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Thesis title:

Investigation on the Electrical and Cold Emission Properties of Wide Band Gap Perovskite
Oxide BaSnOs

Abstract

Ternary metal oxides with the chemical formula ABO; and crystal structure resembling CaTiO; are
typically referred as perovskite oxide in the honor of Russian scientist L. A. Perovski. Perovskite oxides
have received tremendous attention in recent years from both theoretical and practical perspectives due to
their fascinating characteristics, such as their high energy storage capacity, visible light transparency,
ferroelectricity etc. In this family, the interplay among structural, optical and transport properties are
noted frequently which helps to integrate a number of intriguing features. Recently a lot of interest on
wide band gap perovskite oxides especially on barium stannate (BaSnO3) has grown due to its exciting
optical, thermal and electrical properties. BaSnQOjs is visibly transparent having a wide band gap of ~3.1
eV and high thermal stability (>1000 °C). By simply changing the processing temperature and doping
with right cation, it is possible to readily modify the electrical properties of BaSnOs, as example dielectric
permittivity, electrical conductivity etc. Aditionally, in the display sectors, BaSnO3 in nano/micro form
can be used to design numerous electronic devices, including flexible screens and other forms of field
emission display units due to its desirable work function, electron affinity and tunable electrical property.

Even though there have been numerous studies on barium stannate and its properties published in the
literature, there are still certain issues remain unresolved. The aim of this doctoral thesis, "Investigation
on the Electrical and Cold Emission Properties of Wide Band Gap Perovskite Oxide BaSnOs," is to
investigate the synthesis methods, various properties, and different uses of both pure and doped barium
stannate. Another important objective is to fabricate BaSnOs/polymer nanocomposite and exploring their
structural and electrical characteristics to improve their multipurpose performances. This dissertation
firstly describes the synthesis process to prepare barium stannate and then modify the pure system to
study different properties of the altered system.

Aiming to this, the nanocrystalline barium stannate powder was synthesized following traditional solid-
state reaction route. The grain size as well as the density (or in other word, porosity) of the samples were
varied by varying synthesis temperature. With routine structural, morphological, compositional and
optical characterizations, the effects of grain size and density alteration on the electrical properties of the
system were analyzed. It was found that the overall polarization i.e. the dielectric permittivity was
increased with the grain size and the density of the sample. Also, the conductivity was enhanced due to
the grain size increment which provides better ordered path in order to transport the charge carriers.
Hence, the nanocrystalline BaSnOs is inferred as potential candidate for thermally stable ceramic
capacitor.

Encouraged by the results, investigations were done to study the changes in the electrical properties of
transition metal ion doped BaSnOs, due to an alteration in external DC bias. Although, due to the smaller
grain size and higher porosity, the room temperature permittivity and the conductivity were decreased for



the doped sample, but the application of DC bias was more prominent for the doped samples. Being
smaller in size, vanadium plays important role in formation of lighter dipoles which helps in dipolar
polarization in presence of external DC bias. The dielectric permittivity was increased with DC bias,
whereas the grain and grain boundary resistances were reduced resulting an indirect enhancement in
conductivity. Thus, the vanadium doped BaSnO; can serve as a tuning capacitive material at room
temperature.

The suitable work function (3.04 eV), tunable electrical property, visible light transparency motivated us
to find out whether the material can be used in a true multipurpose way. Aiming to this, simulation-based -
field electron emission was carried out using ANSYS-MAXWELL software. Encouraged by the positive
results, the actual field emission experiment was investigated for pure and vanadium doped barium
stannate nanocubes. The particle size variation has a significant impact on improving the emission
efficiency of the doped samples. The turn on field was reduced and the enhancement factor was elevated
for the vanadium doped BaSnQ;, For practical use in microelectronics, the optimum device condition was
achieved by analyzing the effect of inter-electrode separation on the emission properties. Also, the doped
sample showed a high temporal stability which is another important factor to consider.

The easily tunable electrical properties, as observed from the above studies, can further be extended in
fulfilling the need for lead free peroskite/polymer nanocomposite with high dielectric permittivity,
superior flexibility, large breakdown strength and low loss, BaSnO3i/PVDF nanocomposite films were
prepared. Targeting this, BaSnO; nanorods were purposely synthesized for less agglomeration and easy
achievement to the percolation threshold. The electrical properties were enhanced for the hybrid films
along with an enhancement in electroactive phase of the polymer. Additionally, the composite films
exhibited high transparency in visible region. These highly flexible, transparent hybrid films with high
permittivity, better conductivity and low loss showed an enhanced open circuit voltage and short circuit
current under free hand hammering. This work opens up newer possible applications for BaSnO3 based
composites beyond the traditional applications like sensors, ceramic capacitors etc.
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Chapter 1

Over the course of human history, materials science has left a remarkable footprint on the
development of civilizations. Better materials have ever enriched the mankind by providing tools
to spread and conquer.

In the recent, the emerging thrust of lead free perovskites has pushed the researchers to search
for alternative perovskite materials to use in the fast changing world of modern inexpensive
electronic devices, such as multilayered energy storing capacitors, superior ultrasonic
transducers, efficient field emission display units, gas sensing devices etc. The growth of
microelectronics demands designing smaller and faster devices. Thus, the highly dense ultrafine
particles of perovskite oxides not only increase the surface area, energy density and breakdown
strength of the materials but also help in miniaturization of the devices. In addition, the wide
band gap (> 3.1 eV) with significant visible light transparency (> 85-90%) and large surface area

makes them compatible for transparent electronic devices.
L1. Perovskite Oxides

Perovskites have emerged as one of the auspicious and efficient cost-effective energy materials
having large-scale technological applications in optoelectronic and photonic devices. In the year
of 1839, a German scientist discovered calcium titanate type materials.! His name was Gustav
Rose. He found the materials in Ural Mountains of Russia. This newly discovered material was
referred to as ‘Perovskite’ to respect the Russian mineralogist

Lev Von Perovski, who did pioneering work in this field after W
G. Rose.2 Over the years, with the discovery of newer materials

having similar crystalline structure of ABOs (i.e. CaTiO3) are O 0\:} o

now generally recognized as Perovskites. The ideal cubic

perovskite is composed of very simple arrangements of cation t \+~— - 7.

and anion elements. The typical crystal structure of any cubic

perovskite is shown in Figure 1.1. For cubic one, the lattice Fjg 1.1 General crystal structure
parameters are a = b = ¢ and a=p =vy=90 °C.> However, of a cubic perovskite
Goldschmidt introduced ‘tolerance factor’ (t) to check the stability of perovskite structure for a
given set of positive and negative ions. A, B are the cations and O is the anion. Commonly, the

ionic radius of A is greater than that of B. For the ideal cubic perovskite , the B cation has 6-fold


https://en.wikipedia.org/wiki/Cubic_crystal_system

Chapter 1

coordination encircled with anionic octahedron and the A cation has 12-fold
cuboctahedral coordination. The oxygen anions are surrounded by a pair of B cations and two
pairs of A cations. From Figure 1.1 it can be seen that for the stability of cubic perovskite
structure (Ra+Ro) must be equal to vV2(Rs+Ro). Ra, Rs and Ro are radii of corresponding ions.
The tolerance factor ‘t’ is written as

_ _(RatRo)
t= V2(Rg+R0) (1.1)

called, Goldschmidt’s tolerance factor. Distortions from the value of t = 1 can arise due to the
radii mismatch of the two types of ions, resulting in non-ideal perovskite and also other
nonperovskite structures.? the value of ‘t” should be in between 0.825 and 1.059 for perovskite
structure.® If B cation is smaller in size than A cation then ‘t’ is greater than 1 and in opposite
case ‘t’ is less than 1. Actually, the tolerance factor denotes the level of packing of ions in the
unit cell of perovskites. A deviation of ‘t” from 1 designates deformation in perovskite structure
with lower symmetry.® There are mainly two types of perovskites: oxides (ABO3) and halides
(ABXs3, X = ClI, Br, I). Three more categories are used to further categories the halide type
perovskites: inorganic, organic and hybrid type. The oxide family has a huge branch of different
anion-cation combination. Apart from the original ABO3 structure, various types of other
perovskie oxides can be found, such as double perovskite, triple perovskite, layered perovskite
etc. The chemical formulae of these perovskites are A2BOs (eg. Sr2RuOs), A2B'B"Os (eg.
Ba:FeReOs), A2A'B2B'Og (eg. La>SrCozFeOg).”® From time to time many researchers also
reported about other perovskite oxides having different structural formulae and are called
homologous series of perovskite oxides. For example, An+1BnO3zn+1, AnBnOszn+1, Bi2An1BnOsn+1
etc.1%12 The names of corresponding structures are Ruddlesden-Popper, Dion-Jacobson and
Aurivillius respectively. The development of Chalcogenide based perovskites is also under

research.®
1.2. Barium Stannate (BaSnOs)

In BaO-SnO; binary system, three oxostannates (IV) are there: BaSnO3, Ba,SnO4 and BazSn,07.
Among them BaSnOs (BSO) becomes popular among researchers in the past few decades due to

its intriguing properties and its plausible application in diverse fields. It works well in the fields


https://en.wikipedia.org/wiki/Octahedron
https://en.wikipedia.org/wiki/Cuboctahedron

Chapter 1

of sensing devices, ceramic capacitors, memory devices, etc. because of its elevated thermal
stability and large dielectric permittivity. 1* Table 1.1 provides a summary of the reported values
of the prime physical parameters of BaSnO:s.

Table 1.1. Physical properties of BaSnOs

Property Value Reference
Crystal system Cubic [15]
Space group Pm3m [15]
Lattice parameters [16]
a=b=c 4115 A
a=B=y 90°
Molar mass 278.08 gm [16]
Density 7.24 g/lcm? [17]
Melting point 2333 K [18]
Band gap 3.1eV [19]
Thermal conductivity 9.68 Wm*K? [20]
Electronic effective mass 0.4 mo [21]
Dielectric constant 20 [22]

1.2.1. Crystal structure

The cubic BaSnOs; belonging from pm3m space group have four atoms present per unit
crystallographic cell. The unit cell of cubic BaSnOs is exhibited in
Figure 1.2. In the cubic structure, the eight corners are hold by Ba?*
ions, whereas the Sn** ion occupies the volume center and the six O

ions occupy the surface centers. The Ba?* and O% ions combinedly

form a compact cubic ball packing structure and the remaining

octahedral hole is filled with smaller cation: Sn**. Each Ba®' ion is

bonded with twelve O% ions resulting in formation of BaOi. Fig. 1.2. Crystal structure
cuboctahedra. This cuboctahedra shares its twelve corners to twelve ©f BaSnOs

more identical BaO1» cuboctahedra. It also shares faces with eight similar SnOgs octahedra. Each
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Sn** ion is connected to six equivalent O ions to make SnOg octahedra. The octahedra shares its
six corners with six identical SnOs octahedra and faces with eight alike BaO12 cuboctahedra.
The SnOe¢ octahedra are highly symmetric and non-tiled which is the base of the ideal cubic
perovskite formation. The lattice parameters of BaSnOsarea=b=c=4115Aanda ==y =
90°.16 The Ba—O band length is 2.96 A and the bond length of Sn-O is 2.09 A. 2 The X-ray

density measured at room temperature by Swanson et al. is 7.238 g/cm?®.Y/
1.2.2. Electronic structure

Since last few decades, numerous theoretical simulations have been performed to identify the
electronic structure of BaSnOz. In most cases, Density Functional Theory (DFT) with Local
Density Approximation (LDA) or Generalized Gradient Approximation (GGA) is employed for
theoretical simulations.?*?° This LDA and GGA approximations are not so successful in the
calculation of band gap. The hybrid functional approach proposed by Heyd, Scuzeria, and
Ernzerhof (HSE06) provides better structural representation and an improved band gap value.3*
3 The lattice constants of BSO was evaluated using PBEsol functional with an outcome value of
4.127 A, very close to experimental value (4.116 A).%® The electronic structure of any material is
based on the valance band (VB) and conduction band (CB). The VB is predominated by O-p
states and the CB shows Sn-s character having minor involvement from O-s orbitals. Ba-d satates
in the conduction band is dominated in the range from 5 to 9 eV and the Ba-f band arise for
greater than 9 eV. The indirect band gap (IBG) having value 0.9 eV was found using PBEsol
approach. For this the valance-band maximum (VBM) was at I" point and the conduction—band
minimum (CBm) was resided at R point of Brillouin zone. The VBM at I" point has three fold
degeneracy, exhibiting O-p character. Kim et. al reported that BSO has an IBG of 2.48 eV using
hybrid model of DFT which is near to the value of experimental band gap than what comes from
LDA and GGA approach.® Also, the effective mass of electron may be computed using this
approach. The value of the effective mass of electron was found at R- I combination is 1.463my.

This small value of electron effective mass suggests a good mobility of electrons in BSO.
1.2.3. Electrical properties

Fundamentally, polycrystalline BSO is a wide band gap semiconducting material having an

indirect band gap of ~3.1 eV shows n-type behavior below 900 °C.?2 The pure material shows

6
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conductivity within 102 Q/cm. Thus the pure BSO can be used as transparent semiconducting
oxide (TSO) in transparent optoelectronics. High dielectric constant along with high temperature
stability (upto 1000 °C) makes the material a potential candidate as thermally stable ceramic
capacitor, gas sensor, memory device etc. As the inherent material is n-type, electrons are the
primary charge carriers in this oxide. The oxygen vacancy generated due to high temperature
preparation of the material is the main cause for being n-type. The frequency dependent
conductivity of BSO was measured by Upadhyay and coworkers.3” They reported that correlated
barrier hopping of bipolarons is responsible for the conduction mechanism in the ceramic below
420 K, however above 420 K the conduction is due to the excitation of electrons to the
conduction band from the localized state. The electrical transport parameters of pristine BSO can
easily be tuned via suitable cation doping and creating oxygen vacancy. 3“0 as the perovskite

structure has a tendency to form solid solutions easily.
1.2.4. Optical properties

Pure BSO powder is white in color having a wide band gap of 3.1 eV. It shows a huge

b T T T T T T
— BSO E 1.84 eV 3.08eV_|

; —— BSO-1M
—— BSO-2M
BSO-3M

\ —— BSO-5M
—— BSO-TM

transparency in the visible (a)

regime of electromagnetic
spectrum.**3 BSO exhibits a

very strong and intense

Absorbance / a.u.

absorption band near 360 nm

which becomes weaker with

increasing wavelength i.e. in 300 40 0 0 700 80 500

Wavelength / nm

visible region. The band to band

transition between 2p (O) and 5s Fig. 1.3. (a) UV-Vis DRS spectra, (b) Plots of the transformed

] ] _ Kubelka—Munk function for different amount of oxygen vacancy
(Sn) states is responsible for this

intense and broad absorption.** It was proven by various groups of researchers that BSO
possesses indirect type of optical band gap. *° However, there are several methods to tune the
band gap of BSO like oxygen pressure, oxygen vacancy incorporation, doping etc.*6’
According to Kim et al. the bang gap of BSO can be decreased from 3.08 eV to 1.84 eV by
systematic incorporation of oxygen vacancies. *” The UV-Vis DRS spectra of the samples and

the band gap variation are shown in Figure 1.3. Also, the sample color turns from white to dark

7
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red with a decrement of the band gap. Due to the narrow band gap the photocurrent density or
the conductivity was also found to increase. The doping of appropriate cation can lead a change
in the optical band gap of BSO which was reported from many research groups.*¢*° It was also
found that a broad absorption band appeared around 1200-1300 nm causing a appreciable drop in
Vis-NIR transparency for heavy Sb doped BSO and the color of white BSO gradually turns to
blue and then finally black.*® The strong UV absorption makes the material a good UV detector,
filter and sensor in for UV light.>! The very high value of the excitation binding energy for BSO
at room temperature compared to the thermal energy (26 meV) makes it potential candidate for
photoluminescence (PL) application.?* As the absorbance spectra shows highest absorption at
about 400 nm thus the excitation wavelength is chosen in UV region. At ambient condition, the
strong emission in visible spectrum corresponds to the energy levels of barium and tin, whereas,
the weaker emissions corresponds to the defects associated with impurity, oxygen vacancy etc.°!"
52 In some reports NIR PL spectra was identified for high temperature annealed BSO due to
Sn**—-0O covalancy and linear geometry of O—Sn—0.*! Broad green emission can be found for
iron doped BSO caused by surface related defects associated with oxygen vacancies.>®
Appreciable percentage of Eu and La doping gives rise to multicolor emission also.>* Pure
BaSnOs belongs to the space group pm3m with cubic symmetry.®™ Group theoretical analysis at

k = 0, permits BSO to have 12 Raman forbidden modes and 9 infrared active modes.>
T =3 Fyy + Fyy (1.2)

The above irreducible relation suggests that cubic BSO has no Raman active modes due to
centrosymmetric crystal structure and cannot be able to give a first-order Raman scattering.®®
Although, the theoretical study tells that there are no permitted phonons in the pure BSO
perovskite, some peaks can be detected in experimental Raman spectra arousing from the first
order Raman activity. The introduction of defects, (such as oxygen vacancy, presence of BaCOs3;
due to moisture absorption) can lead to hamper the translational lattice symmetry and giving rise
to a distorted perovskite structure.’’*® The SnOs octahedra have six vibrational modes:
symmetric stretching mode (viAig), asymmetric stretching mode (v.Eq and vsF1,), symmetric
bending mode (vsF2g), asymmetric bending mode (vsF1,) and inactive mode (vsF2y). The Raman

active mode v,Eqis also active in IR spectrum. This mode appears as doublet. The intense peak at
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629 cm™ corresponds to the Sn-O bonds (vsFi» mode). The Raman and IR modes of BSO are

written in Table 1.2.

Table 1.2. Optical vibrational modes of BaSnO3 (Deepa et a.l %)

Wavenumber (cm™) Wavenumber (cm™)
690 viAgg 629 vaF1u
570, 549 v2Eq 568, 579 v2Eq
225 VaF1u
182 VeF1u
154, 137 vsFag

1.2.5. Thermal properties

The total thermal conductivity is a sum of two contributions, one from lattice and another from

electronic thermal conductivity.

ktotar = Kiat + Ketec (1-3)

and kee. can be evaluated from Widemann-Franz law. At room temperature, the thermal
conductivity of polycrystalline BSO is 9.7 Wm K™ which reduces with the rise in temperature
and reaches to 3.2 WmK™ at 1262 K. The lowering tendency of thermal conductivity with
temperature suggests that the phonon conduction is predominant over the electrical part.%° Also,
the thermal conductivity of BSO single crystal, measured employing 3 method shows a
dependency on T in between 20 K and 300 K. The heat transfer mechanism in non-magnetic
BSO is dominated by phonons, which are scattered by other phonons with increasing
temperature, resulting in a lowering of Kiwt.* The Debye temperature and linear expansion
coefficient in the temperature range between 300 K and 1773 K of polycrystalline BSO were
investigated by Maekawa et al. and the values are 522 K and 9.3 X 10° K respectively.®? From
computational method it was found that the Debye temperature is 496 K and thermal expansion

coefficient is 5.518 X 10° K at 300 K and zero pressure.



Chapter 1

1.3. Basic theory of Complex Impedance Spectroscopy (CIS) analysis

to study the electrical properties

Complex impedance spectroscopy (CIS) is a non-invasive technique to study and analyze the
electrical properties of solids. This AC method is advantageous than the traditional DC method
as it distinguishes the real and imaginary parts separately and help to analyze the electrical
properties in a clean and unambiguous way. Also, this method is free from geometrical
properties of sample and thus more reliable. In this method, a small amplitude AC signal is
applied onto electro-ceramic compounds to study the electrical behavior of the material. The
non-linear current (I)-voltage (V) graph for a theoretical electro-chemical arrangement is

depicted in Figure 1.4. In general, a sinusoidal signal (AEsinwt) with a small amplitude AE and

I
/\/ E, /\\/
I=1I,+AIsin{ar+ ) an
N\
E=F,4Aksnaf B E %
AL

Fig. 1.4. A non-linear I-V curve for a theoretical electrochemical system

frequency o is employed along with the DC voltage Eo. As a result, the current is shifted by
some phase ¢ with respect to the applied voltage. Hence, the current can be expressed as a sum
of a sinusoidal signal Alsin(wt+¢) and a DC part lo. According to the Taylor series one can
expand the expression of current as,

Al = (2_'2)10,150 AE +l<d_21)10,E0 AEZ 4 eve e eee e (1.4)

2 \dE?

If the amplitude of the applied AC signal i.e. AE is very small then the higher order terms can be

neglected in Equation 1.4 So, we can write the equation 1.4 by considering the above fact as,

10
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dl

Al = (E)IO’E0 AE (1.5)

Thus, the impedance of the electro-chemical material is evaluated using Ohm’s law as

A
Z(w) = % (1.6)

The impedance Z(w) is a complex parameter which consists of a magnitude |Z(w)| and a phase
0(w) determined by the frequency of the signal. Therefore, the impedance of a system can be
easily be evaluated as a function of frequency. In polar coordinate, the complex impedance can

be written as

7" (w) = |Z(w)|e?@ (1.7)
In case of Cartesian system the complex impedance Z(w) can be written like

Z'(w) =Z'(w) — jZ (w) (1.8)

Here, Z'(®) and Z"(w) are the real (resistance) and imaginary (reactant) components of the

complex impedance Z*(w) of the system and j = V-1.

1
JwCoe*(w)

Z*(w) =Z'(w) — jZ (w) = (1.9)

e'(w) = &'(w) — je' (w) (1.10)

¢ (o) is the complex permittivity associated to the ceramic material under concerned. The real
comonent of £"(w) i.e. € (w) stands for the energy storage per cycle of the dielectric material. In
contrast, the imaginary part (¢"(w)) depicts the energy loss per cycle of it. The value of ¢ (®) can

be calculated considering the parallel plate capacitor model as
, d
£'(w) = C—A (1.11)

where, C, d, A and are the capacitance, thickness, area of the MIM pellet respectively. & (=

8.854x10* F/cm) is the permittivity of vacuum.

11
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According to Maxwell, if a dielectric medium is put in an alternating electromagnetic field

E(w) =ﬁefwf, the resultant current becomes sum of conduction current (1% term) and

displacement current (2" term). The associated current density can be written as

7= SE
J=o+e3 (1.12)
J = (0 + jwe)Eyelot (1.13)

The effective current density leads the applied field by an angle 6 (as said earlier) where
CosO denotes the power of the dielectric medium sandwiched between two conductors.
Conventionally, the phase angle 6 is denoted by 6 and referred to as the loss angle. tand = o/we is
called ‘tangent loss’ which is the dissipation factor of the dielectric material arises from the
relaxation mechanism because of the phase difference between the dipoles and the applied field,
electrical conduction and many other non-linear phenomena.®* The current density can also be

expressed in an alternative way as

J = jw (e + i) Egel®t
jow) ™

= joo (£ = j =) Egele"

= jo (&' (@) = je' (@) Ege/*

= jwe*(w)Ege/®* (1.14)
Hence, the tangent loss can be written as

£"(w)
&' (w)

tand = (1.15)

The complex admittance (Y*(®)) and modulus (M*(®)) are related with complex impedance and

permittivity by following relations

Y*(w) =Y'(w) +;Y (w)

= ——= joCe"(w) (1.16)

Z(w)

12
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1

M*(w) = M'(w) + jM (w) = o jwCoZ*(w) (1.17)

Thus,

tans = = =2 =¥ M7 (1.18)
& VA Y M

The imaginary component of complex permittivity is
¢ (w) = &'(w)tansd (1.19)
1.3.1. Dielectric property

The dielectric dispersion is an electrical property of material which is able to be polarized in
presence of external electric field. This intriguing property of matter can be interpreted with the
help of molecular theory in which a link between the macroscopic result and the microscopic
cause (like molecular/atomic dipole moment) can be obtained.®® In wide band gap
semiconductors the electrons are more tightly bound to positive core of the atoms than
conductors and thus are not able to move in absence of any sufficient external force. In this
situation, the positive and negative charge centers coincide with each other. But as the electric
field is applied externally, a slight displacement between the centers of opposite charges gives
rise to atomic dipoles and polarization happens. The ‘induce dipole moment per unit electric
field’ is called the ‘polarizability’ of the dielectric material. The total polarization in a material is

the contributions from the following four types of polarizations.
(i) Electronic Polarization:

Due to external electric field an electric strain is created within an atom. Hence, positive nucleus
and negative electron cloud gets attracted in opposite direction. As a result, the difference in two
opposite charge centers within an atom form a tiny dipole. The net dipole moment due to all

atoms contributes as electronic polarization.
(ii) lonic Polarization:

The ionic polarization typically can be seen in ionic molecules only where positive and negative

ions form ionic bonds. When the electric field is employed from outside, the separation between

13
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cation and anion increases, resulting in an increment in the total dipole moment. This increment

in dipole moment ultimately contributes in polarization.
(iii) Orientational Polarization:

When an external electric field is employed on a sample then the charge distribution of the
molecules gets affected and tiny dipoles are formed, called induced dipole moment. This dipole
moment effectively causes polarization. In polar molecules, the opposite charge centers do not
coincide with each other and thus form a permanent dipole moment. Due to thermal agitation net
dipole moment of these materials is zero but they get aligned as soon as an external electric field
is applied.

(iv) Space-charge or interfacial Polarization:

The space charge polarization is also alternatively known as interfacial polarization. In case of
heterogeneous material the free charge carriers move in accordance with the externally used
electric field and for this they accumulate in the interfacial region of two differently conducting
material. This accumulation of space charges gives rise to polarization effect. For the
polycrystalline substances, at the grain-grain boundary interfaces the charges can be accumulated
due to the presence of external electric field. Also, interfacial polarization could be noticed at the

electrode-dielectric interface.

