behavior of the material. As grain size rises, high insulating
regions i.e. grain boundary regions with higher values for capacitance
linked with them, decrease in proportion as compared to the low re-
sistive grain bulk regions thereby decreasing dielectric properties [46].

On the other hand, the dielectric loss at 30 °C is seen to maximize at
the value of 0.0225 for 400-rpm sample (Fig. 8b). This trend for the
dielectric loss is in accordance with the porosity of the sample, which
also shows the same trend. When BCST400 sample is sintered at high
enough temperature, the highly porous microstructure is obtained
(Fig. 5f) which is considered as crystal imperfections enhancing ex-
trinsic losses in ceramic systems. These imperfections increase the
number of conduction paths for free mobile electrons contributing to
conductive losses, hence decreasing the value for dielectric constant.
Subsequently, Fig. 8a shows a single peak for the &-T plot for each
sample corresponding to T, or the Curie temperature which is the
transition temperature for ferroelectric to paraelectric phase. The effect
on T, as a result of reducing particle size is systematic but confined
within a narrow range. T, is seen to decrease to 70 °C for BCST250 from
79 °C for BCSTO and then increases for higher speeds.

The Curie constant, C is calculated for various BCST ceramics be-
yond the transition temperature T, using Curie-Weiss law, which is
given by [47]:

/e = =CNT-T.) (5)

where yx is the inverse of dielectric permittivity (electrical
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Fig. 8. Plots showing (a) variation of dielectric constant (&) with temperature, and (b) dielectric loss measured for BCST ceramics milled at various milling speeds.

susceptibility) and T is the temperature. The values of parameter C
recorded in Table 2 show a systematic decrease from 0.876 x 10° °C for
the sample under no milling effect i.e. BCSTO to 0.559 X 10° °C for
BCST400 sample.

Further, it can also be noted that the broadening of the dielectric
peaks around T, changes with variation in the milling speed. This is
owed to the varying character of the phase transition diffusivity. The
degree of diffusivity for the system is calculated using the formula given
by Uchino and Nomura as [48]:

/e =1/em= (T = T.Y/C, (T>T) (6)

where C is a constant and vy is the degree of diffusiveness of the phase
transition at T, and ranges between 1 and 2. It equals to 1 for a com-
pletely structured transition of a system whereas a value of 2 suggests
an entirely diffused transition phase.

Fig. 9 shows the plot between In(1/¢ - 1/¢,,) versus In(T - T,) for
various samples. As per the equation given above, we expect to get a
straight line for this plot with y as the slope. The value for y obtained for
each sample exhibits a systematic change with decreasing particle size.
As seen in Fig. 9, y gradually decreases from 1.82 to 1.66 for BCST250
and then increases to 1.74 for BCST400 ceramic sample indicating that
the diffuseness of the ferroelectric transition minimizes for BCST250
sample. As the particle size decreases up to 80 nm (corresponding to
250 rpm milling speed), the microscopic homogeneity in the composi-
tion increases due to improved ordered atomic arrangement. However,
the introduction of crystal defects such as porosity in the system with
further reduction in particle size destabilizes this ordered arrangement
and increases diffusiveness around T, [49].
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Fig. 9. Variation of In(1/¢ -1/¢y,) with In(T-T,) for BCSTO, BCST100, BCST175,
BCST250, BCST325 and BCST400 ceramics.

3.5. Ferroelectric studies

Fig. 10a depicts the polarization hysteresis loops (P-E loops) mea-
sured at 50 Hz and 20 °C for BCST samples, milled at different milling
speeds. The P-E loops obtained here clearly suggest the ferroelectric
nature of the samples. The variation of the remnant polarization (P,)
and the coercive field (E.) is shown in Fig. 10b as a function of milling
speed for each sample. An escalation in P, is detected with the incre-
ment in the milling speed, showing a peak for BCST325 (5.09 uC/cm?)
sample before rapidly decreasing for BCST400. An inverse trend is seen
for E,, with a decrease in its value up to BCST325 (1.96 kV/cm) and an
increase for BCST400. Rise in P, value, and a corresponding drop in E,
suggests the gradual shifting of the samples into soft ferroelectric be-
havior.

Referring to Fig. 6, it is to be noted that the variations in the values
for P, and E, with milling speed show a similar trend as that shown by
the grain size up to BCST325. This indicates that till the speed of 325-
rpm, larger grains experience ease in domain mobility and domain
nucleation due to larger domain width which in turn causes the in-
crease in P, as observed earlier. Also, Arlt et al. [50] reported a “size-
effect” present in BaTiO3 due to which there is a dependency of the
width of the domain on the grain size of the material. The domain width
is found to be nearly constant for grain size more than 10 um and de-
creases on a further decline in the grain size. A similar dependency of
ferroelectricity on the sample grain size has been reported by numerous
other researchers in various ceramic systems [20,21,51,52]. Moreover,
it is known that the breaking through of the barrier is required for
switching of the ferroelectric domain and an increase in the grain size
decreases this energy barrier, making the polarization reversal process
of a ferroelectric material much easier in large grains [53,54]. This
leads to the rise in the value of P, with a subsequent drop in the E_
value. However, the aforementioned contribution to ferroelectricity is
highly masked in small-sized grains. Large depolarization field effects
from these grains having a larger percentage of grain boundaries hinder
polarization switching under application of field [55]. Although a de-
viation is shown for BCST400 sample, which shows a sudden decline in
the P, value, as opposed to the observed increasing trend. This excep-
tion can be attributed to the extremely high value for porosity (21.3 %)
resulting in a poorer density of the sample which generates large in-
ternal stresses during domain switching leading in the decrement in the
ferroelectricity [54].

Loop squareness, Ry, parameter used to examine the maximum
polarization saturation attained by each sample at a certain field value
is calculated using the formula:

Ry = B/P, + Py g /P (¥

where Py ;g is the value of polarization at 1.1 times the value of E.
value. R, is found to be 2 for a completely saturated hysteresis loop. A
plot showing the variation of spontaneous polarization (P;) and
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Fig. 10. (a) P-E hysteresis curve obtained at 50 Hz and 20 °C, (b) plots of P, and E,, and (c) plots of P, and Ry, versus milling speed, for BCST ceramics.

squareness of the loop (Ry,) with the corresponding milling speeds for
all the BCST samples is shown in Fig. 10c. Both these parameters can be
seen exhibiting a rising trend with the increasing milling speed up to
325-rpm, after which their values can be seen decreasing. The behavior
of P; and Ry, illustrates that the ferroelectric nature for the BCST
ceramic samples is improved for ceramics prepared from finer starting
powders.

3.6. Piezoelectric studies

Fig. 11 shows the variation of the piezoelectric coefficient (d33),
which is a measure of charge density per unit stress, along with elec-
tromechanical coupling coefficient (k,) with milling speed for the
samples. Both the parameters can be seen increasing up to 175-rpm,
having a ds; peak at 231 pC/N and k, peak at 26.1 % for BCST175.
Table 2 suggests that the changes observed in dsz and k, values agree
with the changes in the density of the samples.

According to the thermodynamic theory, ds; can be given by the
formula [56]:

dsz =2Q118, &Ps ®

where ¢, is the dielectric constant, Py is the spontaneous polarization, ¢,
is the permittivity of free space and Q;; gives the electrostrictive
coefficient of the substance. However, the influence of Q;; on the pie-
zoelectric properties is minuscule as compared to the effects of ¢, and P;.
This is due to the development of extremely small magnitude dis-
placements (< 5% of the lattice parameter) from quadratic electro-
strictive strains present in the perovskite structures. These small dis-
placements thus obtained, do not strongly affect the potential energy of
the ion-pair and the lattice parameters which cause the independency
of the piezoelectric properties on electrostrictive parameters [57]. In
our present study, however, the parameter P; does not have a large
influence on the ds3 value due to the degrading ceramic density at
higher milling speeds. Therefore it is appropriate to say that the ds3
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Fig. 11. Variations of k, and d3; as a function of milling speed in BCST system.

value is in accordance with the &, values or the dielectric properties of
the material which can also be confirmed by Table 2.

Table 1 also shows that the obtained trend is also in agreement with
the crystalline size of the sample. In general, larger lattice size aids
lattice distortions, thereby improving the piezoelectricity of the sample.
Apart from this, the increase in the crystallite size decreases processes
like pinning of domain walls, further resulting in less hindrance in the
domain motion [58]. The increase in the domain mobility, in turn,
increases the rate of polarization switching and the piezoelectric
properties of the synthesized ceramics. There have been various reports
of enhancement of the piezoelectric properties in other perovskite
structures with large crystallite sizes [59,60]. However, nucleation of
new domains and domain wall movement becomes more difficult with
decreasing crystallite size as it forms a stable domain structure with
grain size almost comparable to a single domain [43].

