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Abstract

The development of advanced functional dielectric materials with all requisite properties for
upcoming technologies is of great interest as a single dielectric material does not serve the
purpose. MgTiOs (MTO) is one of the most extensively studied microwave dielectric
ceramics owing to its excellent microwave dielectric properties. In this thesis, extensive
studies have been carried out to fabricate MgTiOs.based microwave dielectric composite
ceramics and thin films possessing a high dielectric constant for the miniaturization of
electronic components, maintaining high-quality factors and near-zero temperature
coefficient resonance frequency. The solid-state reaction method and RF magnetron
sputtering technique are opted for ceramic powder and thin film preparations, respectively.
The ceramic samples and thin films are characterized by X-ray diffraction, Raman
spectroscopy, Field effect electron microscopy, atomic force microscopy and UV-visible
spectroscopy. Further, dielectric and electrical properties are studied by using LCR meter, RF
impedance analyser, Krupka cavity equipped with vector network analyser and Keithley
meter. The 0.9 MgTiOs- 0.1BasNbsO15 composite ceramics exhibited a maximum relative
density of 98% as well as suitable dielectric properties: dielectric constant (er) ~20, loss
tangent (tand) ~ 10* and quality factor (Qxf,) = 60,230 GHz at 8.25 GHz with 7 ~ -5
ppm/°C for microwave resonator. The thickness-dependent structural, microstructural, and
dielectric properties of 0.9MTO-0.1BNO thin films revealed improvement with an increase in
film thickness. Further, the 0.96MgTiO3-0.04SrTiO3 composite ceramics exhibited the best
microwave dielectric properties with moderate quality factor (Q x fo) ~ 26,154 GHz at 8.08
GHz and better thermal stability ~z: ~ 1.76 ppm/K are suitable for microwave communication
applications as microwave filters, resonators, etc. The bilayer thin film of MTO and STO
(STMT3) film exhibited excellent dielectric properties: loss tangent (1.89x10%) and
considerable dielectric constant ~65 at 10 GHz. Furthermore, the 0.7MgTiOs -
0.3BaosSrosTiO3 composite ceramics exhibited high dielectric permittivity & ~ 57, and
quality factor, Q x fo = 19,30 GHz at 4.16 GHz and z. ~54% and found to be promising for
type -1l capacitors in integrated circuits of de-couplers and filters. The bi-layer thin films of
MTO and BST: MTO/BST and BST/MTO with alternate stacking order showed role of
stacking order. As theoretical estimation, BST/MTO bilayer exhibited intermediate dielectric
constant and loss (27.3 and~10?) to BST, MTO monolayer whereas MTO/BST showed
anomaly attributed to generation of dipoles in the interface of individual layers at 100 kHz.
Both MTO/BST and BST/MTO films exhibited tunable dielectric responses. These findings of
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this report provide perspective insight into the design of multilayer structured smart

materials.
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CHAPTER 1: INTRODUCTION

1.1 Background of microwave dielectrics:

Development and innovations in microwave communication technology and the
internet of things has brought revolutionary changes in human civilization in various aspects
at the societal and personal level. Microwave dielectrics are regarded as one of the key
functional materials in the microwave communication industry: cellular phones, direct
broadcasting satellites (DBS), and global positioning systems (GPS). Microwave dielectrics
are a special type of material that show extraordinary properties at radio frequency waves.
Microwave dielectrics have been explored for various functions such as electromagnetic
resonance, electromagnetic wave shortening, electromagnetic wave delay, electromagnetic
wave absorption, etc. depending upon their dielectric properties at the microwave frequency

range as depicted in figure 1.1 [1].

Microwave dielectric resonator antenna

Electromagnetic and filters
M Wireless power transfer
Miniaturization of microwave
communication devices
Wave
shortening
) o Electromagnetic wave delay
Functionalities |
of microwave | Temperature _ _
Dielectrics | cHbe ~ Wireless temperature sensor in_
variation of  — jsolated area(e.g.. aerospace and inside
| resonant frequency atomic reactor )
|| Electromagnetic - Utilized as microwave absorber

| wave absorption
' NRD-wave guide and

Transparency Dielectric lens antenna applications.

" and Refractive <

: Can be utilized in new optical elements
mdex

m IR regions.

Figure 1.1 Schematic diagram for different functionalities and their related applications of
microwave dielectric materials.

The recent research in this field mainly focused on the development of advanced
materials for dielectric resonator (DR), electromagnetic interference shielding, tunable
dielectric, higher temperature cofired ceramics (HTCC), low temperature cofired ceramics
(LTCC), polymer-rubber ceramic composites, dielectric inks, and microwave ferrites[2]. DRs
had played a vital role in recent progress in the telecommunication industry and satellite
broadcasting technology by scaling down the device dimension and better performance.
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In the year 1873, James Clerk Maxwell predicted the existence of electromagnetic
waves of shorter wavelength, later, in 1888 Heinrich Hertz demonstrated the existence of
radio waves[3]. In the year 1894, Indian Physicist Jagadish Chandra Bose was successfully
able to produce microwaves in a laboratory experiment. Later in the year 1897 Lord Rayleigh
mathematically solved the necessary boundary condition and cut-off frequency for the
propagation of an electromagnetic wave through dielectric rods[4]. During the time of world
war-11 microwave radiation is utilized as radar for military purposes by US and UK. The
commercialization of microwave technology started post world war-1l. Microwave
technology is widely used in the wireless communication domain. In the beginning days,
invar air cavities are used as microwave resonators and filters for both base stations and
mobile handsets. In 1939 Richtmyer of Scotland University theoretically demonstrated that
dielectric materials also act as microwave resonators[5]. After a long gap of 30 years in 1960,
Okaya and Barash from Colombia University rediscovered rutile TiO, based DR and also
reported in detail about the shape of DR and related electromagnetic modes for the first
time[6]. However, TiO> based DR was not regarded as a microwave dielectric resonator
because of its low thermal stability. In the early 1970s, Murata manufacturing company from
Japan commercialized DRs based on (Zn, Sn) TiO4 ceramics[7]. The first-generation ceramic
resonators are based on (Mg, Ca) TiOs, ZrTiOs, and BaTisOg ceramic resonators and are used
in both transmitter and receiver ends [8,9]. By 1990, the development of miniaturized user-
“friendly handsets diverged the ceramic technology of handsets from base stations. CaTiOs-
NdAIO3 (CTNA), ZrTiO4-ZnNb20Os (ZTZN) based ceramics are widely utilized as resonators
in base stations[10][11]. Later, Ba (Co, Zn)13Nb2303 (BCZN) ceramics are regarded as a
cheaper replacement for existing ceramic resonators [12—-14]. Recently, the bulky electronic
components were replaced by printed strips and known as microwave integrated circuits
(MIC). The microwave integration circuit made it possible to scale down the overall

dimension[3].

1.2 Introduction to dielectric resonators (DR):

1.2.1 Working principle of DRs:

A dielectric resonator (DR) is a puck of dielectric material which acts as a resonator at
the microwave (300 MHz -30 GHz) and millimeter wave (300 GHz- 3THz). DRs have been
utilized in the fabrication of oscillators, and filters in microwave integrated circuits replacing

the bulky metallic cavities in microwave antennas and filters
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Incident microwave £,> &g

air

AN
o7

Dielectric material

Figure 1.2: Schematic diagram of total internal reflection inside dielectric material with
dielectric constanz, &r> &o.

The development of dielectric oxide ceramic-based DRs had brought a revolutionary
change in the microwave communication industry by reducing the size and cost of the filter,
oscillator, and antenna components in applications ranging from cellular phones to global
positioning systems. Lord Rayleigh demonstrated the applicability of a long dielectric cavity
as a waveguide for microwaves for the first time[4]. As shown in figure 1.2, microwave gets
confined inside the dielectric material upon multiple internal reflections due to abrupt change
in dielectric constant at the air to dielectric material interface as depicted in figure 1.2[2].
Also, at certain frequencies known as resonant frequency, the microwaves form standing
waves in the resonator, oscillating with large amplitude inside the dielectrics and decays as it
moves away from the sample. The resonant frequency of a DR depends on its physical
property, physical dimension, and surrounding environment. In general, the resonant
frequency shifts towards the lower side with an increase in the dielectric constant value.

Microwave dielectric properties can be determined by studying transmitted
electromagnetic waves through DR. There are some critical characteristics of dielectrics that
decide the applicability of a DR. Firstly, the dielectric constant (er). The dielectric constant is
defined as the ratio of electrical permittivity through the substance to its electrical
permittivity in the free space. Electrical storage in a dielectric is directly proportional to the
value of the dielectric constant. The wavelength of an electromagnetic wave transmitted
through a dielectric material decreases by the square root of the dielectric constant of the

dielectrics. This physical phenomenon facilitates the confinement of microwaves inside a
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dielectric material (with &>1) within a smaller dimension as compared to a metallic cavity.
The minimum required dimension of a DR to confine an electromagnetic wave is half of the
wavelength of the propagated electromagnetic wave inside it. The critical relationship
between the dielectric constant and the device dimension(l) can be expressed as follows

| = A 1 ; for operating frequency f < 3 GHz (1.1)
4 e
I =4, 1 ; for operating frequency f >3 GHz (1.2)

7

where Ao is the wavelength of the microwave while propagating through free space. However,
a higher dielectric constant is not suitable for resonator and filter applications for their
narrowed frequency window as such materials exhibit larger loss as a result of their intrinsic
property. Also, the higher confinement of electromagnetic waves prevents the efficient
coupling of DRs with microstrip lines.