At frequencies below ~ kHz, all the four polarizations are in phase with the applied AC field.
Thus the resultant dielectric constant in this region is high and no such losses are found. But, as
the frequency rises, more and more difficulties will be there to synchronize (especially the
interfacial and orientational polarizations) with the applied field i.e. the input AC field changes
its direction prior to the completion of the polarization. According to Koop’s phenomenological
theory, this momentary delay results a monotonic decay in the value of total polarization (or
indirectly dielectric constant) in the low frequency regime which ultimately at high frequency
zone settles down to a nearly constant value. Atomic and electronic polarizations are accountable
for the polarization mechanism in high frequency regime. This resultant out of phase component
of the polarization eventually manifested as thermal dissipation of energy or the ‘dielectric

loss’.%®
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The charge aggregation at the grain-grain boundary interfaces along with internal barrier layer
capacitance (IBLC) model promotes the validation of Maxwell-Wagner interfacial polarization
(MWIP).%5° According to Raevski the effective dielectric constant of a core (grain)-shell (grain-
zone is boundary) structure in low frequency

(A | tg
g =¢ggp (1 + tg_b) (1.20)
here, &gy, tg and tgy denote the dielectric permittivity of grain boundaries, thickness of grains and

thickness of grain boundaries respectively.”
1.3.2. Dielectric relaxation analysis

\Dielectric spectroscopy is a twin representation of complex impedance spectroscopy and these
two representations together recognize 4

the complete characteristics as well as
Interfacial

reason of polarization; like dielectric
relaxation (e.g. dipolar/orientational,

space charge) or other deformational

.. . Orientation
parts of ionic or electronic

polarizability for better understanding lonic

_ _ Electronic
of electrical properties of a non-

homogeneous material in microscopic

level. As previously discussed in kHz MHz IGHz THz 1600
THz

Fig. 1.5. Dependence of real and imaginary part of the

frequency, the polarizations cannot be relative dielectric permittivity on frequency due to
application of an alternating electric Field; Contributions

able to follow the instantaneous of different polarization in the total polarization are shown

polarity variation of the input field due to the inertia. Thus a phase lag creates between the input

section 1.3.1, with the increment in

field and the polarization. The resulting time lag is known as relaxation time, and the
phenomenon is known as dielectric relaxation. Different polarization mechanism has different
range of frequency upto which the polarization can act in phase with the externally applied
electric field, is shown in Figure 1.5. There are different theoretical models used to interpret the

relaxation mechanism of molecular dipoles. Among those models, the Debye theory of dipolar
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relaxation is the oldest one and is applicable for an ideal system where all the dipoles are non-
interacting and have a single relaxation frequency. According to Debye equation, the dielectric

permittivity can be written as

(@) = e+ = (oo + o)~ () = ¢ .2y
where, o is the angular frequency, Ae (= &s-ex) is the dielectric strength (the difference between
relaxed and unrelaxed permittivity) and 1 is the relaxation time. The relaxation time (t) is defined
as the time required by the oscillating dipoles to rearrange themselves in accordance to the
applied electric field. It can alternatively be stated as the restoration time to regain an equilibrium
condition following the removal of the external field. In real situation, dispersion in relaxation
times occurs due to the inter—dipole interactions or the interactions between dipoles and their
surroundings leads to an asymmetric broadening of the dielectric loss (tans vs f) peaks.”* To
account the difference in relaxation times shape-parameter 3 is added into the dielectric
relaxation equation. In our work, the frequency dependent dielectric spectra were analyzed using

Cole-Davidson theory. The modified equation can be written as

Ae

e (w) = &, + Tjon?

(1.22)

Where, B satisfies the condition 0 < § < 1. For B = 1, Debye equation is obtained. The Cole-

Davidson equation can be rewritten in the following form after substituting wt = tan¢ and

(1 +jwt) = (1 + w?12)el?.

A
e (w) = &g .

T B B
(ei#)f (Vitw?r?)

= £, + Ae(cosp)PeIF®
= £, + Ae(cosp)P(cosBp — jsinfe)
= [ew + Ae(cosp)Pcosfp] — j[Ae(cosp)fsinfe] (1.23)

e (1.24)
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Comparing equation 1.23 and 1.24 we can write the simplified forms of real and imaginary
components of dielectric permittivity as

' = e, + Ac(cosdp)Pcospe] (1.25)
e = Ae(cosp)Psinf (1.26)

The frequency dependent dielectric permittivity curves were fitted using equations 1.25 and 1.26
and the fitting parameters were found. In our work, the shape parameter (3 lies below 1, which is

an indication of non-Debye type relaxation followed by BSO.
1.3.3. Complex impedance analysis

Generally, insulating grain boundaries separate semiconducting/conducting grains in
polycrystalline materials. According to IBLC model along with Maxwell-Wagner effect and
Koop’s theory the polycrystalline materials are equivalent to the heterogeneous system having
different relaxation times and conductivities. Thus the core-shell structure of grain-grain
boundary can be represented by double layer dielectrics. Also, the electrode-ceramic interface
can be considered as  similar y il
inhomogeneous  system and  this

interface has a significant contribution . Srain boundy Eleatrde-crami

in total polarization. So, there are three contrbution Conmbjion \
parts in any MIM (Metal-Insulator- x

Metal)  capacitor  model  which /\

contribute in polarization; electrodes, l l l Z-
grains and grain boundaries. To

understand the contributions of each __ mEa
part distinctly, Cole-Cole plot is used. ‘%Q;—- -ﬁQQE—- ‘ﬁQf'>—

The real part of the complex impedance Fig. 1.6. Cole-Cole Plot and possible equivalent circuit
. ) . for a heterogeneous solid with multiple polarization
is represented in the X-axis and the .chanisms

imaginary component is plotted on the Y-axis in this graph. The scale of real and imaginary axis
of the plot should be same so that the actual shape of the curve is not disturbed because the shape

of the curve is very important to interpret the data qualitatively. Generally, three overlapping
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semicircular arcs can be found in Cole-Cole plot for polycrystalline material as shown in Figure
1.6. The low frequency, mid-frequency and high frequency arcs are correlated with electrode-
ceramic polarization, grain-boundary polarization and grain/ bulk polarization. In our study, one
single semicircular arc can be found as a joint effect of grain and grain-boundary. The
contribution of electrode polarization is negligible here. An equivalent circuit made up of a
series combination of two pairs of parallel R-Q (resistance, constant phase element) is used to
model this core-boundary system. These combinations generate a depressed semicircle in the

complex plane of Z" vs. Z". The true capacitance (C) can be evaluated using the relation

C=Ra0Qa (1.27)
where, a is the distributing factor which interprets the deviation from the value of ideal capacitor
arising from non-Debye type relaxation and asymmetric broadening in tand vs. f graph.
Basically, as the movement of free charge carriers gets restricted by a structural difference in the
grain core-grain boundary (GC-GB) interface regions, space charges begin to build up in
accordance with MWIP theory. The complex impedance can be written as

B a
Rgb+Rg{1+(]w) nggbRgb}
1+(jw) 9P QgpR gy +(jw)*9 Qg[Rgp+Rg {1+ (j@)*9P Qg Rgp ]

Z*(w) = (1.28)

here, the subscripts ‘g’ denotes grain and ‘gh’ means grain-boundary. This circuit gives rise to a
Nyquist (or Cole-Cole) plot consist of two semicircular arcs. In our work one depressed
semicircle consists of two overlapped semicircular arcs is obtained assenting the Cole-Davidson

model of dipolar relaxation.’?"?

The Cole-Cole plots can be fitted to the equivalent circuit using EC lab software to determine the
values of resistances and capacitances correspond to the grain and grain-boundary. The

corresponding relaxation times (t) can be calculated from the following relations
T4 = RyC, (1.29)
Tgb = Rgngb (130)

The grain and grain boundary conductivities can be evaluated using the equations written below.
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0, = — (131)

here, A and t are the area and thickness of the pellet respectively, Ri (= Rg or Rgp).
1.3.4. AC conductivity analysis

In general, the frequency dispersion of conductivity of solids is composed of a frequency
independent and strongly frequency dependent part. The complex conductivity with respect to
frequency is interrelated with complex dielectric permittivity as

0 (w) = jweye*(w) = o' (w) + jo (w) (1.32)
The real part of the conductivity is
o' (w) = wege = wege'tand (1.33)

The archetypal oac vs. f plot is shown in Figure 1.7 having three distinct regions. The low
frequency dispersion is created due to the electrode-ceramic interfacial polarization. At mid-
frequency range as the charges accumulate at the GC-GB interface region thus the conduction of
mobile charges decreases and a nearly independent value of conductivity is obtained. After a
certain frequency, if frequency is increased again then a significant enhancement in conductivity
can be noticed. The frequency dependent conductivity can be fitted using Jonscher’s power law
(JPL);

Ogc = Ogc + Aw™ (1.34)

where, o4, A and n are the dc conductivity

Dispersive

(frequency independent part) , the pre- __ region =~
3 | Electrode
H H H i 5~ | polarization
exponential factor (related with polarizability % bt

strength) and frequency exponent (0 < n < 1)

/

~ Plapeau
region

respectively. The dc conductivity arises due to the

drift velocity of mobile charge carriers and the

high frequency dispersion in conductivity arises log f
due to relaxation of bound charges. The value of Fig. 1.7. Typical frequency dependence of real

all the parameters does not only depend on the part of complex conductivity

19



Chapter 1

type of material but also on the applied field and temperature.’*" The exponent ‘n’ represents
the interaction of the charge carriers with their neighboring environment. According to Jonscher,
the frequency dependent conductivity arises from the relaxation phenomena due to the hoping
mechanism of the mobile charge carriers. The value of ‘n’ decides the type of hopping
mechanism is responsible for the electrical transport within a particular material, such as
correlated barrier hopping, variable range hopping, quantum tunneling etc. In oac VS. f plot, the
frequency in high frequency regime where the slope of the curve changes is known as hopping
or the crossover frequency wu. According to Almond-West relation’®

Oac = Odc [1 + (i)n] (1.35)

wH
1.3.5. Modulus spectroscopy analysis

Modulus spectroscopy is very useful and important way to analyze the electrical transport
phenomenon and the relaxation formalism of charge carriers. Macedo proposed that the modulus
formalism is almost free from the low frequency electrode-ceramic polarization and thus the
polarization mechanism of ceramic can be well understood from this.”*’” Analogous to the
mechanical modulus of any mechanical system, electric modulus in an electro-ceramic system is
defined as the measure of the relaxation of the charge carriers or the tendency to come back to
the original state after removing the external electric field. Complex modulus can be written as

the reciprocal of the permittivity.

L1 N0
M(a))—m—Mooll—j; e’ {T}dtl

g’ . g
- (£’2+£"2) tJ (£’2+£"2)

=M +jM (1.36)

The function ¢(t)=¢(0)exp(-t/z0)" denotes the change of electric field inside the dielectrics with
time and is called relaxation function. to and n are relaxation time (the time at which ¢(t) decays
to 1/e) and stretched exponent respectively. For a typical polycrystalline material, frequency
dispersion of real and imaginary parts of complex modulus is exhibited in Figure 1.8. The

variation of electrical stiffness is associated with the real component of the complex modulus
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(M") in lower frequency regime. M'shows minimum value which increases monotonically with

frequency and reaches to an asymptotic -

maximum M., (= 1/e) at high frequency

zone. 8% The low frequency small value

of M' arises due to the long range

M'

hopping of charge carriers as a result of
electrode polarization for the external
electric field. The distance travelled by

charge carriers become shorter as

frequency increases and ultimately they log f (Hz)

confined into the potential wells.** The Fig1.8 Frequency dispersion of real and imaginary
imaginary section of complex modulus COMPOnents of complex modulus

indicates the energy dissipated within the substance as an effect of applied electric field. A broad
peak with asymmetric nature can be noted in M " vs. f graph where the transition between large

ranges to short range carrier hopping takes place. The asymmetric non-Debye type broadening is

represented using Kohlrausch-William-Watts (KWW) function as,

M(f) = ma (1.37)
a-p+(25) p(m2)+ (7L)'|

The value of the stretched exponent B indicates the type of relaxation taking place within the
solid electrolyte. Typically, in case of insignificant dipole-dipole interaction the value of B is
taken as unity but in real case, where the inter-dipole interaction is significant enough the value
of B usually lies within 0 < B <1. The value of B is evaluated using the relation mentioned

below.
(1-p)=1.047[1— (W,)™'] (1.38)

here, Wh is the normalized width which can be derived from ratio of the FWHM of M" vs. f
graph and the Debye width (= 1.142 decade). The characteristic relaxation time is usually

estimated from the corresponding frequency of imaginary part of M*(w) as,
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1

(1.39)

T =
0 f max

For universal Debye response (UDR) the equation 1.37 reduced to the following form taking 8 =
1,

M'(f) = a M 7 (1.40)

N ()

1.3.5.1. Scaling of modulus spectra

The scaling of modulus spectra is necessary to understand 1.0F
t he relaxation mechanism within the material under any 0.8-
external parameter like dc bias, temperature etc. The X- = 06l
axis is scaled by (f/fmax) and the Y-axis scaled by (M"/ = 041/

Max)- A master curve was created in our work when all 027

: : : 0.0 Loy iy
the curves for various dc biases approximately overlap. 001 01 1 10 100 1000
This indicates the independence of the relaxation f/f

mechanism from DC bias. The modulus master curve for rig 19 Modulus master curve for

different dc bias voltages and the Debye

different dc bias voltage is shown in Figure 1.9.%2 o
curve for comparison

1.4. Basic theory of Cold-Cathode Emission

Low dimensional electron emission cathodes are very much useful in flat panel displays,
electron guns, vacuum microelectronic amplifiers, dynamic computerized topography (CT)
scanners etc. There are several methods to eject the electrons from the surface of a matter. For
understanding the basic mechanism of electron emission from metal surface, the fundamental
concept of work function and surface potential barrier must be known properly. The surface
potential barrier is created by a non-zero force worked on the charges residing at the surface of
the materials due to ion cores within it. The electrons of a material can be able to eject from the
surface only if they can occupy sufficiant kinetic energy to defeat the barrier. The work function
(¢) is the minimum energy required by the electrons of a material to eject from the solid surface
to a point in vacuum just outside it. For semiconductor specially, the energy requires emitting the

electrons into vacuum from the Fermi level is generally termed as ¢. The work function ¢ is
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measured in eV. External energy has to be employed to release electrons from a material's
surface. As the electron emission takes place from the surface of the material, this is a surface
property of a solid. There are different energy sources which can be employed externally to
overcome the potential barrier. Depending on the kind of the external energy, electron emission
can be mainly classified into four categories: (a) thermionic emission, (b) photo emission, (c)
secondary electron emission and (d) field emission.

(1) Thermionic emission:

The primary driving energy source to provide the necessary kinetic energy to cross the potential
barrier is ‘Therm’ means heat. The electrons emitted following this phenomenon are called
thermal electrons or thermions. Although the thermionic emission is used widely but there are
various disadvantages of the heating elements which encourage other emission mechanisms.
Some disadvantages are

The heating filament gets damaged after certain use,

High heat generated source is required

It takes warm up time

(ii) Photo emission:

When photon i.e. a beam of light having frequency equal or more than the threshold frequency is
incident upon the metal surface, the electrons gain sufficient Kinetic energy to emit from the
solid. This phenomenon is called The Photo emission or Photoelectron emission and the emitted
electrons are called photoelectrons. Also this emission is highly dependent on the intensity and
the frequency of light source.

(iii) Secondary electron emission:

In secondary electron emission process, the fast-moving highly energetic primary electrons
bombard onto a metal surface and transfer their energies to the free electrons of the metal so that
the secondary electrons can gain Kinetic energy more than the work function resulting in the
emission of secondary electrons.

(iv) Field emission:

Field emission is an electrical property of a material that can be demonstrated as electric field
induced electron emission on which our study is focused. Thus the phenomena of field emission

must be understood properly.
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Field emission (FE) is the electron extraction phenomenon from a metal or semiconductor by
applying a strong external electric field to vacuum. Usually, high positive voltage supply is
connected to a metal plate (anode) and the negative end of it is connected to the metal or

semiconductor under concerned (cathode). When the two electrodes are placed close to each

other the positive charges of anode attract Anode
the electrons of the cathode material B T E T T P e ey SN

. 5 e T e e e T s 8 T T o
whereas the negative voltage supply of Eeevons = T Eeectic

i P.g 0 +v@ field
cathode repels them. Due to the combined

o

effect if the electrons accumulate adequate
kinetic energy to beat the restrictive forces, Metal

electron emission happens.® The schematic Fig. 1.10. Schematic diagram of field emission
of field electron emission process is shown process from an emitter surface
in Figure 1.10. This particular emission process has various advantages over others, such as
taking lesser input energy, no warm up time, lesser sensitive to temperature variations etc.
Moreover, very high electron emission efficiency due to quantum tunneling compared to other
emission mechanisms has made this emission phenomenon very significant for device
applications. Because the emission happens at room temperature, the emission procedure may
also called as ‘cold field electron emission’ (CFE) and the emitted electrons are known as ‘cold’
electrons. Prior to talk over the working principle of field emission, to understand the
fundamental theory of Schottky effect/ emission is essential, because of its notable in the field
emission mechanism. In case of thermionic emission the electrons get emitted from the solid
leaving a positive hole into it. This arouses a self limiting condition because after certain time, no
more electrons can come out from the solid. Thus for practical application, an electric field is
applied along with the heat for continuous emission. The electric field not only helps to
neutralize the cathode but also it helps to collect the electrons by attractive force or in other
words, by reducing the barrier height. Hence, this emission process is also called field assisted
thermionic emission. At a distance ‘x” outside the conducting surface the electrons experience an
electrostatic force by considering that the conductor surface is uniform. The image force can be

expressed as®*:
eZ

= (1.41)

F, —
tmage 16meqx?
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And the potential energy associate with the force can be written as:

e?

Vimage (x)=-— (1.42)

l6megx
The potential energy will diminish for large x and within the conductor. In Schottky emission, a
constant potential is present which actually spreads over a very small distance of few angstroms.

So the potential energy of the electron is expressed as

Viotar = (Er + @) — - (1-43)

16megx
Where, Er is the Fermi level energy of the conductor/ semiconductor.
Now, the electrons escaped from the conducting surface experiences another force due to the

externally applied field of strength E. Thus the total potential acting on the electron is:

€2

Viotar = (Er + @) — —eEx (1-44)

The distance (Xmax) at which the potential energy becomes maximum is derived by differentiating

l6megx

the equation 1.44 and set it equal to zero.

1/,
Ymax = (1671'660E) (1.45)
And the effective work function is
Y
E 2
Gers =0 —e (1) (1.46)

Thus, the barrier height is reduced by a factor dependent of the strength of applied electric field.

The modified emission current density can be written as:

(p—e( eE )1/2
]modified = BT*? e€xp _% (1-47)

Equation (1.47) is called Schottky equation®.

The barrier height reduction is depicted in Figure 1.11(a). Thus, in Schottky emission, electrons
gain enough energy to jump over the barrier height and reach to the anode with the help of
thermal energy along with an external electric field. In case of high field application (E > 10’
V/cm) the electric field can sucks out the electrons from the cathode material. Due to high field
strength, the potential energy Vioa(X) outside cathode bend steeply and a narrow barrier is
formed. As a result, there is a finite probability for the electrons lie at Fermi level for tunnelling

through the barrier into vacuum despite crossing it. As tunneling phenomenon does not require
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heating the cathode, the field electron emission is often called as ‘cold cathode emission’. The

reduction of barrier height as

s 4+ E(eV)
aresult of the application of |
Tl Vacuum i Vacuum
electric field further promotes < ;
the tunneling process. In the | S | ™\
'/v’\;.\\\ _(.. ¢ 3. ’ A
year of 1897, an American e = PV V V\*
f \\ \
physicist R. W. Wood first / o —
[ \\ ek, —— d
reported this barrier " V(x) = -5 ek, _I\\\ —
deformation ~ phenomenon®® | x(A) NG XA

For better understanding, a Fig. 1.11. Potential bending because of the application of external

schematic diagram of cold electric field, (b) Schematic of field electron emission

electron emission is presented in Figure 1.11(b). If barrier width d is less than 10 A then only
the electrons close to Fermi level can be able to tunnel through the barrier. However, many
researchers proposed various theories towards the development of a formula considering the
tunneling of electrons lie below Fermi level along with those lie at Fermi level. Among all the
existing formulae, the most recognized one is which proposed by Fowler and Nordheim.8"-°

According to them, the emission current or the anode current (l.) can be written as

I, = CVkexp (— g) (1.48)

where, B and C are the structure of field emitter dependent constants. Different groups of
scientists take different values of constant K. Millikan and Lauritsen set K = 0 and the plot Inl vs
1/V becomes a straight line.®” Abbott and Hendersen had taken K=4 and it gave rise to the most
desirable straight-line form of the plot.%® However, the most accepted value of K is 2 as
suggested by Fowler and Nordheim. Fowler and Nordheim first proposed the quantum
mechanical tunnelling model for field electron emission from a metal surface in 1928. The
Fowler- Nordheim theory is based on the following assumptions:

(i) Metal has a free electron band structure

(ii) The emission takes place at absolute zero temperature

(iii) Electrons obey the Fermi-Dirac statistics

(iv) The emitter surface is assumed to be plane and uniform; irregularities of atomic dimensions

are neglected
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(v) Classical image potential is taken into consideration
(vi) The value of work-function is constant for the sample
Under this consideration the emission current density can be expressed as:

Ja =e [, nE;D(Ey, F)dE, (1.49)
where, e is the electronic charge, n is the electrons emitted per second with energy range in
between Ex and (Ex+dEx) incident on unit area of the barrier from inside. D is the tunneling

probability of electrons or barrier transparency and can be written as:

87t(2m)1/2 Ex3/2
D(Ey, F) = exp |- ———|=—V() (1.50)

The term V(y) is known as Nordheim function. After applying proper approximation the final
expression of Fowler-Nordheim (F-N) equation becomes

2 3/
I, = A‘;F ex (—b“’f 2) (1.51)

where, A is the area of emission. The values of Fowler-Nordheim constants are a = 1.54 X 10
A eVV?Zand b =6.83 X 10" eV¥2Vem™. Sommerfield and Bethe further worked to develop the
F-N equation including the effect of local electric field.®*The field enhancement factor (B), which
they introduced, denotes the augmentation of the local field relative to the macroscopic field

applied. Thus the emission current density Ja can be as

__ ap?E? b<p3/2
Ja = e (-222) (152

In equation 1.52, E is the external electric field and ¢ is the work function of the material. For

BaSnO3, ¢= 3.04 eV. The value of field enhancement factor (8) can be calculated from the slope
of In(J/E?) vs. 1/E plot. Various parameters such as morphology of emitter sample, conductivity,

work function etc. have a great role on the value of .

The increasing demand of field emission driven electron generators become high in recent days
for their applications in field emission displays (FEDs), X-ray tubes, electron guns, vacuum
micro and nanoelectronic devices, infrared imaging devices, microwave amplifiers etc.%2%7
Carbon derivatives (like CNTs) are already very famous for their excellent field emission
behavior at low operating field for their low tip radius curvature but they have own limitations
forbidding them to be used in practical field. For example, under high field CNTs often suffer

from morphological changes and also they become oxidized easily in presence of residue
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oxygen/ air in the vacuum chamber. Additionally, low electron affinity, good stability both
thermally and chemically along with visible light transparency are challenging to obtain in one
material to use it as highly efficient cold cathode in transparent electronics. The emission current
density and the field enhancement factor highly dependent on several parameters like the aspect
ratio of the nano emitters, inter-electrode distance, density of the sample, geometry of the
nanostructure etc.®®° The cold emission application is one of the unexplored applications for
BSO so far.

1.5. Basic theory on the improvement of electrical properties of

perovskite ceramic/polymer composite

1.5.1. Why to form?

Materials possessing superior dielectric permittivity with low loss are extensively studied
because of their huge utilization in the field of sensor, energy storage devices, gate dielectrics
etc.19%1% In general, perovskite ceramic materials show good dielectric permittivity along with
low loss but they are fragile and also have lower breakdown strength. In contrast, polymers are
flexible, durable, having simple preparation techniques and have higher breakdown voltage. But
maximum polymer shows small value of dielectric permittivity. Hence effort should be made to
prepare such perovskite ceramic/polymer composite with best properties of the components. So,
the perovskite ceramic/polymer composite having high valued dielectric permittivity, minimum
dissipation factor, superior flexibility, better durability and large breakdown strength are main
requirements for the miniaturization of electronic devices. Polyvinylidene fluride (PVDF) is
popular for such composite formation as it has higher dielectric permittivity than other polymers
and the optical transparency of PVDF film is relevant for transparent electronics. Among the five
phases of PVDF the most electroactive crystalline phase is the B phase. Another aim to prepare
the perovskite ceramic/PVDF composite is to convert the non-polar o phase of PVDF
intoelectroactive 3 phase which is polar in nature. The surface charges of perovskite helps in
self-poling process of PVDF and to orient the dipoles into ordered direction (TTTT
configuration). This ordered form of PVDF phase is called the electroactive phase of PVDF and
exhibits piezoelectric properties. Thus, the quantity of [ phase (or in another term the

piezoelectric performance) of PVDF into the composite system depends on the content of
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perovskite into it. Although the surface charges play the key role for this behavior but the
individual dielectric permittivity of the perovskite is also a prime matter for consideration. The
dielectric permittivity of the perovskite should be higher than that of bare PVDF but not so high
that the dielectric properties become incompatible between the two components of the hybrid
system.1% To understand the output results of the hybrid system under mechanical stress, the
relation between the dielectric permittivity of the nano-composite system and the piezoelectric
behavior of it also should be studied.

1.5.2. Relation between dielectric permittivity and the piezoelectric

coefficients

The term ‘piezoelectricity’ roughly indicates to ‘pressure electricity” which means the generation
of electricity due to mechanical stress or pressure. In the piezoelectric materials, the positive and
negative charge centers get separated maintaining their original crystal structure under the
external mechanical stress/strain and get polarized. The reversibility of the effect is what makes
piezoelectricity so beautiful. In this effect, the amount of mechanical strain exerted determines
how much electric polarisation is produced. Thus for the piezoelectric materials the dielectric

permittivity is an crucial parameter.

To explain the fundamental theory of piezoelectricity, most of the materials are assumed to show
linear relations among different parameters. The Maxwell’s 4" equation in electromagnetism is
used to understand the connection between polarization and mechanical stress. The equation is
actually Ampere’s circuital law with Maxwell’s correction'®

VxB=p(ff+ea5) (1.53)
Where, E and B are the electric and magnetic field respectively, pr and E denote the free

electrical charge and current density respectively.

The second term in RHS of the equation 1.53 is called the displacement current which arises for

time varying electric field.

The displacement vector (ﬁ) is connected to the polarization vector (ﬁ) by the relation written

below.
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D=¢,E+P (1.54)

In the year of 2006, professor Z. L. Wang introduced another extra term 5; into the equation

1.54. P, is the polarization arises because of the “+’ve and ‘—*ve charge center separation into the
unit cells due to mechanical stress. As a result, the material experiences polarization due to the

electric field development. Thus, the equation 1.54 for piezoelectric material becomes,

—

D=¢E+P+P, (1.55)

If a mechanical stress Ac 1s applied on the film having surface area A, the total surface charge

(Q) generated in the film is
Q = dssdho (1.56)

here, ds3 is the piezoelectric charge coefficient in 33 mode and it is related to the dielectric
permittivity of the film as'®’

d33 = k334 (S33€33) (1.57)

Where, ka3 is the electromechanical coupling factor, Ss3 is the mechanical strain and €33 is the

dielectric permittivity at constant stress.
In open circuit condition, we can write
Q=cCv (1.58)

here, C is the capacitance of the MIM capacitor film and V is the voltage. Now combining

equation 1.56 and 1.58 it can be written that,

_ d33AAO' _ d33AAO _ d33A0't _

c — @ -, —Ysdho (1.59)

t

|4

Here, t is the thickness of the film and gss is the piezoelectric voltage coefficient. Thus the

piezoelectric coefficients have a major dependency on the dielectric permittivity of the film.

Encouraged by the impressive electrical polarization properties of BSO we thought to extend our
research to enhance the structural as well as the electrical properties of BSO/PVDF

nanocomposite films.
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1.6. Aims and Objectives

Barium Stannate (BaSnO3) is very useful and important perovskite oxide under alkaline earth

stannate group having intriguing electrical, optical, physical and chemical properties. Although

there are several fields like capacitor, gas sensor, dye-sensitized solar cells etc. in which the

material has already showed impressive performance, many more are there to improve and also

to explore.

After a through literature survey, the aim and objective of this thesis was decided and listed

below.

BaSnOs is typically investigated for its tunable electrical properties for ceramic capacitor
application. However, the porous nature of the ceramic material is the main blockage for
good capacitive application. Also, the generation of larger grain and smaller grain boundary
boosts the polarization phenomenon of the ceramic material. Hence, the aim is to develop
highly dense BaSnOs ceramics with comparatively larger grain and smaller grain boundaries,
study the transport properties (like conductivity, permittivity, loss etc.) and to understand the
underlying mechanism of controlling different electrical parameters by varying the grain size

and density of the ceramic for energy storage purpose.