It can further be noted that the development of piezoelectric prop-
erties is also in accordance with the changes in the lattice strain
(Table 1). Larger values of strain result in an anisotropic distortion of
the internal structure of the ceramic crystal. Such distortions help in the
strengthening of the spontaneous polarization, in turn, improving the
piezoelectric properties for the ceramic. Another reason for the higher
piezoelectric activity detected may be the ramification of the changing
crystal symmetry at room temperature resulting from rising crystallite
size as confirmed from the XRD analysis (Section 3.2). For systems with
multi-domain orthorhombic symmetry (such as BCST100, BCST175 and
BCST250) possessing twelve possible directions of P, orientation, in-
crease the probable orientation directions under the application of
electric field; whereas for systems possessing tetragonal phase are left
with six such possible orientation directions thereby suppressing pie-
zoelectric contribution. Similar observation by Lee et al. in PbTiOj also
suggests that the multi-domain crystallites require less activation en-
ergy for domain reorientation due to the absence of any clamping
conditions [61].

4. Conclusion

Nanocrystalline powders of lead-free BCST system devoid of un-
wanted phases were successfully prepared by high energy ball milling
technique using solid-state reaction method. The average particle size
showed a colossal decline of about 97 % on increasing the milling speed
from 0 —400 rpm, fixing the milling time at 5 h. Further, the grain size
rose gradually till 175-rpm sample accompanied by densification,
whereas a further rise in milling speed resulted in rapid grain growth
along with coarsening. A significant effect of milling conditions was
observed in the structural behavior of BCST system. It exhibited an
evolution from tetragonal to orthorhombic phase starting from 0 up to
250-rpm milling speed. However, stabilization of tetragonal symmetry
was again observed for highest milling speed due to absence of any
clamping conditions by neighboring crystallites. Lattice parameters
including lattice strain, crystallite size and tetragonality (c/a) peaked
for 175-rpm milled BCST ceramic before showing a decreasing trend.
Optimum values of dielectric and piezoelectric properties were found
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for 175-rpm, which can be attributed to the dense microstructure with
orthorhombic phase structure. The systematic enhancement was
achieved in piezoelectric properties (by 70 %) solely by decreasing the
particle size of the starting powders and without changing the com-
position of the potential lead-free BCST piezoceramics which can have
far-reaching significance in the search for alternatives to replace the far
superior lead-based piezoelectric materials. Thus, this study not only
revealed the possibilities of tailoring the preferred properties of the
ceramic samples for various applications but also provided information
about the complex phenomena occurring at nano-scale.
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Abstract

Falling under the broad family of luminescence, thermoluminescence is the phenomenon
exhibited by certain inorganic phosphors which on absorbing radiation and subsequent
heating, emit light. Numerous studies in the last few decades have been conducted on
this phenomenon which have led to its applications in diverse fields among which is the
field of radiation dosimetry. It has been found that certain phosphors exhibit a linear
relationship between the absorbed radiation dose and their thermoluminescence intensity
and therefore can be used as dosimeters for measuring unknown doses accurately and

reliably in environments that involve human exposure to radiation.

As an effort towards developing such a desirable material for radiation dosimetry, a
novel phosphor, LisPO, doped with a rare earth element, dysprosium is the focus of this
study. In the present work, this phosphor has been synthesized using the co-precipitation
method with 0.1 mol % dopant concentration and its characterization has been done
followed by the analysis of its TL properties when irradiated by gamma rays. Further,
as an extension of this study, the same phosphor was also synthesized using a three step
solid state diffusion method for various concentrations of the dopant (from 0.1 to 0.5 mol
%). The TL characteristics of this sample were then analysed by exposing it to both

gamma and UV radiation.

viil



Chapter 1

Introduction

1.1 Overview

Thermoluminescence is a process which involves the absorption of energy carried by radi-
ation and its subsequent emission in the form of light (visible electromagnetic radiation)
from certain crystalline solids after being heated. In contrast with the phenomenon of
incandescence, this process generally takes place at a lower temperature and requires
heat only as a trigger, the initiator of this process being the absorption of radiation. The

phenomenon of thermoluminescence then consists of the three basic processes [1]:

e Irradiation: The material must have been exposed to electromagnetic or other

ionizing radiation.

e Storage/trapping: The radiation must be trapped in the material for some time.
Therefore, the material must possess an adequate band gap (semiconductor or in-

sulator) and defects/impurities.

e Thermally stimulated emission: Heating of the material is required to make it

emit the trapped energy.

These luminescent materials are mostly inorganic materials doped with some impurities
and are generally known as phosphors. Thermoluminescent materials find applications
in a large number of fields including radiation dosimetry, age estimation of archaeological
and geological samples, defect analysis in solids and in biochemistry. The historical
developments in research on thermoluminescence, its mechanism and application in the

field of radiation dosimetry shall be discussed in brief in the subsequent sections.



1.2 Historical Background

The phenomenon of luminescence has aroused interest and been observed for millenia.
However, due to the lack of systematic documentation and scientific understanding of
the phenomenon, such records are limited in number. Reports of bioluminescence appear
in Chinese literature dating back to the first and second century B.C., such as in the
work Hai Neishih Chou Chi where the author mentions that while travelling on sea, one
observes flying sparks when water is stirred, referring to the bioluminescent dinoflagellates
present in the sea [2]. In Naturalis Historia (77 A.D.), Pliny the Elder gives an account
of the ’cold fire’ emnating from glow worms and jellyfish in the dark and also of ruby
giving off a glow after being exposed to sunlight [3]. There are a few records of medieval

alchemists being aware of the glow of certain minerals in the dark on being heated.

The earliest scientific record of thermoluminescence was made by Robert Boyle in 1663.
He found that a glow was emitted from a diamond when he placed it in contact with a
'warm part’ of his body. He further tried to stimulate light emission using other sources
such as a candle, a hot iron and by friction. DuFay in 1738, concluded through his
experiments on natural quartz that thermoluminescence was a manifestation of delayed
phosphorescence and heat only stimulated the release of energy but was not the primary
cause. The astronomer, Alexander Herschel discovered thermoluminescence of extrater-
restrial materials by sprinkling dust obtained from a meteorite on a heated iron. In 1895,
Weidemann and Schmidt were the first researchers to experimentally induce thermolu-
minescence in artificially produced phosphors using electron beams. Further work using
ionizing radiation (from radium) to produce thermoluminescence in fluorites was done
by Marie Curie in 1904 and by Rutherford, Chadwick and Ellis in the late nineteenth
century. By and large, these experiments cemented the relationship between radiation

and thermoluminescence.

Starting in the late 1940s, a simple mathematical treatment of thermoluminescence was
obtained by Randall and Wilkins [4, 5] in 1945 through their first order kinetics model and
by Garlick and Gibson [6] who gave a second order kinetics model for thermoluminescence
in sulphides and silicates. Following these theoretical developments, thermoluminescence
began to be applied in various fields starting with its application in the measurement of
internal radiation doses received by cancer patients by Farrington Daniels in the 1950s. He
found LiF to be an excellent material for this purpose due to its high sensitivity. A large
number of investigations done later on established LiF:Mg,Ti as a standard dosimeter

material which was then marketed by the Harshaw Chemical Company as TLD-100.



This dosimeter and other standard material such as TLD-700 (LiF:Mg,Cu,P), TLD-200
(CaFy:Dy), TLD-900 (CaSO,:Dy) continue to be used at present.

It became clear after the 1950s that thermoluminescence could be used in a large variety
of applications apart from radiation dosimetry such as the study of radiation damage in
crystals, age determination of rocks, stratigraphy (study of rock strata and archaelogical
remains found in them) and measurement of catalytic activity [7]. With the development
of modern methods such as luminescence spectroscopy and powerful numerical techniques
like the Monte Carlo method, TL phenomena are used to study quantum tunnelling 8],
afterglow emitted from persistent phosphors [9] and manipulating the band gap of certain
materials [10]. Following the discovery of thermoluminescence in choloroplasts by William
Arnold and Helen Sherwood in 1957 [11], TL has become an integral tool in research on

photosynthetic systems.