Secondly, the quality factor of DR is desired to be higher for the acuteness of the
resonator at a given frequency. It is also the inverse of the dielectric loss tangent. In other
words, it is a measure of the energy loss or dissipation per cycle to the energy stored in the
fields inside the resonator and can be expressed as

Q = 2z (maximum energy stored)/(average energy dissipated per cycle) (1.3)

OWO

. (1.4)

Q=

where, Wo, wo, and P denote energy stored, resonant angular frequency, and dissipated power,
respectively. Experimentally, this dimensionless parameter defined is defined as the ratio of
resonant frequency (fo) and bandwidth (Af) of the resonant peak at 3 dB down. Thus, the
value of the quality factor depends inversely on the width of the resonant peak. The high-
quality factor is desired for low-noise oscillators and narrow-band microwave filters to avoid
cross-talk for a range of frequencies. For dielectric material, Q is a frequency-dependent term
and hence, Qxfo is used for conventional microwave dielectric properties. Lastly, thermal
stability is necessary for a DR from a practical application point of view.

The temperature coefficient of resonant frequency is defined as the deviation in resonance
frequency (fo) of DR with a change in operating temperature (T) from room temperature (RT).
i.e.,

1 Af
0
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where Af is the change in resonant frequency over temperature difference of AT. In practice,
the surrounding temperature at base stations is a variable parameter and for the unwavering
performance of oscillators and filters irrespective of the temperature coefficient of the
resonance frequency is desired to be near zero. On the other hand, non -zero temperature
coefficient of the resonant frequency of a dielectric can be used as a temperature sensor in
space and isolated places. Microwave technology is developing rapidly to fulfill the user’s
demand. The development of microwave technology includes development in advanced
materials and development of engineering in microwave device performances. In addition,
different components of microwave communications viz: base station, handset, and internet
connectivity need to be compatible with each other. Great attention has been given to the
development of new materials with the desired properties by various research institutes,
educational organizations, and companies as well[15,16].

1.2.2 Resonant modes in DRs:

Various specifications such as the resonant frequency, the field distribution inside the
resonator, the radiated field, and also the bandwidth play an important role in the design of
DRs. Depending upon the field distribution (electric and magnetic field) resonator modes are
classified as follows:

I Transverse Electric Modes (TE)
ii. Transverse Magnetic Modes (TM)
iii. Hybrid Electromagnetic Modes (HEM)

TE and TM modes are always referred to by a coordinate axis (X, Y, and Z with an
integer n, I, and m, respectively). Many resonator modes can be excited for DRs depending
upon their geometry, measurement setup, and measured frequency range. The variations of
fields along the azimuthal, radial, and Z - direction inside the resonator, are denoted by
indices: m, n, and p as subscripts to each family of modes. The field distributions are
axisymmetric for TE and TM modes and vary azimuthally for hybrid modes. The resonant
modes of a cylindrical resonator can be divided into constituent modes with azimuthal

variation given by cos(mg) or sin(mg), (where m =0, 1, 2, 3) [17].
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Figure 1.3: Fields inside the cylindrical DRA for the mode TEo11+s With an (i), (ii)
showing E-field in the top, side views respectively, and b(i), (ii) showing H-field in the top,

side views, respectively (T is the time period of one resonant cycle) [18].

Generally, the resonant frequency of the hybrid mode: HEM;s is lower than that of the
widely used TEgi5 mode. The separation between HEM,;s mode to TEy;s mode depends on
the width to height ratio of the DR and the gap between perturbing metallic surface to the
DR. Proper separation of HEM;;s mode to TEy;s mode is desired as the HEM;;s mode
exhibits lower Q value. The HEM:;s mode has a lower resonant frequency and falls right
between TEg;s and TMy;s modes. Thus, when operating in either of these modes, HEM:;s
mode will interfere. Coupling to TM modes requires special arrangement as compared to TE
modes. In both TE and TM coupling arrangements HEM mode is possible to couple. HEM

modes are highly leaky (i.e., radiative) in nature and can cause difficulties in using TE and
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TM modes. The interference of HEM modes grows as the integer’s m and n take higher
values. DRs of aspect ratio 2.5 provides well separated TEy;s mode. The mode which is most
commonly used for material characterization is TE¢;s mode. Fig.1.3 a(i-ii) and b(i-ii) present
the electric field and magnetic field lines for TEou1+s for top and side views, respectively.
Some part of the electromagnetic energy gets stored within the DR and the rest energy is
dispersed in the air around the DR which decays as it moves away from the DR vicinity. An
exact solution of Maxwell’s equations for an isolated DR is difficult to achieve and hence,
approximated solutions are considered for such cases.

For a value of dielectric constant (er) a standard mode chart is corresponding to a
particular diameter (D) to the height (L) ratio i.e., D/L (aspect ratio) is available. Kobayashi
et. al,[17] reported a mode chart ( &r (D/Ao)? vs. (D/L)?) for a dielectric rod resonator short-
circuited at both ends, where /o is the free space wavelength corresponding to the resonant
frequency of the mode. Thus, for known &, D, and L values the resonant frequencies
corresponding to the resonant modes and their respective orders of a DR can be estimated
with the help of a mode chart. This information helps in designing a DR for a particular
application without any interference from unwanted (lossy) resonating modes. The following

equation is utilized for an approximate estimation of the resonant frequency of an isolated DR
34 | D
fop, =———| —+3.45 1.6
u= | o +o48] (6)

where D and L refer to the width and height of the DR, respectively.

Ceramic resonators are prepared in different geometries (examples: cylindrical, tubular,
toroids, spheres, parallelepiped, cubes, etc.) as per the requirement. In practice, DRs are kept

within a silver-coated square cavity for use.

1.3 Current status and future of microwave dielectrics

In the present century, the integrated circuit of multifunctional components has served
the purpose of today’s miniaturized, user-friendly modern technologies such as cell phones, i-
pods, palMTOps, automobile power electronics, safety robotics, medical instruments, etc. I1C-
based electronics is widely utilized in passive things as well including walls, pavements,
roofs, etc. Based on their characteristics ceramics are widely utilized in electronics as
insulators, semi, super and ionic conductors, varistors, capacitors, thermistors, etc. Dielectric

ceramics have been used as capacitors, resonators, filters, and substrates for different
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purposes. The ongoing research in this field is mainly focusing on the development of new
functional materials with requisite properties to fit upcoming technologies. Research is going
on composite ceramics of two or more different phases (e.g., polymer, ceramic, metal) has

found to be a potential approach in this regard.

1.4 MgTiOs-based composite ceramics and thin films for microwave
communication

| =]
Temperature i
co-efficient
Low loss S —— Ceramic
tans ~ 105 of resonant Filters capaciiors Antenna
frequency (i)
~ -50 ppm/°C Applications in bulk form
e — v p —
MgTiO;
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dielectric bandaap E. ~
constant (&) a2 4999p v’ MIC Portable electronic  Anti-reflecting Satellite
~17 . e 4 devices coating communication

Figure 1.4: Schematic representation of various applications based on MgTiO3 ceramics and
thin films

MgTiOs (MTO) is one of the most extensively studied microwave dielectric ceramics.
MgTiOz shows excellent microwave dielectric properties exhibiting high-quality factor (Qxfo
~ 160,000 at 8 GHz), permittivity (er ~17), and a non-zero temperature coefficient of
resonant frequency z+ = - 50 ppm/°C [19]. Non-zero zr value limits the use of MTO ceramics
in base stations. In addition, MTO ceramics require a high sintering temperature when
prepared in the solid-state reaction method and usually form the MgTi.Os phase (metastable
state of Magnesium Titanium oxide) due to the hygroscopic nature of MgO. Since MTO
exhibited extremely low dielectric loss, it has been extensively studied to compensate for the
negative temperature coefficient value. In communication technology, temperature-stable
MTO-based ceramics has found application as an integrated part of filters, antennas radars,
multilayer capacitors, 90° hybrid coupler, planar patch antenna, and direct broadcasting
satellite and global positioning systems operating at microwave frequencies [20-22]. The
areas where MTO has been potentially explored for applications were schematically

represented in figure 1.4.

TH-2929_156121023



Chapterl: MTO-based composite ceramics and thin films for microwave applications

1.5 Brief literature survey on MgTiOz based ceramics for microwave
application
The research on MgTiO3 ceramics mainly focused on two aspects firstly lowering the
sintering temperature and secondly, tunning of temperature coefficient to near zero. These
two aspects are discussed in detail in the subsequent sections.

1.5.1 Single Phased MgTiOs based ceramics with low sintering temperature:

The high sintering temperature for MgTiOz makes it not suitable for many other
applications. There are several research articles on lowering sintering temperature for MTO
ceramics. The sintering temperature of the ceramics can be lowered by adding glass phases
such as Bi»Os etc and following the chemical route for preparation. Some of the reports on
lowering sintering temperature are tabulated in Table.1.1,

Table 1.1: Brief literature on MgTiO3 based Ceramics for lowering sintering temperature.

Serial Material Sintering  Preparation Dielectric  Quality Temperature References
No. composition temperature Method constant  Factor coefficient
(D) in °C (&r) (Qx fo)  of resonant
in GHz frequency
(re) in ppm/
°C
1 MTO 1200 Agueous 17.5 156,000 -44 [23]
sol-gel
process
2 6 wt% CuO-— 900 Solid state 18.1 20,300 -57 [24]
Bi»03-V205 reaction
added MTO method
3 B,03 doped 1100 sol-gel 17.63 33,768 -48 [25]
MTO
4 V7205 doped non 1100 Solid state 15.8 85,600 - [26]
stoichiometric reaction
MTO

From the table, we can see that the use of sintering aid has deteriorated the quality
factor, of MgTiOs ceramics, Whereas dielectric permittivity has increased and decreased
depending on the type of sintering aid. So, maintaining the quality factor, and lowering the

sintering temperature would be a challenging task.
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1.5.2 Tunning of temperature coefficient of resonant frequency, s by composite
approach:

A composite approach is an efficient approach for tuning dielectric properties. A
composite of two or more ceramics can offer promising dielectric properties for intended
applications. Table 1.2 presents important parameters corresponding to various composites of
MTO. This section discusses the development of MgTiO3 based composite ceramics with
near-zero zr value. J.B. Huang, et. al [27] have obtained near-zero z: for CaTiOz- MgTiOs
composite ceramics, and 1% ZnO addition has lowered the sintering temperature to 1260 °C.