To enhance the tunability of electrical properties of BaSnO3z at room temperature with
suitable cation doping, like transition metal ions. The generation of ordered path due to
application of external DC bias enhances the permittivity as well as the conductivity of the
perovskite. The motive is to explain the formation of double Schottky barrier at the grain-
grain boundary interface due to DC bias application and its effect on the overall polarization.
Another aim is to understand the relaxation formalism obeyed by the pure and doped system

from the frequency dispersion dielectric permittivity and complex modulus spectra.

High cost of lanthanum in lanthanum based perovskite oxides and toxicity of lead in lead
based perovskite halides generate a thrust to explore some other perovskite material as field
electron emitter. Also, the miniaturization of electronic devices urges nano/micro emitter

with significant performance. Hence, the aim is to prepare a nano-BaSnOs based electron
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emitter system with lower work function and better stability, and to explain the role of grain

size behind the enhanced electron tunneling from the modified system.

e Purpose-built synthesis of BaSnOz nanorods to enhance the electroactive phase of
perovskite/polymer. The easy achievement of percolation threshold by high aspect ratio
nanorods improves the electrical conductivity of the composite. The high permittivity
BaSnOs nanorods increase the interfacial polarization between the polymer and perovskite
which in turn enhances the piezoelectric coefficient of the composite system. Also, the
surface energy gets reduced due to high aspect ratio of BaSnOs which prevents
agglomeration in hybrid films and boosts overall performance of the composite devices.

1.7. Outline of the thesis

+ Chapter 1: Introduction

The thesis contains overall eight chapters. The first chapter named as chapter 1 bears brief the
introduction to perovskite structure, its discovery and classification. Some basic ideas on the
crystal structure, electronic structure and various intriguing properties of BaSnO3 are mentioned.
The fundamental theory on measurements of electrical properties via Complex Impedance
Spectroscopy (CIS) using AC technique and the analysis method for different parameters are
elaborately discussed. The basic theory of electron emission along with a thorough discussion on
cold cathode emission or field electron emission is also delivered. Furthermore, the aim and

objectives of the thesis are sum up and each chapter is briefly stated in an outline.
+ Chapter 2: Literature survey

With a literature survey of past work on various synthesis protocols and some traditional
application aspects, a review on some of the areas to be explored areas for BaSnOs3 is also

addressed in chapter 2.
+ Chapter 3: Instruments and apparatus

Chapter 3 contains general description of the major synthesis apparatus, characterization tools

and working principle of the instruments used for application.
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+ Chapter 4: work 1

Chapter 4 illustrates the effect of calcination temperature on the structural properties of BaSnOs
which further alter the electrical properties of the same. This chapter is based on the publication
of the ECS Journal of solid state Science and Technology 10 (2021) 071018.

+ Chapter 5: Work 2

Chapter 5 targets to prepare vanadium doped BaSnO3z nanocubes that can show better tuning in
electrical properties under external DC voltage at room temperature. This work is based on the
publication of the Materials Research Express 6 (10) (2019) 105029.

+ Chapter 6: Work 3

Chapter 6 explores simulation based study of the field electron emission (cold cathode)
properties of vanadium doped BaSnO3s nanocubes and validates the result experimentally also.
This chapter is based on the publication of the Applied Surface Science 530, 2020, 147102.

+ Chapter 7: Work 4

Chapter 7 focuses on the fabrication of BaSnOs/PVDF nanocomposite films to enhance the
electrical properties of the hybrid films. With increasing perovskite content in the hybrid films,
the electroactive phase of the nanocomposite films increases. High aspect ratio of the nanorod
BaSnO3z is responsible for the enhancement in polarization, less agglomeration and overall

performance of the hybrid films. This work is ready for communication.
# Chapter 8: Conclusion and future outlook

Ultimately, this chapter narrates the grand conclusions of this thesis containing the sum up of the

main achievements and also discusses some plausible future aspects.
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The hazardous properties of lead (Pb) has attracted considerable attention towards the
development of tin (Sn) based perovskites. Due to this, the alkaline-earth stannates gain more
importance in the research area of Perovskites. Being an emerging semiconductor, barium
stannate (BSO) has grabbed a great interest among the scientists and researchers for the
unique combination of electrical, optical and thermal properties. BSO is a wide band gap
semiconductor having an indirect band gap of ~3.1 eV shows efficient luminescence
properties.! Whereas, the incorporation of sufficient oxygen vacancy in the interstitial sites
promotes BSO to become an promising gas sensor material.> Moreover, the high dielectric
constant along with good thermal stability makes the perovskite a potential candidate as
ceramic capacitor in transparent electronics.®* The intriguing properties of BSO highly
depends on the particle size and synthesis strategies followed. In this review chapter, detail
discussion will be summarized on the popular synthesis methods along with current and

plausible applications of barium stannate.

2.1. Previous reports on synthesis of BaSnOs

2.1.1. Solid-State reaction (SSR) method

SSR or ceramic route is very popular to prepare ceramic materials with high thermodynamic
stability. Two or more solids were mixed together via ball milling or agate mortar followed
by heating at high temperature (generally, > 1000 °C) to produce a new solid material. This
synthesis procedure solely depends upon the diffusion rates of the cations of reactants. To
initiate the reaction, atleast one precursor material has to be diffused into another. There are
generally a number of annealing steps followed by grinding of the intermediate products were
carried out to complete the reaction. The multiple grinding processes help to expose the non-
active surface of the reagents to one another and therby increasing the reaction rate. Extra

grinding makes the solid mixture more active in heating treatment.>’

For the preparation of fine barium stannate powder the most popular and widely used route is
the SSR method. In general, high purity barium carbonate (BaCO3) and stannic oxide (SnO3)
are used as starting materials to prevent any presence of impurity phases. In a typical
synthesis process, the precursor materials are mixed together with the help of a mortar pestle
by keeping the stoichiometric ratio of the compositional elements. Some volatile liquids like
ethanol, acetone, methanol etc. are used to mix the solid materials well.3-*° These liquids ease

homogenization process to the mixture. After grinding, the volatile liquid is allowed to
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evaporate completely from the solid mixture before heating. Although the principle of this
synthesis method is to anneal the precursor materials, researchers followed different steps of

annealing for different spans of time. The equation followed in this process is

BaCO; + Sn0O, - BaSn0;+ CO, 1

Upadhyay and co-workers used ball mill in acetone media for better grinding followed by
calcination at 1200 °C for 6 h.!! To get maximum density the pellets prepared from the
synthesized powder sample was pressed with a load of 50 kN. Then the prepared pellets were
grind and pelletized again to increase homogeneity of the sample. Ultimately the pellets were
employed to 1250 °C for 6 h for sintering. The reported values of the porosity and dimension
of the cubic grains were 20% and 2-4 um respectively. The same group reported that the
sintering process has a signature effect on density and homogeneity of the prepared sample.*?
They sintered the pellets at 1250 °C and 1377 °C for 12 h. The cooling rate was maintained at
5 °C/ min using a programmable temperature controller. The values of porosity of the
samples were 23% and 21% respectively, which indicates that high sintering temperature
results high density or low porosity. The grain size lied in between 2-4 um. The FESEM
image of the samples prepared by the group is shown in Figure 2.1(a, b)..***? Singh et al.
followed the same solid state reaction method in which they obtained pure barium stannate
after calcining the powder mix of the reagents at 1250 °C for a span of 12 h followed by a
sintering 1350 °C for same time.'® The sizes of the agglomerated microstructures were in
between 1 and 3 pm. The FESEM image of the microcuboids is presented in Figure 2.1(c)."
In 2013, Upadhyay followed two steps of sintering to increase homogeneity of the sample.**
He annealed the powder precursor mixture at 1000 °C for 8 h followed by pelletization under
a pressure of 5 ton. Two stage sintering process was done for the pellets; firstly at 1250 °C for
12 h and then re-sintered at 1300 °C for 12h. The average crystallizes size and the density of
the sample was 80 nm and 5.97 g/cm® respectively. Homogeneous distribution of pores was
observed from the SEM images. In 2016, Huang and team thoroughly analyzed the effect of
calcination temperature on the phase formation of BaSnOs*® The temperature was varied
from 600 °C to 1200 °C for 4 h. Although the formation of barium stannate was started at 700
°C, to get phase pure sample the sintering temperature raised to 1200 °C. The SEM image and
EDX mapping are shown in Figure 2.1(e-h). The formation of pure barium stannate from the

powder mixture of BaCOs and SnO is presented in Figure 2.2.1°
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O map

Fig. 2.1. FESEM images of barium stannate prepared using solid state ceramic route by (a)

Upadhyay et al., (b) Upadhyay et al.??, (c) Singh et al.'®, (d) John et al.'’, (e-h) SEM

micrograph and EDX mapping reported by Huang et al*®
Islam and his group reported the formation of polygonal structure containing rectangular
sheets (width ~ 170 nm) along with nanodiscs (50-100 nm). 1® The effect of multiple grinding
followed by annealing was the key to obtain this kind of morphology for the stannate. The
average crystallite size of pure BaSnOs was 66 nm. John and co-workers studied the optical
and magnetic behaviour of nickel doped barium stannate in which they annealed the
precursor materials at a temperature of 1250 °C for a span of 12 hrs following the process of
several intermediate grinding to get single phase barium stannate powder.}” The mean value
of crystallite size and the density of pure barium stannate were 49 nm and 7.237 g/cm?®
respectively. The morphology of the sample changes from nanocuboids to nanorod after

doping. The FESEM images of pristine and doped sample were shown in Figure 2.1(d).

Diffusion

\ of )
 BaSnO,
Baions

Fig. 2.2. Formation mechanism of BaSnOs from powder mixture of BaCOs;and
SnO; using solid-state reaction method®®

>660°C >820°C
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2.1.2. Sol-Gel method

The sol-gel process is a enormously followed chemical synthesis procedure to prepare
multicomponent oxide materials in which molecular precursors are allowed to dissolve into
water or alcohol to make a sol and stirred constantly to form an amorphous gel under heating.
The gel is then dried to form powder followed by calcination to get the desired product. The
best features of this method are high purity and outstanding control over stoichiometry of the

sample.181°

Azad et al. employed sol-gel method for the synthesis of barium stannate using barium
ethoxide and tin ethoxide as the precursor materials.?® Appropriate amounts of metal
ethoxides were dissolved into absolute ethanol and the solution was subjected to a magnetic
stirrer at 70 °C until it turned into a transparent gel. The gel was then dried at 110 °C
overnight. The gel powder formed from the mixture solution of the metal ethoxides was
converted into pellets which were sintered at different temperature for different time. The
microstructure variation is shown in Figure 2.3(a-f). The pellets sintered at 1500 °C for a
time of 2 h exhibited high density compared to the stannate synthesized via solid state or self
sustain route. Cerda reported a low temperature aqueous sol-gel synthesis route in which
aqueous solution of Ba(OH)2 and K>SnOs-3H20 was magnetically stirred with high speed at
80°C keeping the pH of the mixed solution strictly at 11 until a white coloured xerogel was
formed.?! The xerogel was then fired separately at 1000 °C and 1400 °C for a period of 8 h. It
was found from Raman spectra that there was trace of BaCOz present in the sample heated at
1000 °C but the peak was disappeared for the same sample heated at 1400 °C. The mean size
of the quasispherical nanoparticles prepared using this method was 200 nm.?! Later on,
Kumar used Na2Sn0O3-3H20 instead of K2SnO3-3H20 as sodium reacts faster with water than
potassium and hence the formation of NaOH fastens the reaction rate.?? After annealing at
1400 °C for 4 h pure barium stannate powder was formed. The possible reaction steps for the

above two synthesis processes can be written as follows
Ba(OH), - 8H,0 + H,0 — Ba?** + 2[0H]"

Na,Sn0s/ K,Sn05 + 3H,0 — 2Na*/ 2K* + [Sn(OH)¢]*
[Sn(OH)¢]*~ + Ba** — BaSn(OH)g

2Na*/2K* + 20H - 2NaOH/ 2KOH
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BaSn(OH)¢ = BaSn0; + 3H,0

Cube like morphology was obtained with a size variation in the range between 10-40 nm. In
2020, following sol gel Pechini mechanism with some modification Yakout et al. prepared
polyhedron particle with an average dimension of 1.98 um.?® Before stating the actual
synthesis, ethylene glycol and and citric acid (1 M) were mixed together maintaining the
volumetric ratio at 4:1. Then stoichiometric amount of tin (1) chloride and barium nitrate
were dissolved separately into ethanol which were poured into the mixed solution of C,HgO
and C¢HgO-, under rigorous stirring. The temperature was kept at 80 °C to form a
homogeneous sol which was further stirred at continuously at 135 °C until converts to a
brown resin. The resin was autocombusted at 350 °C and grey coloured powder was obtained
which was then calcined at 1150 °C for a span of 5 h to get phase pure BaSnOs. The FESEM
image and EDX spectrum of the sample is shown in Figure 2.3(g, h). In 2021, phase pure
BaSnOz with a very high density by employing comparatively low temperature was achieved
by Wang et al.?* They have prepared two different solutions. At first, SnC,04 was dissolved
in aqueous solution of H202 under constant stirring. The temperature of the solution was
mentioned at 80 °C for half an hour. The solution was then vigorously stirred while being
added a stoichiometric amount of citric acid. Also, the pH was mentioned at 7 by adding the
proper amount of ammonium hydroxide into it. The citric acid solution containing barium
acetate was then poured slowly to the SnC>04 final solution at 80 °C to form the required gel
which was heated at 120 °C to form the precursor powder. Finally, the desired stannate in

powder form was obtained after calcination at 900 °C for 3 h.

Fig. 2.3. (a-f) the microstructure variation of the ethoxide gel soaked at different temperature for
different time by Azad et al.?°, (g) FESEM image and (h) EDX spectrum for barium stannate
prepared via sol-gel Pechini mechanism by Yakout et al?®
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2.1.3. Solution Combustion Synthesis (SCS)

Solution combustion synthesis (SCS) is generally adopted to prepare the metal oxide
nanomaterials with desired morphology.?® The method is energy efficient, versatile, simple
and fast, in which self sustained exothermic reactions occur either in homogeneous aqueous
or sol-gel medium containing different oxidants and fuels. This self sustained thermal process
produces a huge amount of gaseous products which in turn helps to prepare porous and finely
dispersed product. The steps of SCS methods are almost same as sol-gel method but in
general, auto combustion happens in the time of gel formation for SCS which produces ash
like products. Finally, the ash is calcined to get the desired final product.?®%’

In 2007, Wang and team reported a combustion method to prepare the stannate
nanocrystals.?® In 2011, a modified combustion method was addressed to prepare BaSnOs
nanoparticles.?® Aqueous solution of Ba(NOs), and SnCls-5H,0 was prepared using double
distilled water. Citric acid was introduced to the solution maintaining cation to citric acid
ratio 1:1. HNOs was added to the precursor solution under a good stirring to form a
transparent solution without any precipitation or sedimentation. The pH was neutralised using
liguor ammonia solution and heated at 250 °C until pale yellow powder was formed because
of self propagating combustion process. The as prepared sample contained trace of BaCOs
which was eliminated by heating the sample at 1200 °C. Cuboidal shaped agglomerated
nanoparticles with a size variation from 20-30 nm were found from TEM images. In 2018,
Kumar and co-workers followed another citrate-nitrate route for combustion method.
Appropriate amount of SnO> was dissolved into dilute nitric acid at a temperature of 100°C to
form of tin (Il) nitrate. An aqueous solution of C¢HgO, was poured into the mixture of
aqueous solution of two metal nitrates. For controlled combustion the ratio of C/N was kept
at ~0.3. The precursor solution was heated at 200 °C under rigorous stirring to form a gel
which was foamed and finally burnt on its own and turned into ash. The ash was finally
heated at 1000 °C for 8 h. Nearly round shaped features were found from the FESEM images

with an average size of 4.9 pm.*
2.1.4. Hydro/ Solvothermal method

Hydrothermal/solvothermal method is a well-established method for the preparation of
BaSnOs. The aqueous or organic solvent solution of starting material is generally poured into

one teflon lined autoclave in which the solution is heated above the boiling point under a
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higher pressure than the ambient pressure. Various types of morphology can be obtained
depending upon the synthesis parameters.31-32

Although Kutty and co-workers synthesized fine barium stannate powder at comparatively
low temperature (260 °C) but the micrometer sized particles were not suitable for sensing
devices.® Later, Lu and Schmidt modified the hydrothermal process followed earlier by
Kutty and his team.®* SnO-xH.0 gel was suspended in barium hydroxide solution with the
help of argon gas. The suspension then was poured in a teflon-lined autoclave for heating
treatment with temperature varied from 130 °C to 350 °C. The as prepared powder contained
traces of barium hydroxide within it. To obtain pure phase the as prepared powder was
calcined at 260°C.>* Despite the fact that the agglomeration was found to be decreased but the
particle size was still in the micrometer range. To eliminate the presence of hydroxide phase a
new surfactant dependent hydrothermal method was introduced by Habeeba and co-workers
in 2019.% Aqueous solution of Na,SnOs was transferred into the aqueous solution of
((CH3COO).Ba) drop by drop until the pH of the mixed solution reaches 12. The final
solution was then shifted into a teflon coated autoclave and heated at 180°C for 6h followed
by calcination at 1000°C for 2h. The involvement of high temperature and the presence of
alkaline medium reduced the chance of impurity to be present in the final product. Broken
nanosticks with smooth surfaces were formed. The size of the elongated cubes lied within 1-
2.5 um.® The FESEM, TEM images and EDX spectrum of the sample is presented in Figure
2.4(a-c).

T T
5 10
ull Scale 1832 cts Cursor. 0.000
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ull Scale 2050 cts Cursor: 0.000

Fig. 2.4. (a-c) FESEM, TEM images and EDX spectrum of BaSnOs elongated cubes prepared by
Habeeba et al.®, (d-f) FESEM, TEM images and EDX spectrum of BaSnO3 nano-micro rods
prepared by Purushothamreddy et al®
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In next year, another group took the similar hydrothermal synthesis method in which they
used chlorides of metals (BaCl>-2H>.O and SnCls-5H20) and aqueous solution of sodium
hydroxide (NaOH) to make the precursor solution alkaline.® Rod like morphology was found
from TEM images with diameter between 50-90 nm and length between 200-460 nm. The
FESEM and TEM images with EDX spectra of the sample are presented in Figure 2.4d-f).

2.1.5. Co-precipitation method

For controlling physical and chemical properties of the solid samples researchers often prefer
wet chemical synthesis path.®” The presence of base into the solution helps to precipitate the
metals in the form of metal hydroxide from the salt reagents. Well dispersed products are
prepared due to the controlled release of both types of ions which helps for the nucleation and
growth of the product.®® The precipitate is washed, collected and sometimes heated to get the

desired phase pure powder sample.

In 2015, liquid phase synthesis method was reported.3 In controlled precipitation method, tin
(11) chloride and barium acetate were dissolved in HNO3z separately and stirred constantly at
50 °C. After cooling down at room temperature, ammonium hydroxide was added to both the
precursor solutions and aged for 24 h before mixing. By vacuum filtration the precipitate was
collected and dried at 80°C. The dried powder was further washed with hydrochloric acid to
wash out remaining barium carbonate. Heat treatment at different temperature showed that at
500 °C SnO was transformed to SnO. At 800 °C the presence of single peak of BaSnOs
denotes the product formation was started at that temperature. The peak at 1422 cm™ in FTIR
spectra present for the samples heated below 1250 °C indicates the existence of BaCO3 as an
impurity. After a heat treatment at 1250°C for 2h finally pure BaSnO3 powder was obtained.
The XRD and FTIR spectra of the products calcined at different temperature along with the
SEM images for the final pure product calcined at 1250 °C are presented in Figure 2.5(a-c).
Rajamanickam and co-workers proposed a new modified oxalate co-precipitation method to
synthesize barium stannate nanostructure.*® Under stirring, appropriate amount of BaCl, and
SnCls were allowed to dissolve in distilled water separately and mixed together to form stock
solution. Aqueous solution of oxalic acid was shifted to the stock solution under continual
stirring for 3h to get precipitation. The precipitate was collected and washed with deionized
water followed by calcination (900°C for 3h). Agglomerated cuboids like structure with a
dimension of 139-458 nm was found from FESEM study. Using chloride salts of barium and

tin, Kurre and his team tried to synthesize the desired stannate material.** The starting
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materials were taken in similar proportion and mixed into distilled water under vigorous
stirring. Certain amount of sodium hydroxide was added to the mixture suspension to make
the medium basic. The precipitate was collected, washed and dried. Finally to get crystalline
barium stannate powder the prepared powder was heated at 800 °C. Agglomerated particles
with size ~2 um were found in FESEM image.*!
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Fig. 2.5. (a) XRD, (b) FTIR spectra of different temperature calcined and (c) FESEM image of the
final product reported by Mufioz et al.*, (d-h) TEM images of BaSnOs with prepared with different

dextron concentration and (i) elemental mapping of 6% dextron used BaSnOs; sample reported by
Roy et al*®

In 2018, a new colloidal method was introduced by Shin and associated researchers in which
10 mmol BaCl,-2H20, 10 mmol SnCls-5H20 and 5 mmol citric acid (CeHgO7) were dissolved
in H,02 while stirring.*? The aging temperature and time was varied from room temperature
to 90 °C and from O min to 60 min. The concentration of H20, was also varied from 0-30%.
The precipitate was cleaned with D.I. and ethanol to eliminate any impurity and then dried.
The resultant powder was calcined at various temperatures. It was found that the powder
sample prepared at room temperature was amorphous whether the other samples (prepared in
higher temperature) shows major XRD peak of crystalline BaSnOz. The optimum synthesis
temperature, concentration of H2O», stirring time and calcination temperature to get pure
crystalline stannate were 50 °C, 30%, 1h and 200 °C respectively. The average size of the
nanoparticles was 18.6 (+1.36) nm which was found to be righteous for film deposition. The
incorporation of dextron enabled the morphology of the prepared sample to change from

nanoparticle to micro-nanorod having a diameter and length of 30-70 nm and >1 um
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respectively.** The TEM images of the synthesized materials with various concentration of
dextron are shown in Figure 2.5 (d-h) and the EDX mapping for 6% dextron is shown in
Figure 2.5 (i). In 2020, Sharma and Chhoker reported a low temperature method to
synthesize barium stannate microrods. Under constant stirring, NaOH was added to aqueous
solution of BaCl.-2H,0 at 75 °C to make the pH of the mixture above 9.* Aqueous solution
of SnCls-5H20 was poured to the mixture solution and precipitates formed. Then the solution
was heated at 95 °C for a period of 1 h and then allowed to dry at 400 °C in an oven. The as-
synthesized powder was then calcined at 1100 °C for 4 h in furnace to form crystalline
BaSnOz. Plausible reactions can be written as

BaCl, - 2H,0 + SnCl, - 5H,0 + NaOH — BaSn(OH), | + NaCl + 7H,0

A
BaSn(OH)s —» BaSn0O; + H,0
2.1.6. Film deposition

The impact of lattice-strain on the physical characteristics of thin films as a result of the
differences in the lattice parameters of the base material and the coated samples has always
been a fascinating area of research. Several techniques were adopted by researchers to deposit
films of BaSnOs, such as pulse laser deposition (PLD), molecular beam epitaxy (MBE), radio
frequency (RF) sputtering etc. In 2012, Balamurugan et al. reported growth of BSO thin films
on Silicon substrate (exhibiting n-character) using PLD method.”® To achieve high quality
films, substrate temperature and pressure were optimized. They found that the films were
either polycrystalline or preferred to grow in (2 0 0) direction. Wang reported that the La and
Sb doped BSO films fabricated on SrTiOs substrate using laser ablation technique exhibits a
carrier concentration 2x10% cm™ and a mobility of 0.69 cm?/Vs.*® For the improvement in
the conductivity and the electronic structure of the films James and his team prepared BSO
films with lanthanum doping deposited on inexpensive substrate fused silica using laser
ablation. They reported a conductivity (~9 Scm™) for 7% doping.*® There are many reports in
literature to improve the structural properties and electrical conductivity of pure and modified
BSO thin films prepared following PLD method.*”*° Although, La doped BSO in form of
single crystals showed a mobility ~300 cm? V1 s at 27 °C reported by Luo and co-
researchers, high quality films with low defects were still to be investigated.>® In 2015,
Raghavan et al. reported high mobility films of BSO using MBE method.>? They found a

room temperature mobility of 150 cm? V! s? for the films prepared on PrScOs substrate.
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Another improvement in the mobility was reported by Paik and team in 2018.% Films of La
doped BSO was grown on (0 0 1) DyScO3 substrate showed a room temperature mobility of
183 cm?Vlst at and as the temperature went down the mobility acquired a value of 400
cm?Vis?t at 10 K. A RF sputtered La doped BSO thin film grown on
(LaAlO3)03(SrAlsTaps03)o7 (001) substrates exhibited an effective mass 0.39mq for
electrons.> They also reported that Fowler-Nordheim tunneling was prime reason for the
conduction. In 2020, Wang and Luo empirically showed that substitution of nitrogen in the
anionic site could lead to the p-type conductivity of radio-frequency sputtered BSO thin
films.> The room temperature mobility was 0.86 cm? V! s and the carrier concentration was
4.15x10% cm3, which were significantly higher than other previous results for p-type BSO.
In recent years, a few inexpensive and simple techniques for film deposition were reported
but the quality of the films utilizing these simpler techniques is not up to the mark as the
complicated techniques mentioned above. In 2019, Zhang and team took the idea of colloidal
synthesis of BSO nanoparticles from Shin and using spin coating fabricated films on FTO
substrates.*>%® The presence of nanopores in the films helps to enhance the surface area
which is very important for any absorbance related phenomenon. In 2022, thin films of BSO
were grown on glass substrate via simple hydrothermal route by Muraleedharan and Ashok.®’
High conductivity (carrier concentration: 9.83 x 10'® cm?) along with >82% visible light

transparency was reported.
2.2. Stability issues

Although there are different synthesis procedures for the preparation of barium stannate
powder sample but many of them have drawback of impurity related issues especially those
with a low synthesis temperature. Barium reacts easily with moisture to form Ba(OH)2 which
being a corrosive material further interacts with the CO> in air to be sedimented as BaCOa.
This impurity in the form of BaCOs is very difficult to get rid of.¥%° There are ways to
remove BaCOz as to anneal the sample at a high temperature and to wash off the sample with
acetic acid in which BaCOs got dissolved easily but not BaSn03.21:%° Both the ways have their
own limitations. Using high temperature to remove impurities after the full synthesis
procedure done at low temperature can hamper the particle size achieved at low temperature.

Acid wash can also affect the quality of the sample like the particle size, shape and structure.
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2.3. BaSnOs: previous reports on applications

2.3.1. Ceramic Capacitors

Barium Stannate has been utilized as a promising thermally stable ceramic capacitor for
decades due to its high dielectric constant and thermal stability (> 1000 °C).* As the
capacitance is proportionally related to the dielectric permittivity, thus the material with large
dielectric permittivity proves to be a good candidate for capacitive application in
microelectronics. Another important factor for being an effective capacitor material is ‘low
dielectric loss’.%! Dielectric properties of a material like dielectric permittivity, tangent loss,
ac conductivity generally depends on various parameters like frequency, temperature, DC
bias, particle size, degree of porosity etc.®2%* Thus for capacitor material, study of dielectric
properties is utmost important. AC Impedance spectroscopy analysis is the well known
technique to understand the changes in dielectric properties with various parameters.