1.3 Mechanism of Thermoluminescence

A simplified explanation of TL [12, 13] based on the band theory of solids discusses the
central role of trapping of charge carriers in this phenomenon. In insulators and semi-
conductors, almost all the electrons occupy the valence band which is separated from
the relatively unoccupied conduction band by an energy difference called the forbidden
band gap (E,). In perfect solids, the electrons cannot occupy energy states lying within
this forbidden band. However, it is possible for electrons to do so in solids having natu-
ral structural defects or those in which impurities have been deliberately introduced as

dopants.

When the thermoluminescent material (phosphor) is exposed to external radiation of
energy hv > I, it leads to the ionisation of valence electrons and thereby creates electron-
hole pairs (Figure 1.1). These charge carriers are then presented with two possibilities
. almost immediate (< 107® s) recombination or trapping for a longer period of time in
the metastable states (defects) lying within the forbidden gap. The defect levels lying
closer to the bottom of the conduction band serve as electron traps while those near
the top of the valence band function as hole traps (recombination centres). Depending
on the trap depth, electrons in some shallow traps can get detrapped even at room
temperature, while in the deeper ones require an increase in temperature (by heating the
material) to impart them sufficient energy to get detrapped. Each defect level therefore
has an activation energy, F, (the energy required to excite the electron from the trap

to the conduction band) and a frequency (attempt to escape) factor, s associated with
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Figure 1.1: Simplified illustration of the mechanism of thermoluminescence: (i) electron-hole
pair generation due to absorption of energy; (ii) trapping of electron and hole; (iii) release of
electron on thermal stimulation (iv) charge carrier recombination and subsequent emission of
light

it. Taking thermodynamic considerations into account, the Arrhenius equation gives the

probability per unit time (p) of electron detrapping as:

p = sexp (_]5) (1.1)

Once the electron has been released from the trap, it reaches the conduction band and

moves through it until it recombines with a hole in the recombination centre. If this
recombination centre coincides with a luminescent centre, then its subsequent relaxation,
emits energy in the form of visible photons. This gives rise to thermoluminescence.

As such the phenomenon of thermoluminescence falls under the broader mechanism of
luminescence which involves the absorption of radiation, trapping of charge carriers, fol-
lowed by detrapping using different modes of excitation and finally re-emission of the
absorbed energy as electromagnetic radiation of longer wavelength (Stoke’s shift). The

different luminescent phenomena have been discussed in the following section.



1.4 Classification of Luminescence

The various luminescent phenomena can be broadly classified on the basis of modes of
excitation and the characteristic time (time interval between the absorption of energy

and emission of light).

1.4.1 On the basis of Characteristic Time

Luminescence
I I
Fluorescence Phosphorescence
T, <1075 T, =107%
I I
Long period Short period
7, <1075 7, 21075
Thermoluminescence

minutes <tT, <4.6 x 10° yrs

Figure 1.2: Classification of luminescence on the basis of characteristic time

In some luminescent phenomena, the emission of light occurs instantaneously (< 1078s)
after absorbing radiation and these fall under the category of fluorescence. In a few
other, there is a time lag between absorption and emission of energy (> 1078s) and these
are categorized under phosphorescence (Figure 1.2). It is found that fluorescence is in-
dependent of temperature while phosphorescence shows a strong a strong temperature
dependence. Since phosphorescence covers a broad range of phenomena having charac-
teristic time ranging from less than a second to hundreds of years, it has been further
subdivided into short period (< 10™*s) and long period (> 10~%s) phosphorescence. The
phenomenon of thermoluminescence is classified as a type of long period phosphorescence

in which energy can be trapped for as long as thousands of years.



1.4.2 On the basis of Mode of Excitation

Although the fundamental mechanism in various luminescence processes remains more or

less similar, excitation energy may be supplied to the material in numerous ways. These

different types of luminescence, their modes of excitation and uses have been summarised

in Table 1.1.

Table 1.1: Classification of luminescence on the basis of mode of excitation [3]

Type

Mode of excitation

Uses/Examples

Photoluminescence

Radioluminescence

Crystalloluminescence

Chemiluminescence

Triboluminescence

Electroluminescence

Cathodoluminescence

Thermoluminescence

Photons with wavelengths ly-

ing in UV or visible region

High energy photons (v rays,
X-rays) or neutrons
Salt

molten phase

crystallization  from

and liquid
solutions
Energy released from certain

chemical reactions

Rubbing or crushing of crys-
tals

Excitation by an electric field

Impact of electrons on phos-
phors

Irradiation and subsequent
heating at temperature below

incandescence

Detection of defects in certain minerals, char-
acterization of electronic properties of semi-
conductors, band gap determination in solar
cells

Used in scintillators, high energy particle de-
tectors and X-ray radiography films

Used for growing crystallites from solutions
such as NaCl, K2SO4 and other organic com-
pounds

Glowsticks, detection of trace quantities of
poison in air, forensic investigation of crime
scenes

Measurement of mechanical stress in devices,
development of impact sensors

LEDs, in laser pointers, backlighting for LCD
displays, electroluminescent night lamps
Cathode ray tubes in televisions, in scanning
electron microscopy

Radiation dosimetry, archaeological and geo-
logical dating, stratigraphy, identification of
irradiated food samples

1.5 Models

of Thermoluminescence

Once the glow curve (variation of intensity with temperature) for a TL material is ob-

tained, it is of essence to extract and study various parameters such as the activation

energy, frequency factor and order of kinetics to understand the distribution and nature

of the traps present and the physical processes taking place in the material. In order to

accomplish this, a number of theoretical models of TL phenomena have been suggested,

out of which three principal theories have been discussed in the the present section.



1.5.1 First Order Kinetics Model

Randall and Wilkins, in 1945 formulated a simple first order mathematical treatment of
the phenomenon of thermoluminescence [4, 5]. In this model they made the following

assumptions [14]

e Detrapping of electrons does not take place during irradiation of the thermolumi-

nescent material.

Electrons reside in the conduction band for a very short period.

Charges that get detrapped undergo recombination in luminescent centres.

None of the electrons released from traps get retrapped.

The concentration of traps and recombination centres is independent of tempera-

ture.
Under these assumptions, the rate of detrapping at temperature, 7" is :

dn_

an _ 1.2
P pn (1.2)

where the expression of p, the probability of electron escape per unit time is given by Eq.

1.1. On integration this relation gives us:

oo o () »

At a constant temperature, the intensity (/) of TL is found to be proportional to the

R »

detrapping rate:

On inclusion of a uniform heating rate 8 (= d7'/dt), the first order expression for the

intensity as a function of temperature is obtained:

T
I(T) = ngsexp (_kET) X exp [—%/ exp (— k‘?’
To

where ng denotes the number of electrons trapped at time t = t3. Further, on maximising

)ar' (15)

intensity at the peak temperature (7)), the frequency factor is obtained:

8E E
= — — 1.
s KT, exp T (1.6)



1.5.2 Second Order Kinetics Model

Garlick and Gibson, in their work on phosphorescence in 1948 [6] suggested an improve-
ment in the theoretical model of Randall and Wilkins by assuming that the probability
of free charge carriers getting re-trapped is equal to that of recombination in the lumines-
cent centres. Under the assumption, the probability that a detrapped electron undergoes

recombination is:

(N—n)+m N (L.7)

where n is the number of trapped electrons, N is the number of traps, m is the number
of recombination centres. To maintain charge neutrality m = n. The final second order

expression for the intensity is found to be:

n2s' exp b
0 kT
2
sng [T E
1 —— | dT"
|: N ﬁ To eXP( kT/) :|

Here, s' = s/ny is the pre-exponential factor. In terms of the peak temperature, T, the

E T E
2kT?Z, exp (_kT) / exp (— kT/) a7’
§ = M7 _ JTo (19)

1o PE &

I(T) =

expression for s’ comes out to be:

-1

Here the pre-exponential factor (s') depends on the initial number of trapped electrons
(ng), in contrast to the frequency factor (s) obtained from the first order expression which

was independent of ng.

1.5.3 General Order Kinetics Model

It was found in many experimental situations that the physical processes associated with
TL need not strictly follow the first or second order kinetics. To model such phenomena,
May and Partridge in 1964 gave a general order kinetics expression [15]. It assumed that

that concentration of charge carriers in an energy level is proportional to n’, where b



represents the order of kinetics (1 < b < 2). This gives the intensity of TL as:

1) = gy () [1+ 200 oy (<EYar]

where s” = s’néb_l). In terms of the peak temperature (T);), s” is found to be:

E Tna E
kT2 b —_ b—l/ —— ) 4T’
L[ oo () 00 e ()

PE B

-1

(1.11)

The corresponding expressions for the first and second order case can be recovered by

substituting b = 1 and b = 2 respectively, in equations 1.10 and 1.11.