Table 1.2:Brief literature on MgTiO3 based Ceramics with near-zero s value

Sl Material composition Dielectric  Quality Temperature Sintering  Reference
No. constant Factor coefficient of temperat S
(er) (Qx fo)  resonant frequency ure
in GHz 7r) in ppm/ °C
(z1) in pp (T)in °C

1 0.95MgTiOs. 21 56,000 -5 1260 [28]

0.05CaTiOs with 1%

ZnO addition

2 0.90MgTiOs— 12.7 93,000 -3 950 [29]

0.05CaTiO30.05LiF
3 0.95MgTiOs. 20.3 68,000 -5 1210 [30]

0.05CaTiOs with 3wt%
addition of B,O3

4 0.92(Mgo.95ZNos) TiO3 21.9 42,800 -0.15 1300 [31]

0.8(Cao_8SI’o_2)Ti03
5 0.964MgTiOs- 19 75,300 -8.7 1170 [32]

0.036SrTiO3 2wt%

addition of B,O3

Akinori Kan, et. al [29] has achieved a very good dielectric response at a low sintering
temperature of 950°C due to the addition of 5 wt% LiF as a sintering aid in 0.90MgTiOsz—
0.05CaTiOs composite ceramics. Su Hao et. al [30] also achieved near-zero z: value and
excellent microwave dielectric properties at 1210°C sintering temperature for 0.95MgTiOz-

0.05CaTiOs ceramics with 3wt% sintering aid B»Os by solid-state reaction method.
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Shailendra Singh Rajput et. al [31], reported 0.92(Mgo.95ZNn0.05)TiO3 -0.8(Cao.sSro2)TiO3
composite by solid-state reaction method to tune the 7 near zero and achieved 0.15 ppm/°C
at sintering temperature of 1400°C. Won Woo Cho et. al [32], reported the microwave
dielectric properties of 0.964MgTi0Os3-0.036SrTiOsz with 2 wt% B.O3 addition and got &r of
19, Qxfo value of 75,300 GHz (at 9 GHz) and 7t of —8.9 ppm/ °C.

1.5.3 MgTiOs-based composite for tunable microwave dielectrics

The trend in wireless communication systems broadband applications such as
multimedia file transfer, video transmission, and internet access require much higher data
transmission rates than the existing one at an affordable price. To achieve these higher data
rates, substantially larger bandwidth and higher carrier frequencies are required. Electrically
tunable microwave dielectrics thin films can be useful resonators, filters, phase shift
antennas, and tunable oscillators which utilize nonlinear tuning in a control element.
Miniaturization of electronic circuits in the mobile application can be facilitated by tunable
capacitors by exploiting the DC bias dependence[33]. Ferroelectrics, and piezoelectric show
tunable microwave dielectric properties. Piezoelectricity is the ability of a material to produce
electricity when it is subjected to mechanical stress or the production mechanical strain by
applying the electric field. Only the materials that do not have a center of symmetry in their
crystal structure possess piezoelectricity. The microwave dielectric property of a piezoelectric
can be realized by the application of mechanical stress. Ferroelectricity is the ability of the
material that can change the direction of polarization with the application of an electric field.
Ferroelectric materials have spontaneous polarization (Ps) even in the absence of an electric
field. When a small amount of electric field is applied to the ferroelectric crystal, it shows the
linear relationship between P and E, because the field is not large enough to induce any
domain switching. As the field increases, the domains with polarization opposite to the
direction of the applied field will flip to align with the field direction, and the polarization
increases rapidly until all the domains align in the same direction. When the field is removed,
some domains do not go back to their original polarization direction and the material
possesses remanent polarization (Pr). The remanent polarization can be removed, when the
electric field is applied in the opposite direction. The critical strength required to reduce the
remanent polarization back to zero is called the coercive field (Ec). As ferroelectricity is
caused by the existence of dipole moment, a unit cell needs to be non-centrosymmetric i.e;
the center of positive charge and the center of negative charge does not coincide in

ferroelectric crystal. In normal ceramics, the domains are oriented randomly and therefore,
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unable to exhibit piezoelectricity. It is desirable to have a low permittivity for good
impedance matching, a low dielectric loss to minimize the insertion losses of devices, and a
high dielectric tunability, which is the change of permittivity with dc field, for less power
driving and high speed of phase shift for the tunable ceramic capacitor. Barium strontium
titanate (BST) ferroelectric materials have shown great promise for application as phase-
shifting elements in phased array antennas and as tuning elements in devices operating at
microwave frequencies because of their high tunability and low dielectric losses[34].
However, in the case of pure BST, its high permittivity value makes it difficult for impedance
matching and high power for tunable capacitors. Strontium titanate (STO) possesses
piezoelectric behavior at low temperatures, but the introduction of strain (<1%) can shift the
transition temperature of strontium titanate up to more than room temperature [35]. which
made it a very attractive candidate for tunable electronic circuits. B. Su and T. W. Button
reported Mg-doped barium strontium titanate (< 2%) and suppressed the permittivity and
dielectric loss to fit for tunable microwave device by mixed titanate route [36]. L. Tang et al,
reported (1-x) BaosSros TiO3-xMgMoO4 Ceramics by solid-state reaction method up to x =
30%, with x =20% is the best optimized composite with tunability =10% and dielectric
constant of 111 and Q value 183 (2.24 GHz) is suitable for electrically tuneable microwave
device[37].

1.5.4 MgTiOs and MgTiOz based composite thin film:

Thin film is a 3-dimensional structure, where the dimension in one direction is
negligible as compared to the other two dimensions. Due to the confinement of electrons in 2
dimensions, it exhibits extraordinary physical and chemical responses. Thin film is the basic
requirement of integrated circuit technology. Compact and cost-effective handy electronic
devices and gadgets are being realized through the development of thin film science and
technology. The ever-increasing demand for device performance and data transfer speeds
requires further development of functional materials. Thin films scale down the material cost
as it uses 10’ times less material and exhibits comparable surface responses as the bulk one.
The thin film technology consists of the fabrication of thin film followed by characterization
and application. Apart from electronic components thin films also found application in
catalysis and surface coating. From the beginning of the evolution of integrated circuit
technology to the end of the 19" century SiO, was the sole gate material for the fabrication of
Si-based complementary metal oxide semiconductor (CMOS) devices as well as dynamic

random-access memory (DRAM) devices. In the year 1997 electronic industries proposed an
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International Technology Roadmap on Semiconductors (ITRS) on necessary materials,
equipment, and design for the development of IC technologies. The requisite characteristics
for gate dielectrics are low leakage current and high dielectric constant. The existing SiO-
films could not maintain the maximum leakage current limit at 0.7 nm thicknesses[38]. SiO>
on Si-based metal-oxide-semiconductor field-effect transistors is still widely used because of
its fundamental characteristics such as dielectric constant, barrier height, morphology and
stability in Si contact, and device properties: processing, integration, and reliability. From
then to date, many materials with high dielectric constant and low leakage current have been
investigated to meet the equivalent properties of SiO» with less leakage current. Both nitrides:
Si3Ns (er ~7.5) and oxides: Al2O3 (er ~9.1) are proposed to be a potential replacement for SiO>
for future generation electronics [39]. MgTiOs possesses a high dielectric constant (17) and
optical bandgap (3.05eV),[40] and is studied as a potential replacement of SiO, [41,42].
MgTiOs thin films are also investigated for optical modulation, protective layer for plasma
displays, and monolith microwave integrated circuits [43]. Because of excellent microwave
dielectric properties and constant demands for cost-effective, thinner, and lighter devices,
MTO films were studied extensively for monolith microwave integrated circuits[44,45]. MTO
and CaTiOs-based composite films were also explored for low dimensional temperature
stable microwave resonators[30,46-48]. In low dimensional room temperature tunable
microwave devices including phase shifters, voltage controlled oscillators, and steerable
antenna array applications MTO has been considered as an integrated part along with
ferroelectric and piezoelectric materials and obtained low loss tunable microwave thin
films[49-52].

Based on the above literature survey, we have formatted some of the literature gaps
which are described in the subsequent section.

1.6 Literature gap:

> High Q-value and moderate dielectric constant with near zero zf value are essential for
the application of MTO-based composite ceramics as microwave dielectrics.
Comprehensive studies on the optimization of these parameters are therefore
important. The existing literature, however, primarily focuses only on the z: tunability.
A detailed study on the degradation of the Q-value for the MTO-based composite

ceramics is not available so far.
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> Most of the available pieces of literature on temperature stable MTO based composite
ceramics have reported microwave dielectric characteristics. Whereas, MTO based
composites can have applications in other ranges of frequency such as type-l and
type-Il capacitors along with microwave antenna and filter applications. A detailed
study of MTO based composite ceramics in a broad frequency region is required to get
a better insight into the related scope.

> Temperature stable MTO-based composite ceramics are not yet explored in thin film
form.

> Further, MTO based thin films for electronic applications and monolith microwave
integrated circuits are still in the initial stage, and very few reports are available on
their microwave dielectric properties.

> In addition, the physical responses of a thin film greatly depend on its structural and
microstructural properties, and precise control over the fabrication method to achieve
requisite responses needs an in-depth understanding of the different characteristics of

the deposited film.