It is well established fact that the compactness of the ceramic body has a great impact on the
dielectric constant. The porosity or alternatively the relative density of a material solely
depends on the synthesis method and temperature. Azad et al. reported that the porosity level
can easily alter the dielectric constant of porous barium stannate.®® The denser ceramic
exhibits high dielectric constant compared to a porous one. Also they showed that fully dense
BaSnOz ceramic could not be obtained even after sintering at very high temperature (1650
°C). In 1997, Upadhyay and Prakash synthesized agglomerated microcubes following
standard solid-state reaction path held at 1200 °C for 6 h in air atmosphere.!! It was found
that the size of the microcubes varies from 2 to 4 um with 20% porosity. Pronounced
frequency dispersion in dielectric constant with temperature was explained with interfacial
polarization resulting from high temperature (1250 °C) sintering of the pellets. The dielectric
loss was found to be associated with the oxygen deficiency generated from high temperature
firing. Singh and co-workers followed a similar synthesis route with a calcination
temperature of 1250 °C for 12 h to observe the changes in dielectric constant and the loss
below room temperature (300 K).!* Agglomarated microcubes were observed with a
dimension of 1-3 um and high level porosity was confirmed from the FESEM images. When
the temperature lowers down to 178 K from the room temperature, the dielectric constant and
the dissipation factor both have shown a decreasing tendency. As the capacitance of the

capacitor containing a dielectric is proportional to its dielectric constant, so it showed the
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same trend with the variation of temperature. They proposed that interfacial polarization
along with orientational polarization were responsible for that behavior. The high temperature
sintering boosts the oxygen vacancy generation which further captured by Sn** to form Sn?*.
The effective negative charge (Sng,2+**)" forms a dipole with oxygen vacant site which
contributes in dipolar polarization. At higher temperature the dissociation of defect pairs
causes charge transportation through the bulk. At grain boundaries these charges face high
resistance and space charge polarization occurs. The activation energy was evaluated using
Arhenius relation and the reported values were 0.25 eV for AC and 0.52 eV for DC
conduction.®® In 2013, nanograined barium stannate powder was synthesized by Katiliute and
colleagues following sol-gel synthesis method in which the annealing temperature was set at
800 °C.%¢ They found that the dielectric spectra were suppressed by the humidity induced
conductivity within the temperature between 300 K to 1000 K. Due to low temperature
annealing the sample formed with high porosity helps to absorb moisture from the
atmosphere. In 2018, for the first time, Nunn and his team reported the role of frequency and
temperature on the electrical properties of BaSnOs films.®” Thin films of barium stannate
were grown on a conducting substrate following MBE method. The substrate used was Nb
doped (0.5 wt%) SrTiOz oriented in (001) direction. By controlling the ratio of beam
equivalent pressure for Sn:Ba stoichiometric and non-stoichiometric films were fabricated.
The thickness of the films was kept in between 40 to 49 nm. Ba and Sn deficient films were
grown to study the influence of cation stoichiometry upon the electrical properties within a
temperature range between 77 K and 300 K. The dielectric constant was unchanged for all the
films which indicate that the dielectric constant independent on the cationic stoichiometry of
the films, whereas the tangent loss showed a higher value for non-stiochiometric films. The
authors suggested that the defects generated because of the cation vacancy might be the cause
for the enhancement in tand. The dielectric constant was also found to be nearly independent
of thickness of the films, whereas the loss factor dropped hyperbolically with the increase in
film thickness to ~1x103. They proposed that interfacial ‘dead layer’ effect might be
responsible for this behaviour.?” In the next year, Mushen and co-researchers observed giant
dielectric constant of BaSnOs with 30% porosity at high temperature aroused from space
charge polarization at grain boundaries.* Also they proposed the generation of oxygen
vacancy due to high temperature sintering (1400 °C) is another source of high polarization.
The reported values of the capacitances at 1 kHz were 27.47 pF cm™ (at room temperature)
and 6.01 nF cm™? (at 220°C).
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Doping is a widely used way to alter the electrical properties of materials.®® Doping in cation
sites is one of the best methods to tailor the dielectric properties of BaSnOz as it was
observed that the partial substitution of barium or tin by other isovalent or aliovalent cations
cause a significant change in its microstructure which further can affect the electrical
characteristics as well.®° In 2005, Kumar et al. reported the effect of calcium doping (at Ba
site) on the electrical properties of BaSnOs in which they have followed traditional solid state
reaction path to anneal the precursor mixture at 1000 °C for 12 h.* The temperature
dependent complex impedance spectroscopy analysis confirmed the NTCR behaviour of the
doped samples. They observed that there was a reduction in the magnitude of the modulus
spectra suggesting an enhancement of capacitance after doping. Also, the partial substitution
of Ca in BaSnOs led to enhance the bulk resistance resulting in a significant reduction in
electrical conductivity. They correlated the behaviour with the lattice distortion as an after
effect of doping. The mismatch between the radius of Ca?* and Ba?* ions results a
suppression in the conduction path through the lattice which further promotes the barrier
property of the doped stannate.”® In the same year, the same group of researchers reported the
effect of Te modification (at Sn site) on the electrical properties of micrograined barium
stannate.”? The enhancement of dielectric constant (38 times at 1 kHz) due to Te** doping
was correlated with the spontaneous polarization created by highly polarized Te** ion. The
electrical conductivity was found to be increased for the doped systems at high temperature
due to the hopping conduction mechanism.”? In 2018, Rajamanickam and co-workers
synthesized Fe doped BaSnOs via modified oxalate route where the calcination temperature
was fixed at 900 °C for 3 h.*° Giant dielectric constant was observed for every sample. The
rise in dielectric constant after doping with non-isovalent Fe?* ion at Sn** site was correlated
with particle size enhancement after doping. The reported value of the average crystallite size
for undoped sample was 22 nm, which increased to 26 nm after 5% Fe doping. Similarly, the
group observed that the morphology was changed from cuboids (138-458 nm) to nano-
micorod (diameter of 51-210 nm and length 0.253-1.57 um). In the year of 2021, John and
team also studied the dielectric properties of Fe doped BaSnOs; system following standard
solid state synthesis method.}” Although the similar type of morphology was found in
undoped and doped samples as reported by Rajamanickam et al. but the density and the mean
value of the crystallite size of the sample were decreased with doping percentage resulting a
decreasing tendency of the dielectric constant for doped samples. Another factor suggested

by the authors was the suppression of the polarizability because of the charge neutralization
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of Fe** ions with O? ions. It was reported that the electrical conductivity showed an

appreciable reduction after doping due to defect formation in host BaSnO3z which leads to

create blockage to the carriers near grain boundaries. In the same year, Islam and colleagues

reported the temperature dependent study for the dielectric constant and tangent loss of

heavily Mn doped (30%) barium stannate synthesized by solid state reaction path.'® The

linear angulated growth of dielectric constant with temperature was described with the

internal barrier layer capacitor (IBLC) model of grain and grain-boundary. The presence of

maxima in tand vs temperature graph entitled to the themally activated orientational

polarization. Also the effect of doping via Ni, Pb, Ce, Co etc. on the dielectric constant or

alternatively capacitance was reported.l”’27* The dielectric constant and tangent loss for

BaSnOs based systems reported earlier are enlisted in Table 2.1.

Fig. 2.1. Table for different values of dielectric constant reported previously
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2.3.2. Gas Sensors

In polycrystalline materials, the barrier potential and the donor concentration level can be
altered by the adsorption process of gaseous molecules by the grain boundaries of the solids.
The barrier potential increases due to the chemisoption of oxygen by the grains of the
semiconductors. In some metal oxide semiconductors, the diffusion of oxygen into the grains
at high temperature to annihilate the vacancies and thus donor concentration is reduced.
Oxide semiconductors with large oxygen vacancy are popular in this field showing their n-
character. BSO is one of them.” The exquisite property of BSO having a band gap of 3.4 eV
is compatible with the gas sensor materials.”>"" It was experimentally proved that the oxygen
adsorbed by the surface of the material is the prime reason for the electron diffusion from the
semiconductor grains to the chemisorbed oxygen.’®8 The working principle of the sensor
devices is subjected to the changes in the electrical resistance of the sensor material with
respect to that in air/vacuum when the gaseous species are present. Hence, the change in
electrical conductivity or resistance in presence of gas can be said as the measure of the
ability of the sensor, called sensitivity. Mathematically, the sensitivity of a gas sensor is

expressed as,
S=-= (2.1)

Where, Rq and R, are the resistances measured in presence of gas and that in presence of air
respectively.8182 The resistances depend on the operating temperature and the volumetric
fraction of gas present in the chamber. The electrical properties of BSOs are highly sensitive
to the atmospheric parameters like humidity, presence of gas etc. This intriguing property of
the sample makes it appropriate for gas sensing purpose. There are a humber of research
works reported in literature based on the gas sensing property of BaSnO3z Shimizu et al.
reported the changes in the electrical properties of barium stannate in presence of the exhaust
gas of C3Hg-O2 combustion and he for the first time reported that this perovskite oxide can be
used as a promising gas sensor.® At early stage of research in this field, various reports were
documented regarding different gas (like NO, CH4, CO, ammonia etc.) sensing property of
barium stannate either in ceramic or in thick film form.84® In all cases the highest sensitivity
was obtained at elevated temperature. In 2000, Lu et al. studied the oxygen partial pressure
dependent electrical conductivity at high temperature (843 °C — 1000 °C) and found that the

main reason for gas sensing is presence of oxygen vacancy.®® Cerda et al. reported the high

58



Chapter 2

sensitivity for CO gas between 400 °C and 600 °C as within this temperature range, the
decrement in Schottky barrier height promotes the kinetic reaction rate.®” Cavanagh et al.
reported that the thick films of BaSnOs could be a promising CO. sensor in the range
between 0 to 2500 ppm.® They have also found that the enhancement in reversible carbonate
formation in humid atmosphere is the reason for better CO sensitivity in presence of
humidity than in dry air condition. In the year of 2015, Ochoa and co-workers fabricated
BSO thick films using screen printing methods in which they used two types of BSO powder,
one prepared via controlled precipitation (CP) method and another using Pechini method.8®
They found that although both the films exhibited good response as sensor in presence of
oxygen at 300 °C but the film prepared by Pechini method is better than the other one. They
also found that the films of Pechini method showed significant sensitivity towards CO at 450
°C. They explained the lack of sensitivity of the CP films by accounting the fact of higher
grain size. Even at higher temperature, the equilibrium condition between the grain
boundaries and the atmosphere was not become possible by the CP films having average
grain size of 3.5 um. Hence, oxygen could not be able to diffuse into the grain boundaries
completely and the inner part of the sample would not be affected by the changing
atmosphere resulting a low conductivity.®® Wang et al. synthesized mesoporous BSO using
mannitol assisted hydrothermal-annealing process for ethanol sensing.®® They reported that
the sensor device was able to detect lowest concentration of ethanol (50 ppm) at 350 °C due
to the mesoporus nature which enhances the surface area of the sample. The BET surface area
of the BSO powder was 121.9 m?/g, with a pore size of 8 nm. They also claimed that the
device functioning was rapid and the response time was only 10 s. Chu and team in 2020,
reported BSO microtubes by electrospinning method for the first time.%! The length and the
outer diameter of the microtubes were 10 mm and 700 nm -2 pum respectively. The tube wall
was made up with nanoparticles of size 40 nm. They demonstrated that the microtubes' acetic
acid detection limit was 0.3 ppm at 254 oC, making it a superior sensor than many other
oxide sensors. The electrons from CH3:COOH captured by the adsorbed oxygen species and
then returned to the conduction band of BSO resulting an enhancement in conductivity. They
also reported the response time of the sensor film for 0.3 ppm acetic acid was only 3 s. Ongun
et al. proposed optical gas sensing can be performed by the BSO films prepared following
one flame spray pyrolysis method.*? The emission and excitation spectra of BSO showed
sudden fall in presence of ethanol, acetone and ammonia. They claimed that the surface

related defects created by the polyhedral semimicron particle (70-980 nm) were the main
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reason for the sensitivity of the sensor. The highest selectivity toward ammonia compared to
ethanol and acetone was attributed either due to the unshared electrons in NHz structure or
the easy diffusion of ammonia molecule having smaller radius (0.18 nm) into polymeric
membrane. In 2022, Verma and co-workers reported a one step hydrothermal-annealing
process to synthesize BSO nanorods which showed good selectivity towards acetone among
many volatile organic compounds exhaled by human breath.®® The sensor device was able to
detect low concentration (1 ppm) of acetone at 80 °C with response time 3.325 s. They
recommended that diabetes individuals can utilise the device as a non-invasive monitoring
tool. There were many more articles regarding the gas sensing capability of BSO in

literature. %7
2.4. Electron field emission as a non-trivial application

Leveraging its excellent dielectric properties, ceramic capacitor applications have always
been in lime light for alkaline earth stannate perovskites. Cold electron emission or field
emission is one of the uncharted possible applications, which shows huge contribution in
display system due to low power consumption, high image quality and no warm up time.*
Although a large number of reports are there on traditional binary oxides (ZnO, MnQO: etc.),
inorganic semiconductors (Si, SiC etc.) and carbon (carbon nanotubes) based cold cathode

emission, very few studies can however be reported for wide band gap perovskite oxides.

In 2012, Yang et al. showed that the field emission behavior of ZnO can be improved by
preparing heterostructure of ZnO-LaNiOs on seeding layer of GZO (Ga doped Zn0).*® They
have prepared GZO seed layer on Si/glass substrate using radio frequency sputtering method
on which ZnO layer was fabricated following hydrothermal method. The thin film layer of
LNO (LaNiOs) was deposited by radio frequency sputtering method. The vertical alignment
of nanorods was presented in FESEM images and the core-shell heterostructure of ZnO-LNO
was confirmed from HRTEM images. The thickness of the LNO layer was 10-20 nm and the
diameter of the nanorods was in between 50-100 nm. The turn on were 29.2, 22.9 and 8.6
V/um for LNO film, ZnO film and ZnO-LNA film respectively. Also the threshold field
showed the similar lowering pattern for the films. The highest emission current density was
reported for the ZnO-LNA film for which the enhancement factor was 673. The authors
explained the high emission properties of the heterostructure film by addressing different
factors. The low work function of LNO (4.5 eV) promotes the electron emission capability

compared to that for ZnO film having higher work function (5.3 eV). Additionally, the
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electron transport from ZnO to LNO layer is facilitated by the absence of a Schottky barrier
at the junction between the two layers. As the interfacial defect density is comparatively
small for nano-heterostructure, a large number of electrons can be transferred from n type
GZO layer to LNO layer by passing through ZnO layer easily which improves the electron
emission of the core-shell. The FESEM, HRTEM images and the field emission
characteristics graphs are presented in Figure 2.6(A).%¢ Kamble and co-workers found strong
localization effect on field electron emission of LaNiOs; nanoparticles.*® The sol-gel
processed sample showed pyramidal shape in FESEM and HRTEM images Figure 2.6(B).
Several pyramidal and whisker type growth of average size 300 nm was confirmed from
AFM image Figure 2.6(B). The reported values of emission current density and threshold
field were 3.37 mA/cm? and 19.23 V/um respectively. The turn on field to achieve a current
density of 0.1 mA/cm? was 16.91 V/um. The high aspect ratio of pyramidal and whisker
shape is accountable for better electron emission and a large value of field enhancement
factor B = 249.37. The emission current density vs. applied electric field graph is presented in
Figure 2.6(B).% In the year of 2020, Yang et al. observed thickness dependency of the field
electron emission of SrTiOs films deposited on ITO substrate using electron vapor deposition
method.'® The highest emission current density (88.96 pA/ cm? at 10.45 V/um) was reported
for the film with thickness of 45 nm. Also, the impact of hydrogen plasma treatment on the
cold emission properties of SrTiOs films were thoroughly investigated and published by
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Fig. 2.6. (A) FESEM, HRTEM images and the field emission characteristics for LaNiOs
reported by Yang et al.®® ; (B) AFM, FESEM, HRTEM images, lattice image and FE
characteristics graphs for LaNiO3 by Kamble et al®®.
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2.5. Improvement of the electrical properties of perovskite/

polymer composite

The ceramics like BSO generally show high dielectric constant but also they are fragile as
well as having low dielectric strength. In contrast, polymers are flexible, simply processed
and exhibits high dielectric breakdown voltage but possess low permittivity. Thus to get
better properties of both, composites are prepared with comparatively high dielectric
permittivity and a large breakdown strength.

Impressed by the electrical properties of BSO, we further studied the previous works on the
improvement in the electrical properties of perovskite/polymer composites. The high
dielectric permittivity and thermal stability of BSO motivates to expand our work into
composite system with polymer. In general, the electroactive phase of polymer poly-
vinylidene fluride (PVDF) is very much popular for its piezoelectric behavior.l%? The
polymer film is a potential candidate in the field of high energy densities electronic
applications like capacitors, mechanical energy harvester etc.!°% But the dielectric
permittivity of the polymer is quite small for real life application. Sasmal et al. reported that
the dielectric constant of the additive material should be greater than that of P\VDF but not so
high that the dielectric compatibility between the two parts of the composite becomes

impaired.1%

In 2021, Mondal et al. reported that the low temperature oil bath processed halide perovskite
CsPbClz (with cubelike morphology) with PVDF matrix served as a good mechanical energy
harvesting device.'%” The electroactive phase of the polymer was enhanced >86% for 3 wt%
perovskite involvement. Also, the dielectric permittivity and the conductivity were increased
with perovskite content within composite system. The dielectric permittivity directly
enhanced the piezoelectric coefficient of the system too, as the two parameters bear a linear
relation. Upon freehand hammering with a pressure ~100 MPa, the best hybrid film showed
an open circuit voltage of ~168 V and a short circuit current of ~2 pA. The interfacial
interplay of the surface charge of perovskite nanocubes with the polymer chain was
responsible for conversion to all-trans configuration of the polymer which promotes the
output performance of the hybrid devices. Xue et al. studied self polarization of
CsPbBrs/PVDF composite using electrospinning technique.®® For 4% perovskite present into

the composite film, the electroactive B phase was increased to 94.6%. The uniform
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distribution of the perovskie into the composite system at the time of electrosppining was the
key factor for self-poling effect. Kum—onsa and team observed that the composite system of
perovskite oxide LaFeOs (5 vol%) and PVDF exhibits a high dielectric permittivity (~54.6)
and low dissipation (~0.059) at a frequency of 1 kHz.1% The charge carriers were trapped at
the interfacial areas between the semiconducting perovskite and the insulating polymer
because of the intense interfacial polarization at those sites. This in turn enhanced the
dielectric permittivity of the system. Also, the electroactive 3 phase of PVDF was found to
increase for the hybrid films, which is another factor for the better electrical properties. The
same group in 2022, synthesized nAu decorated LaFeO3s nanoparticles to combine with
PVDF for a better result.!'® For a volume fraction of 0.491, the electroactive B phase was
increased upto 64% from 43%. The dielectric permittivity was doubled of its original value
due to Au particle attachment with LaFeOs. The three-phase nano-composite showed 11
times higher value of dielectric constant with respect to the bare PVDF also. There are
several reports regarding the enhancement of electrical properties of perovskite/PVDF

composites, 111114
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3.1. Major synthesis apparatus

3.1.1. Furnace

A furnace is used to carry out any
solid-state reaction, combustion and
hydrothermal reaction as well as to
anneal, sinter and harden any solid
material. There are different types of
furnaces. We used the box furnace to
synthesize our desired material. The

maximum operating temperature of the

box furnace in our laboratory is 1100 Fig. 3.1. Photograph of (a) high temperature box
°C. The rate of heating is monitored by furnace and (b) oven

an electronic temperature regulating system with a precision of +2 °C. The insulating material
inside the box retains the generated heat to get the maximum efficiency, which is also an
economic benefit in respect of proper utilization of energy. In general, alumina boat and
various types of ceramic crucibles are used to carry the solid material into he heating
chamber. At a time more than one crucible can be inserted into the chamber if there is no risk
of contamination from the vapor generated by the samples. The photograph of the furnace

used in our experiment is shown in Figure 3.1(a).

3.1.2. Oven

Hydrothermal reaction below 250 °C is well performed using a simple low temperature oven.
Generally a thermostat is attached with the oven to control the temperature. The controlled
heating rate helps in the growth of the product material. In our laboratory, the accuracy of the
temperature monitoring rate of the oven is £0.5 °C. Along with the synthesis purpose, the
ovens are also useful to dry the samples. A digital photograph of oven is shown in Figure.
3.1(b).

3.1.3. Autoclave

For a typical hydrothermal reaction Teflon lined autoclave is used as synthesis chamber. An
autoclave is a pressurized device to carry hydro/solvothermal reaction at elevated temperature

with respect to their boiling point and at a pressure greater than the ambient one. The
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autoclave has two parts; the cylindrical chamber (basically made of
iron) and an iron screw cap. The cap must be fitted very tightly
with the chamber to create high pressure inside the cylindrical

teflon tube for the required reaction. The cylindrical teflon tube is

tightly fitted with a teflon cap which serves as the inner reaction

. Fig. 3.2. Photograph of
chamber. The autoclave arrangement that is used to prepare . ioclave and teflon tube

BaSnOz micro-nanorod hydrothermally is shown Figure 3.2.

3.2. Characterization techniques

3.2.1. Crystallographic study: X-ray diffraction (XRD)

X-ray diffraction is a non-destructive approach for examining the structural properties of
solids. XRD pattern is like *ray detector

source

the signature of a solid

material from which almost

everything related to its incident .. =" recieving

.. optics T e optics
crystallinity can be known. -==-%-==-=--=-------- 1 g, -5 - - === ------- 55[ "
The following information z i(goniometer): s,
regarding the structure of a ‘ X
material can be obtained from
XRD pattern. Fig. 3.3. Schematic diagram of an X-ray diffractometer

e Degree of crystallinity

e Phase verification

e Crystallite size

e Lattice parameter

e Lattice stress and strain
The main three components present in a typical X-ray diffractometer are one sample holder, a
X-ray tube and a detector. With the application of a sufficiently high voltage, the thermally
generated energy dense electrons from a tungsten filament are accelerated towards the target
material (i.e. Cu, Co, Mo etc.) and dislodge the electrons from the inner shells. For filling up
the vacancy of the inner shells, the outer shells electrons jump into the empty places, thereby
emitting the characteristic X-ray photons in the cathode ray tube.! To obtain the required
monochromatic radiation for diffraction, the undesirable wavelengths are filtered through

crystal monochromator. The chosen monochromatic beam is then collimated in accordance to
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the sample placed on the sample holder. When constructive interference occurs between the
incoming X-ray and the atomic planes of the test material, the detector records the angle of
diffraction and the intensity of the diffracted beam. Bragg’s condition of diffraction used the
fact that, constructive interference occurs between the two travelling waves if the path
difference is equal to an integral multiple of the wavelength of the incident X-ray. So, in
mathematical form, Bragg’s condition for diffraction and can be written as

2dSinf = na (3.1
where, d indicates the inter-planner spacing, 0
means the incident angle, n is an integer and A is
the wavelength of X-ray. The schematic of an
typical X-ray diffactometer is shown in Figure 3.3.
In our experiments, all XRD data were collected
using an X-ray diffractometer (Bruker D8
Advanced diffractometer). Cu-Ka radiation having
wavelength (1) equal to 1.5418 A was used as
incident beam. The photograph of the X-ray
diffractometer is shown in Figure 3.4.

Using Rietveld refinement more specific data

regarding the structure of the sample can be

evaluated from the X-ray diffraction pattern such o '
as bond length, bond angle etc. Fig. 3.4. Photograph of X-ray diffractometer

3.2.2. Microscopic techniques

3.2.2.1. Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscope is an electron (negatively charged) operated
microscope unlike light microscope which is utilized to observe the morphological
characteristics of the samples.? In FESEM highly energetic electrons are liberated from the
electron gun following field emission mechanism. Prior to operation the total system is highly
evacuated (10® Torr) by a pre-vacuum pump and turbo pump. Very thin and sharp needle like
cathode (tip diameter is 107 - 10® m) made up of tungsten and lanthanum hexaboride are
used as electron emitter because of their minimum turn on field and impressive emission
capabilities. The released electrons are then accelerated by high electric fields and focused

using various electromagnetic lenses to form a finer electron beam. As soon as the electron
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beam falls on the atoms lie on the surface of the sample, different signal originates such as
secondary electrons, backscattered electrons, characteristic X-rays and so on. The detector
captures the low-energy secondary electrons and prepare electronic signal. The electronic
signal is then amplified and converted to a video scan image of the surface of sample on the
monitor screen. The simple line diagram of FESEM and the photograph of HITACHI S4800
model are shown in Figure 3.5(a) and (b) respectively. To avoid the problem of surface
charge accumulation, the samples are coated using very thin layer (1.5-3 nm) of metal (like

gold) using typical sputtering method.

Magnetic
lenses

ToTV

scanner

Scanni
ng coils

Backscattere:
electron
detector

Secondary

electron

Stage  —pm Specimen

Fig. 3.5. (a) Simple line diagram and (b) photograph of FESEM

3.2.2.2. Transmission Electron Microscopy (TEM)

Transmission electron microscopy is a powerful tool to study important features like crystal
structure, morphology, topography, chemical composition, dislocation and grain boundaries
of the test material. Furthermore, using the high-resolution transmission electron microscope
(HRTEM) a more accurate and high resolution image (atomic level) of the crystal structure
can be demonstrated. The smaller de-Broglie wavelength of electrons make it capable for the
instrument to observe fine detailing of the image even to a thousand times smaller than that
captured by a light microscope.

To increase the electrons’ mean free path and to avoid the collision among the electrons a
high vacuum chamber (~10* Pa) is needed to operate the instrument. A TEM is typically
composed of an electron emitting gun, electromagnetic lenses, electrostatic plates,

magnification systems, sample holder and the detecting system. The electrons emitted from

76



Chapter 3

the heated V-shaped filament are accelerated by the electric field. To emit sufficient no. of
electrons (current density) the filament has to be heated to such extent that may cause thermal
damage to it. For this reason, tungsten (high melting point) or LaBe (low work function) are
used as filament material. The strength of the electron beam is much higher (150-250) kV
than that used in SEM (5-30 kV). The electromagnetic lenses are used to make the electrons
into a focused and finer electron beam by controlling the energy intensity. The condenser lens
system enables the electron beam to focus the sample according to its size and the location.
The diffraction beam generated because of the objective lenses in back focal plane passes
through the sample and the image is recorded by a CCD camera.®

In imaging mode, there are two techniques to capture images. If the objective lenses are used
to select the central beam, only the transmitted electrons can pass through and a bright image
is obtained. On the other hand, if the signal from diffracted beam is allowed, a dark field
image is generated.

The sample is prepared on a copper grid using a conventional technique. In general, a
suspension of the sample was dropped onto the grid and allows the solvent to evaporate
completely.

Figure 3.6(a) and (b) show a schematic of imaging and diffraction mode of TEM
respectively and the Figure 3.6(c) is the photograph of the instrument used to characterize all
the samples (HRTEM, JEOL-JEM 2100).