1.6 Application in Radiation Dosimetry

One of the most widespread applications of thermoluminescence is in the accurate and
reliable measurement of radiation doses in certain environments. These include mea-
surement of doses received by cancer patients undergoing radiotherapy (clinical dosime-
try), monitoring radiation exposure in people working in nuclear power plants (personnel
dosimetry), detection of radioactive radon gas in buildings (environmental dosimetry)

among many other applications.

The fundamental principle in TL dosimetry is that the TL intensity is related to the
absorbed dose (ideally, these two quantities are directly proportional over a broad range
of doses ). First, the dosimeter’s variation of intensity with known doses is recorded
(calibration). Then, the TL response of this material is recorded when exposed to an
unknown radiation dose. On comparison of the TL intensity with the calibration signal,
one can easily determine the unknown dose [16]. However, due to the non-ideal properties
of TL materials and certain requirements for their applicability in different environments,
not all TL materials qualify for use as dosimeters. Broadly, there are a few conditions
that a TL material must satisfy in order to be considered as a good dosimetric material.

These have been discussed below.



1.6.1 Properties of good TLD Materials

Some of the properties [17, 18] of good dosimetric materials are:

Linearity in dose response: One of the most important requirements for TLDs
is that they must exhibit an appreciable linear relationship between the absorbed
dose and the emitted TL intensity over a large dose range. If it does not do so,
errors might surface in the accurate determination of dose and careful calibration

is required.

High sensitivity: It is beneficial for a TL material to produce a high TL intensity
in response to the absorbed dose. It can then be used for measuring very low doses,

especially in personnel dosimetry.

Tissue equivalence: If the material has an effective atomic number close to human
tissue (Z ~ 7.4 for tissue) and has an energy response similar to tissues, then it is
considered tissue equivalent. This has application in studying radiation effects on

vital organs in medical environments.

Low fading: It is essential that TL materials do not emit much light at room
temperatures. If that happens, it cannot be further used for dosimetry at higher
temperatures. Also, the material must have low optical fading, i.e. it must not give

TL signal on exposure to light sources such as sunlight and fluorescent lamps.

Batch homogeneity: Multiple batches of same TL material should give nearly
identical TL intensity when exposed to the same dose. This uniformity is essential
for the material to qualify as a standard dosimeter and ensure accurate measurement

of doses.

Reproducibility: An ideal dosimeter must retain the same sensitivity even after
multiple cycles of irradiation and readout of TL. This is of significance especially

in medical dosimetry.

Simple glow curve: A material having a simple glow curve structure with a single
peak has an advantage of easier computational analysis and accurate estimation of

various trap parameters, in contrast to one having complex overlapping TL peaks.

Stability against other factors: Also, it is desirable that such materials do not
undergo physical changes in high humidity, react chemically with corrosive agents
in the atmosphere or show spurious thermoluminescence (glow arising from causes

other than irradiation of specimen).

10



1.7 Rationale

As an effort towards finding desirable materials for radiation dosimetry, recent works are
directed towards investigating luminescence properties of orthophosphates doped with
rare earths such as Th** [19, 20], Ce?, Eu®t [21], Eu?", Sm®" [22]. These studies have
found that they exhibit good TL/OSL dosimetric properties such as linear dose response,
low fading, reusability and an excellent sensitivity. Also, PL properties of these com-
pounds such as excitation wavelengths lying in near UV region have potential for appli-

cations in solid state lighting.

However, no studies reporting the thermoluminescence properties of one such promis-
ing orthophosphate, LisPO4 doped with Dy3* could be found in recent literature. Also,
lithium phosphate has an effective atomic number (Z.g ~ 10.59) and is considered as a
tissue equivalent material. In order to assess the extent to which this material could be
applied for dosimetric purposes (especially in the medical field), it is necessary to record
and analyse its TL glow curves and extract various important parameters that provide
information about the nature and distribution of traps present in the material. Therefore
LizPO4:Dy has been chosen as the focus of this study. In the present work, the afore-
mentioned material has been synthesized using two different methods: co-precipitation
and solid state diffusion method. Subsequently TL data has been recorded post gamma
and UV irradiation and analysis of the glow data has been accomplished using a com-
puterised glow curve deconvolution technique. Based on the results obtained, scope of

future applicability is discussed.

11



Chapter 2

Research Methodology

Research studies on the thermoluminescent properties of inorganic phosphors involve

these four basic steps:

Synthesis: The primary step involves weighing stoichiometric quantities of the re-
actants and the dopant and subsequent preparation of the doped phosphor. Various
synthesis techniques include co-precipitation method, sol-gel synthesis, ball milling,
solid state diffusion, combustion method and hydrothermal method. Two of these

methods : co-precipitation and solid state diffusion, will be discussed here.

Characterization: The characterization techniques give detailed information about
the material such its surface morphology, internal structure and composition, size of

particles, nature of chemical bonds present, etc. Some of these methods include X-

ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Scanning

Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).

Irradiation: Preceding the TL study, the phosphor has to be exposed to different
doses of radiation from an artificial radiation source (a radioactive isotope) such as
Co%, Tm!™, 1r'9%2 and Cs7 for gamma radiation [23] and UV irradiation sources

such as short wave UV lamps, mercury vapour backlights and excimer lamps [24]

Recording of TL data: The recording of TL for the material by heating it takes
place in a TL reader. Parameters such as heating rate, initial temperature and

maximum temperature can be set as per the requirements.

Analysis of TL data: The final and most important step is the study of the glow
curves obtained by various deconvolution techniques and subsequent determination

of trap parameters.

12



2.1 Methods of Synthesis

2.1.1 Co-Precipitation Method

This method is chosen as it is quite simple to perform, material synthesis takes less time,
costly equipment isn’t required and it is possible to have greater control over the com-
position and particle size [25]. In this method, there is a transfer of constituents present
in trace quantities (dopant, in this case) to the precipitate along with the deposition of

components present in macroscopic quantities in a supersaturated solution [26].

There are three main mechanisms involved in this process: (a) inclusion: the dopant
occupies lattice sites in the carrier’s crystal structure (b) occlusion: physical trapping of
the dopant inside growing crystals (c¢) adsorption: the impurities get accumulated on the
precipitate surface [27]. The products formed in this process are usually insoluble and

can therefore be separated out by centrifugation and subsequent drying.

2.1.2 Solid State Diffusion Method

AT——

Raw
Materials

(carbonates/
oxides)

A

Rare earth
dopant

~

Sample
quenched
and ground

again

Mixed and
ground
thoroughly

Put into high
temperature
furnace

Synthesized
phosphor
stored

Figure 2.1: Flowchart of solid state diffusion method. Adapted from [28]

In this process, all the raw materials are thoroughly ground, mixed and then subjected
to a high temperature. The heat provides thermal energy in order to cause atomic
jumps from lattice point to another. This directional diffusion of mass species occurs
when a concentration gradient or a gradient in electric, magnetic or chemical potential
is present [29]. In the present study, once the starting materials and dopant were mixed
and ground thoroughly, they were placed in alumina crucibles inside a high temperature
muffle furnace. After heating at the required temperature and for a fixed duration, they

are quenched at room temperature.
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2.2 Characterization Methods

2.2.1 X-Ray Diffraction

This characterization technique is based on the fundamental principle that crystalline
substances act as three dimensional diffraction gratings when x-rays are incident on them
(interatomic spacing is of the order of x-ray wavelength). Each atom of the substance acts
as a coherent source of secondary wavelets, the interference of which gives a diffraction

pattern. The Bragg’s law gives the condition for maxima [30] as:
2dsin = nA (2.1)

where d is the interplanar spacing of the crystal, n is the order of reflection (an integer),
A is wavelength of incident x-rays and 6 is the incident angle. From this equation, it is
possible to find the interplanar spacing (djx;) of all the crystallographic planes present in

the sample.

For the characterization of the phosphor presented in this study, the powder XRD tech-
nique is used. The powdered sample is placed in the x-ray diffractometer and x-rays
produced from a cathode ray tube are incident on it. These x-rays are monochromatic
in nature, having a wavelength of 1.54184 A corresponding to Cu-K, transition. The
diffractogram, a record of the diffracted intensity for each value of € is made by varying

the angle 26 generally from 10 to 100 degrees in increments of 0.01 degree [31].

O "b\ Q)Q
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2-D (area) detector
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(;\

Debye-Scherrer rings Spemmen

Figure 2.2: Schematic representation of x-ray diffraction [32]
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To determine the average crystallite size, the Scherrer’s equation [33] is used:

KA
"~ Bcosh

(2.2)

where L is the crystallite size, K is the dimensionless shape factor (= 0.89), 3 is the full
width at half maximum, A and # have the same meanings as in equation 2.1.