1.7 Motivation of the present thesis:

Pure and doped MTO ceramics and thin films have been extensively studied by our
research group and obtained promising dielectric properties for DR applications. All the
dielectric parameters such as dielectric constant, quality factor, and temperature coefficient of
resonant frequency are related to each other. Alteration of one property causes changes in
other parameters as well. Therefore, a detailed study on the various characteristics of MTO
based ceramics applications. The present thesis focuses on the tuning of the temperature
coefficient of resonant frequency near zero and the introduction of dielectric tunability via a
composite approach. For the composite approach ceramics with a large positive co-efficient
of resonant frequency: BasNbsOss (7t ~+78 ppm/°C), and SrTiOs (zr ~+1100 ppm/°C) are
chosen. Similarly, a ferroelectric composite of MTO with BagsSros TiOs is chosen for tunable
microwave dielectric response. The thin film of proposed MTO-based composites would also
be interesting materials for microwave integrated circuits, tunable capacitors, and filter

applications.
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1.8 Theory and fundamental Physics associated with microwave dielectrics:

1.8.1 Dielectric Polarization:

Dielectric materials are unique types of electric substances. Dielectrics are electrically
resistive matter, and charges cannot pass across the dielectrics in presence of an applied
electric field but rather get stored by the phenomenon called dielectric polarization. Dielectric
materials cannot conduct electricity as they do not contain free charge carriers and all the
charge carriers or electrons are tightly bound to their nucleus/atoms. It can be imagined as a
positively charged nucleus surrounded by electron clouds exactly canceling out the net
charge. However, an interesting phenomenon is found to occur when dielectric materials are
placed in an external electric field. Depending upon the strength of the externally applied
field the negatively charged electron cloud would shift to the positively charged nucleus and
thus each atom acts as a tiny dipole resulting in an induced dipole moment. This phenomenon

is called electronic polarization. Apart from this, three other types of polarization

mechanisms can be observed in a dielectric material. The collective dipole moment ( «) per

unit volume (V) of the dielectric material is known as polarization P = (x/V). In total four
types of dielectric polarization mechanisms can be found in a dielectric material viz:

electronic polarization (E), ionic polarization (P ), dipolar polarization (ﬁp), and space

charge poIarization(PTC). Solids formed by ionic covalent bonds exhibit ionic polarization.

lonic polarization is defined as the polarization of ions. The cations and anions of the solids
get displaced to each other in presence of an electric field resulting in a net dipole moment
per unit volume. In presence of electric field ions present in dielectric materials displace from
each other in the direction of the field inducing a dipole moment and this mechanism is called
ionic polarization. Dipolar polarization is the polarization of permanent dipoles intrinsically
present in the dielectric material due to asymmetric crystal structure. In absence of an electric
field net dipole moment per unit volume from intrinsic dipoles is zero because of the dipole's
random orientations. The magnitude of dipole moment in such a case is much larger than
electronic and ionic polarization. The origin of space charge polarization is extrinsic charges
which get accumulated in the interfaces of electrodes resulting in a dipole moment. Dielectric
polarization is a frequency-dependent phenomenon. When the applied electric field is
replaced with an alternating current electric field the effect can be directly observed. When
the frequency of the applied AC field is increased gradually from a very low value at around

10° Hz, the heaviest dipole corresponding to space charge polarization gets relaxed resulting
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in a sharp drop in dielectric constant value. At 10° Hz the second most heavy dipole
corresponding to dipolar polarization is unable to follow the frequency of the AC field and
cease its contribution towards net dipolar polarization. At 102 Hz ionic polarization also gets
relaxed as the alteration of the electrode terminal becomes too fast to follow by the ionic
dipoles. That is why for the high-frequency electric field only electronic polarization
contributes toward net dipole polarization in the dielectric material. Further dielectric

materials can be classified into two types based on the dependency of dipolar polarization
with applied field strength: linear dielectric and nonlinear dielectrics. The polarization (ﬁ) in

linear dielectric materials is proportional to the field (E ). Whereas, the nonlinear dielectric
materials possess inherent dipoles and show a non-zero spontaneous polarization even after
the removal of the external electric field. The basic difference between linear dielectrics and
non-linear dielectrics is their crystal structure. Linear dielectrics do not have permanent
dipoles as the ions of opposite charges are perfectly balancing each other because of their
symmetric structure. Therefore, the presence of a non-centrosymmetric structure is a basic
requirement to fall into nonlinear dielectric materials. Generally, the dielectric constant is

calculated using the parallel plate capacitance method by the following equation,

E =—=—— 1.7)

where C is the capacitance, d, and A is the thickness of the sample and area of the
electrodes, respectively. The dielectric constant of the material depends on the ability to
polarize. Based on polarization ability the dielectric materials are classified as, linear
dielectric, ferroelectric, piezoelectric, and pyroelectric materials.

1.8.2 Dielectric loss:

It is defined as the ratio of the imaginary (&") part of the dielectric permittivity to the

real permittivity (g'), i.e., tans = & Therefore, the high dielectric constant and low

dielectric loss materials are key parameters for the electrical/electronics industry applications.
Dielectric loss is the loss of electromagnetic energy inside a dielectric material. Dielectric
loss is broadly classified into two types based on their origin namely intrinsic and extrinsic.
Intrinsic loss is the dissipation of the electric field due to its interaction with the phonon
system in a perfect crystal. The altered phonon system corresponding to the perfect crystal
undergoes relaxation in the presence AC electric field, which dissipates the energy of
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electromagnetic waves. The intensity of interaction depends on crystal structure and single-
crystal will exhibit minimum intrinsic loss[53]. In particular, the microwave frequency is
much smaller than the phonon frequency, so, the low-frequency relaxations originate from
harmonic oscillations. Relaxations in the electric field cause dissipation of heat leading to
heating the system and affecting the overall performance of the device performance. The
intrinsic loss also depends on crystal symmetry, frequency of AC field, and temperature.
Whereas extrinsic loss comes from external factors such as impurities, vacancies, grain
boundary structure, porosity, dislocations, etc. The extrinsic loss depends greatly on
fabrication methods and engineering.

1.8.3 Temperature coefficient of resonant frequency:

The deviation of resonant frequency as a function of temperature defines as the

temperature coefficient of the resonant frequency (z,). This parameter depends on two

temperature-dependent parameters of dielectric materials as the following expression
T, =—0, —E”” (1.8)
where a is the linear thermal expansion coefficient and is usually positive for a dielectric
material, z. denotes the temperature coefficient of the dielectric constant.
In the subsequent sections, a brief introduction about the chosen compositions in the

current study is discussed.

1.8.4 Crystal structure and properties of MgTiO3

Figure 1.5:Crystal structure of MgTiOs.
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MgTiOsz has an ilmenite type structure and crystallizes to rhombohedral symmetry

with R3 the space group. Typically, A%* Ti*" O3 (where A is a first-order transition metal, Fe,

Mn, Zn, and Mg) compounds adopt an ilmenite structure when the ionic radii of A (“Ra)and

Ti (VRri) are comparable and are smaller than oxygen anion[22]. The Goldschmidt tolerance

factor of ilmenites is less than 1 and can be defined as,
_ (Ru+R)

J2(R, +Ry)

where, Ra, Rg, and Ro signify ionic radius of A, B, and oxygen, respectively. A pair of MgOs

(1.8)

and TiOe octahedra share a (001) face and each octahedron in the ilmenite structure shares
one edge with the same type of octahedral and three edges with the other octahedral. As
shown in figure 1.5, the stacking sequence along [001]s of this structure is “Mg-Ti- [ ]-Ti-
Mg-/ ]” and either “Ti-Ti-/ ]~ or “Mg-Mg-[ /” parallel to (111), resulting in the

centrosymmetric R3 rhombohedral cell. The typical, lattice parameters of MTO area=b =
5.0567 A and ¢ = 13.9034 A with the number of atoms per unit cell (Z) = 8. The Goldschmidt
tolerance factor for MgTiO3z is 0.88. This is the reason Ti octahedra gets tilted with
temperature which results in a negative temperature coefficient of the resonant frequency.
MgTiOz exhibits excellent microwave dielectric properties with quality factor (Qxfo ~
160,000 at 7 GHz), permittivity (er ~ 17) and temperature co-efficient of resonant frequency
tf = - 50 ppm/°C [45].

1.8.5 Crystal structure and properties BasNbsO1s:

Among various other oxide materials, BasNbsO15s (BNO) ceramics have been found
useful for microwave communication technology [54]. Although BasNb4O15 ceramics possess
superior dielectric properties i.e., &r ~39-40 and Qxfo~26,000GHz, its applicability is
limited as BasNbsO:s ceramics show large positive 7= ~78 ppm/°C. Temperature stable
microwave ceramics were obtained in the composite form of BasNbsO1s ceramics with other
ceramics such as BaNb,Os and BaWO. with considerable & and Qxfo values for the
applications in BasNbsO1s ceramics microwave communication technology [55][56][57].
Temperature stable BasNbsO15 - BaWO4 composites are also investigated in thin film form
for smart window applications[58]. Similarly, a composite of MgTiO3z ceramics with
BasNbsO1s ceramics would also exhibit temperature stability. In the present work, composite
of MgTiOs and BasNb4O1s ceramics were prepared by solid-state reaction method to obtain
temperature stable smart material without degradation of other dielectric properties such as

quality factor and dielectric constant. Further, the best-optimized composition is carried
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forward for thin film deposition and characterization for microwave integrated circuit
applications. BasNb4O1s exhibits a five-layer hexagonal perovskite structure with vacant
octahedra layers as shown in figure 1.6 and belongs to AnB.-103, compound family. The
missing octahedra layer produces anharmonicity in the crystal and results in a large dielectric

constant.