(a) Imaging Mode (b) Diffraction Mode
@ Electron Gun @

<A> Condenser lens C_’__/ \ >

Condenser aperture

TEM Sample

Objective lens

Aperture placed

back focal plane

of objective lens Aperture placed at
image plane of

Intermediate lens abjective lens

Projector lens

Image Diffraction pattern

Fig. 3.6. Schematics of the lenses and apertures in (a) imaging mode and (b) diffration mode, (c)
photograph of HRTEM instruments
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3.2.3. Spectroscopic techniques

3.2.3.1. Energy Dispersive X-ray Spectroscopy (EDX)

Energy Dispersive X-ray Spectroscopy is a technique to analyze the elemental composition of
the desired sample. An electron beam with very high energy is bombarded upon the material
knocking out characteristic X-rays from the sample. Since each element of the sample bears a
specific atomic structure, a unique set of peaks appear for a specific sample on its
electromagnetic emission spectrum. From the relative intensities of the peaks the approximate
stochiometric ratio of the compositional elements can be obtained. Generally, the instrument
fails to detect the lighter elements properly for which the atomic number is below 6 (Carbon).
There are three major parts of this system: an emitter, a collector and an analyzer. The parts
(HITACHI S4800; working at 15 kV) are additionally connected to field emission
microscope (FESEM, Hitachi S-4800).

3.2.3.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is ultra surface-sensitive (depth upto 2-5 nm) quantitative
spectroscopic technique, employed to investigate the elemental composition, electronic state

of the dopant, density of the electronic states in the sample. XPS is typically composed of an

Hemispherical

Photoglectmn -
2p ; l
- 1s '

Sample

Fig. 3.7. Schematic of photoelectron emission process

ultra high vacuum (10® Torr) chamber, an X-ray source, a sample stage and an electron
detection unit. The operating principle of XPS is based upon photoelectric effect. A
monochromatic Al Ka X-ray (1486.6 eV, with a hemispherical analyzer (SPECS, HSA
3500)) is shot onto the sample resulting ejection of photoelectrons with a certain Kinetic

energy. The kinetic energy of the emitted electrons is measured by the electron energy
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analyzer. The principle of electron emission is depicted in Figure 3.7.

Once the kinetic energy (Ex) is measured, the binding energy (Es) can be obtained from the
following the relation,

E, =hv—E

where, v is the frequency of the incident X-ray
and h is the Planck’s constant. The binding
energy of any core-level electron is specific for a
specific compound that leads to detect the
surface elements.* Moreover, the area under the
curve provides the quantitative information of

the elements on the sample surface. The

chemical shift enables to find the atomic
sample. The picture of the instrument is shown in SPeCtrometer

Figure 3.8.

3.2.3.3. UV-Vis-NIR Spectroscopy

UV-Vis-NIR spectroscopy is one of the powerful tools to understand and study the optical
properties of semiconducting nanoparticles.® It is utilized to measure the percentage of
absorbance, transmittance and reflectance of all the wavelengths starting from ultra violet to
near IR region of the electromagnetic spectrum. This indicates that this particular
spectroscopic technique provides researchers the necessary information about the optical
behavior of the material under concerned. When the atoms/molecules in the ground state
absorbed appropriate wavelength of light then the atoms/molecules get excited to the higher
energy state. The technique can also be used for other than powder sample like liquid and
films. Various parameters such as ionization energy, electron affinity of the test sample can
be measured from the absorption spectrum and absorbance percentage. The utmost important
parameter measured from this technique is the optical band gap. Barden proposed the
following empirical correlation for the parabolic band structure,

ahv = A(hv — E,)" (3.3)
Where, Eq and o are the band gap energy and the absorption coefficient of the sample

respectively. The value of the transition probability (y) defines electronic type of the band

gap. The values of y are 1/2, 2, 3, 3/2 for direct allowed transition, indirect allowed transition,
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indirect forbidden transition and direct forbidden transition respectively. According to the
Beer-Lambert law, the absorbance is proportional to the concentration of the solution and

mathematically expressed as,

A =log,, 10/1 = ecl (3.4)
Where, A, lo I, €, ¢ and | denote intensity of incident light, intensity of transmitted light,
extinction coefficient, concentration of the sample and path length respectively. For
calibration purpose a standard material (BaSOs) is used at the time of measurement. The
working principle is shown in the schematic diagram (Figure 3.9(a)). . A photograph of UV-
Vis-NIR spectrometer (Shimadzu, UV-3600) is shown in Figure 3.9(b).

(2)

Mirror

DLamp I Tungsten lamp Reference
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Data readout
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Filter

Absorbance

Monochromator

Fig. 3.9. (a) Schematic diagram and (b) photograph of UV-Vis spectrophotometer

3.2.3.4. Fourier Transform Infra-red (FTIR) Spectroscopy

In electromagnetic spectrum, starting from the lowest energy edge of visible light to the
beginning of microwave zone is called Infrared (IR) region. The whole range of IR region is
further classified into three sub-regions, named as near IR (14000 — 4000 cm™), mid IR (4000
— 400 cm?) and far IR (400 - 20 cm™?). In the mid IR frequency range, as most of the
molecules alter their basic vibrational levels, the IR spectrometer is designed to record the IR
spectra by detecting the interferogram of sample signal arising with the help of an
interferometer. In an Infrared spectrometer the interaction of IR radiation with the test sample
happens and the instrument records the frequencies of radiation absorbance by the sample
and the corresponding intensities. The strength and the frequencies of radiation absorbed
differ from sample to sample and thus the chemical bonding present into the sample can be
known. . The Beer-Lambert law is the foundation for all quantitative infrared spectroscopy.®
For FTIR, a Michelson interferometer is generally used in which a beam splitter is placed to

collimate the polychromatic radiation generated by an infrared source. The beam splitter
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splits the incoming beam into two parts, one half gets directed towards the fixed mirror and
another half transmits through the splitter to the moving mirror. The reflected beams from the
mirrors recombine, constructive or destructive interference takes place depending upon the
position of the moving mirror with respect to the fixed one. When the path difference
between the beam splitter and each mirror is same, constructive interference takes place for a
zero path difference between the two optical signals, resulting in maximum signal intensity.
The beam is then incident on the experimental sample and the selective absorption takes
place. The beam is then detected by the detector which converts the signal into electrical
signal. The interferogram is a signature of intensity vs. mirror position data which can’t be
used for practical analysis. For better understanding, the detector signal is converted into an
IR spectrum using mathematical Fourier Transformation (FT). In our study Shimadzu FTIR-
8400S spectrometers were used for IR spectroscopic analysis of the powders and films. A
schematic of working principle and a digital photograph of the instrument are shown in Figure
3.10.
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Fig. 3.10. (a) Schematic representation of the working principle and (b) photograph of the FTIR
spectrometer

DETECTOR

3.3. Impedance analyzer

AC impedance analyzer is generally used to observe the behavior of various electrical
parameters such as impedance, capacitance etc with respect to frequency. This instrument not
only measures the ratio between the voltage and current rms values, it also measures the
phase difference between them. In our studies, the dielectric response of the test samples was
measured using Agilent 4294A precision impedance analyzer (Figure 3.11). The operational
frequency of the instrument varies from 40 Hz to 110 MHz. The basic accuracy for
impedance measurements is £0.08%. The dc bias voltage and current can be tuned in the

range of +40 V and £100 mA respectively. The range of the voltage (rms) and current (rms)
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for the AC applied signal are
5 mV to 1V and 200 pA to
20 mA respectively.
Generally, the samples are
used either in the form of
pellets or film. For the
measurements, the parallel
plate capacitor model is used

and an alternating electric

field is applied to the

Fig. 3.11. Photograph of impedance analyzer

conducting plates and the

response is recorded with the help of a data recording system.

In our experiment, cylindrical pellets (diameter 12 mm and thickness 1 mm) were fabricated
from the powder samples using a hydraulic press (pressure ~2 Kgcm?). Before the
measurements, the pellets were coated with silver paint to connect the copper wire and dried
at 80 °C.

3.4. Field emission measurement apparatus

Field emission is a quantum mechanical tunneling process to pull the electrons out from solid
matter, subjecting the solid matter to a strong electric field. Due to the applied electric field
the surface potential barrier is reduced in height along with a reduction in its width also. The
reduced surface potential barrier enables the electrons to tunnel through the barrier.

The field emission measurements were performed in our laboratory made (Figure 3.12)
diode like emission set up consisting of a cathode (the film of the sample) and an anode
(stainless steel conical tip with a diameter of 1.5 mm).

At first, a double-sided conducting carbon tape (5 mm, Nisshin EM. Co. Ltd.) was pasted on
S platform and then the sample was mounted over the carbon tape by pressing it with glass
slide to form maximum uniform films. The inter-electrode distance was adjusted upto a few
hundred micrometers by a screw gauge shifter (10 um pitch). The entire working system was
kept into a transparent high vacuum chamber. The base pressure of the working chamber was
lowered upto ~107 mbar using rotary and oil diffusion pump via roughing and backing
operations. The transparent chamber allowed us to make sure that no discharge from the

sample surface occurred during the application of high electric field. The output voltage was
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measured using a multimeter (Agilent, 3440-1A) which was converted into emission current

density using software.

Micrometer Transparent chamber
level screw ;
S Anode tip
~ 10 mbar /Sample on SS platform
0-3kV Rotary o1l
oy AL b
e G S o
Diffusion pump
I BC HINDHIVAC
Power supply

High vacuum set up

Fig. 3.12. Laboratory made field emission (FE) set up

3.4.1. High voltage D.C. power supply

Field electron emission requires high input electric field across the electrodes. For this
purpose, a high voltage DC power supply (NTPL/91/03-04. Manufacturer: Neo Tele Tronix
Pvt. Ltd.) was used. The input power supply is 3 kV-500 mA with 230 V-50Hz (Phase 1, AC)
and the output can be increased upto 3 kV with 10V step.

3.5. Oscilloscope

The oscilloscope is an electronic signal test
instrument  which usually displays the
waveform of voltage or current with respect to
time. The analog oscilloscope comprises of four
parts; a display unit, vertical control system,

horizontal control system and trigger control

system. These three control systems carry

Fig. 3.13. Photograph of oscilloscope

whole information about the electrical signal

which is further reconstructed by the oscilloscope. The cathode ray tube (CRT) is the key part
of the instrument consisting of a screen and a control unit which produce and channelize the
stream of electron beam that bombard onto the backside of the screen resulting an
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illumination on the screen. The exact place of the CRT screen where the highly energetic
electron beam strikes is supervised by the horizontal and vertical control units by an
electrostatic field created between the plates. For our work, the output voltage was measured
as a function of time where mechanical stress was played the role of input. The image of the
oscilloscope used in our work (Keysight EDUX1002A) is shown in Figure 3.13.
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Abstract

BaSnOs nanocrystals were synthesized using simple solid-state reaction route varying the
calcination temperature to investigate the effect of grain growth on electrical properties of
this popular perovskite oxide. The duration of calcination was optimized to obtain the pure
phase. The average crystallite size was found to increase from 35 nm to 49 nm whereas
appreciable amount of decrement was observed in the level of porosity with tuning of
calcination temperature. The dielectric constant was increased from 4690 to 8305 at a
frequency of 60 Hz with calcination temperature whereas the tangent loss maximum was
found to decrease by ~9%. The grain growth promotes the overall conductivity for high
temperature calcination sample. Non-Debye type relaxation mechanism was confirmed for all
the samples using Cole-Davidson relations. The outcomes of the electrical properties were
correlated with the grain-grain boundary effect, porosity and brick layer model.

4.1. Introduction

Wide band gap oxide perovskites are under extensive focus of materials research due to their
flexible electrical and other opto-electronic properties. Those perovskites have been used in
capacitive devices, solar energy conversion systems and switching devices.!* Among the
leading perovskites of this group, BaSnOs (BSO) is one of the most studied and widely
multipurpose systems. Fabricating different electrical components involving BaSnOz has
been attempted via doping, co-doping, forming composites etc.>’ Though various other
applications of BaSnOz have been reported so far, the most important property or most of the
applications are directly or indirectly related to its electrical behaviour. The dielectric
constant of this material was found to vary within wide range due to those techniques.
However, the choice of the precursors and relevant parameters of systematic synthesis are the
most important factors to obtain a successful tunable electrical system with BaSnOs. The
conductivity and dielectric permittivity are normally correlated with grain size and density.®*
Tuning these parameters of BaSnOsz may therefore have important consequences in this
regard. However, tuning the grain size will additionally affect the crystallinity as this is
closely related to long or short range ordering. The effect of sintering temperature and
different sintering atmosphere is rather a well known technique for controlling the grain size,
crystallinity and density of any popular system.>!! BaCOs is often used as a major precursor
in most of the synthesis routes reported so far.!23 It’s availability and proper release of the

primary ion have attracted researchers in this field from decades. However, this precursor
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often causes inclusion of impure carbonate phase in BaSnOs when kept or operated in an
unprotected ambiance.’* But most of the systems involving BaSnOs (or other perovskites)
must be operated in a general ambiance in order to minimize application cost. Synthesis
temperature can be a tricky parameter to remove that phase is therefore a very important
factor in application aspect.’™® Annealing duration, on the other hand is another important
parameter in order to obtain pure phase of a system.'® For small annealing duration, the
reactant counterparts often lag proper scope for diffusion, which in turn results into the mix
or impure phase. With the increment in annealing duration and successive mechanical
grinding, reactant components receive ample scope for diffusion and unreacted portion of the
reactants are gradually exposed to high temperature leading further diffusion. Synthesis
duration, especially the time of annealing is therefore an important factor to be tuned during
optimization of solid-state synthesis techniques. A large number of samples may be obtained
during variation of any synthesis parameters, but it is important that the electrical parameters
must vary accordingly to establish the mechanism of variation of electrical behaviour
correlated with synthesis parameters. Fabrication temperature is no exception and varying the
synthesis temperature gradually should tune the electrical parameters of the targeted BaSnO3
system with desired regularity. This work represents a two stage process, firstly, obtaining
time duration for the synthesis which can result into the proper phase of BaSnOs and further
varying the calcination temperature to modify the electrical behaviour of the same. Aiming
this, BaSnOs samples were prepared employing solid-state method. The fabrication
temperature was varied from 1000 °C to 1300 °C gradually to fabricate samples with
different grain dimension and the effect of this variation was further studied in view of
electrical properties by ac technique of impedance analysis. The advantage of this technique
is to separate real and imaginary components of the electrical parameters which helps
understanding the phenomena better. The electrical behaviour shown according to this
approach is thus independent of sample geometry and thus more trustable. It was observed
that the dielectric constant of the samples were increased from 4690 to 8305 at a frequency
of 60 Hz with increment in annealing time and the impedance of the samples was found to
decrease gradually. Both the grain and grain-boundary resistances were decreased with
calcination temperature. The variation of various electrical parameters was further correlated

with the grain-grain boundary effect, degree of porosity and brick layer model.
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4.2. Experimental
4.2.1. Synthesis of BaSnOs powders

Nanocrystalline BaSnOz was synthesized via simple and traditional solid-state reaction
method. Precurssor materials used in this method are BaCO3 (99.999%, Sigma) and SnO:
(extra pure, Loba Chemie). The reagents were weighed to the desired stoichiometry and
mixed using methanol. Methanol was used to form a paste like mixture. The volatile liquid
was allowed to evaporate completely in the time of grinding and the mixture was calcined in
air atmosphere for 18 h followed by furnace cooling. The calcination temperature was varied

from 1000 °C to 1300 °C. The associated reaction can be written as

BaC0; + Sno, 3 BaSn0; + €0, 1

The samples annealed at temperatures 1000 °C, 1150 °C and 1300 °C were labeled as B18A,
B18B and B18C respectively. For the measurements of impedance spectroscopy the powder
samples were cold-pressed into cylindrical pellets of diameter 12 mm and thickness 1 mm
using a hydraulic press under a pressure of~2 kgem 2. The pellets were sintered at 800 ‘C for
5 h in air atmosphere to remove the polyvinyl alcohol (PVA) and to eliminate the fine cracks.
Finally the pellets were polished with a fine emery paper to make the surfaces flat and then
coated with conductive silver paint to attach conductive copper wires and dried at 80 °C for 3
h.

4.2.2. Characterizations

An X-ray diffractometer (XRD, BRUKER D8 Advance) with CuK, (A = 1.5406A) radiation
was used to confirm the proper crystalline phase formation of the samples. Field emission
scanning electron microscope (FESEM, Hitachi S-4800) was used to check the morphology
of the samples. The grain morphology of the nanostructures was investigated using high
resolution transmission electron microscopy (HRTEM, JEOL-JEM 2100). To study the
elemental compositions energy dispersive X-Ray spectroscopy (EDX) (attachment with the
FESEM) was carried out. For band gap determination a Jasco V670 spectrophotometer (UV-
Vis) was employed. Complex impedance spectroscopy was studied using an impedance

analyzer (Agilent 4294A precision Impedance Analyzer).
4.3. Results and discussion

4.3.1. Structural studies

The XRD patterns of the as prepared samples are presented in Figure 4.1. The presence of

sharp diffraction peaks represents related diffraction planes [JCPDS card number: 000451471
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(BaCO3) 010770447 (SnO2) and 000150780 (BaSnOs)]. The diffraction peaks of the
precursor materials BaCOs and SnO> were present in the mixture sample which can be seen
from Figure 4.1(a). In Figure 4.1(b) presence of unreacted phases of BaCOz and SnO> can
easily be detected along with the characteristic peaks of BaSnOsz. Most of the prominent
BaCOg diffraction peaks disappeared after calcination for 12 h (Figure 4.1(c)) and finally all
precursor peaks symbolizing SnO2 were removed after calcinations for 18h. The removal of
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Eig. 4.1. XRD pattern of BaCO3-SnO, mixture calcined at 1000 °C for different

time
impurity peaks is directly associated with the phenomenon of diffusion of the reactant
counterparts. This can be prescribed as represented in Figure 4.2.
Prior to calcination, the peaks consist only the diffraction peaks of the reactants as observed
in Figure 4.1(a). As the calcination starts, due to the diffusion of cations, target BaSnO3
phase initially appear at the interface of BaCO3z and SnO. grains. The newly generated
BaSnOs remains bordered by the original reactant grains. However, the dimension of the
border reactant grains gradually grows smaller as the calcination duration increased. This

eventually causes fewer occurrence of diffraction from impurity crystals leading to a lower
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intensity of BaCO3 and SnO- peaks as depicted in Figure 4.1(b) and Figure 4.1(c). With a
further increment of calcination duration, entire amount of the reactants are expected to be

converted into BaSnO3 leaving behind no trace of the independent reactants (Figure 4.1(d)).
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Fig. 4.2. Schematic diagram of the reaction of two crystals

(BaCOs and Sn0O3) sharing one face
After ensuring the appropriate phase formation, the synthesis temperature was further varied
to achieve variation in grain dimension. The XRD pattern of the temperature varied samples
is presented in Figure 4.3. It can be clearly seen that all samples B18A — B18C shows proper
crystalline phase of BaSnOs [JCPDS card number: 000150780].
The average crystallite size of each sample was calculated using well known Debye-

Schrerrer’s equation

092
b= Lcoso (4.1)

where, D is the average crystallite size, A (= 1.5406 A) is the wavelength of X-Ray, 0 is the
Bragg’s angle of diffraction (in degree) and  is the full width half maximum (FWHM) of the
diffraction peaks (in radian). The average crystallite size was found to increase with
increment in calcination temperature as presented in Figure 4.3(b). The widening of grain
dimension can directly be correlated with the diffusion of grain boundaries resulting in longer
range of ordering. The lattice parameter of the cubic BaSnOs system was further calculated

from the XRD patterns. It was observed that the lattice parameter of the samples gradually
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increased with increment in annealing temperature (Figure 4.3(b)). These outcomes were
further employed to investigate the probable variation of dielectric parameters of the samples.
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Fig. 4.3. (a) XRD pattern of BaSnO3z samples calcined at different temperature; (b) variation
of crystallite size and lattice parameter with calcination temperature

The X-ray density or theoretical density (pwm) of various calcination temperature of BSO was

calculated using the following relation!’

ZM
Pen =13 (4.2)

Where, Z is the number of formula units per unit cell, M is the molecular weight (gm), Na (=
6.02 x 10%® mol?) is the Avogadro’s number and V is the volume of the unit cell (A)*
calculated from the lattice parameters obtained from XRD patterns. Moreover, the bulk
densities (pn) of the pallets were measured experimentally using Archimedes principle. The

compactness or the relative densities (pr) for the samples was deduced from the equation
4318

p, =L (4.3)

Pth

Table 4.1. Bulk density, relative density and porosity of the samples calcined at different temperature

Sample Bulk density (pb in Relative density (pr) Porosity (P in %)
gm/cm3)
B18A 5.913 0.814 18.60
B18B 6.289 0.871 12.93
B18C 6.420 0.894 10.60
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Finally, the porosity (P in %) for the porous ceramics was determined from the equation
written below.°

P=(1-p,) % 100% (4.4)
The values of bulk densities, relative densities, porosities for the samples were listed in Table
4.1.

4.3.2. Morphological studies

The FESEM images of the samples are presented in Figure 4.4(a,c,e). The samples in general
exhibit agglomerated feature. However, the average dimension of the nearly cube like
agglomerates was found to be minimum in case of sample B18A which gradually increased

for sample B18C. The histograms of the particle size distribution are shown in Figure
4.4(b,d,f).
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Fig. 4.4. FESEM images of the products (a) B18A, (c) B18B and (e) B18C;
(b,d,f) corresponding histogram plots showing particle size distribution
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The calculated average particle size for B18A, B18B and B18C are ~ 64.41 nm, ~ 79.57 nm
and ~ 98.51 nm respectively. The increment in the dimension was considered to be occurring
due to increment in synthesis temperature. Azad and Hon claimed that BaSnOs could not
avoid porosity although it was synthesized with relatively high sintering temperature (1600
°C).!! Thus the presence of pores is obvious in our sample too, as observed in FESEM
images. From the FESEM images the porosity of the samples was calculated using Image J
software. The calculated values of porosity for B18A, B18B and B18C are 20.41%, 15.55%
and 11.03% respectively which shows a good agreement with the result calculated from

Archimedes principle.

4.3.3. Compositional and Optical studies

To ensure that the samples exhibit nearly stoichiometric elemental composition, EDX
analysis was carried out and the elemental mapping for sample B18B is presented in Figure
4.5(a). From the figure, uniform distribution of the constituent elements was inferred and the

presence of the constituent elements was also ensured from EDX spectrum (Figure 4.5(b)).
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Fig. 4.5. (a) EDX mapping, (b) EDX spectrum, (c) UV-Vis reflectance
spectra and (d) Band gap of sample B18B

To find the optical energy band gap of the sample, UV-Visible spectroscopic measurement

was carried out. UV-Vis diffuse reflectance spectrum for B18B sample is shown in Figure
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4.5(c). A sharp fall in R (%) was detected for the sample denoting high crystalline nature.
The energy of incident photon (E in eV) was calculated from the wavelength (A in nm) using

the following relation

_ 1240
E=2 (4.5)

The band gap energy was calculated from Kubelka — Munk function using the formula

[F(Ro)hv]n = A(hv — E, ) (4.6)
where, A is a proportionality constant, n is the index to characterize the type of energy band
transition, F(R-) is related to the reflectance (R) of the sample, E4 is the optical energy band
gap. For BaSnOs, the value of n was taken equal to 2 for being an indirect band gap
semiconductor. The optical band gap (Eg) was determined by extrapolating the linear regime
of [F(R»)hv]*? vs. hv plot, shown in Figure 4.5(d). The band gap energy of the sample was

found to be 3.16 eV, which agrees well with other reported values.?

4.3.4. Electrical properties studies

4.3.4.1. Dielectric permittivity analysis and relaxation formalism

Frequency dependent dielectric studies were carried out for understanding the electrical
properties of the samples. The measurements were performed in a frequency range between
60 Hz and 110 MHz at room temperature (RT). The dielectric permittivity can be calculated

using the relations

g =2 4.7)

£0A

e =¢'tand (4.8)
where €' and ¢” are the real and imaginary part of the dielectric permittivity respectively, C is
the measured value of capacitance, d and A are the thickness and cross-sectional area of the
cylindrical pellet, & (= 8.854 x 10 F/cm) is the free space permittivity and tand is the
dielectric loss tangent. The frequency variations of the real part of dielectric constants are
presented in Figure 4.6(a). It can be seen that ¢’ was decreased with frequency in the low
frequency range and attained nearly a constant value in the high frequency region. According
to Maxwell-Wagner’s model with Koop’s phenomenological theory, the grain-boundaries
and grains contribute to the dielectric and conductivity behaviours in low- and high-
frequency regions respectively.??2 In the low frequency region, the space-charge
polarization along with the dipolar polarization dominates the polarization phenomenon in

BSO ceramics. Accumulated space charges at grain-grain boundary junction need
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comparatively larger time to overcome their inertia to follow the instantaneous change of
input ac field. Thus at low frequency, this in turn increases space-charge polarization and
show higher contribution in overall polarization. On the other hand, after application of
higher frequency, space charges become unable to catch the faster ac field and thus the space

charge polarization starts to cease.
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Fig. 4.6. The frequency variation of (a) real and (b) imaginary part of dielectric

permittivity of the samples at RT; the solid lines indicate Cole-Davidson fitting
Again, during application of low frequency, dipoles are provided with much higher time to
respond to the polarity inversion, resulting in high dipolar polarization. After increment in
applied frequency, scope for responding in polarity inversion appreciably decreases resulting
lower dipolar polarization of the system. These two contributing factors together cause higher
dielectric constant in low frequency and its subsequent lowering after the application of
higher frequency.?® The decrement of the imaginary part of dielectric permittivity with
frequency (Figure 4.6(b)) in the low frequency region and finally becoming independent of
frequency in the high frequency region can also be associated with rapid polarization. It can
be clearly seen that the values of real and imaginary parts of the dielectric constant increased
significantly with increase in calcination temperature. The effective dielectric constant was
increased with calcination temperature due to lowering the degree of porosity.?* In porous
ceramics the total polarization depends on the contribution from ceramics and the
contribution from the air pores. In some earlier reports, it has been observed that porous
materials face comparatively stronger inhomogeneity in local field than observed in compact
system which imposes boundary conditions.?® That means the presence of air pores having
weaker polarization capability (low dielectric constant) lowers down the overall polarization

effect. According to the Maxwell- Garnett formula the dielectric constant of a porous sample
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should be increased as the porosity level decreases.? It was observed that the sample B18C
exhibits least porous feature whereas B18A is the most porous one. Thus the degree of
porosity has contribution in lower value of dielectric constant for sample B18A and its
increment in case of sample B18C.

Another important factor favouring the increase in dielectric constant in the high temperature
samples was the dipolar polarization. For samples treated in higher temperature, the lattice
parameters were found to increase (Figure 4.3(b)). As a result, cubic BaSnOs exhibit higher
inter-atomic distance. This in turn increases the dipole moment which in turn enhances the
dipolar polarization of the system. Thus the dipolar polarization increased with increase in
synthesis temperature. Hence, the sample B18C exhibits maximum dielectric constant.

The obtained experimental data were further fitted with Cole-Davidson relations to analyze

the complex dielectric permittivity (e*(w)) spectra.?®

e*(@w) =€, + ﬁ =¢&'(w) —je () (4.9)

The real and imaginary parts of e*(w) are given by

(W) = e,+ (g5 — £,)(cos @)’ cos(SP) (4.10)
and
e (w) = (g5 — £.,)(cos D)’ sin(fP) (4.11)

where, ® = tan(wte), Ae (= & &) iS the dielectric relaxation strength and B denotes the
shape parameter. tco Signifies the characteristic relaxation time and o (= 2xf) is the angular
frequency. The values of the fitting parameter 3 were found to be less than unity for all the

samples which confirms non-Debye type of relaxation.