The Williamson-Hall plot method [34] can be used to find the lattice strain along with
the crystallite size by making a plot of 8 cosf vs. sinf to get a linear graph with a slope
n (the lattice strain) and y-intercept K'A/L using the equation:

K\
fcost = A +nsind (2.3)

In addition to this, XRD data can be used for phase identification, studying the crys-
tallinity of the sample, the lattice parameters (a,b and c) and calculation of the unit cell

volume [35].

2.2.2 Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared Spectroscopy technique serves to provide a unique ’chem-
ical fingerprint’ of the sample by giving information about the types of functional groups

present and the quantitative concentration of each such compound.

Reference Absorption Spectrum

Laser . Fixed Mirror

%T
Scanning
Mirror

I | Frequency (cm™)
I A Beam | Interf
’ <«—— | Interferogram
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Figure 2.3: Schematic representation of Fourier Transform Infrared Spectroscopy [36]

This method involves an infrared source which emits a broad range of IR wavelengths,
which then pass into a Michelson interferometer (see Figure 2.3). Varying the position of

the movable mirror in the setup produces a corresponding modulation in the intensity of
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different IR wavelengths. When this light exiting from the interferometer is incident on
the sample, certain wavelengths excite the vibrational (such as symmetric/anti-symmetric
stretching and bending) modes of the functional groups present, and these wavelengths
get absorbed. The resultant intensity variation with optical path difference or time (in-
terferogram) is recorded. Finally, a Fourier transform of this data gives a plot of the
transmitted intensity /percentage transmission vs the wavenumber (in cm™!). The FTIR
spectra are generally obtained in the mid infrared spectrum (400 — 4000 cm™!) as most

functional groups have their vibrational energy states lying in this region [37].

2.2.3 Scanning Electron Microscopy
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Figure 2.4: Schematic diagram of a Scanning Electron Microscope [38]

This characterization method provides a wealth of information such as the surface topog-
raphy, chemical properties and composition, crystallographic structure, electrical response
and highly magnified (upto 1,000,000x) images of the top layer (of thickness ~ 1pm) of
the sample [39]. The underlying principle of this technique is that the wavelength of the
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radiation used for sample imaging must be reduced and the beam must be highly focused
in order to increase the magnification of the image obtained and to achieve greater depth
of field (three dimensional structure can be visualised) [40]. In this method, electrons
of energies lying in the range 0.1-30 keV are generated by an electron gun and subse-
quently passed through a succession of apertures and electromagnetic condenser lenses
which produce an extremely narrow beam. Scanning coils direct this beam to scan a
selected surface of the sample. The electrons interact in various ways with the material,
producing backscattered electrons, secondary electrons and Auger electrons along with
characteristic x-rays. Collection of these emissions by the detectors and their analysis

yields detailed information about the sample [41].

2.2.4 Transmission Electron Microscopy

This method is used for studying the internal structure of materials such as lattice defects,
phase transformations, grain boundaries and analysing damage produced by radiation in
the sample [42].
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Figure 2.5: Schematic diagram of a Transmission Electron Microscope [43]
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The set up of a Transmission Electron Microscope is similar to that of SEM in terms of the
mechanism used to high magnification, resolution and excellent depth of field. However,
this technique works by passing the focused electron beam through the specimen to be
studied. For electrons to penetrate through, they have higher energies (around 100-400
keV) and the sample thickness is kept as small as possible (< 100nm) [44]. Once these
electrons pass through the sample, they give a diffraction pattern which is recorded by
a CCD (Charge Coupled Device) sensor. Various imaging methods are used in TEM
such as bright and dark field imaging and Selected Area Diffraction which can be used

to analyse the sample.

2.3 Irradiation

For gamma irradiation of the samples, an equipment called a Gamma Irradiation Cham-
ber is used. This equipment consists of an artificial source of gamma radiation such as

Co% or Cs" usually in the form of pellets, rods or metal slugs.
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Figure 2.6: Schematic diagram of a Gamma Irradiation Chamber [45]

These sources are doubly encapsulated in stainless steel which is placed inside a source

cage assembly. To protect the users from radiation, these are shielded by lead and another
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layer of stainless steel [46]. For irradiation of phosphors presented in this study, a 1200
BRIT Gamma Irradiation Chamber available at the Inter University Accelerator Centre
was used. This gamma chamber uses a Co® source. A uniform dose delivery rate can be

set in this instrument and the corresponding irradiation time is set automatically.

2.4 Acquisition of TL data

After irradiation of the sample, a TLD Reader is used to record the TL data. In this
study, the TL data is collected with a Harshaw TLD™ Model 3500 Manual Reader. It
has a sample drawer consisting of a contact planchet heater onto which a small quantity of
the powdered sample is loaded. The heating rate, initial and maximum temperature upto
which sample is to be heated and other parameters can be set through the programmable
heating system provided in the instrument. Once the heating starts, the TL light signal is
captured by the photomultiplier tube and sent to the Scientific™ WinREMS™ software
which creates an ASCII file containing the variation of TL intensity with temperature
[47]. For the present study, 5 mg of the material was loaded onto the planchet, a linear
heating rate of 5°C/s and temperature range of 50°C to 400°C was selected.

Figure 2.7: Set up for acquisition of TL data [48]
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2.5 Analysis of TL data

Following the recording of TL glow curves for different radiation doses, the analysis of
TL data can be done through various methods such as intial rise method [6], variable
heating rate method [49] and isothermal decay method [15]. However, the thermolumi-
nescence analyses presented in this study are done doing using the Computerised Glow
Curve Deconvolution Method (CGCD) due to its ease of use and higher accuracy, as
demonstrated in many studies [50-53]. To carry out out curve fitting and deconvolution
of TL data, GlowFit software [54] is used in the present work. Initially, the guess num-
ber of peaks is entered and approximate positions of the peaks are selected manually.
The software then performs curve fitting using an iterative method based on the Lev-
enberg-Marquardt method. After a satisfactory number of iterations (such that the x?
function is minimized), the fitted curve along with the deconvoluted peaks is present as
the result, with the temperature and intensity of each peak. Additionally, a Figure of
Merit (FOM) value is also generated:

FoM = 219 =@l o000 (2.4)
Zz‘ Yi

where y; is the recorded value of the function at the i*" point and y(z;) is the value of
fitted function at the i*® point. A good fit is generally indicated by a FOM value less
than 2.5 % [55]. Subsequently to compute other trap parameters such as the frequency
factor (s), activation energy (E) and order of kinetics (b), the peak shape method devised
by R.Chen [56] is used. In this method, the values of 7 (half width of low temperature
portion), ¢ (half width of high temperature portion) and w (total half width) are first

computed for each deconvoluted peak:
T:Tm—Tl;(S:TQ—Tm;w:TQ—Tl (25)

where T} is the low temperature at half intensity, 75 is the high temperature at half
intensity and T, is the peak temperature. A geometrical shape factor p;, = §/w is then

calculated. Further three more parameters are computed:

¢ = 151430 (), — 0.42); by = 158 +4.2 () — 0.42) (2.6)
¢s = 0.976+7.3 (1, — 0.42); by =0 (2.7)
o = 2.52+10.2 (p; —0.42); b, =1 (2.8)
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The activation energy is then found by using:
E, = co(kT2 /o) — ba(2KT,,) (2.9)

where o can be 7, § or w depending on whether equation 2.6 ; 2.7 or 2.8 is used. It is
found that the equation 2.6 gives minimal error in the calculation of activation energy, so

E is calculated using o = 7. Further the frequency factor (s) is calculated using:

ST R+ (- 1)A]

-exp(E/kT,,) (2.10)

where [ is the order of kinetics and A = 2kT,,/E. The order of kinetics is calculated

from a graphical relationship between [ and p;, provided in [56].
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Chapter 3

TL Study of LigPO4 : Dy
(Co-Precipitation Method)

3.1 Experimental Procedure

For the preparation of LisPOy : Dy, the chemical co-precipitation method was used. The
starting materials: lithium chloride (LiCl), ammonium dihydrogen phosphate (NHgPO,)
and 0.1 mol % of dysprosium chloride (DyCl;) were first weighed in stoichiometric quan-

tities, using a dividing factor of 10 to limit the amount of reactants used.