Figure 1.6:Crystal structure of BasNb4O1s

1.8.6 Crystal structure of SrTiOa:

Strontium titanate is a well-known perovskite structured material and possesses a
cubic paraelectric phase above 105 K with lattice parameter 0.3905 nm. SrTiO3 (STO) is
another widely explored material with a simple cubic structure at room temperature with a
lattice parameter of 0.395 nm as shown in figure 1.7. STO exhibits a high dielectric constant
(~300) and extensively studied material for energy storage devices, electronic sensors,
dynamic random-access memories, and multilayer ceramic capacitors. Whereas, STO has not
been explored for microwave communication technology because of its low-quality factor
(~3000 GHz) and a large positive temperature coefficient of resonant frequency (~1200
ppm/°C). Since MTO exhibits a significantly high-quality factor and negative coefficient of
resonant frequency (~ -50 ppm/°C), a composite of MTO with STO ceramics has the potential

to offer temperature-stable microwave ceramics.
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Figure 1.7: Crystal structure of SrTiOs

1.8.7 Crystal structure of Bags SrosTiOs:

Barium strontium titanate Baos SrosTiOs (BST) is ferroelectric material that has shown
great promise for application as the phase-shifting element in phased array antennas and as
tuning elements in devices operating at microwave frequencies because of their high
tunability and low dielectric losses[34]. However, in the case of pure BST, its high dielectric
constant value makes it difficult for impedance matching and high power for tunable
capacitors. MTO ceramics exhibits minimum insertion loss (high Q value) and comparatively
low dielectric constant (17). Thus, the issues owing to a high dielectric constant of BST can
be resolved by the addition of MTO in an optimized fraction to sustain tunability. At room
temperature BST exhibits cubic structure with Pm-3m space group and lattice parameters
(a=b =c =0.394 nm)

1.9 Objectives

The main objective of this work is to fabricate microwave ceramic possessing a high
dielectric constant for the miniaturization of electronic components maintaining high-quality
factor and near-zero temperature coefficient resonance frequency. The proposed works are
listed as follows:

1. Development of temperature stable MgTiOs - BasNbsO15 composite ceramic and
thin film for microwave applications.

2. To study the tunability behavior in microwave dielectric properties of MgTiO3 -
SrTiOz composite ceramics, and study the structural, optical, electric, and
dielectric properties of MgTiOs3-SrTiOs composite thin films.

3. Development of MgTiOs- BaosSrosTiO3z composite ceramics and thin films for

tunable microwave dielectric property.
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION
TECHNIQUES

In the present work, bulk and thin film MTO based composites were prepared by
conventional solid-state reaction method and RF magnetron sputtering technique,
respectively. Further, their structural, microstructural, optical, dielectric, and electrical
properties were characterized by using various experimental setups. The preparation methods

and characterization techniques are discussed in detail in the following sections.

2.1 Synthesis of bulk MTO based composite ceramics

Ceramics are inorganic crystalline materials and are often associated with metal ions
along with oxygen. Ceramics are widely utilized in many applications such as the
communication industry, electronics, and appliance industries because of their unique
characteristics. The physical and mechanical properties of ceramics mainly depend on their
crystallinity and chemical composition. For fixed chemical composition, the physical
property of the ceramics can be altered by controlling the crystal structure. Ceramic systems
are often associated with one or more types of defects namely inclusions, voids, pores, and
irregular grain sizes, and significantly deteriorate their physical (electrical and dielectric
properties) and mechanical properties (e.g., hardness).

Synthesis of ceramic

powder
Chemical route Physical route
Advantages Limitations Advantages | Limitations
1. Formation of smaller size 1. Complex and tedious 1. Freedom to eliminate 1. Secondary phase
particles. PIOCCSSUIE-. secondary phase formation.
2. Requires lower sintering 2. Inconvenient for large formation. 2. Requires high sintering
temperature. scale production 2. Large scale production temperature

Figure 2.1:Schematic diagram for ceramic powder synthesis methods and corresponding
advantages and limitations.

Therefore, it has been always a challenge to fabricate ceramics with minimal defects
to achieve the best physical and mechanical properties. The MTO based composite ceramics

are polycrystalline in nature and grain boundaries also act as a type defect in such systems.
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There are various methods to prepare ceramic powders broadly: physical and chemical
routes. Both physical and chemical routes have their advantages and limitations as shown in
figure 2.1. In the present work conventional solid-state reaction method is used for MTO and
MTO based composite ceramics powder preparation. The conventional solid-state reaction

method is explained in detail in figure 2.2.

2.1.1 Conventional solid-state reaction method (CSSR)

Solid State reaction method

Uniform mixing of raw powders
in stoichiometric amount

Mortar-pastel
High energy ball mill

Calcination

(Thermal decomposition, phase
formation and crystallization)

Sintering

(Densification of compacted
ceramic powders)

Conventional high
temperature furnace

Microwave furnace

X

1.
Figure 2.2 Flowchart of the various steps of the synthesis procedure in a conventional solid-
state reaction.

Synthesis of desired quality material for the intended application is the first and
foremost requirement for research in the field of experimental condensed matter Physics. The
conventional solid-state reaction method is one of the well-known techniques for the
fabrication of polycrystalline samples in bulk quantity. The conventional solid-state reaction
method is a user-friendly, cost-effective, and thermodynamically stable technique. The
conventional solid-state reaction method consists of two main stages: uniform mixing of raw
powders in stoichiometric quantity followed by calcination of as mixed raw powders. Later
the pure phased ceramic powders are carried forward for palletization to obtain densified
ceramics.

2.1.2 Preparation of ceramic powders

(a) Stoichiometric weighing of starting materials
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The quality and phase of ceramic powders depend on the quality and quantities of
initial raw powders. In the presented work, highly pure (> 99.9%) raw oxide powders: MgO,
SrCOz, BaCOz3, Nb2Os, and TiO2 were procured from Sigma Aldrich. The initial raw powders
are weighed (AG135, Mettler Toldo), accuracy ~0.01 mg) as per the stoichiometric ratio as
the following chemical reactions for the preparations of MTO, BNO, STO, BST, respectively.

1.05MgO +TiO, — Mg, ,cTiO, +0.0250, (2.1)
5BaCO, + 2Nb,0, — Ba_Nb,0,. +5CO, (2.2)
SrCO, +TiO, — SITiO, +CO, (2.3)
0.55rCO, +0.5BaCO, + Ti0, — Ba, 51, .Ti0, + CO, (2.4)

(b) Uniform mixing of starting materials

Before the high-temperature treatment, the initial raw powders need to be mixed
homogeneously. Since the reactants used are different from each other, a homogeneous mixer
can be obtained by high-energy milling and grinding. In this step, the initial reactants
(powders) tend to agglomerate, and rapid milling of the reactants stops the formation of
agglomeration by the introduction of defects in the grains to enable faster diffusion among
the particles. In the present work, the stoichiometrically weighed reactants were
homogeneously mixed with zirconia balls of 5 mm diameter in a 1:5 powder to ball weight
ratio in a zirconium jar with the help of a planetary ball mill (Pelverisette 6, Fritsch GmbH,
Germany) using distilled water as milling media. The speed of the ball mill is set at 120
rotations per minute throughout the mixing process (i.e., 5-10 h). In the milling process, the
initial micron-sized particles break down into smaller sizes and come into contact. However,

crystallization of the desired phase does not occur at such a low temperature.
(c) Calcination

After uniform mixing of initial reactants in a distilled water medium, the obtained
slurry is dried in an oven at 120°C. The mixed powder is then carried forward to high-
temperature treatment (below the melting point) to initiate crystallization as well as phase
formation before the sintering process. The required temperature for the ceramic powders
varies depending upon their chemical compositions. That heat treatment and temperature are
called calcination process and required temperature, respectively. Generally, the calcination
process leads to (1) thermal decomposition, (2) phase transitions, and (3) removes volatile
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fractions such as carbides, nitrides, etc. In the calcination process crystallite growth and
formation of larger particles takes place by bonding and fusing smaller particles. In addition,
the carbonates, nitrides, sulfates, and acetate decompose to form solid or volatile gas. The
product from the post-calcination process depends on the calcination temperature,
environment, heating, and cooling rate. The crystallinity and phase purity of calcined ceramic
powders were confirmed by structural characterizations such as X-ray diffraction and Raman
spectroscopy.

2.1.3 High density green cylindrical disc preparation:
(a) Particle size reduction

After the confirmation of ceramic phase and crystallinity, the powders were carried
forward to cylindrical disc formation and sintering (high-temperature treatment) for electrical
and dielectric studies. The Physical properties of the sintered ceramics are related to the
structural and microstructural properties of the ceramics. The desired microstructures of the
ceramics are possible to attain by proper control of the synthesis process. To get maximum
density ceramic discs with minimal defects uniform particle size is desired and further
smaller particle size enables better compaction at a significantly lower temperature. Since
smaller particles provide a greater surface-to-volume ratio, the reactivity between different
particles enhances leading to a lowering of the required sintering temperature. In the present
work, the phase pure powders obtained post calcination process were milled in a ball mill

maintaining a 1:5 powder to ball weight ratio for another 10 h.
(b) Use of binding agent:

The obtained ceramic powders are non-elastic which made it difficult to press into
discs of desired shape and size. Binding agents such as polymers, and clays provide
appropriate elasticity and mechanical strength to green discs to sustain throughout the
subsequent processes: high-temperature sintering and handling. Among various binders,
polymer polyvinyl alcohol (PVA) and polyethylene glycol (PEG) is regarded as best for dry
pressed ceramics. Literature suggests, that 3-4 wt% of PVA or PEG transparent solutions are
ideal for the fabrication of microwave dielectrics. Low-level usage of PVA does not affect
the dielectric properties as it evaporates at around 400°C. In the current work 5 wt% PVA

solution is used as a binder.