4.3.4.2. Tangent loss and Electrical conductivity studies

The dielectric loss is popularly considered to be a very important parameter governing the
transport properties of any dielectric material. The variations of the tangent loss for the
samples are shown in Figure 4.7(a). The loss tangent (tan 8) is defined as the ratio of energy
loss to energy stored in a periodical input electric field. This variation is also correlated with
the dimension of the grains and grain boundaries. In wider grain boundaries the possibilities
of charge scattering is higher which generally contribute in considerable dielectric loss in that
region. After application of higher calcination temperature, the wider grains reduce the
thickness of grain boundaries subsequently lowering the instances of scattering of charges.
Also the minimization of porosity level enhances the intergrain connectivity. These can be

responsible for lower dielectric loss in sample B18C. Additionally, relaxation time is another
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controlling factor which can tune the dielectric loss in any system. Due to the application of
an alternating electric field the molecules or dipoles faced constraints in changing their
orientation along the direction of applied field. When the frequency of applied electric field
and the rotational frequency of dipole match with each other a peak in the tangent loss
spectrum arises. In the present work, it can be seen that there are broad loss spectra found for
all the samples which signifies non-Debye type of relaxation phenomenon. 2’ The easy
formation of induced dipoles in the presence of the external electric field also decreases the

dielectric loss of the B18C sample.

() (b) ..

-3.54

-4.04

-4.54

-5.04

tand

-5.54

-6.0 4

log o4¢ @ lem

-6.54

-7.04

f(Hz)

Fig. 4.7. Frequency variation of (a) loss tangent and (b) conductivity of all the samples

The ac conductivity spectra of the samples are shown in Figure 4.7(b). The ac conductivity is
found to be increasing with the calcination temperature. This gradual increment of the
conductivity can be correlated with the grain growth due to higher calcination temperature.
As the grain size increases the inter-granular hopping distance decreases. For a larger grain,
the charge carriers can drift comparatively well due to ordered structure of wider grains and
face lower hindrance at small grain boundaries which play charge scattering and trapping
zones. Thus the growth in grain size promotes the mobility of the charge carriers which in
turn enhance the bulk conductivity.

Both of the studies of dielectric loss and variation of ac conductivity with frequency directly

indicate to better conducting properties achieved due to higher calcinations temperature.

4.3.4.3. Complex Impedance Spectra (CIS) analysis
The complex impedance data can be calculated from the complex dielectric data using the

following equation
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7"=7 —j7 = — (4.12)

jwCoe*

The representation of complex impedance is used to find the contribution of grain and grain-
boundary separately. The frequency variations of the real and imaginary part of complex
impedances are shown in Figure 4.8(a) and Figure 4.8(b) respectively.
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Fig. 4.8. Frequency variation of (a) real and (b) imaginary part of complex impedances for the
samples; Cole-Cole plot for (c) B18A-B18C; the solid lines indicate the best fit of the
experimental graphs; (d) A schematic diagram of the equivalent circuit.

It was found that the impedances decreased with the increment in calcination temperature.
The grain dimension of a dielectric material is often correlated with grain and grain-boundary
resistances which can be calculated from the Cole-Cole plot shown in Figure 4.8(c). The
resulting spectra can be well explained considering brick-layer model shown in Figure 4.9.%
According to this model grain, grain boundary and electrode-ceramic interface have different
and distinct contribution to the conductivity of the sample. The complex impedance plot
normally consists of three semicircular loops. The smallest one found for high frequency is
generally associated with the grain; the intermediate loop is accounted for the grain boundary
whereas the last loop obtained for low frequencies is correlated with electrode-dielectric

interface. In this present work, one depressed semicircle with centre below X-axis was
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formed due to overlapping of two semicircles which represent grain and grain-boundary
contribution. The presence of this type of depressed semicircle is an indication of the
distribution of the relaxation time arising due to dipole-electric field interaction in grain and

grain boundary regions.?°

Electrode-ceramic
interface

QDEF T o O

Grain Grain boundary

Fig. 4.9. The schematic diagram of brick-layer model along with the equivalent circuit

When the applied frequency is low, the oscillating electric field can act on the charges
comparatively for a longer time before these charges move to the other end of the grain
boundary following the direction of the applied electric field. As the thickness of grain
boundaries are small compared to that of the grains, this accumulation of charges results a
high capacitive effect at low frequency region. When frequency increases, only the bound
charges or dipoles in the grains can follow the instantaneous change of polarity of the input
electric field.*°

Proper fitting of these semicircles with appropriate equivalent circuit can provide the values
of two types of resistances and capacitances. The equivalent circuit presented in Figure
4.8(d) consists of two parallel RQ combinations connected in series. Q (constant phase

element) and C are related as

(1-a) 1

C=R a Qa (4.13)

where, a is the degree of deviation with respect to the value of pure capacitor and R is value

of the corresponding resistance.
The values of grain and grain boundary resistances and capacitances were determined via
fitting (EC-Lab software) of the Cole-Cole plots. The fitted values of resistances and

capacitances with the calculated values of relaxation frequencies corresponding to grain and
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grain-boundary are listed in Table 4.2. It can be noticed that the grain and grain boundary
resistances were decreased with higher calcination temperature and also the relaxation time
(inverse of relaxation frequency) was decreased.

Table 4.2. Calculated values of grain and grain boundary resistances, capacitances and relaxation
frequencies

Sample  Ry(kQ)  Rgp(kQ) Co(pF) Cw(pF)  @g(H2) agb (Hz)

B18A 37.69 66.24 10.45 22.82 2538970 661552
B18B 28.90 50.36 10.74 23.57 3221794 842470
B18C 18.30 37.94 10.97 25.92 4981295 1016875

Abrantes et al. described the proper correlation of the values of resistivities with the
dimensions of grains and grain boundaries.®! In brief; this involves the variation of movement
of charges. The charges can flow smoothly when passing through a grain due to presence of
ordered lattice atoms. These charges face appreciable hindrance in movement when it travels
through the inter-grain boundaries due to inherent defects and open ended lattice at those
positions. Therefore, reduction in grain boundary thickness or growth in grain size should
enable smoother transport of electrons as inter-grain hopping will be easier. This in turn

increases the conductivity of the sample B18C.

4.4. Conclusion

Particle size tuned BaSnOs perovskite nanocrystals were synthesized employing solid-state
route via simple variation of calcination temperature. A wide variation of 6-18 h in synthesis
duration was applied to establish the pure phase of the sample. The investigation was further
continued with tuning the synthesis temperature over a range of 300 °C. The grain size was
found to be increasing by 40% whereas the porosity was found to decrease with variation of
synthesis temperature. Distribution uniformity of the constituent elements was ensured from
EDX study. Thorough investigation of electrical properties of the samples by ac technique
showed that increment of calcination temperature enhanced the effective dielectric constant
of the sample from 4690 to 8305 at a frequency of 60 Hz. The dielectric loss was
substantially decreased in turn. AC conductivity of the samples was also found to increase
due to increase in synthesis temperature. These results were grossly correlated with the

variation of grain size, lattice parameter and porosity due to increase in synthesis
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temperature. Efficiency of larger grains with narrowed boundaries could influence the

conductivity. This correlation was further established by brick layer model. This work opens

up newer possibilities of tuning the electrical properties of BaSnOsz and similar perovskite

oxides by simple tuning of synthesis parameters.
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Abstract

Pure and vanadium doped BaSnOs samples were fabricated by using simple solid-state
reaction method. X-Ray photoelectron spectroscopy confirmed the desired vanadium doping
of the samples. For the first time detail investigation on the electrical properties of VV doped
BaSnOs under different DC bias voltages was studied. It was observed that dielectric constant
and conductivity both were decreased significantly after higher doping (x = 0.03). These
results were accounted for the change in grain and grain boundary sizes, degree of porosity
with doping. The application of DC bias promoted the dipolar polarization which was
identified as a key factor to increase the values of dielectric permittivity of all the samples in
low frequency range (<10 KHz). The application of DC bias boosted the mobility of the
charge carriers which further enhanced the electrical conductivity of the samples. V doping
was identified as a crucial factor to tune the dielectric permittivity with DC bias voltage at
room temperature. Non-Debye type relaxation was confirmed in pure and doped BaSnO3
samples using Cole-Davidson formalism. Moreover, this method of electrical properties
variation by DC bias tuned AC impedance spectroscopy technique may be extended for other

perovskite systems also.
5.1. Introduction

Controlling the electrical properties of wide band gap metal oxides for utilizing them as
transparent, thermally stable capacitor have always been under prime focus of materials
physics.:® Numerous methods have been developed to groom traditional semiconductors to
smart multifunctional ones. Development of new family of materials like delafossites,
perovskKites are to be mentioned in this regard.*® Especially, perovskite oxides have drawn
major attention due to their remarkable optoelectronic properties. They have often been used
in solar cells, emission-based devices, sensors etc.”*? Organic molecules-based perovskites
are also important due to their excellent photovoltaic performance.'® Recent studies show that
strong ferroelectric material-based perovskites can be easily used for photovoltaic related
applications due to their inherent quasi-polarization.!*  However, electrical transport
properties have been the major characteristics of these materials. Enhancing such electrical
properties is therefore emerged as the real challenge. In this regard, employing direct method
like impurity doping has been identified as one of the most successful measures to achieve

the goal.®>*” Such modification normally influences the grain-boundaries and hence carrier
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transport through them leading to appreciable variation of resistivity. This effect is even more
important in low dimension due to higher volume fraction of atoms at grain boundaries of
nanocrystals compared to their bulk form. Smart multi-elemental materials like copper
delafossites, perovskites are designed to be the new-age transparent electronic devices with
favorable optical and electrical properties. However, their application in devices is often
assisted by some inevitable limitations like structural instability, high room temperature
resistivity, non-reliable tuning of optical band gap etc.'®?! Common difficulties like low
synthesis yield; experimental difficulties are other concerns which must be addressed in order
to establish such materials as truly multifunctional ones. However, predicted drawbacks
which are mentioned here are comparatively easier to deal with. Variation of electrical
properties may occur with varying temperature, operational chamber vacuum, incident
excitation etc.?2?* Those effects are inevitable in most of the cases. However, the correlation
of such external factors in regulating various electrical parameters must be properly
understood in order to achieve desired output. Impurity doping, facile nanostructure
formation may influence the carrier concentration, magnetic response etc. but yet they affect
various electrical parameters in all frequencies and external DC bias.?>?" This scenario is true
for materials like BaTiOz and BaSnOz also. Analysis of grain boundary Schottky potential

barrier and influence of applied bias voltage on the same may clarify the physics behind it.2®
29

In this present work, the effect of bias voltage in pure BaSnO3s was studied thoroughly. The
effect of impurity doping on this variation was investigated further. The variation of different
electrical parameters (like dielectric permittivity, loss, conductivity, impedances) in different
frequencies under different bias voltages was investigated. Additionally, the grain boundary
effect was identified as a direct consequence of impurity doping by vanadium. Choosing the
foreign element to be incorporated within the host BaSnO3 lattice was performed carefully
and vanadium, capable of showing multivalent state (transition metal ion) was selected as the
best one to tailor the electrical properties of BaSnOz. Moreover, a simple synthesis technique
involving only high temperature annealing was employed aiming to easy fabrication of the
system. The synthesized samples were characterized for phase, composition, doping and
morphology related properties via XRD, EDX, XPS, FESEM and HRTEM respectively.
Finally, the pure and doped samples were thoroughly studied for electrical properties. As per
our best knowledge, this is the first report related to electrical properties of BaSnOs under

different DC bias voltages.
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The results showed that V doping can effectively influence the electrical properties of pristine
BaSnOs system under different bias voltages. These results opened up a new area of research
for DC bias tuning BaSnOs based capacitors and may extend to other perovskite oxides also.

5.2. Experimental

5.2.1. Synthesis of vanadium doped BaSnOs nanocubes

BaSn1xVxOz (x = 0, 0.01, 0.03) were synthesized by standard solid-state reaction method.
BaCOs3 (99.999%, Sigma), SnO: (extra pure, Loba Chemie) and V205 (99.6%, Sigma) were
used as reagents. They were used as received without further purification. All the reagents
were weighed in a stoichiometric ratio and mixed with CH3sOH. Subsequently, the materials
were ground mechanically in an agate mortar for 2 h and kept overnight to ensure that
methanol get evaporated completely. The mixture was calcined in an alumina crucible at
1100 °C for 6 h. The calcined powder was thoroughly ground again and recalcined at same
temperature and time for two times more. The samples with x = 0, 0.01 and 0.03 were labeled
as VO, V1 and V3 respectively.

5.2.2. Characterizations

The crystalline phase formation was investigated using X-Ray diffraction (XRD, BRUKER
D8 Advance) spectrophotometer with CuK, (A = 1.5406A) radiation whereas the overview of
general morphology was scanned using field emission scanning electron microscope
(FESEM, Hitachi S-4800). The stoichiometric information was collected using the energy
dispersive X-Ray spectroscopy attachment with the FESEM. The detail nanostructural studies
of the grains were carried out using high resolution transmission electron microscopy
(HRTEM, JEOL-JEM 2100). The impurity doping was tested using X-Ray photoelectron
spectroscopy (Specs, Germany) with a hemispherical analyzer (HSA 3500).

Cylindrical pellets for different VV concentrations of diameter 12 mm and thickness ~ 1 mm
was prepared by pressing the calcined powder. Polyvinyl alcohol (PVA) was used as the
binder to prepare the sample pellets with a hydraulic press under a pressure of ~ 2 kgem™2.
This was followed by sintering the pellets at 800 “C for 5 h in air atmosphere. Before carrying
out impedance measurements the pellets were coated with conductive silver paint and dried at
80 °C for 3 h. The pellets were subjected to detail impedance analysis using an impedance

analyzer (Agilent 4294A precision Impedance Analyzer).
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5.3. Results and discussion

5.3.1. Crystallographic studies

The XRD patterns of the prepared samples are presented in Figure 5.1(a-c). The proper
phase formation of crystalline BaSnO3z was concluded from the result (JCPDS card number:
150780). The crystallite size of the as prepared samples was measured using the well-known

Scherrer’s equation

K
" Bcos6 (5.1)

where, L is the average crystallite size, k is the shape factor having typical value 0.94, A is the
wavelength of X-Ray which is 1.5406 A, B is full width half maximum (FWHM) of the most
intense diffraction peak taken in radian and 0 is the corresponding Bragg’s angle of
diffraction (in degree).*® The calculated values are 37, 36 and 34 nm for VO, V1 and V3
samples respectively.

The lattice strain present in the samples were determined using the equation

e=—L (5.2)

" 4tand

For further analysis of structural parameters like crystallite size, lattice strain, bond angle,

bond length etc. Rietveld refinement analysis was done using Materials Analysis Using
Diffraction (MAUD) software.3! The structural parameters obtained from the refined XRD

pattern are given in Table 5.1.
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Fig. 5.1. XRD pattern of (a) VO, (b) V1 and (c) V3. The solid lines indicate Rietveld refined XRD
patterns, the blue lines indicate the difference between observed and calculated intensity of XRD
data

Average crystallite size was found to decrease with increasing amount of vanadium impurity
whereas the lattice strain increased subsequently. The decrement in lattice strain was directly

correlated to the difference in ionic radii of the dopant V (0.54 A) and the target replacement
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of the host ion Sn (0.69 A).%? The change in bond length can be accounted for the increment

of lattice strain after incorporation of dopant of different ionic radii.

Table 5.1. Lattice strain, bond lengths and bond angles for the samples BaSn;.xVxOs

Reported*? VO \Yil V3
€ — 0.0035 0.0036 0.0038
GOF — 1.30 1.47 1.39
Sn-0 (A) 2.058 2.0607 2.0605 2.0594
Ba-O (A) 2.910 2.914 2.913 2.912
Ba-Sn (A) 3.564 3.569 3.568 3.567
Sn-Sn (A) 4.115 4.121 4.120 4.118
Sn-0O-Sn (deg.) 180 180 180 180
0-Sn-O (deg.) 90 90 90 90

Moreover, the porosity (P) for the samples was calculated from the following equation®*

P=(1-p,)x100% (5.3)
Here, pris the relative density of the ceramics, calculated from bulk density (pp) and X-ray
density (pwn).% The values of bulk density, relative density and porosity for the pristine and V

doped BSO ceramics are listed in Table 5.2.

Table 5.2. Bulk density, relative density and porosity of the samples doped with different
concentrations of vanadium

Sample Bulk density (pb in Relative density (pr) Porosity (P in %)
gm/cm?d)
VO 6.321 0.876 12.40
V1 6.212 0.861 13.90
V3 6.032 0.835 16.50

5.3.2. Morphological studies
To have a deeper insight of the grain dimension, HRTEM studies were carried out. Though,

the samples were not free from agglomeration, the grain sizes could be estimated due to
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transmission micrographs. The TEM images are presented in Figure 5.2(a,c). The average
grain sizes of the samples were found to be ~52 nm for the pure samples which changed to
~38 nm after vanadium doping. The lattice patterns of the samples are presented in Figure

5.2(b,d). The spacing is predominantly for (110) plane can be identified.

(110)
0.29 nm

Fig. 5.2. TEM images of (a) VO, (c) V3 and lattice images of (b)
VO, (d) V3

5.3.3. Compositional studies

Detail elemental analysis leading to compositional information is presented in Figure 5.3
where presence of constituent elements Ba, Sn and O with uniform elemental distribution was
confirmed. Also, for doped samples V was found with uniform distribution over the samples.
To have better insight about the oxidation states of the constituent elements and the exact
doping site of vanadium, thorough investigation via XPS was performed and the results are
shown in Figure 5.4 All the XPS data were calibrated by reference to the C1ls peak (B.E. =
284.6 eV). The XPS peaks of Ba 3ds» and Ba 3ds. were found at their characteristic
positions near 778 and 793 eV respectively.®? Peaks of Sn 3ds;, and Sn 3ds, were observed
near 485 and 494 eV respectively.®> V 2Ps, peak observed at 518.8 eV establishes the
existence of vanadium as dopant.®® The broadened XPS peak corresponding to O1S state

observed near 530 eV was further deconvoluted to split into two peaks present at 528.4 and
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530.2 eV which were identified to be occurred due to presence of lattice oxygen and oxygen
from surface absorbed water respectively.®’

Fig. 5.3. Elemental mapping of (a)-(d) VO, (e)-(i) V1, (j)-(n) V3

Exact doping position of vanadium was predicted considering the possibilities both Ba and
Sn being replaced by vanadium. Tolerance factor is often considered as a key parameter in
this regard. Especially, for the perovskite structures, Goldschmidt tolerance factor is most
commonly used to predict whether a particular site cation can fit within the gaps in ABO3;

system.3® Tolerance factor is expressed as

ratto

- V2(rg+1,) (54)

where, ra and rg are the ionic radius of the A and B site cations and ro is the ionic radius of

the anion.®® The values of t” was found to be 0.66 and 1.09 for vanadium as A site and B site
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cation respectively. It can be seen that‘t’ deviates more from standard value 1 if vanadium
replaces Ba in the perovskite whereas it agrees well with standard value 1 if vanadium is
considered to replace Sn. Additionally, quantitative ratio of O:Sn, determined from XPS peak

area showed a significant decrement of Sn content in sample V3 compared to VO which also

indicate replacement of Sn by vanadium.
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Fig. 5.4. XPS spectra of (a) survey, (b) Ba3d, (c) Sn3d of the samples VO and V3; (d) V2p

of V3; (e)

Moreover, least dissimilarity of ionic radii between V°* (R\** = 0.054 nm) and Sn*" (Rsn*" =

0.069 nm) was also indicates favorable replacement of Sn by V°" and thus the exact doping
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position of vanadium was confirmed from XPS studies.?
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5.3.4. Electrical properties studies
5.3.4.1. Dielectric permittivity, loss and electrical conductivity studies
The frequency dependent dielectric constant (gr) for pure and V-doped BaSnOs perovskites

investigated at room temperature and at a DC bias 18 Volt is shown in Figure 5.5(a). It can

(b)
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2554 -O-V3
o 2.0
8
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10> 10° 10 10 10° 10
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Fig. 5.5. The frequency variation of (a) real part of dielectric constant and (b) tangent loss of the
samples at DC bias of 18 V

be seen that all samples exhibit high dielectric constants. A significant lowering in dielectric
constant with higher doping percentage was observed for the samples. In case of
polycrystalline solids like BaSnOs, interfacial polarization along with orientational
polarization is dominant factor in low frequency regime. In our previous work, we have
shown that the effective dielectric constant (eef) is inversely proportional to the ratio of
thickness of the grain boundary to the grain size.

We can explain that the reduction of dielectric constant with increasing vanadium content
occurred due to the grain size reduction.*® Also, porosity or alternatively compactness is a
key factor to determine the effective polarization of any porous system. According to
Maxwell-Garnett equation the dielectric constant should have highest value for least porous
sample.** Thus, effective dielectric constant showed a lowering tendency with high vanadium
doping. In addition to the study of variation of dielectric constant with various V doping
concentrations, the variation of dielectric loss with same doping alteration was investigated in
the same frequency range. Dielectric loss is a measure of power loss within the dielectric
material. The obtained results are presented in Figure 5.5(b).

The frequent appearance of grain boundary (charge scattering and trapping centers) due to
smaller grain size resulting high loss for doped ceramics compared to pure one. Again, study
of ac conductivity of pure and doped samples showed (Figure 5.6(a)) that an appreciable

change in conductivity was observed for doped samples. The electrons can’t be able to drift a
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longer path due to smaller grains of the doped samples and their velocity gets hindered by the
grain boundaries. Thus total conductivity was decreased with doping. This in turn showed an
enhancement in impedance shown in Figure 5.6 (b-c).
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Fig. 5.6. Frequency dispersion of (a) conductivity, (b) real and (b) imaginary part of impedance
for all the samples at a DC bias 18 Volt
5.3.4.2. Complex Impedance Spectra (CIS) analysis and DC bias
To correlate the variation of dielectric parameters with grain and grain boundary resistances,
the obtained results were analyzed using an ideal equivalent R-Q network including two
parallel combinations of R and Q (Constant Phase Element), as shown in Figure 5.7.> Q and

C are related as

(1—a) 1

C=R a Qa (5.5)

where, a is the degree of deviation with respect to the value of pure capacitor.
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Fig. 5.7. Schematic of proposed equivalent circuit

The values of grain resistances Ry and grain boundary resistances Rq» Were determined via
fitting (using EC-Lab software programme) of the Cole-Cole plot as presented in Figure 5.8.

With impurity, both the parameters (especially Rgy) increased appreciably (Table 5.3). The
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reason may be explained considering the decrement in grain size. As the grains grow smaller
carrier scattering at the grain boundary becomes more frequent leading to higher grain
boundary resistivity. Due to the application of DC bias voltage, the electrons gain more
energy to move and the mobility of the charge carriers increases. In addition, this external
energy helps the charge carriers for inter-grain hopping also. Thus, the effective grain and
grain boundary resistances showed a significant reduction after application of 18 VV DC bias

voltage.
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Fig. 5.8. Bias dependent Cole-Cole plot for (a) VO, (b) V1 and (c) V3; fitted Plots are shown
for (d)VO, (e) V1 and () V3

Table 5.3. Calculated values of Ry and Ry for 0 Volt and18 Volt

Bias Sample Rq (kQ)
voltage

VO 37.268 42.267

oV Vi 41.560 42,511
V3 88.126  367.434
VO 12.661 35.548

18V Vi 22.114 35.576
V3 30.834  174.676
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5.3.4.3. Effect of DC bias on dielectric permittivity

In addition, dependency of dielectric permittivity on bias voltage for each sample was also
performed. The bias voltage was varied from 0-18 V and corresponding variation of dielectric
constant is presented in Figure 5.9. In Figure 5.9(a), it can be clearly seen that the values of
¢' do not vary much with applied bias for the pure sample within low frequency range (<10
kHz) but the variation of &' becomes more prominent when the sample was doped with trace
amount of vanadium as depicted in Figure 5.9(b). Most dominant control by applied bias
voltage was observed for higher V doping Figure 5.9(c). The effect of DC bias was not
prominent in high frequency range, i.e. the value of €' show less fluctuation with bias voltage
for all samples compared. The variation of dielectric parameters is no doubt predominantly
occurring in the low frequency region. The reason may be correlated with different governing
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Fig. 5.9. Frequency variation of real part of dielectric permittivity for (a) VO, (b) V1 and (c) V3

at different DC bias voltages
factors active in low and high frequency region. The electronic and ionic polarizations are
considered as major factors controlling the dielectric behavior of the samples at high
frequencies whereas the dipolar and space-charge polarizations become the prime controlling
factors at low frequency.
The defects at the grain boundaries often serve as charge carrier trapping and recombination
centers. This also forms a potential barrier identical to Schottky barrier between two adjacent
grains. However, considering the fact that there are two grains adjacent to a grain boundary
region, this barrier may be considered as double Schottky barrier. When there is no applied
bias voltage, both of the space charge layers are similar. But as soon as a finite bias voltage is
applied, one of the charged layers is thickened and other one is narrowed depending upon the
polarity of the bias. If the applied bias is increased further, the barrier height at the grain
boundary changes appreciably. Also, when there is no external DC bias, the dipoles were
arranged in random fashion due to thermal agitation. But when DC bias was employed prior

to the application of external AC field, the dipoles get aligned along the direction of the bias
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voltage. This means the system becomes more ordered than previous one and in this
condition the application of AC field becomes more effective to make the system polarized.
Thus for all the samples, dielectric constant was increased with the DC bias voltage.

The dipoles formed with V-O have lower inertia than the Sn-O dipoles as vanadium is lighter
than Sn. When there was no DC bias because of the porosity and grain size, the effective
dielectric constant became decreased with doping concentration. But with the application of
DC bias the dipolar polarization increased for the doped samples as the lighter dipoles can
follow the instantaneous polarity change of the input AC electric field. Thus the enhancement
of dielectric constant due to the application of DC bias becomes more prominent for the
samples containing more vanadium as dopant.