Lithium chloride was dissolved in 100 ml of distilled water and 0.1 mol % of dyspro-
sium chloride was added to it. Subsequently, another solution of ammonium dihydrogen
phosphate in distilled water was added it. This process was done slowly, drop by drop
while stirring the LiCl solution concurrently using a magnetic stirrer. Lithium phos-
phate doped with dysprosium was precipitated from the solution. This process can be

represented as:

3LiCl + NHPO, =% Li;PO, + NH,Cl + 2HCI (3.1)

The solution was kept undisturbed for a while to allow the prepared material to be
completely precipitated. It was then separated out by centrifugation at a rate of 2000
rpm for a duration of 10 minutes, carried out twice. Subsequently, the collected sample
was dried on a heating mantle at a moderate temperature, to evaporate the water and
other dissolved impurities. Annealing of the phosphor was carried out at a temperature of
900°C for a period of 1 hour, after which it was thermally quenched at room temperature.

The prepared phosphor was then collected.

22



The collection of XRD data was carried out by the Bruker AXS D8 ADVANCE diffrac-
tometer that uses a graphite monochromator and produces Cu-K, x-rays of wavelength
1.54184 A. The Perkin Elmer Fourier Transform Spectrometer was used to record the
FTIR spectrum (4000 — 400 cm™'). The 1200 BRIT Gamma Irradiation Chamber was
used to carry out ~y-irradiation of this material in the dose range of 10 Gy to 4 kGy.
For the acquisition of TL data, the Harshaw TLD™ Model 3500 Manual Reader was

used.

3.2 Results and Discussion

3.2.1 Analysis of XRD Data

The x-ray diffraction pattern for Li3PO, : Dy has been shown in Figure 3.1. The sharp,
intense peaks found in the XRD pattern show that the sample was formed in crystalline
phase [57]. It was found from analysis of the XRD data that the phosphor has an
orthorhombic crystal structure, i.e. all three edge lengths are unequal (a # b # ¢) and
they are mutually orthogonal (o« = 8 = ). The cell edge lengths are: a = 13.18 A,
b =7.04 A and ¢ = 5.43 A. The cell volume was calculated to be 503.83 A®>. The average

crystallite size was computed to be 71.9 nm using the Scherrer’s equation (equation 2.2).
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Figure 3.1: X-ray diffraction pattern of LizPOy : Dy
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3.2.2 Analysis of FTIR spectrogram
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Figure 3.2: Fourier Transform Infrared spectrogram of LizPOy : Dy

Figure 3.2 shows the Fourier Transform Infrared spectrogram of Li3PO, : Dy. Due to the
O-P-O bending mode, a vibrational band is present at 606.25 cm~'. Also, a band around
1074.23 cm™! is observed due to the P-O stretching mode [58, 59]. These two bands
present in the FTIR spectrogram confirm phosphate bonding in the material. Further,
the peaks observed at 3424.7 cm™*!, 2053.7 cm ™!, 1637 cm ™! and 1398.2 cm™! show the

presence of moisture and OH groups.

3.2.3 TL Glow Curve Analysis

The glow curves of LisPOy4 : Dy for gamma irradiation doses starting from 10 Gy to 4
kGy and in the range of 50 to 400°C are shown in Figure 3.3. For each of them, it is
found on preliminary observation that there are two peaks, a minor peak at low tempera-
ture and the main dosimetric peak around 250°C. It is considered advantageous for a TL
phosphor to exhibit a peak at high temperature (around 200-250°C) so as to minimize
thermal fading and at the same time being low enough to circumvent infrared emission

which happens at higher temperatures [1].

24



2x10' 7.0x10" 4
2x10_+ 6.5x10"
1x10’
1x10’ -
1x10’ -
1x10’ -
1x10’
9x10°
8x10" -
7x10° 4
6x10
5x10"
4x10 4
3x10° -
2x10
1x10° 4

~

~

5.0x10"
4.5x10°"
4.0x10"

C N N

Intensity (a.u.)

Intensity (a.u.)

2.0x10"
1.5x10"
1.0x10" 4
5.0x10"

/\ o, l .

T L} T T L} T L} L) L)
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Temperature (°C) Temperature (°C)

(a) (b)

Figure 3.3: TL glow curves of LigPOy : Dy for doses in the range of (a) 10 Gy to 100 Gy and
(b) 300 Gy to 4 kGy
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3.2.4 Dose Response

A log-log plot of the peak TL intensity v/s dose (10 Gy - 4 kGy) is shown in Figure 3.4.
It is found that the linear fit for this plot has an R? value of 0.93449 which is quite high.
It can therefore be seen that the phosphor exhibits a good linearity between intensity

and dose throughout this range.
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Figure 3.4: Dose response of LizPOy : Dy

On increasing irradiation dose up to 100 Gy, it is found that the prominent peak tends to
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shift towards higher temperatures (from 239°C to 260°C). This can be possibly explained
by the fact that the retrapping happens more often as compared to recombination at
low temperature. This is because of the greater contribution of deeper traps. For doses
higher than 100 Gy, it is found that the peaks shift towards lower temperature (from
260°C to 228°C). This kind of behaviour has been observed for peaks exhibiting second
order kinetics [60].

3.2.5 Glow Curve Deconvolution and Kinetic Parameters

The curve fitting and deconvolution to find the constituent peaks was done using the
computerized glow curve deconvolution technique (CGCD). For an irradiation dose of
1 kGy, it was found that the glow curves consists of two peaks: a prominent peak at
T,, = 239°C and a minor peak at T}, = 176°C, which have been shown in Figure 3.5. A
good Figure of Merit value of 2.127 % was obtained for the fitted curve. As discussed
in Section 2.5, the peak shape analysis devised by R. Chen [56] was used for calculation
of the activation energy, order of kinetics and frequency factor for the constituent peaks.

The kinetic parameters are given in Table 3.1.
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Figure 3.5: Deconvoluted peaks of LigPOy : Dy for 1 kGy dose
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Table 3.1: Kinetic parameters of the deconvoluted peaks of LisPO4 : Dy for 1 kGy gamma
dose

Peak Geometrical | Order of Frequency Activation
Peak| Temperature shape factor | Kinetics Factor Energy
T,.(°C) g b s(sec™1) E(eV)
176.005 0.505 1.9 3.73 x 101! 1.078
2 239.006 0.511 1.9 2.842 x 10° 1.028

3.3 Conclusion

In this study, synthesis of LizPO4 with 0.1 mol % Dysprosium as the dopant was done
by the co-precipitation method. Confirmation of the nanocrystallinity of the sample was
done through XRD analysis and it was found that the phosphor has an orthorhombic
structure. Preliminary observations showed that there are two TL peaks, a minor peak
at low temperature and the dosimetric peak at high temperature (~ 250°C). A good lin-
earity was exhibited by the phosphor over the range of measured doses. The computation
of trap parameters confirmed the presence of two peaks: the smaller one at 176°C and
the intense TL peak at 239°C. Further, both peaks were found to exhibit second order

kinetics.

27



Chapter 4

TL Study of LigPOy4 : Dy (Solid
State Diffusion Method)

4.1 Experimental Procedure

For this study, Li3sPO, : Dy was prepared using the solid state diffusion method. Initially,
lithium carbonate (LioCOj), ammonium dihydrogen phosphate (NHgPO,) and different
concentrations of of dysprosium chloride (0.1, 0.2, 0.3, 0.4 and 0.5 mol %) were weighed
in stoichiometric ratio (using a dividing factor of 40). These were then mixed thoroughly
using a mortar and pestle along with the addition of acetone to form a thick paste.
This paste was dried on a hot plate at a temperature of 50°C for 30 minutes. It was then
subjected to a three step diffusion process by annealing it in a muffle furnace at 200 °C for
1 h, 400 °C for 2 h followed by 800 °C for a duration of 3 h. Subsequently, the prepared
phosphor was quenched at room temperature and collected. The same procedure was

followed for all concentrations of the dopant. This process can be represented as:

xDyCl3

3L12C03 + 2NH6PO4 e QLi(g_X)PO4 : ny + NgHgCOg + QHQCO3 (41)

where x = 0.001, 0.002, 0.003, 0.004, 0.005 mol (different concentrations of the dopant)
The 1200 BRIT Gamma Irradiation Chamber was used to carry out ~y-irradiation of this
material in the dose range of 10 Gy to 6 kGy. UV irradiation was done at a wavelength
of 254 nm, for irradiation duration ranging from 0.5 to 5 h, using a UV lamp. For the
acquisition of TL data, the Harshaw TLD™ Model 3500 Manual Reader was used. The
TL was acquired within the temperature range of 50 to 400°C with a heating rate of
5°C/s. 5 mg of the sample was taken for each of the TL readings.
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4.2 Results and Discussion