(b) Uniaxial die pressing:
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The PVA was added to the fine powders and pressed into cylindrical-shaped discs of 10 mm
in diameter and 1-5 mm in thickness using KBr hydraulic press (M-20, Technosearch
Instruments, India). The applied pressure on the upper part of the die is given by the

following equation,

—A KL

P =P,exp P (2.5)

where Py is the pressure gradient; Pa is the applied pressure, u is the friction coefficient, K is
a constant, L and D, are the length and diameters of the die, respectively [59]. In this study,

the pressure was applied in uniaxial pressing to prepare the green cylindrical discs.
2.1.4 Sintering:

Sintering is a process where powder compacts and discs are treated at high
temperatures to achieve densification and grain growth. Achievement of higher density while
maintaining the crystalline phase is crucial to achieving desired dielectric responses. There
are two types of sintering processes namely solid-state sintering and liquid phase sintering. In
solid-state sintering, process densification takes place by coalescence of solid particles
process without any rearrangements, whereas in the liquid phase sintering process a liquid
phase will be present during the sintering process. Liquid phase sintering is advantageous in
terms of control over microstructures and low processing cost as compared to the solid state
sintering process. However, the mechanical properties of the ceramics might get affected in
the liquid phase sintering process. In the present thesis work, the solid-state sintering process
is adopted. High-temperature microwave furnace (MH1516-000-V6, Enerzi heating
reinvented, India) and conventional furnace (LHT 04/18, Nabertherm GmbH, Germany;
Temperature range: 25°C-1800°C). In timeline sintering process can be divided into three
distinguished stages: (i) initial stage: Surface polishing and connections between different
particles or grains take place to form neck structure. By the end of this stage, 60-65% relative
density can be achieved, (ii)intermediate stage: the neck formed between the different
particles and grains grows rapidly through surface diffusion, lattice diffusion and grain
boundary diffusion and relative density improved from 65%- 90% at the end of the
intermediate stage., and (iii) final stage: densification is much slower in this stage as
compared to initial and intermediate stages. In this stage, isolated pores in the grain
boundaries and within the grains are removed through the process of grain boundary

diffusion and lattice diffusion, respectively. The maximum removal of porosity is possible
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when all of the void spaces are connected to fast and short diffusion paths along the grain
boundaries. The final stage of sintering begins around 90 - 95 % of theoretical density. The
pictorial representation for grain or particle distribution and growth in three different phases

is presented in figure 2.3.

@) R

y

Figure 2.3:(i-iii) initial, intermediate and final stages of the sintering process, respectively.
2.2 MTO-based composite thin-film deposition:

Thin films are three-dimensional structures where one dimension is negligible as
compared to the other two. Due to the quantum confinement effect in the third dimension
(typically ~nm), thin films exhibit interesting and distinguished properties from bulk
structures. As miniaturization of structures enables smaller and compact devices, the demand
for thin films of requisite characteristics is rapidly increasing. The microstructural
characteristics of the deposited thin films significantly affect the physical and mechanical
properties. Further, the microstructures of deposited films depend on deposition technique
and conditions. Therefore, an optimized deposition technique and methodology are crucial to
obtaining desired quality of thin films. Broadly thin film deposition techniques are classified
into chemical vapor deposition (CVD) method and physical vapor deposition (PVD) method,
respectively.

2.2.1 Chemical vapor deposition method (CVD):

The CVD method is a process of thin film growth where the precursors react in the
vapor phase with other gases and gets deposited atom by atom on the substrate. This method
can be associated with the production of chemical by-products that are exhausted out of the
chamber along with the other unreacted precursor gases. This method is useful for easily

volatile precursors.
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2.2.2 Physical vapor deposition method (PVD):

The PVD method is used to deposit the thin films by the condensation of vaporized
material onto the substrate. This method deals with a purely physical process such as thermal
evaporation and sputtering rather than involving a chemical reaction in the case of the CVD
technique. In the evaporation technique, the atoms are removed from the source material by
heating, whereas in the case of sputtering the atoms are dislodged from the target material by
the bombardment of ions. In thermal evaporation, the thermally released atoms move onto the
substrate in straight trajectories without any collisions under a high vacuum. Different
methods were used to heat the source material such as direct and indirect resistive heating,
inductive heating, electron evaporator, arc discharges, laser ablation, and flash evaporation.

2.2.3 Sputtering:

Sputtering is the process where surface atoms are impinged out of a target surface
through impact upon the bombardment with high-energy particles: positive ions. Ideally, the
free atoms are supposed to be transferred to the substrate surface in a controlled manner atom
by atom. For the first time in the year, 1852 Grove discovered the sputtering phenomenon for
metals in a cathode glow environment. Generally, for film deposition, the sputtering process
requires a chain of atoms through the impact of ions on the target’s surface atom. In other
words, sputtering of atoms from the target surface arises via the transfer of momentum from
energetic projectile (positive ions) to the atoms of the target surface. The chain of free atoms
is dependent on both the target material characteristics and the energy of ions. The efficiency
of the sputtering technique is measured by sputter yield. The sputter yield (Sy) is defined as
the number of atoms or molecules ejected from a target surface per incident ion and can be
expressed as,

3. 4mm, E,

A 26
4z° (m +m,)* E, (26)

Y

where, m1 and m2 (amu) are the masses of the projectile and target atoms, respectively; a is a
dimensionless parameter, which depends on the ion energy and mass ratio, E1 and Ey are the
kinetic energy of the projectile and the binding energy of the surface atoms, respectively. At
lower energies, an incoming ion transfers the maximum momentum to target atoms when

both masses are equal (m1 = my).
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Generally, the positive ions (projectiles) used to sputter the target surface are obtained
through the glow discharge produced due to the potential difference between the anode and
cathode at significantly low pressures in a closed chamber. At a minimum potential
difference, the gas present inside the chamber breaks down to conduct. The nature of glow
discharge depends on both the applied voltage and ionization current. When the glow is
maintained at constant applied voltage is known as a normal glow whereas in an abnormal
glow along with ionization current applied voltage also increases. In the discharge tube, the
whole region from cathode to anode can be divided into a number of regions as shown in
figure 2.4. Firstly, the cathode glow: a luminous region, which covers the cathode partially in
the normal glow and completely in the abnormal glow. Next to the cathode glow, a region
with relatively low luminosity is known as a cathode dark space. It is the most important
region because most of the applied voltage will drop across it. Further in the sequence, a

bright negative glow region, Faraday dark space, and positive column region appear.

Aston Anode
Dark Negative Faraday  Positve  Anode Dark
Space Glow  Space  Column  Glow Space
(AD), (NG)  (FS) (PC) (AG)  (AD)
| |

v

Cathode

Anode

+

Cathode * Cathode
Glow Dark Space

Figure 2.4:A schematic representation of different glow discharge regions.

At the beginning of the discharge, the primary electrons from the cathode are
accelerated by the electric field near the cathode and ionize the gas molecules. If the energy
of the primary electrons is more than the ionization energy the gas molecules generate
positive ions upon collision before they reach the anode. When produced positive ions
energetically bombard the cathode surface, they knock out the target atoms and secondary
electrons. These secondary electrons will also create more positive ions leading to a self-

sustained discharge.
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There are four different types of sputtering: (a) direct current (DC) sputtering, (b)
radio frequency (RF) sputtering, (c) magnetron sputtering, and (d) reactive magnetron

sputtering.

(@) DC sputtering:

DC sputtering method is the simplest form of cathodic or diode sputtering. In this
method, the target material is connected to the negative terminal of a DC power supply,
whereas the substrate is placed on an anode, which may be biased. The sputtering chamber
will be filled with an inert gas, typically argon (Ar), which serves as a medium in which the
glow discharge is initiated under the application of DC voltage. The Ar atoms will be ionized
(Ar?) in the applied potential and accelerated towards the cathode and eject the atoms from
the target material. These sputtered atoms transfer through the glow discharge and deposit
onto the substrate. However, the main disadvantages are low deposition rates, high discharge

voltages, high gas, and low plasma densities, and used only for conducting targets.

(b)  RF sputtering:

In DC sputtering method for a conducting target, when Ar ions bombard the target
surface makes electrons free along with sputtered atoms, and, Ar ions convert into neutral Ar
gas after accepting generated free electrons. However, for an insulating target, Ar ions
accelerated towards the target will eject out sputtered atoms and remain there leading to the
formation of a layer of positive ions on the target surface since unlike metals insulators do not
contain free electrons to neutralize the positive ions. This layer of positive ions near the target
surface will repel the positive ions and puts an end to the sputtering process. The application
of RF signal to the cathode solves this problem, where each terminal will alter its polarity
periodically. This type of sputtering is called RF sputtering. In this technique, a frequency of

13.56 MHz is applied to the cathode via an impedance matching network.

RF voltages can be coupled with any kind of impedance and thus removes restrictions on
the choice of electrode material. Therefore, in RF sputtering technique insulating target and
the substrate holder can also act as electrodes. As the RF power is applied, then electrons
follow the RF signal and oscillate between the electrodes and acquire sufficient energy for
ionizing collisions and sustaining the plasma. A blocking capacitor will also be connected in
between the RF power supply and cathode to avoid shorting the target to the ground. In the
positive half cycle, the target acts as an anode and acquires electrons and during the negative
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half cycle, it will acquire enough ions and resulting in the sputtering as well as deposition of

the target material.

(c) Magnetron sputtering:

In usual DC or RF sputtering techniques, the efficiency of the ionization process
decreases when electron energy exceeds an optimum value as those electrons reach the anode
without taking part in the ionization process. These limitations can be conquered in the
magnetron sputtering systems by trapping electrons near the cathode surface using permanent
magnets. In magnetron sputtering, a magnetic field (B) is applied parallel to the cathode
surface, while the electric field (E) acts normal to the surface. The magnets are arranged in
such a way that one of the poles is positioned at the center of the target, and the other pole is
placed near the edge of the target, which can form the magnetic field lines.

The electrons emitted from the cathode and moving with velocity component
perpendicular to the magnetic field will spiral around the magnetic field lines and be trapped
by the field. The trapping of electrons can significantly enhance the probability of ionization
efficiency, which results in a high rate of deposition onto the substrate even at lower working

pressures. This technique can be used in both DC and RF sputtering.
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Figure 2.5: Schematic diagram for magnetron sputtering system.
(d) Reactive magnetron sputtering:

In general, an inert gas (argon) is used as sputtering gas to avoid the chemical
reactions between the target and sputtered gas to retain the chemical composition. However,
for the deposition of nitrides and oxides, reactive gases are added with argon to induce
reactions with sputtered materials. This type of sputtering process is called reactive
magnetron sputtering. The addition of reactive gases to the sputtering chamber can
significantly affect the deposition rate and stoichiometry of the compound. In the present
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thesis, RF reactive magnetron sputtering system (M/s Advanced Process Technologies, Pvt.
Ltd., India) has been used for the deposition MTO based composite thin films. The

photographic image of the RF reactive magnetron system is shown in Figure 2.6.