5.3.4.4. Modulus spectroscopy studies

The complex modulus is the reciprocal of the complex permittivity and can be expressed as

*
M*(w) = ——=
e*(w)
, "
£ . £
= (o) +i ()
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Fig. 5.10. Frequency dispersion of real (a-c) and imaginary (d-f) components of complex
modulus at different bias voltages for the samples
The variation of M" with frequency for all samples in various bias voltages (Figure 5.10(a-c)
showed that M' increased at high frequency range which continuously due to short range
mobility of carriers.*®> However, this mobility mainly occurred within the grain and due to

high grain boundary resistance, as already demonstrated in previous section; signature of
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inter-grain carrier hopping was not found. Moreover, the value of M' was found to decrease
slightly with applied DC bias in accordance with the €' vs f behavior. A wide variation of
symmetry features of the peaks in M" vs f plot can be observed in Figure 5.10(d-f) for all
applied bias. Long range movement of the charge carriers is identified by its signature in low
frequency tail which favors carrier hopping between two neighboring crystals. On the other
hand, the high frequency tail of M" peaks corresponds to the confinement of the carriers in
their potential well allowing only localized movement. M" peak represents the transition from
long range to short range mobility.** Modulus spectra often reflect the nature of relaxation of
any sample. Careful observation of the spectra presented in Figure 5.10(d-f) reveals that the
modulus peaks gradually shifted towards higher frequency with increasing DC bias. Shift of
this peak towards higher frequency indicates the decrement of relaxation time. Relaxation

time can be determined using the following relation

T=— (5.7)

27 finax

It was observed that the relaxation time was decreased with increasing applied DC bias in

case of all samples. The application of DC bias boosted the ordered state of dipoles in the

system which in turn helps the dipoles to follow the external AC field.
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Fig. 5.11. Modulus master curve for (a) VO, (b) V1, (c) V3

In the modulus master curve which is the plot of (M"/M"max) vs. (f/fmax) depicted in Figure
5.11, the peaks can be seen to coincide with each other for all voltages indicating that the
same relaxation mechanism is responsible for all applied bias voltages. From the results, it
can be clearly seen that the vanadium doping has enhanced the influence of DC bias on
various electrical parameters of the samples and the same is highlighted in the low frequency
region. Due to the incorporation of V into the perovskite system BSO, the dielectric constant

or alternatively, capacitance can easily be tuned simply by varying DC bias at room

120



Chapter 5

temperature. Thus the V doped BSO nanocubes are useful capacitor material in micro and

nanoelectronics in which the capacitance value can be altered without varying temperature.
5.3.4.5. Dielectric relaxation formalism analysis

From the Cole-Cole plot (Figure 5.8), the center of the arcs appears to be below the X-axis
which is a clear indication of non-Debye type relaxation. The asymmetry of the dielectric loss
curve (Figure 5.5(b)) also indicates the non-Debye type relaxation occurring in the samples.

In order to achieve deeper insight on ‘non-Debye’ relaxation, the obtained data of frequency
dependent dielectric constant were further fitted (Figure 5.12(a,b)) using the Cole-Davidson

relation*

e (@) =€, + ﬁ =¢&'(w) —je () (5.8)

The real and imaginary parts of e*(w) are given by

(W) = e,+ (g5 — £,)(cos @)’ cos(SP) (5.9)
and
e (w) = (g5 — £.,)(cos D)’ sin(fP) (5.10)

where, ®=tan(wt), B is the shape parameter, &, &. are the relaxed and unrelaxed

permittivity respectively. t is the characteristic relaxation time and o is the angular

frequency.
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Fig. 5.12. The frequency variation of (a) real and (b) imaginary part of dielectric
permittivity of the samples at a DC bias of 18 V; the solid lines indicate Cole-Davidson
fitting of dielectric spectra
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B was considered as the major fitting parameter and the value of (3 was identified as the
decisive factor for the relaxation to be recognized as Debye type ( = 1) or non-Debye (B < 1)
type.*® The obtained values of B for different doping concentrations at a DC bias of 18 Volt

were less than 1. Thus, the samples follow non-Debye type of relaxation.

Another indirect proof of the type of relaxation may be established from the FWHM of
(M"/M"max) vs (f/fmax) plot. The values of FWHM were found to be greater than 1.14 decade
(breadth of Debye peak) which indicates non-Debye type of relaxation occurring in the
samples.

5.4. Conclusion

Pure and vanadium incorporated BaSnOsz samples were prepared via facile solid-state
method. Thorough characterizations for investigating the structural, morphological and
compositional features revealed proper phase formation, nano-particulate nature and uniform
elemental distribution of the samples. The dielectric constants of the samples decreased from
6305 to 3432 in low frequency (60 Hz) with increasing V doping concentration which
occurred due to the decrement of grain size, relative density and the defects generated upon
doping into the grain boundaries. DC bias dependence of grain and grain boundary
resistances was explained using double Schottky barrier theory. The range of variation of
dielectric constants under different bias voltages gradually widened 1.6 times with
incorporation of higher amount of dopant atoms in low frequency region and the same was
identified to be governed by dipolar polarization. The samples were found to follow Non-
Debye type (B<1) relaxation which was confirmed by correlating the experimental data with
Cole-Davidson relation and analyzing the modulus master curve widths (>1.14 decade). This
work is therefore showed that BSO:V system can be used as tunable capacitor material in

micro-nanodevices at room temperature.
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Abstract

In search of a truly multipurpose perovskite system with applications beyond photovoltaics,
pure and vanadium doped BaSnOs nanocubes were prepared using facile solid-state reaction
method. Theoretical simulation via ANSYS Maxwell software was employed to predict
whether doping in nano-BaSnOgz can lead to cold electron emission from the samples. The
work function, a crucial factor for potential cold cathodes, was determined using density
functional theory and the outcome was used to calculate the field enhancement factor.
Encouraged by theoretical outcome, experimental investigation for field emission capability
of the samples was carried out in a high vacuum chamber. Several factors like impurity
doping, emitter dimension, decrement of work function were identified as tuning factors. The
emission current density and the field enhancement factor of 5% doped sample were
enhanced ~3 and 4.3 times respectively compared to the pure one with 30% reduction of the
turn on field. The first ever investigation of field emission properties of pure and doped
BaSnOz in this work, showed that the novel perovskite can serve as an environment-friendly
cold cathodes in field emission display unit, electron microscopes etc. along with its othe

traditional applications.
6.1. Introduction

Low dimensional form of traditional semiconductors like ZnO, TiO,, CuO have already been
established as multifunctional candidates showing remarkable contribution in fields like
water purification, nanoelectronics, green energy harvesting, photo-electrochemical
performance, gas sensors etc.> Among some special classes of novel materials, delafossites,
perovskites are under strict analysis in this regard.®” Till now, perovskites are well known for
their green energy harvesting and tunable electrical properties.®® Some limited studies are
also there demonstrating green water treatment efficiency, electrochemical applications,
magnetic properties and field electron emissions of those materials.'** Among those limited
explored fields, cold electron emission plays an important role in various vacuum micro-
nanoelectronic devices like flat-panel display units, field emission electron microscopes,
microwave power amplifiers etc.'>1” Cold electron emitters are capable of emitting electrons
at room temperature and they do not require warm up time as well. On the other hand,
employing quantum tunneling of electron in cold electron emission cause lesser input energy
consumption is another eco-friendly aspect of cold cathodes.'® However, combining different
properties for multidimensional applications of perovskites is the real challenge of this field.

Though there are plenty of classical semiconductors like CNT, ZnS, MoS; and some
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perovskites offering good electron emission behavior, they have their own limitations as well.
Traditional field emitters like carbon derivatives often suffer morphological and property
related inferiority under very high external field.2*%23 Although perovskites are free of such
risk due to their appreciable stability under harsh external perturbations, In some established
perovskite field emitters like MALI, CsPbX3 contain heavy metal Pb.2*% In this regard,
cultivation of cold emission properties from BaSnOs would have positive environmental
aspects. BaSnOs is non-toxic and therefore expected to yield no hazardous residual gases or
chemical even in case of minor malfunctions of emission based devices made out of BaSnOs.
Moreover, this novel perovskite can be prepared via simple synthesis procedures which do
not produce any harmful sub-product. BaSnOz can be of more interest as theoretical
simulation of field emission (FE) behavior requires inputs like electrical parameters and
BaSnO:s is already popular for its tunable electrical properties. Plenty of experimental results
of electrical behavior with a variety of BaSnOs; samples are already available in the
literature.?®2 Moreover, due to well established synthesis routes, incorporation of new
impurity in BaSnOs system is possible. In the selection of dopant, compatible ionic
dimension, band gap and individual performance of the dopant based systems in the target
applications are analyzed crucially. Vanadium, having multivalent states may be an
interesting dopant candidate for carrier exchange with the host leading to exclusive electrical
properties. V20Os is itself a good field emitter system.?*-*0 V doped BaSnOs has already shown
a reduction in dielectric constant, which may be an indirect boost for cold emission behaviour
considering the fact that the core conducting grains are the emitters and the insulating grain
boundaries are acted like the coated dielectric.332 Again, this novel variation should lead to
rearrangement of electronic band configuration which in turn can modify the work function
of the material.

This work was aimed to investigate the field emission behavior of BaSnOs3 for the first time.
Additional multiple trial and prolong optimization were replaced via simple simulation-based
investigation before carrying out actual cold cathode experiments. Others important
parameters demonstrating the efficiency of FE behavior are turn on field and field
enhancement factor. Theoretical calculation using density functional theory (DFT) was again
used to determine the values of work functions which were used to calculate field
enhancement factors for pure and vanadium doped BaSnOs. Two unique facts were
uncovered in this work; firstly, novel BaSnO3 can work as efficient cold cathodes depending
upon its shape and the FE properties of the samples can be properly tuned by factors like

impurity doping, nanostructural dimension and electrode separation. When verified
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experimentally, V doped BaSnOs samples showed higher emission current density with
increasing doping concentration. Due to the combined effect of doping associated defects,
emitter dimension and electrode separation, the variation of the field emission parameters

were explained.

6.2. Experimental

6.2.1. Synthesis of BaSn;.xVxOs3 nanocubes

Using high purity BaCOs, SnO; and V.05 powders, vanadium doped BaSnOsz (BaSn1xVxOz3)
was prepared via conventional solid-state reaction process. Stoichiometric ratio of all the
precursors were mixed with CH3zOH and ground in an agate mortar for 2 h. Methanol was
allowed to evaporate from the powder mixture completely. The dried powder mixture was
placed in an alumina boat and calcined at 1100°C for 18 h. The samples with x = 0, 0.01,
0.02, 0.03, 0.04, 0.05 were labeled as BVO, BV1, BV2, BV3, BV4 and BV5.

6.2.2. Characterizations

All the samples were thoroughly characterized using different tools. The proper phase
formation of as synthesized samples was confirmed using X-ray diffractometer (XRD,
Bruker, D-8 Advance) with CuK, radiation (A = 1.54056 A). Surface morphology was
examined by Field emission scanning electron microscope (FESEM, Hitachi S-4800). The
dimensions of grains were studied using high resolution transmission electron microscope
(JEOL, 200 kV HRTEM). The elemental composition and their uniform distribution were
analyzed by energy-dispersive X-ray spectroscopy (EDS, Thermo Scientific attached with
HitachiS-4800). The impurity doping was confirmed via X-Ray photoelectron spectroscopy
(XPS, Specs, Germany) with a hemispherical analyzer (HSA 3500). The dielectric properties
of the samples were measured using an impedance analyzer (Agilent 4294A precision
Impedance Analyzer). The simulation-based field emission properties were theoretically
investigated by ANSYS MAXWELL software. Theoretical investigation to determine the
work functions via Density Functional Theory (DFT) was carried out using first principle
calculation. Finally, the actual field emission properties of the samples were investigated

using our laboratory made high vacuum field emission set-up.
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6.3. Results and Discussion

6.3.1. Structural studies

The X-ray diffraction (XRD) pattern presented in Figure 6.1(a) shows the proper
crystallinity of the samples. The peaks at 30.93°, 38.08°, 44.19° 54.78° 64.11° and 72.75°
were assigned to occur due to reflection from (110), (111), (200), (211), (220) and (310)
planes of cubic BaSnOs lattice [JCPDS card number: 150780]. The most intense peak was
obtained for (110) plane. Except a very small shift in the peak positions, no extra peak was
noticed in the XRD pattern of the doped samples.
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Fig. 6.1. (a) XRD pattern of BaSn;«V,Os at different V contents (from x = 0 to 0.05); (b)
corresponding change in average crystallite size

The average crystallite sizes of the pure and V doped samples were calculated using well

known Scherrer’s equation

kA
L= Bcosb (6.1)

Where, L is the average crystallite size, k is the shape factor with typical value 0.9, A
(=1.5406 A) is the wavelength of X-ray, 8 is the Bragg’s angle of diffraction (in degree) and
B is full width half maximum (FWHM) of the corresponding diffraction peak (in radian). The
average crystallite size of the samples was found (Figure 6.1(b)) to decrease with vanadium
doping. The decrement of the crystallite size was accounted for the dissimilarity of the ionic
radii between the dopant (Rv®* = 0.054 nm) and the host system (Rs,** =0.069 nm).* The
undoped unit cell consists of a Sn** ion with a higher diameter, whereas the doped sample has
a V°* ion which is aimed to replace the Sn** ion. Considering the lower dimension of V°* ion,

the unit cell of the doped sample is expected to exhibit smaller cell volume. This is directly
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related to the smaller dimension of the V doped BaSnOz (BV) system compared to the
undoped one as verified from XRD study.®*

6.3.2. Morphological studies

To obtain a more specific idea about the actual dimensions of the BV nanostructures,
HRTEM micrographs were recorded and presented in Figure 6.2. It can be seen from Figure
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(220).

Fig. 6.3. HRTEM images of (a) BVO, (b) BV3 and SAED pattern of (c)
BVO, (d) BV3

6.2(a, b) that samples grew smaller after V doping, which agrees well with our prediction
from XRD analysis. The grain sizes of the pure sample were found to be ~52 nm which
changed to ~38 nm for BV3 sample. The selected area electron diffraction (SAED) patterns
showed in Figure 6.2(c, d) reveal the presence of different crystalline planes and are in full

agreement with our XRD result.

6.3.3. Compositional studies

The energy dispersive X-ray (EDX) spectra of BV0, BV3 and BV5 including corresponding
elemental mapping is presented in Figure 6.3. Presence of all the constituent elements can be

confirmed from the elemental mappings. Proper uniformity in the distribution of constituent
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elements Ba, Sn and O was found in all samples and vanadium was also found to be
uniformly distributed over the entire samples (BV3 and BV5). Uniform distribution of the
dopant ensured proper charge transfer of the entire amount of the synthesized samples.
Chemical compositions of the samples were further studied via X-Ray photoelectron
spectroscopy (XPS). The results obtained for BV3 are depicted in Figure 6.4. It can be seen
that all the samples showed their characteristic peaks at appropriate positions. Ba 3d peaks
were obtained at 794.1eV and 778.8eV indicating Ba?" state and Sn 3d peaks were observed
at 494.2eV and 485.6eV indicating Sn** valance state, as expected in BaSn03.%® O 1s peak
was observed around 530eV which was further deconvoluted into two constituent sub-peaks
at 528.9eV and 530.1eV.

Intensity (a.u.)

3

Fig. 6.3. EDX spectra for sample (a) BVO (b) BV3 and (c)BV5; FESEM top view and
corresponding elemental distribution of Ba, Sn, O and V in sample BVO (left column), BV3
(middle column) and BV5 (right column)
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The peak centered at 528.9 eV was assigned to the lattice oxygen of BaSnOs and the peak at
530.1eV was identified to arise because of surface absorbed water.*® The dopant, vanadium
was detected by its characteristic peak at 518.4eV corresponds to V 2p. The valance state of

vanadium was identified as V**, likely to replace Sn** ions.*’
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Fig. 6.4. XPS spectra of (a) Survey, (b) Ba 3d, (¢)Sn 3d, (d) O 1s and (e) V 2p for BV3

6.3.4. Dielectric constant and resistivity analysis

BaSnOz is a well-established dielectric material and its electrical behavior was varied
appreciably with vanadium doping. Frequency dependent variation of the real part of
dielectric constant is presented in Figure 6.5(a) which indicates decrement of dielectric
constant with vanadium doping. The dielectric constant vs. frequency graphs were fitted
using Cole-Davidson relation.®® The results can be explained considering the combined
effects of size reduction and increased defects in the host system. As a consequence of
vanadium doping, an appreciable number of defects were introduced into the host BaSnO3
system which act as charged carrier scattering centres and thus the electrical properties are
affected. Moreover, the effective dielectric constant is inversely proportional to the grain
boundary thickness to grain size ratio.*® Reduction in grain size in turn increased this ratio
and hence the dielectric constant decreased with increasing vanadium content.

The Cole-Cole plots of the samples are also presented in Figure 6.5(b). The centres of the
suppressed semicircles are below the X-axis indicating the non-Debye type of relaxation
occurring in the samples.

The DC resistivity (p) of the samples can be defined as
p=R; (6.2)
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Where, t and A are the thickness and the area of the pellet respectively and R is the
resistance.*%*! The resistances were determined by fitting the Cole-Cole plots using an ideal
equivalent R-Q network, (via EC-Lab software program) where the constant phase element Q

and capacitance C are related as

(1—a) 1

C=R a Qa (6.3)
Where, a is the degree of deviation with respect to the value of pure capacitor.3!
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Fig. 6.5. (a) Frequency variation of the real part of dielectric constant for the samples BaSn1«V,Os
at RT; (b) Cole-Cole plots for BaSn;xViOs at RT. The solid lines indicate the best fit of the
experimental graphs

The DC resistivity R was found to increase with V doping, which was accounted for the

increased carrier scattering in boundaries of smaller grains.
6.3.5. ANSYS simulation studies

Observing appreciable variation of dielectric constant and resistivity with vanadium doping,
scopes of cold electron emission studies by the samples were opened up. However, before
performing actual FE experiments, theoretical simulation via ANSYS MAXWELL software
was carried out. For this, 3D models of the samples were designed maintaining the
dimensions as observed from morphological studies. Sample to collector distance was kept as
per actual possible values, typically 180 um in this case. The values of dielectric constant and
DC conductivities were taken as determined from actual studies. Thus, a virtual replica of the
actual field emission experiment was designed keeping the properties of samples, collector
and ambient close to the original ones. An external electrical excitation of about 1.2 kV was
applied virtually and the output electric field distribution was plotted in appropriate colour

code. The results are presented in Figure 6.6. It can be seen that the magnitude of output

136



Chapter 6

electric field enhanced appreciably at the proximity of the doped emitter compared to the
pure ones. This is clearly reflected in increased area of higher field indicative colour near the
emitter. The simulation indicated that the samples can exhibit higher output electric field after

vanadium doping.
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Fig. 6.6. ANSYS simulated field distribution for (a, c, €) side view of BVO, BV3, BV5
nanocubes and (b, d. f) top view of those samples respectively

This theoretical simulation also implies that the samples deserve thorough experimental
investigation to find out their ability in emitting cold electrons by local enhancement of

applied macroscopic filed.
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6.3.6. Density Functional Theory (DFT) studies for work function

Field emission performance of any sample is often quantified by its field enhancement factor.
The enhancement factor is calculated using the value of work function. However, work
function also depends upon the structure of the concerned material. Observing encouraging
results from dielectric studies and especially from ANSYS simulation prediction, further
investigation was performed via Density Functional Theory (DFT).
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Fig. 6.7. Computational results showing the average potential profile of (a) BaSnOs, (b) V doped

BaSnO; lattice; (c) and (d) are the (110) optimized surface for pure and doped samples

respectively; obtained by DFT analysis
The first-principle calculations regarding this were performed using Vienna Ab initio
Simulation Package (VASP) code which actually implements a supercell approach to DFT.#?
Perdew—Burke-Ernzerh (PBE) functional within the generalized gradient approximation
(GGA) was used to calculate the exchange-correlation term with the plane waves up to the
energy cut-off 500.00 eV.* Brillouin zone integrations were done within the Monkhorst Pack
scheme employing 2 x 2 x 1 I"-mesh. The system was allowed to fully relax until the forces
converged below 10-5 eV/atom, so that geometrical optimization is achieved.** The

maximum force converged to a value less than 0.05 eVA*and the displacement was
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restricted within 0.002 A. Along the c axis, a vacuum slab of length 20 A was used to ward
off the spurious interaction with its own periodic image. The results are presented in Figure
6.7, where it can be seen that the work function of the pure sample was about 3.044 eV and
that reduced to 2.455 eV after vanadium incorporation within the supercell. A reduction in
work function was indicated by theoretical studies which can favor electron emission by the
samples after vanadium doping.

6.3.7. Cold Cathode emission studies

6.3.7.1. Field emission behaviour analysis and Fowler-Nordheim (FN) plot

The field emission experiment was carried out in our laboratory made high vacuum field
emission set up by using a diode configuration. In this configuration, the sample, pasted on
conducting carbon tape was considered to be the cathode and a stainless-steel tip of conical
shape with a 1.5 mm diameter was the working anode. Before the measurement, the chamber
was evacuated at a base pressure of ~10" mbar. The separation of tip to sample (d) was
varied to a few hundred micrometers by a micrometer screw and the experiments were
performed keeping the separation of 180 pum, 200 um and 250 pum. During the entire
experiment, the sample and the tip were monitored through the chamber view port, which
ensured that no discharge occurred during the emission process and hence the samples

exhibited purely cold field emission of electrons.
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Fig. 6.8. (a) J-E characteristics of pure and V doped samples at d = 200 zm, (b) plots of turn-on
field vs. doping concentration

The current density vs. electric field plots are presented in Figure 6.8(a) where it can be seen
that the perovskites exhibit excellent field emission current density, especially sample BV5

showed a very high emission current density of ~ 530 pAcm™. The highest current densities
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gradually decreased with decreasing vanadium content and the pure sample registered
emission current density of nearly 180 uAcm™. The turn on field (defined at a current density
of 10 uAcm) also varied with vanadium content and it was observed that the turn on field

gradually decreased with increasing vanadium doping concentration (Figure 6.8(b)).

This variation in FE performance of different samples can be explained considering two
important factors, i.e., grain size of the emitters and increasing defect states in electronic band
structures. As already observed in XRD and HRTEM studies, the samples show a
considerable decrease in grain dimension due to vanadium doping. This indeed decreased the
emitter dimension and effective number of emission sites are increased due to this. Moreover,
after higher doping, intermediate states also emit electrons leading to enhanced emission
current density. As a result, higher current density and low turn on field was obtained for

sample BV5 compared to samples with lower vanadium concentration and sample BVO.

A better understanding about the cold emission process can be achieved from Fowler—
Nordheim (F-N) analysis. The macroscopic field is calculated from the external voltage
applied (V) per unit electrode spacing (d).
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Fig. 6.9. F-N plots for (a) BVO, (b) BV1, (c) BV2, (d) BV3, (e) BV4 and (f) BV5 at d = 200 gm

Theoretically, the emission current | is related to the macroscopic electric field E by

I = Aap~1(BE)? exp <

BE
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Where, ¢ is the local work function, the field enhancement factor is 3, Athe effective
emission area, values of Fowler-Nordheim constants are a=1.54x 10% AeVV? and
b =6.83 x 10° eV 32Vum1.*°® The F-N plots of the BV samples are presented in Figure 6.9.
The straight-line nature and negative slopes of the F-N plots suggest that the electrons are
emitted by cold field emission process. The local field enhancement factors were determined
using the relation

p= -2 (6.5)

Where, ¢ is the work function of the samples, m is the slope of In(J/E?) vs. 1/E plot. The
value of work functions was taken as observed from DFT studies and the calculated values of
field enhancement factors are presented in Table 6.1.

However, careful observation reveals that there is a two-section F-N slope for BVO whereas
the doped samples showed three-section F-N slopes. Presence of multiple straight linear
sections in F-N slopes is often correlated with presence of internal defects and space charges.
Moreover, those factors may not have equal contributions.*® Dyke et. al. suggested that space
charges play an important role at strong field (near low value of 1/E) when inter-atomic

spacing of the emitters become comparable to barrier potential.*’

Table 6.1. Comparative values of field enhancement factor (f5) corresponding to various section

Work function B values for

&) Section | Section 11 Section |11
3.044 BVO 176 580 —
2.455 BV1 176 587 260
2.455 BV2 178 875 278
2.455 BV3 178 1238 312
2.455 BV4 290 1564 423
2.455 BV5 332 2505 459
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These space charges may be contributed from ionization of trace amount of residual gases
near the inter-electrode gap, ionization of desorbed gases from the anode or electrons emitted
from the surface of emitters.

In the low field region, emitters cannot achieve sufficient electrical excitation to emit a high
number of electrons. Moreover, applied low field is also unable to induce any space-charge
by ionization at the proximity of the electrodes and thus a stiffer section of F-N slope (and
low value of enhancement factor) was observed at section 111 of BV1- BV5.

At the section 11, comparatively higher value of applied macroscopic field is able to extract
electrons from edges of small emitter grains and also from doping induced levels.
Additionally, increased applied field is also able to excite a high number of ionization
induced charges. This enables enhancement of local field represented by comparatively flatter
F-N slope and large enhancement factors. This section was observed for all the samples.

At section I, which is a high field region, should contain both space charge induced electrons
and electrons originated from the emitters. Even in case of less active emitters, like BVO,
signature of space charge induced emission should be reflected in the F-N plot. This was
clearly reflected in the experimental results depicted in Figure 6.9 where section I is also
present for all samples. However, a more interesting fact is reflected in the variation of
enhancement factors for section 11 and section 1. For all the samples, field enhancement factor
decreased in the highest field region (section I) compared to its value at section Il. Activation
of too many emission sites and presence of a large number of electrons near the anode
effectively cause appreciable screening effects which lead to inferior enhancement of local

field in section I.
6.3.7.2. Effect of inter-electrode separation for optimum device configuration

The effect of electrode separation is another important parameter for an efficient cold emitter.
The samples presented here were tested keeping the electrode separations at 180 um and 200

um. The results are presented in Figure 6.10.

It can be clearly seen that the emission current density increases at higher electrode
separation. As the electrode separation becomes higher, the anode can actually cover a larger
surface area of the cathode which includes higher number of emitters as depicted in Figure
6.11(a). This in turn increases the effective emission current density at higher inter electrode

separation. However, the sample BV5, showing highest emission current density was
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subjected to further increment of electrode separation of 250 um (Figure 6.11(b)). At this

stage, the emission current density was found to decrease. This happened due to the fact that

placing the collector (anode) at very large distances may cause too high value of the barrier

potential so that emitted electrons fail to tunnel through it. This cause lower current density at

the anode.*®
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Fig. 6.10. J-E characteristics of (a) BVO, (b) BV1, (c) BV2, (d) BV3 and (e) BV4 for various inter-

electrode distances

In addition to the inter-electrode distance variation, the stability of emission current is also an

important factor in view of the application of any potential cold cathode into any

sophisticated electronic instrument.
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Fig. 6.11. (a) a schematic diagram of the effect of inter-electrode distance variation on effective
emission area; J-E characteristics of (b) BV5 for various distances
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In order to introduce BaSnO3: V perovskites as potential future cold cathodes, their stability
test was also performed keeping the excitation at 9Vum™ for 1h. The samples showing

distinct and appreciable variation of FE parameters, i.e., BVO, BV3 and BV5 were tested for
current stability. The results are presented in Figure 6.12.
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Fig. 6.12. Temporal FE current stability profile at d = 200 #m and E = 9 Vum™ for BV nanocubes

It can be seen that all samples showed appreciable stability in view of emission current
density. Interestingly, sample BV5 showed slightly better performance in emitting stable
current than BV3 and BVO. Inclusion of higher number of emitters caused due to decreased
grain size and presence of intermediate electronic energy levels due to high doping may be
accounted for this enhancement of stability. Through those above-mentioned sections, it was
established that novel BaSnOs: V perovskite system can offer an important addition to the
traditional cold emitter semiconductors. Moreover, in view of other important uses of this

particular perovskite, this work opens up a new identity of multipurpose applications of
BaSnO:s.