4.2.1 Concentration Optimization

The effect of concentration of dopant on the TL intensity was studied for both gamma
and UV irradiation. This variation has been shown in Figure 4.1 for gamma dose of 1
kGy and for UV irradiation at wavelength of 254 nm for 1 hr.
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Figure 4.1: Concentration optimization of dopant in LigPOy : Dy for 1 kGy dose of gamma
radiation and UV irradiation for 1 hr

It is found that for both gamma and UV irradiation, the TL intensity first increases from
0.1 mol % and reaches a maximum at 0.2 mol %. There is a sharp decrease beyond
that upto 0.3 mol % and 0.4 mol % in the case of gamma irradiation and UV irradiation
respectively. At higher concentrations, the TL intensity keeps decreasing gradually. This
is due to the well known phenomenon of concentration quenching. On initially increasing
the concentration, the number of traps/luminescent centres increases thereby leading
to a rise in the TL intensity which reaches a maximum at a particular concentration.
However on further increase of concentration, a large number of traps are present in close
proximity with each other due to which detrapped electrons are again trapped by these
defect levels. This leads to a drop in TL intensity on increasing concentration beyond a
certain limit [61]. For further study of TL properties, the phosphor with the optimum

concentration (0.2 mol %) is chosen as it gives maximum TL intensity.
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4.2.2 TL Glow Curve Analysis

The glow curves for LigPO, : Dy for gamma irradiation doses in the range of 10 Gy to
6 kGy and in the range of 50 to 400°C are shown in Figure 4.2 while those for UV
irradiation at 254 nm wavelength and for irradiation time varying from 0.5 h to 5 h are

shown in Figure 4.3.
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Figure 4.2: TL glow curves of Li3POy : Dy for gamma doses in the range of (a) 10 Gy to 500
Gy and (b) 1 kGy to 6 kGy

It is found on preliminary observation that the glow curves for gamma irradiation in the
range of 10 to 100 Gy show only one prominent peak at ~ 325°C. For 100-500 Gy, three
extremely small peaks at approximately 100°C, 150°C and 225°C start showing up. For
higher doses in the range of 1 kGy to 6 kGy, four peaks can be clearly observed: three
minor low temperature peaks at the positions mentioned earlier while the major peak is
found around 335°C. It can be clearly seen that at high irradiation doses, shallow traps
start to contribute more towards TL intensity as compared to lower doses.

For UV irradiation it is found that there are only two visible peaks: a major peak at
340°C and a very small peak at around 100°C.
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Figure 4.3: TL glow curves of LisPO, : Dy for UV irradiation time ranging from 0.5 h to 5 h
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Figure 4.4: TL dose response of LizPOy : Dy for (a) peaks at 225°C and 335°C when
subjected to gamma irradiation and (b) peak at 335°C when subjected to UV irradiation

Figure 4.4a shows the dose response for the major peak (at 335°C) and one minor peak
(at 225°C) for gamma irradiation doses in the range of 10 Gy to 6 kGy. It is found that
the peak at 225°C shows excellent linear behaviour upto 5 kGy and a small dip at 6 kGy.
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This is confirmed by the R? value of the fit which comes to be 0.97184, i.e very close to
1. However for the high temperature peak, a very erratic behaviour is observed. The
TL intensity shows a dip at 500 Gy, then rises sharply upto 2 kGy and then drops at
3 kGy and further continues to decrease gradually upto 6 kGy. A plausible explanation
for the sublinearity beyond 2 kGy is that there might be a preferential radiation damage
of the deeper trap at high irradiation doses. This reduces the trapping efficiency of
such traps, thereby leading to lower TL intensity than is expected, as shown in a study
on non-linearity in dosimeters [62]. Further, as the peak occurs at high temperature,
the blackbody radiation component and the effect of thermal quenching (decrease in TL
intensity at high temperatures) [63] may in part explain the irregular dose response shown
by the major peak.

The dose response of the same phosphor when irradiated by UV rays (irradiation time
from 0.5 h to 5 h) is shown in Figure 4.4b. In this case it is observed that the peak at
335°C shows a linear response upto the measured irradiation duration of 5 h. A high R?

value of 0.98212 is found from the linear regression analysis.

4.3.1 Deconvolution and Calculation of Kinetic Parameters
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Figure 4.5: Deconvoluted peaks of LisPOy : Dy for (a) 1 kGy dose of gamma exposure (b)
UV irradiation at 254 nm for a duration of 1 h

Using the computerised glow curve deconvolution method, the glow curves were fitted
and the constituent peaks were identified. The deconvoluted peaks for a gamma irradia-

tion dose of 1 kGy are shown in Figure 4.5a and those for a UV irradiation time of 1 h
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are displayed in Figure 4.5b. For both gamma and UV glow curves, 10 constituent peaks
were identified. This is contrast with preliminary observations, in which only four peaks
were found for gamma irradiation and two peaks for UV irradiation. Therefore, the glow
curve deconvolution recovered a number of hidden peaks which could not be identified
only by qualitative observations.

For the fitted curves, Figure of Merit (FOM) values of 0.0072 and 0.0057 were obtained
for 1 kGy of gamma exposure and 1 h of UV exposure respectively. Both these values
indicate that a good fit was achieved for both the glow curves.

Similar to the previous study, trap parameters were calculated for all the constituent
peaks present in the glow curves using the Chen’s peak shape method. The peak tem-
perature (7,), geometrical shape factor (u,), order of kinetics (b), frequency factor (s)
and activation energy (FE) are given for gamma irradiation dose of 1 kGy in Table 4.1.
The same values for peaks corresponding to UV irradiation for 1 h are given in Table
4.2.

Table 4.1: Kinetic parameters of the deconvoluted peaks of LisPO, : Dy for 1 kGy dose

Peak Geometrical | Order of Frequency Activation
Peak| Temperature shape factor | Kinetics Factor Energy
Tm(°C) g b s(sec™1) E(eV)
1 90.8 0.419 1.0 6.060 x 1012 0.9291
2 106.4 0.423 1.0 5.248 x 109 0.7482
3 137.1 0.434 1.0 4.815 x 10° 0.5
4 220.3 0.428 1.0 2.031 x 107 0.7585
5 263.7 0.422 1.0 5.854 x 10° 1.0787
6 290.7 0.421 1.0 3.329 x 1019 1.2163
7 315.6 0.419 1.0 6.281 x 10'! 1.4157
8 335.4 0.419 1.0 3.085 x 10! 1.4290
9 358.9 0.419 1.0 2.626 x 10! 1.4777
10 394.4 0.420 1.0 2.127 x 1013 1.8082

For the glow curve corresponding to gamma dose of 1 kGy, it is found that all the
separated peaks follow first order kinetics. Also, it can be seen that the shallower traps
(those having smaller values of activation energy) occur at lower temperatures while the
deeper traps are found at high temperatures (beyond 260°C). This is because the shallower
traps can be excited by providing less amount of thermal energy and this corresponds to
heating at low temperatures, while the deeper ones need more thermal energy and hence

give TL glow at high temperatures.
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Table 4.2: Kinetic parameters of the deconvoluted peaks of Li3POy4 : Dy for 1 h of UV irradi-
ation

Peak Geometrical | Order of Frequency Activation
Peak| Temperature shape factor | Kinetics Factor Energy
T,.(°C) g b s(sec™1) E(eV)
1 99.1 0.423 1.0 5.17 x 10° 0.7328
2 121.9 0.426 1.0 1.73 x 108 0.6694
3 156.7 0.425 1.0 2.91 x 108 0.7495
4 189.2 0.433 1.0 8.59 x 10° 0.5895
5 242.3 0.441 1.1 1.79 x 104 0.5023
6 274.2 0.417 1.0 1.23 x 10'3 1.4483
7 292.6 0.422 1.0 4.68 x 10° 1.1288
8 318.1 0.422 1.0 1.10 x 10'° 1.2235
9 343.7 0.423 1.0 4.48 x 10° 1.233
10 384.1 0.423 1.0 2.61 x 10° 1.2878

It is found that all the constituent peaks of the glow curve corresponding to UV irradiation
for 1 h also exhibit first order kinetics. Further the peaks with lower activation energy are
found at lower temperatures upto ~ 242°C and those with comparatively higher activation

energies at temperatures above 270°C due to the reason explained above.