Figure 2.6: RF reactive magnetron sputtering system.

The sputtering system consists of a vacuum chamber equipped with pumping systems,
a sputtering source, a heating assembly, and a rotating substrate holder. A two-inch target is
power-driven by an RF generator (M/s RF VII, Inc. RF-3-XIIl) through an impedance
matching network. The high vacuum (~10° mbar) in the system is achieved by a turbo
molecular pump (M/s Leybold vacuum, TD20). In the present work, both reactive (Ar and
0.) and non-reactive (Ar) type sputtering techniques were followed to deposit MTO-based

composite thin films.

2.3 Characterization techniques
2.3.1 X-Ray diffraction

X-ray diffraction (XRD) is one of the most widely used non-destructive material
characterization tools. The diffraction pattern obtained by XRD provides about the material's
crystal structure, crystallinity, and chemical composition both qualitative and quantitively.
Bragg’s Law is regarded as the governing equation for the X-ray diffraction technique and

can be expressed as
ni=2dsind 2.7)

where n is (integer) the order of reflection, d, 4, and 6 are the interplanar spacing of crystal,

the wavelength of incident X-ray, and angle of incidence of the X-rays, respectively.
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Bragg's Law

Figure 2.7: Bragg’s law for X-ray diffraction in a crystal lattice.

Figure 2.7 and Figure 2.8 present Bragg's Law of diffraction from perfectly crystalline
lattice and schematic representation for X-ray diffractometer, respectively. The diffracted X-
rays exhibit constructive interference when the distance between ABC and A’B’C’ paths

(2dsin®) is differed by an integer number of 4.

Figure 2.8: Schematic diagram for X-ray diffractometer.

In this thesis, X-ray diffractometer (TTRAX-111 18 kW, Rigaku,) with Cu K, (4 = 1.5406 A)
radiation was used to characterize the MTO-based ceramics and thin films. Figure 2.9 shows
the photographic image of the X-ray diffractometer employed in the present work. The XRD
patterns of the prepared MTO-based ceramics and thin films were measured with a scanning
step size 0.03° and a scanning rate 3°/minute between the 26 range of 15-80°. The 26

calibration was performed using a standard Si sample to account for the instrumental line

32
TH-2929_156121023



Chapter2: MTO-based composite ceramics and thin films for microwave applications

broadening approximately equal to the 0.15°. Furter, Rietveld refinement is employed using
FullProf software for qualitative and quantitive analysis of X-ray diffraction patterns for

MTO-based composite ceramics and thin films [60]

Figure 2.9: Photograph image of the X-ray diffractometer.

2.3.1 Density measurement

Archimedes' method is used to evaluate the relative density of the sintered pellets of
MTO-based composite ceramics. The Archimedes principle states that “a body (pellet) fully
or partially sink in a fluid is lifted by an upward force equal to the weight of the fluid
displaced”. The difference between the actual weight of the body to the magnitude of the
buoyance force (upward force) is equal to the apparent weight of the body. The apparent

density (pa) of the sintered pellets can be estimated by using the following equation,

P, = (Wzvflwg )xpw glem® (2.8)
where, pw is the density of the liquid, and w1, w2, and ws denote the weight of the body in the
air, sunk in the liquid medium, and weight of the body after being removed from the liquid
medium, respectively. In the thesis work, distilled water is (pw = 1 gm/cm?) used as the liquid
medium. In addition, the relative density of the pellets was by using apparent density (pa) and

theoretical density ( ptn ) determined as the following equation

relative density =2 x100% (2.9)
P
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2.3.2 Raman spectroscopy
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Figure 2.10: Energy level diagram for Rayleigh and Raman Scattering.

Raman spectroscopy is a technique used to detect molecular vibrations based on
Raman scattering. The phenomenon of inelastic scattering of light was first postulated by
Smekal in 1923, and Raman and Krishnan observed the Raman scattering phenomenon for
the first time in the year 1928 [2]. The spectral pattern obtained by Raman spectroscopy is
unique to a substance. Raman spectroscopy provides information about chemical structures
and physical forms chemical composition of the material and does not require any sample
preparation. Thus, Raman spectroscopy is a user-friendly tool to characterize material as a

sample of any form such as solids, liquids, and gases.

As shown in figure 2.11, the monochromatic laser beam falls and interacts with the
molecule of the sample and a small fraction of light may be scattered either elastically or
inelastically. The wavelength of inelastically scattered light is either higher or lower than
incoming light, which is called a Raman effect. The Raman spectra are composed of two
types of scattered lights namely Stokes and anti-Stokes. As shown in figure 2.10 the
inelastically scattered lights having higher energy and lower energy compared to the incident
beam are known as Stokes and anti-Stokes, respectively. . The fraction of incident light
exhibiting elastic scattering possesses energy equal to the energy of the incident radiation and
such radiations are known as Rayleigh lines. At room temperature, the Stokes lines are more

intense than that of anti-Stokes lines. Therefore, in conventional Raman spectroscopy, Stokes
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lines are utilized. The magnitude of the Raman shift is basically independent of the

wavelength of the incident radiation
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Figure 2.11:Schematic experimental setup for Raman spectroscope.

. For liquid samples, water is used as an ideal solvent as water exhibits negligible

Raman scattering.

Figure 2.12: Photograph of Raman spectrometer (LBRAM HR800).
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However, the solid samples can be directly mounted on a glass substrate to perform
the measurements equipped with optical components (mirror, lens, sample cell) in a Raman
spectrophotometer[61-63]. In the present thesis, the room temperature Raman spectra of
MTO-based composite ceramics and thin films were recorded by using the LABRAM HR800
Raman spectrometric analyzer developed by Horiba Jobin Yvon with an excitation

wavelength of 488 nm of an Ar-ion laser and spectral resolution of 1 cm™

Figure 2.12 presents the photograph of a Raman spectrometer. The setup is equipped
with a separate heating/cooling sample stage (THMS600, Linkam). The Raman spectra were
recorded in a backscattered geometry furnished with a 50x objective, an edge filter, and a
Peltier-cooled charge-coupled device detector. An Ar* ion excitation (A = 514 nm) laser
source equipped with a high-resolution dispersive geometry and an 1800 mm™ grating is
utilized for low-temperature micro-Raman measurements. The grating was fixed during the

entire temperature scan for a high degree of positional accuracy.
2.3.3 Scanning electron microscopy

The morphology and elemental composition analysis for prepared MTO-based
composite ceramics and thin films were obtained by scanning electron microscopy (SEM)
(1430 VP, LEO) equipped with an energy dispersive X-ray spectrometer (EDS) and field
emission scanning electron microscope (FESEM) (Sigma 300, Zeiss). The schematic diagram
of the SEM is shown in Figure 2.13. In scanning electron microscope provides images of
surface morphology with high-energy electrons in a raster scan pattern. The high-energy
electrons are generated by thermionic emission from a tungsten filament and accelerated
towards an anode with sufficient kinetic energy. FESEM is a new version of electron
microscope where field emission electrons are utilized to scan the sample surface. When a
highly energetic electron beam incident on the sample surface it undergoes both elastic and
non-elastic scattering and produces a number of signals such as secondary electrons,
backscattered electrons, Auger electrons, photons, characteristic X-rays, diffracted and
transmitted electrons. For surface morphology secondary electron and backscattered electron
signals are utilized whereas, photons are used for chemical composition estimation. Energy
analysis of Secondary electrons and backscattered electrons provide topographic images and
composition details of the test sample, respectively. The energy dispersive spectrometer
utilizes the characteristic X-rays obtained from the sample electron interaction and produces a

spectrum of the peaks that correspond to the energy levels of detected X-rays. The intensity
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of the individual peak signifies the concentration of elements present in the test sample.

Figure 2.14 shows a photograph of the field emission scanning electron microscope that was

used in the present study.
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Figure 2.13: The schematic diagram of a scanning electron microscope setup.

Figure 2.14: Photograph of field emission scanning electron microscope.
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2.3.4 Field emission transmission electron microscopy

The field emission transmission electron microscope (FETEM) is one type of electron
microscope that utilizes transmitted electrons through the material to characterize it. FETEM
characterizes the crystal structure, dislocation, and grain boundaries of nanoparticles or
nanocrystals. As shown in figure 2.15 complete FETEM setup can be classified into four
different parts: (a) electron gun: is the source of highly energetic electrons and tungsten
filament is used for this purpose. It has a cathode and anode pair to accelerate the emitted
electrons from tungsten filaments (b) electromagnetic lens system: consists of an
electromagnetic lens and metal aperture to focus the electron beam, (c) the sample holder; is a
stage equipped with a mechanical arm to hold and control the position of the specimen, (d)

imaging system.
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Figure 2.15: The schematic outline of a FETEM.

The FETEM works like a slide projector. A projector shines a beam of light that
transmits through the slide. The patterns painted on the slide only allow certain parts of the
light beam to pass through. Thus, the transmitted beam replicates the patterns on the slide,

producing an enlarged image of the slide when it falls on the screen. In the present thesis, the
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FETEM instrument (2100F, JEOL) is employed to study morphology and the
crystallographic structure of the prepared samples was analyzed by bright-field TEM image,
high-resolution transmission electron microscopy (HRTEM), and selected area electron
diffraction (SAED) in some of the papers. Figure 2.15 shows the schematic diagram of the
TEM instrument used in the present study. The figures themselves explain in detail the
individual parts of the instrument and the arrangements of the TEM instrument. The
resolution of the instrument is 1.9 A to 1.4 A (lattice) with accelerating voltage 60 to 200 kV
in 50 V steps and a tilt of £ 25°. The magnification range of standard specimens goes from 50
X to 1,500,000 X which is a very sophisticated instrument for the characterization of
nanomaterial. It also has a high-resolution CCD (charge-coupled device) camera with 2.672 x
2.672 K resolution providing very high-resolution images of the samples.