6.4. Conclusion

Pure and vanadium doped BaSnOs nanocubes were synthesized via easy solid-state reaction
method. Thorough characterizations with XRD, FESEM, HRTEM and EDX confirmed

proper phase, cube like morphology and chemical composition. Vanadium doping was
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confirmed via XPS studies. Dielectric studies showed that the dielectric constant gradually
decreased with vanadium doping, which was correlated to the effect of dimension reduction
and the occurrence of defect states. Inspired by dielectric results, theoretical investigations
using ANSYS MAXWELL and DFT software were carried out to predict whether the
samples are capable of emitting cold electrons and to find out the variation of work function
with doping. Obtaining positive outcomes from theoretical studies, actual field emission
experiments were carried out which showed that the samples could exhibit lower turn on field
and emission current density as high as ~530 pA cm? after vanadium doping. This turns out
to be an enhancement of 4.3 times (at most effective zone, section Il) with respect to the
pristine sample, whereas the turn on field was reduced by 30%. The results were accounted
for the size reduction and the effect of defect states in the doped samples. This work opened
up a new sector of application of traditional perovskites like BaSnOs3 as cold cathodes beyond

their classic use.
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Abstract

BaSnOs (BSO) nanorods were synthesized using hydrothermal method followed by calcination
and then BSO/PVDF composite films were fabricated following simple solution-drop casting
technique. The formation of composite system was not only enhanced the level of crystallinity of
the films but also converted the non-polar o phase to polar B phase. A maximum 3 phase was
enhanced to 84% for the composite system. The compatibility of dielectric permittivity between
two components of the composite system allowed forming highly flexible, visibly transparent
films with high dielectric permittivity (26.71 at 100 Hz) and low loss (0.066 at 100Hz). The
rodlike morphology of BSO helped to achieve the percolation threshold with smaller volume
fraction of BSO and also prevented agglomeration into the system. The open circuit voltage and
short circuit current for the composite system was found to be enhanced upto 7.3 and 4.6 times

respectively.
7.1. Introduction

With rapid growth of power electronics, the perovskite oxides with high dielectric constant and
low loss serve significant importance in various applications, such as sensors, energy storage
devices, multilayered capacitors etc.1> Although the perovskite ceramics exhibit high dielectric
permittivity but the high brittleness and low breakdown strength impose limitations in practical
applications. On the other hand, the polymers have high flexibility, superior durability, large
breakdown strength but low dielectric permittivity. Thus, many efforts have been given to
prepare such perovskite ceramic/polymer composite which possesses the best characteristics of
both the components. So, the escalating need of highly flexible, visibly transparent, lead free
perovskite/polymer composites with high dielectric constant, low loss and large breakdown
strength have been explored in recent years.® Several perovskite oxides like BaTiOs, LaFeOs,
ZnSn0O3 etc. were already used for this purpose and showed good efficiency but they have their
own limitations.”® For example, dielectric permittivity incompatibility, high cost, brittleness,
phase instability etc. Among the well known perovskite ceramics, BaSnOs has drawn the our
attention due to its low cost synthesis method, interesting electrical properties, visible light
transparency (optical band gap ~3.1 eV), high thermal stability (>1000 °C), environment friendly

nature etc.1®!! Also, the electrical properties of BSO can easily be tuned via appropriate cation
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doping, external DC bias variation etc.!? The particle size of this material can be tailored simply
by calcination temperature variation, which has a significant role in formation of a agglomeration
free composite system.® Then again, polyvinylidene fluoride (PVDF) is the mostly studied
piezoelectric semicrystalline polymer because of its easy formation, high dielectric permittivity
(in comparison to other polymers), high thermal stability.'**> Even though the polymer has been
used in many contemporary electronic applications, including flexible pressure sensors, portable
electronics, and energy storage systems, the raw PVDF has poor electrical properties that must
be improved for practical applications.'® The piezoelectricity of PVDF mostly comes from the
polar crystalline B and y phase, rather than the non-polar o phase. The electroactive 3 phase is
mainly responsible for the piezoelectric behavior of the polymer exhibiting maximum dipole
moment per unit volume.r?* Therefore, it is necessary to convert o phase (trans-gauche
conformation TGTG) to B (all trans planar TTTT conformation) for achieving optimum
polarization effect. Thus, the aim is to form BSO/PVDF composite to improve electrical and
mechanical properties of the hybrid system. This work represents two stage procedures, firstly,
the synthesis of BSO nanorods by hydrothermal treatment followed by calcination at 500 °C and
secondly, fabricating BSO/PVDF composite films using solution-casting approach. The hybrid
films not only became enriched with electroactive 3 phase but also exhibited optical eminence.
In addition, the dielectric permittivities as well as conductivity for the hybrid samples were
increased with BSO content and the loss was found to be low for all the samples. The high aspect
ratio of BSO nanorods may be responsible for the enhanced interfacial polarization between the
surface charges of BSO and the polymer.?? Also, this may be the reason for less agglomeration in
the composite system, resulting in low loss. The open circuit voltage and short circuit current
were enhanced significantly for the hybrid samples due to the increment in polarization and
conductivity respectively. In this work for the first time, the improvement of electrical properties
of BSO/PVDF nanocomposite films was analyzed and the output performances of the devices
were demonstrated. In short, this work provides a comprehensive guideline for improving

perovskite ceramic/polymer nanocomposites with high permittivity and low loss.
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7.2. Methods & enumeration

7.2.1. Materials

Barium chloride dihydrate (BaCl>-2H2.0O) (Sigma Aldrich), Stannic chloride pentahydrate
(SnCls5H20) (Loba Chemie), Citric acid monohydrate (CsHgO7-H20) (Merck), Hydrogen
peroxide (Merck), Ammonia solution 25% (Merck), PVDF (Mw =~ 275,000 gm. /mol, Sigma-
Aldrich, USA), Acetone (Merck), N, N-Dimethylformamide (Merck). Absolute ethanol and

deionized water were also used to wash the sample.
7.2.2. BaSnOs nanorod synthesis

BaSnOz (BSO) nanorods were synthesized via hydrothermal reaction followed by calcination.
Stochiometric amount of BaCl2.2H>0 and SnCls.5H,0O were dissolved into 50 ml deionized
water under constant stirring at room temperature. Additionally, appropriate of aqueous NaOH
solution was poured drop by drop into the precursor solution under vigorous stirring until the pH
turned ~12. The solution was stirred for 1 h continuously to get a white homogeneous solution.
Then, the solution was transferred into 100 ml teflon-lined stainless steel autoclave and kept at
150 °C for 24 h. The solution was allowed to cool down naturally and then washed with
deionized water and ethanol until the pH becomes neutral. After drying the precipitate at 80 °C

in vacuum oven, the white powder was calcined at 500 °C for 4 h to obtain phase pure BSO.
7.2.3. PVDF film fabrication

1.5 gm commercial PVDF pellets were allowed to dissolve into a mixture solution of 12 ml
acetone and 8 ml acetone under vigorous stirring at 70 °C for 2 h. A transparent homogeneous
solution with proper concentration was then carefully transferred onto pre-cleaned glass slides to
form self-poled uniform layers which were kept at 60 °C in vacuum oven overnight without
disturbing. After natural cooling down to room temperature, the films were peeled off from the

glass slides and used further for analysis.
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7.2.4. BSO/PVDF composite film fabrication

Appropriate amount of BaSnO3z powder sample was added to the solution of PVDF at the time of
stirring. According to the concentration of BSO the hybrid films are lebelled as PBSO, PBS1,
PBS2, PBS3 and PBS4 respectively.

7.2.5. Experimental techniques

The X-Ray diffraction data of BSO and composites were acquired using XRD, BRUKER D8
Advance spectrophotometer with CuK, (A = 1.5406A) radiation with a scan rate of 0.05 mint. A
field emission scanning electron microscope (FEI INSPECT F50, Netharlands) was used to
explore the morphology of the samples. To determine the band gap and optical transparency of
the bare and composites a Jasco V670 spectrophotometer was employed. The elemental
distributions over bare and composite samples were collected using the energy dispersive X-Ray
spectroscopy attachment with the FESEM. Fourier transform infrared spectroscopy was carried
out by Shimadzu FTIR spectrometer, IR prestige. An Agilent precision impedance analyzer with
an operating range of 40 Hz—110 MHz was operated to record impedance spectra for electrical
propery analysis. A MIM (metal-insulator-metal) geometry was fabricated by depositing Ag
electrodes on both sides of the films suitable for AC impedance analysis. Electroactive response
of the as-prepared composite samples was studied using a KEYSIGHT InfiniiVision
DSOX2012A digital storage oscilloscope.

7.3. Results and discussion

7.3.1. Structural analysis

The X-ray diffraction pattern of as-synthesized perovskite BSO was recorded in a range of
20 between 20° to 80° is shown in Figure 7.1(a). The presence of sharp peaks confirmed the
crystalline phase formation. All the Bragg’s peaks were indexed and matched with the JCPDS
card no. 150780 for cubic BSO. Absence of any other extra peak confirmed the phase purity of

the sample. The average crystallite size was calculated using well-known Scherrer’s equation

092
- pPcosb

(7.1)
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Here D is the average crystallite size, A is the incident wavelength of the source (= 1.54 A for
CuKa source), B is the FWHM of the Bragg’s diffraction peak (in radian) and © is the angle of
diffraction (in degree). Considering five intense peaks, the calculated value of mean crystallite

size was 22 nm.
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Fig. 7.1. (a) XRD pattern and (b) UV-Vis transmittance for the samples

The phase and crystallinity of BSO/PVDF nanocomposite were confirmed from the XRD pattern
analysis; see Figure 7.1(a). The bare PVDF was mainly consisted of the peaks assigned for non-
polar a phase (17.99°, 19.90°) whereas, the electroactive  phase (20.28°) was found to increase
for PBS3 composite due to formation of the composite. Also, the XRD peak at 30.7° and 37.8° in
composite sample were attributed to BSO. Weak trace of y phase (18.45°) of PVDF was also
noted in bare and composite sample. Due to the formation of the perovskite/polymer composite

system, the electroactive 3 phase was found to dominate over the non-polar o phase.
7.3.2. Optical property studies

The UV-Vis transmittance spectra for BSO, PBSO and PBS3 are presented in Figure 7.1(b). A
high transmittance (~80%) in the visible range was found for BSO. PBSO showed a
transmittance of ~50% in the visible optical range which increases slightly for the composite
sample PBS3.

7.3.3. Morphological studies

For morphological analysis of the perovskite/PVDF under concerned, FESEM was carried out.
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Fig. 7.2. FESEM images of (a) BSO, (b)PBS0 and (c)PBS3

Figure 7.2(a) illustrates that BSO nanorods have mean length of ~2.5 um with a mean diameter
of ~15 nm. Homogeneous growth of BSO crystals can be observed from the slight variation in
the average diameter of the rods. The significantly smaller crystallite size calculated from the
XRD pattern relative to the dimension obtained from the FESEM image denotes the
polycrystalline nature of the sample. The surface morphology of PBSO and PBS3 films are
shown in Figure 7.2(b) and (c) respectively. Any rodlike morphology was not visible for the
sample PBS3 because BSO particles may be concealed inside the polymer matrix at the time of
composite formation. The rodlike morphology of the perovkite may promote the formation of
all-trans configuration of the polymer with less volume fraction which also prevents

agglomeration in the system.
7.3.4. Compositional analysis

Energy dispersive X-ray (EDX) analysis was conducted for compositional analysis. The EDX
spectra in Figure 7.3(a) did not show any peak of ClI which rules out the possibility of presence
of any chloride precursor in BSO. The EDX scan profile of PBSO and PBS3 sample shown in
Figure 7.3(b,c) indicate that all the constituent elements (C and F in PBS0) and (Ba, Sn, O, C
and F in PBS3) were present over the inspected regions of respective samples. Uniform
elemental distribution was further inferred from the elemental mapping of BSO, PBS0 and PBS3

as shown in Figure 7.3(d-f) which is another evidence of formation of BSO/PVDF composite.
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Fig. 7.3. EDX spectra of (a) BSO, (b) PBS0O and (c) PBS3; elemental mapping of (d) BSO,
(e) PBSO and (f) PBS3

7.3.5. FTIR analysis

Analysis of FTIR spectra for the composite sample is obvious for the assurance of the chemical
attachment of BSO and PVDF. Figure 7.4(a) and (c) presents the room temperature FTIR
spectra for all the films prepared collected under absorbance mode. The five distinct phases of
PVDF (o, B, v, 6 and €) can be determined from the carbon chain and the C-C bonds present in
chemical configuration of PVDF.2° The comparative spectra clearly delineates the orientation of
PVDF chain was converted from TGTG to TTTT and partially to T3GT3G systametically due to
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the formation of BSO/PVDF composites.?#? The spectra from 1600-400 cm™ is depicted in
Figure 7.4(a) and the peaks for different crystalline phases are also indexed with different color.
The absorption bands appeared at 532, 613, 764,796, 976 and 1160 cm™ are referred to the non-
polar o phase whereas, the vibrational bands at 840 and 1279 cm™ denotes the presence of highly
polarized phase B. A very weal peak of semipolar y phase was appeared at 812 cm™.2627 |t can
be well observed from the comparative spectra that the peak intensity of nonpolar a phase was
strongest for the PBSO sample which starts to diminish with the composite formation and the
peak at 840 cm indicating polar B phase grew stronger for the composite samples with higher
concentration of BSO. The result proves the enhancement of electroactive 3 phase of PVDF for
the composite samples. The interfacial interaction between the molecular dipoles (-CH2 or -CF2)
of poly-vinylidene chloride and the charges resides at the surface of BSO nanorods might be
responsible to align the dipoles in a more ordered direction and thus to enhance the 3 phase. It is
evident from the spectra that the peak intensity of y phase (812 cm™) was also increased for the

composite film.

Although the composite films showed enhancement of f and y phase together, the B phase
fraction was higher than y phase fraction which is evident from the absorption band ratio of
Ar27o/A123228 The electroactive phase proportions for the films were calculated using the
following equation

Fga = ﬁ—gfliﬁ (7.2)
Where, A denotes the area under the curve and the subscripts are used for the corresponding
vibrational bands, Ko (7.7 X 10* cm?mol™?) and Kg (6.1 X 10* cm®mol™) are the absorption
coefficient for the absorption intensity at 764 cm™ and 840 cm™ respectively. The area under the
curve for o and B phases were calculated for each curve separately and the quantitative value of
electroactive phase (in %) for all the films are illustrated in Figure 7.4(b). Initially, at lower
concentration of BSO, the conversion of o to B phase was not reached to optimum level due to
insufficient surface charge availability of BSO to interact with the molecular dipoles of PVDF.
But for PBS3 sample, the interaction was sufficient to make maximum dipole aligned and thus

the conversion of B phase from o phase was significant. The maximum value of Fea was 84%
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for PBS3 and then started to fall. Due to the over concentration of BSO nanorods, the

agglomeration starts, which in turn boosts misalignment of PVDF dipoles.
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Fig. 7.4. (a) FTIR spectra of the samples in the range 500-1600 cm™, (b) variation of electroactive

phase content for the samples, (c) FTIR spectra of the samples in the range 2950-3050 cm™, (d) rc

and Av values for the samples
The frequency shifting of vibrational bands in the range between 3050 cm™ and 2050 cm™ is
illustrated in Figure 7.4(c). This shifting of symmetric (vs) and antisymmetric (vas) stretching
vibration bands in composite films portrays the interfacial interaction between BSO and PVDF.?®
The interfacial interaction further causes damping to the natural inherent vibration and makes the
dipoles of PVDF lighter resulting a shift of bands towards lower frequency as compared to the
bare one.?®2° For a better insight, the damping constant was calculated for the bare and
composite films and the values for different concentration of BSO are shown in Figure 7.4(d).

To evaluate the damping constant (rac) the following relation was used.%%
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rdzc = w(z) - (‘)czl (73)

Here wg and wo denote the angular frequencies for the damping and damping free natural

vibration respectively. In terms of wavenumber, the above equation can be rewritten as,
r2. = 2mc(VE —v3) (7.4)

Where, ¢ denotes the velocity of light in free space. The damping constant along with the
frequency shift was raised for the composite samples and after reaching a maximum for PBS3
film it started to fall. This suggests the afore-mentioned interfacial interaction and enhancement

of 3 phase of PVDF upto PBS3.
7.3.6. Electrical properties studies

The application of external electric field induces polarization within all the films. The
piezoelectric coefficient of the composite system is linearly proportional to the dielectric
constant or the polarization of the system. Thus, the performance of the hybrid films due to the
mechanical stress can be roughly estimated by observing the variation of dielectric constant
without presence of any external DC field. Hence, the frequency dispersion of dielectric
constant, loss and conductivity were thoroughly studied. The dielectric constant was calculated

considering parallel plate capacitor structure and the below mentioned formula was used for

evaluation.
£ cd
e (7.5)

C is the capacitance of the MIM capacitor, A is the effective electrode area, d is the thickness of
the film and e (= 8.854 X 10 F/cm) is the dielectric constant of vacuum. Figure 7.5(a-c)
narrate the frequency dispersion of dielectric constant (er), tangent loss (D = tand) and ac
conductivity (cac) Of all the films in the range from 40 Hz to 10 MHz. Due to space charge and
interfacial polarization, the dielectric constants of all the films were higher in the low frequency
range which began to decrease as frequency increased.®? As frequency increases, the dipoles in
the composite system fail to chase the instantaneous polarity change of the external ac field and
as a result the polarization lags behind the input field.3*3* The high polarization at low frequency

exhibited by all the films called Maxwell-Wagner interfacial polarization (MWIP) and was
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aroused because of the interactions occurring between the space charges of BSO and the tiny
molecular dipoles of PVDF.* Dielectric loss or tangent loss is another important factor to note.
It is the relaxation loss of the system arises due to the phase lag of the oscillating dipoles with
respect to the applied electric field. The tangent loss (tan &) or the dissipation factor (D)

physically signifies the ability of storing energy and the loss dissipated as heat. It can be deduced
from the relation

D=tané == (7.6)
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Fig. 7.5. Frequency dispersion of (a) dielectric constant, (b) dissipation factor and (c) ac
conductivity for the samples; (d) the variation of dielectric constant and dissipation factor with
the BSO content at frequency 100 HZ

¢ and ¢" are the real and imaginary components of the complex dielectric permittivity
respectively. The homogeneous distribution of nanorods results a very low tangent loss (<0.5)
throughout the total frequency range which is desired criteria for practical application.*® The
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variation of dielectric constant and dissipation factor for different films at 100 Hz are presented
in Figure 7.5(d). The high aspect ratio nanorods were capable to convert the polymer chain into
all-trans configuration with lower volume fraction (3%), by providing high interface region. This
in turn boosts interfacial polarization and dielectric constant for hybrid films. Although, the
dielectric constant was increased upto PBS3 film, the same was decreased with more
introduction of BSO. Excess perovskite loading may leads to the formation of agglomeration
which reduces the interfacial polarization and thus the dielectric constant.*® The frequency

variation of ac conductivity was evaluated from the following relation
Oge = 2mEE tand (7.7)

The conductivity for the hybrid films showed a significant increment at higher frequency where
polarization was minimum. The conductivity was also increased most for the PBS3 film. The
increment in conductivity helps to enhance the output current from the device. The dielectric
constant is directly related to the piezoelectric coefficient of the polymer. Thus the piezoelectric

coefficient (ds3) was expected to increase with the enhancement in dielectric constant.
7.3.7. The output performance of BSO/PVDF nanocomposite films

To examine the response of the BSO/PVDF hybrid films, MIM structured devices with
dimension of 1.5%x 1.5 cm? were formed using aluminum foil as electrode material and Cu wires
were used for connection. The devices were laminated to reduce external effects affecting the
original output from the devices. Without using any additional electrical poling activity, the
piezoelectric outputs of all devices were taken. For free hand repetitive hammering (while
wearing lab gloves) in a vertical direction, the output responses of all the devices were recorded.
The PBSO sample yielded 5.27 V open circuit voltage (Voc) and 0.78 pA short circuit current (Isc)
whereas, the PBS3 sample exhibited 38.51 V and 3.59 pA respectively under similar vertical
pressure. The responses are shown in Figure 7.6 (a,b). These data also point to the improved
output performance of PBS3 as compared to PBSO0. Better piezoelectric response was reflected
from the stronger electroacitivity of PBS3 which generated ~7.3 times more Voc and ~ 4.6 times
more lsc than PBSO under identical mechanical strain. The occurrence of electrical potential
difference because of the application of mechanical strain is the reason behind this behavior. An
potential difference may be aroused between both the electrodes to remunerate this internal
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potential created due to the proper alignment of the dipoles. This potential difference results as a
current flow in the external circuit, the output signal of the devices. In the reverse condition, i.e.
when the external mechanical strain was removed, the charges accumulated at both sides of the
films were flowed back to the opposite ends generating another electric impulse. In this case, the
difference was only the direction of response.®” As a result, a pulse type signal was generated for
the periodic press-release input. It was observed that there was an asymmetry in the peaks of
output voltage and current for positive and negative directions. Actually, the difference between

applied forces on the device at the time of pressing and releasing is the reason behind it.
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Fig. 7.6. (a) Open circuit voltage, (b) short circuit current for all the devices and (c)the plot of
maximum Vo and Is for the samples

To understand the difference of performance between PBS0O and PBS3 devices, the realization of
the role of BSO is utmost important. The inclusion of BSO into the hybrid films enhanced the
phase of the films which was confirmed from the XRD and the FTIR analysis. Along with the
enhancement in the electroactive 3 phase, the association also exhibited high dielectric constant,
which further enhanced the piezoelectric charge coefficient ds3. Additionally, BSO's rod-like
morphology made it easier to reach the percolation limit, and the best device was made with a
lower volume fraction of BSO. The variation of open circuit voltage and short circuit current for

all the devices are shown in Figure 7.6 (c).

Considering all the results, the supremacy of the film PBS3 was established and thus further
work was conducted on it. The forward and reverse voltage and current for PBS3 are shown in
Figure 7.7 (a,b). The results indicate that the output response is due to piezoelectric
phenomenon i.e. the appearance of pulse like voltage/ current signal is not due to any arbitrary

mechanical or electrical disruptions. The enlarged view of those output signals are presented in

163



Chapter 7

the inset respective figure. For the practical high-power DC source, the PBS3 was employed to a
bridge rectifier circuit and the rectified output was recorded using an oscilloscope. As observed
from the Figure 7.7(c), the maximum rectified voltage for the best performed device was 34.57
V under periodic free hand hammering. The zoom view of this output is illustrated in Figure
7.7(d) along with the used circuit diagram for rectification (shown in the inset). By stabilizing
the pulse like output signals with full-wave rectifiers and voltage regulators, these hybrid devices
can also be used to power electronic devices.
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Fig. 7.7. Forward-reverse (a) voltage and (b) current for PBS3; insets are the corresponding
enlarged views; (c) rectified voltage and (d) its enlarged version. The schematic of the circuit
of bridge rectifier is shown in inset of (d)

During periodic hammering, the charge (Q) accumulated by PBS3 device with a force of 12N,
measured by a load cell was evaluated by integrating positive half of Js (short circuit current per

unit area) with respect to time i.e. [ Js.dt. The piezoelectric coefficient was estimated from the
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formula, |d33] = %.38 The assessed values of |dss| for the PBSO and PBS3 are 65 pC/N and 21

pC/N respectively. As previously mentioned, the devices were well laminated using professional

lamination device to eliminate all the external and tribo-electric effects. The piezoelectric voltage

coefficient was calculated using the relation g;; = :%3 2% The values of gs3 for PBS0 and PBS3
ocr

were 0.24 Vm/N and 0.30 Vm/N respectively. Thus, the calculated value of the figure of merit
(FOM = ds3Xgs3) for the device PBS3 (19.5 X 102 Pal) was enhance 3.86 times from the
device PBSO (5.04X% 107'? Pal).*% These results validate the high performance capability of

PBS3 device as a piezoelectric device.
7.4. Conclusion

Barium stannate nanorods with average diameter 15 nm and length 2.5 um were synthesized
using hydrothermal method followed by calcination at 500°C. Highly flexible, visibly
transparent BaSnO3/PVDF nanocomposite films were fabricated using solution-drop casting
method. From the X-ray diffraction analysis and Fourier transform infra-red spectroscopy it was
confirmed that the electroactive phase for the hybrid samples was enhanced (84%) with the
perovskite content. The composite system showed a high dielectric permittivity of 26.71 at 100
Hz with a loss 0.066. The high aspect ratio nanorods helped to improve the electrical properties
of the composite sample by enhancing the interfacial polarization between the surface charges of
the perovskite and the polymer. The highest open circuit voltage (38.5 V) and short circuit
current (3.59 pA) were found for the composite sample exhibiting highest electroactive phase.
Furthermore, the best performed device was employed to a bridge rectifier circuit for utilizing

the devices to power electronic equipments.
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In this chapter a comprehensive summery for the main conclusions of the research presented in

the chapters 4-7 of the thesis and outline of future research directions will be addressed.
8.1. Conclusion

To summarize, the works presented in this thesis narrate (i) the synthesis of pure perovskite
oxide BaSnOz by monitoring synthesis temperature and time, (ii) thoroughly discuss the effect
of calcination temperature on grain size along with its effect on electrical properties, (iii) study
the effect of DC bias tuning on the electrical properties of pure and vanadium doped BaSnOs
extensively, (iv) design efficient BaSnOz based cold-cathodes, (v) fabricate BSO/PVDF
composite films with significant increment in polarization and conductivity and demonstrate

their performance.

In chapter 4, the phase pure nanocrystalline BaSnOs using solid-state reaction method was
achieved by optimizing the duration of heating. The effect of grain size and the level of porosity
with calcination temperature were thoroughly investigated. A systematic collaboration between
enhancement in capacitive nature of BaSnOz and the aforesaid two morphological characteristics

was established.

Chapter 5 furnished the bias dependent impedance spectroscopy to analyze the electrical
properties for the intrinsic and vanadium doped BaSnOs which was attempted to unlock the
associated relaxation mechanisms particularly in radio frequency zone. The effect of grain size
reduction and enhancement in porosity became responsible for low dielectric permittivity and
high loss for doped samples than the pristine one. The DC bias variation played a key role to
enhance the overall dielectric permittivity and to reduce effective grain and grain-boundary
resistances of vanadium doped BaSnOs nanocubes which in turn can boost the tuning capacitive

performance at room temperature in different micro-electronic devices.

The lack and necessity of exploring field electron emission from lead free perovskite materials
was realized and hence, investigation in this direction was carried out extensively which is
described in chapter 6. Motivated by simulation outcomes, actual experiment was executed

which shows prominent and stable field emission properties of vanadium doped BaSnOs
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nanocubes, with turn on of 6.6 V/um for 5% vanadium doped sample. The effect of inter-

electrode separation was also studied to locate the optimum device configuration.

Chapter 7 addressed the enhancement of electrical properties of BSO/PVDF nanocomposite
films due to increase in the amount of BaSnOs. The electroactive phase was enhanced upto 84%
for the best performing composite film. The high aspect ratio of nanorods plays a significant role
to enhance the interfacial polarization and to prevent agglomeration, generally causes loss into
the composite system. The high dielectric constant of BaSnOz promotes the BSO/PVDF system

to become easily polarized which in turn enhance the device performance.
8.2. Future outlook

Although some notable and important results from the perovskite oxide BaSnOs have been
achieved and presented in this thesis but still there are some areas which can be improved and
some can be explored. I would like to mention some areas on which | wish to work if | get

chance in future.

Development of some cost-effective and low temperature synthesis strategies.
Tuning the electron emission by controlling morphology and light illumination.

Suitable doping in anionic site and study the electrical properties.

Fabrication of compatible BaSnOs composite to enhance the electrical properties of
BaSnO3/PVDF composite system.
B Tailoring the morphology and study the photocatalysis application which is rarely

explored area for BaSnOs,
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