4.4 Conclusion

In this study, the phosphor LizPO, was synthesized by a three step solid state diffusion
technique using different concentrations of the dopant, Dy and its thermoluminescence
properties were studied. It was found that the phosphor gives maximum TL intensity at
0.2 mol % concentration for both UV and gamma irradiation. For gamma irradiation, it
was found that the high temperature peak shows an irregular non linear dose response
while the peak at around 225°C showed good linearity upto a dose of 5 kGy. For UV
irradiation, the high temperature peak at 335°C also showed linearity through the full
range of irradiation time from 0.5 h to 5 h. Finally, through glow curve deconvolution,
10 constituent peaks were identified for both gamma and UV irradiation and all of them

are found to follow first order kinetics.
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Chapter 5
Future Prospects

In the present work it was shown that this novel phosphor, LisPO, : Dy when synthesised
by the co-precipitation method and solid state diffusion method exhibited some good TL
properties for application in radiation dosimetry. This includes presence of traps at high
temperatures, excellent linearity for the dosimetric peaks and the tissue equivalence of
this material. In the light of this promising evidence, it would be of interest to further
study the repeatability and fading of this phosphor which would be conclusive in deciding

whether it can be used as a reliable dosimeter, especially in medical applications.

Also, the dose response of this phosphor can be studied for other types of irradiation
such as by proton beams or by 0 and *?C ion beams which are being used in ion beam
radiotherapy. In recent years, this field has amassed great attention as these ion and
proton beams deposit a larger fraction of their dose at certain depth after entering the
body, therefore selectively targeting the cancerous growth without causing much damage
to surrounding healthy tissues [64, 65]. This is in contrast with conventional X-ray
radiation which delivers most of its dose as soon as it enters the body. This phosphor,
due to its tissue equivalence may serve as a phantom that imitates the response of body
tissues to such irradiation. An ion beam dose deposition profile can then be analysed to

find out what fraction of the dose is delivered at a particular depth in body tissues.

Further photoluminescence properties such as its PL emission and excitation spectra may
be studied along with the analysis of its CIE (International Commission on Illumination)

plot in order to assess its scope of applicability in white LEDs.
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Introduction: Terahertz radiation emission has been in vogue for its applications in medical
imaging, imaging of biological tissues, spectroscopy, explosive detection, material
characterization, outer space communications, non-destructive testing etc. These radiations
occur between high frequency microwaves and far infrared regions in the electromagnetic
spectrum. However, these radiations require high conversion efficiencies and therefore, cannot
be obtained using semiconductors, photoconductive antennas, or electro-optic crystals due to
their breakdown limit. Different new techniques have been introduced to construct high power
THz emitters, namely, coherent synchrotron radiation, coherent undulator radiation, and free-
electron lasers. These emitters work on ultra-relativistic electron acceleration.

Methodology: The technique used in my work utilizes the beating of two Lasers in magnetized
plasma in the presence of an ion-acoustic wave. Herein, the X-mode lasers exert a beat
ponderomotive force on plasma electrons and impart them an oscillatory velocity with both
transverse and longitudinal components in the presence of transverse static magnetic field
present in the plasma. Phase- matching conditions need to be satisfied for resonance. The
density perturbation in the plasma due to the lon acoustic wave provides the necessary phase
condition. lon acoustic wave plays a significant role in compensating for the momentum
mismatch in the nonlinear mixing process.

This oscillatory velocity couples with density ripples and produces a nonlinear current that
resonantly excites the THz radiation. Ripples are the same as electron-ion density perturbations
in plasma. The point to be noted is that the magnetized plasma already has been introduced to
the ion-acoustic wave which gets excited to THz radiation.

The temporal and spatial density profile of laser pumps affect the generation of THz radiation.

The procedure followed here is only possible when the spot size of laser is greater than the
wavelength of THz wave. Basically, the low frequency IAW is responsible for modulating the
density of plasma and creating a time-varying periodic structure. This density modulation of
plasma accounts for phase-matching. The strength of the magnetic field induced into plasma
affects the yield of THz radiation generated via excitation due to resonance.



Objectives:

To study the laser-plasma interaction theory.

To develop the theoretical model of THz radiation generation when two free electron
lasers are pumped into magnetized plasma coupled with density perturbation by pre
exiting ion acoustic wave.

Analyzing the resultant normalized amplitude of THz generated with changing varying
magnetic field.

Skills expected to be acquired:

To conduct literature review and convey results of present work through scientific
writing.

To learn making analytical mathematical models and obtaining computational graphs
using Desmos.
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Introduction: Stars are the building blocks of the baryonic universe. And a star’s whose brightness seen from
the Earth (i.e., it’s apparent magnitude) fluctuates is known as a variable star. Research on variable stars is
important because it provides information about stellar properties, such as mass, radius, luminosity,
temperature, internal and external structure, composition and evolution. This project aims to identify and
classify the folded light curves of all objects with measured periods as either eclipsing binary stars, pulsating
stars, rotationally modulated stars, or simply junk. Under the Zooniverse’s Citizen Science project
‘SUPERWASP VARIABLE STARS’ one will be identifying large catalogues of objects of a similar type which can
then be studied en masse to determine characteristics of the population. One can also aim to identify rare
objects displaying unusual behavior, which can offer unique insights into stellar structure and evolution.
SuperWASP is the world’s most successful ground-based survey for transiting exoplanets — used wide — field
robotic telescopes to continuously image the night sky. To make the light curves for each star, it uses
brightness measurements from 10° stars per image, every few minutes, every night.

Methodology: The Zooniverse science platform contains data of about 2 million variable objects which can be
attempted to identify and classify them. The light curves which are measurements of brightness as a function
of time are provided. Analyzing each light curve on the basis of time period of folding and its shape of whether
it is sinusoidal, our symmetric or have a larger increasing slope than decreasing slope one can classify these
starts into various given categories. On coming upon unusual light curves, one could further analyze them to
discover unusual variable objects.

Objectives:
e To study about variable stars and timing analysis of variable objects.

e Perform data analysis on large data sets and categorize and draw conclusions about the nature of
variable objects in the night sky.

Skills expected to be acquired:

e To conduct literature review and convey results of present work through scientific writing.
e To learn data analysis and studying light curves how to extract information from them.

References:

e Thiemann, H.B., Norton, A.J., Dickinson, H.J, McMaster, A., Kolb, U.C, 2021, MNRAS, 502, 1299-1311

e www.imagine.gsfc.nasa.gov.com

e Variable Star Classification and Light Curves, An AAVSO course for the Carolyn Hurless Online Institute
for Continuing Education in Astronomy (CHOICE)

e On the periods of variable stars by W.J. Miller
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Introduction: Recently, there has been a growing interest in atomically thin two dimensional
(2D) transition metal dichalcogenides (TMDC) i.e. MoS;, for potential applications in next
generation nano- and optoelectronic devices [1]. In particular, when TMDC thinned down to a
monolayer, they become direct band gap semiconductors with large exciton binding energies
which make them excellent candidates for various applications including ultrathin and flexible
devices. TMDC switch over from an indirect band gap semiconductor at multilayer to a direct
band gap at monolayer are sensitive in the visible frequency range and show strong optical
absorption [2]. Recently, experiments have confirmed that molybdenum disulfide (MoSz) has
high electron mobility, making more appropriate for sensible devices.

For optoelectronic device applications of TMDC, spectroscopic ellipsometry (SE) is a
powerful non-destructive technique to measure the optical properties of thin films. In SE, the
wavelength dependent optical constants and the thickness of thin films can be determined by
analyzing the change in the polarization state of the reflected light from the film surface and
developing an optical dispersion model of the film material [3].

Reports on high quality transition metal dichalcogenides (i.e MoS;) and the studies of its
optical properties have been limited. Therefore, we have intended to investigate the optical
properties of MoS;.

Objectives:

The concept of mentioned summary in term of aim or object is specified as: -
(1) Synthesis of MoS; (TMDs) thin films by chemical vapour deposition (CVD) technique
(2) Study of optical transition using spectroscopic ellipsometry (SE)
(3) Analysis of Excitons through UV-Visible spectroscopy

Methodology:

Synthesis of high quality large-size MoS; thin layer is still a challenge; however, chemical
vapour deposition (CVD) has been one of the most realistic methods to synthesize. The
sulfurization of Molybdenum (Mo) /MoOs3 on Si/SiO; substrate using the CVD method have been
adopted to synthesize MoS;. The optical analysis (optical transitions) would be done through

Ellipsometry and UV-Visible spectroscopy.



Skills expected to be acquired:

(1) LaTex software (2) ‘Easy Plot’ for graph analysis (3) ‘ORIGIN’ software for data analysis
(4) To conduct literature review and convey results of present work through scientific writing
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