2.3.5 Dielectric measurements and impedance spectroscopy

The relative permittivity (er) and loss tangent (tano) are the most important parameters
to understand the various types of polarization mechanisms (e.g., electronic, atomic, dipolar
polarization, and space charge polarization) present in the sample. Frequency-dependent
dielectric studies provide information about dielectric relaxation of various polarization
mechanisms such as space charge polarization, ionic polarization, atomic polarization, and
dipolar polarization. In addition, temperature-dependent dielectric response exhibits phase
transitions present in the sample. In the present thesis work, to record dielectric response,
sintered 1-2 mm thick MTO based composite ceramics were coated with the silver paste to
make metal-insulator-metal (MIM) capacitors. For MTO based composite thin films n-type Si
substrate and Al coating are used as bottom and top electrodes, respectively. The low
frequency (20 Hz -1 MHz) dielectric properties of the prepared MTO based composite
ceramics and thin films were measured in the temperature range of 25 °C - 300 °C employing
an LCR meter (1J43100, Wayne Kerr Electronics Pvt. Ltd.) controlled by PID controller
(3216, Eurotherm) with an accuracy of £ 1.5 °C. The high frequency (1 MHz -1 GHz)
dielectric properties of the MTO based composite ceramics were measured using the RF
impedance material analyzer (E4991A, Agilent Technologies,) in the wide temperature range
of -160°C — 400 °C with the stability of 0.01 °C due to the 4 channel Quatro controller
containing PID control algorithms (Novocontrol, Concept 70). The low-temperature

measurements were carried out using liquid nitrogen as a cooling or heating medium.
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Impedance spectroscopy is an extensively utilized technique to understand the
electrical properties of the material. The AC voltage and current of an electrical network can

be expressed in the following equations

V (t) =V, exp( joot) (2.10)

1(t) = 1, exp( jet + @) (2.11)

where, j = V-1, w and ¢ represent an angular frequency and the phase angle, respectively. The

complex impedance (Z*) can be expressed in terms of both magnitude (|Z|) and phase angle

(p) as,
Z' (@) =1 Z |exp(-j@) (2.12)
Z' ()=l Z | cos(p) - j| Z |sin(g) (2.13)
Z*(0)=2'(0)- j"(w) (2.14)

where, Z'(w) and Z"(w) are the real and imaginary parts of complex impedance, and

2] = N[ Z'(w)? + Z"()’] (2.15)

2.3.6 Atomic force microscope

Figure 2.16 presents a schematic diagram of an atomic force microscope (AFM).
Atomic force microscope (AFM) is a powerful imaging technique to produce topographical
images that quantify surface morphology, size, the surface roughness of nanoscale samples.
A 3-dimensional profile of the sample surface can be obtained from AFM [64,65]. AFM
consists of a flexible cantilever with a sharp tip (silicon or silicon nitride), scanner, controller,
and signal processing unit. The tip scans the sample surface and produces the surface
topography depending on the interactions between the tip atoms and surface atoms. The Van
der Waals forces between atoms at the tip and the sample surface lead to a deflection of the
cantilever according to Hooke's law. This deflection is measured using a laser reflected from
the top surface of the cantilever to a photodetector shown in Figure 2.16. Further, the detected
signals send to the signal processing unit to produce the topography image along with

amplitude and phase. In this thesis, the atomic force microscope (Cypher, Oxford) was used
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to obtain AFM images of the MTO-based thin films, and further, the surface roughness, 3D
and 2D image processing were done using WSxM 4.0 Beta software [64].

Detector and

feedback circuit |
Photo
detector
—
_ Tip atoms
Cantilever F
orce

Tip ___,\ "

Sample surface

Surface atoms

Figure 2.16: Schematic diagram of the atomic force microscope.

2.3.7 Optical characterization

In the present work, the optical properties of MTO based composite thin films have
been analyzed by employing a UV-VIS-NIR spectrophotometer (UV 3101PC, SHIMADZU)

Incident light

Air
My =1
A 4 l
d
Film: My, 0 l I
dS
Substrate: n, a, =0 I
Air
=1 Transmitted light

Figure 2.17: Schematic diagram of light transmittance through different interface mediums of
the thin film.
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The fundamental optical constants such as linear refractive index (n), packing density
(p), absorption coefficient («), and optical bandgap (Eg) can be calculated from transmission
spectra. In addition, the film thickness can also be calculated by this method. The optical
parameters of thin films can be calculated by using transmittance spectra by the Swanepoel
envelop technique [65]. Optical transmission through a film of refractive index n with the
thickness d deposited onto any transparent substrate having the refractive index ns and
thickness ds as shown in Figure 2.17. When a light incident on the film, then some fraction of
an incident is reflected and the rest is transmitted at the interfaces of air-film, film-substrate,
and substrate-air. The reflected and transmitted light exhibit the interference pattern since the
beams originated from a single coherent source. The typical transmittance spectrum of a film
deposited onto a transparent substrate measured in the wavelength range of 200 -1000 nm is

shown in Figure 2.18.
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Figure 2.18: Fabry-Perot transmittance spectrum of a thin film.

The refractive index (n) of the film can be calculated by using Swanepoel’s envelop

method based on the following expressions.

n=[N+(N?-n?)*s " (2.16)
. 2
where, N =2n, Ty =Ty L 1 (2.17)
T.T. 2
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ng=—+ |—-1 (2.18)

here, ns is the substrate refractive index, Tm and T are the transmittances at maxima and

minima at certain wavelength A, respectively.

The thickness of the film (d) can be estimated by the following expression,

Gelies

) 2(”112 - nzﬂq) 219

where, n1 and n are the refractive indices of two adjacent maximum and minimum at

wavelengths A1 and A2, respectively.
According to Beer-Lambert’s law,
I =1,exp(—ad) (2.20)

where lo is the incident light intensity, | is the intensity of the light at wavelength 4, d is the
thickness of the film and « is the absorption coefficient, which can be related to the
transmittance as,

_—InT,

; (2.21)

(24

where, T, = (TmTm)°>.

Further, the optical bandgap (Eg) of the films can be estimated using the Tauc relation

by the following relation[66].
(ahv)™ = B(hv - E,) (2.22)

where, Ao is the incident photon energy, m (m =2 for direct transition and m = 0.5 for indirect
transitions) determines the type of electronic transition between the valence band and
conduction band and B is the measure of crystalline order. The Eq of the films can be
calculated from the extrapolated linear portion of (ahv)™ versus (ko) curve, In the present
study, the Eq has been calculated by assuming an allowed direct electronic transition (m=2).

The error associated with the measurement of n and d is £0.02 and £10 nm, respectively.
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2.3.8 Microwave dielectric characterization

With an increase in demand for the development of high-speed, high-frequency devices
complete understanding of the properties of materials functioning at microwave frequencies
is necessary. In general, the microwave methods for materials characterization are
categorized into two types: non resonant methods and resonant methods. Non resonant
methods are often used to obtain a general knowledge of electromagnetic properties over a
wide frequency range, while resonant methods are used for low loss dielectric materials to get
accurate knowledge of dielectric properties at a single microwave frequency or several
discrete microwave frequencies[67]. The presence of air gaps is one of the most important
factors limiting the measurement accuracy of high permittivity solid materials unless the
electric field of the mode of interest does not have a component perpendicular to the surfaces
of the sample. This is the situation for TEon, modes of cylindrical cavities and dielectric
resonators. Therefore, methods employing these modes are considered to be among the most
accurate[68]. The quasi -TEg;s mode of operation (often called the TEo11 - mode) is the mode
most commonly used by manufacturers of dielectric materials for making dielectric loss

tangent measurements.

The important characteristics of a dielectric resonator (DR) are dielectric constant, loss
tangent, and temperature dependence of resonant frequency. The permeability of most of
these materials is equal to that of free space, as they are nonmagnetic materials. A parallel
plate dielectric resonator structure known as the Courtney setup is used to measure the
dielectric constant of the bulk dielectric material. The principle involved in the measurement
is rather simple. The resonant frequency of a TEgs mode is measured for a dielectric
resonator radius ‘a’ and height ‘L’. Afterward, the dielectric constant is computed using the
Courtney procedure. Hakki and Coleman first introduced the procedure. The error analysis
and investigation of temperature effects were later made by Courtney[69]. Another
cylindrical cavity made of invar is used to measure the temperature coefficient of the resonant
frequency of the cylindrical DR. The negligible coefficient of thermal expansion of invar

material helps to increase the accuracy of this measurement.
2.3.8.1 Vector network analyzer
In microwave engineering, a network analyzer is a major instrument used to investigate

a wide variety of materials, components, circuits, and systems. A measurement of the

reflection from or transmission through a material along with knowledge of its physical
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dimensions provides the information to characterize the permittivity and permeability of the
material. Network Analyzer is a swept frequency measurement equipment to completely
characterize the complex network parameters in comparatively less time without any
degradation in accuracy and precision. Two types of network analyzers are available: scalar
and vector network analyzers. Scalar network analyzer measures only the magnitude of
reflection and transmission coefficients while the vector network analyzer measures both the
magnitude and phase. Note that the magnitude and phase of a component can be critical to
the performance of a communication system. A vector network analyzer can provide
information on a wide range of these devices, i.e., from active devices such as amplifiers and

transistors to passive devices such as capacitors and filters.

A basic network analyzer is designed to show graphically a plot of the voltage gain or
loss of a network versus frequency. The network analyzer measures the magnitude, phase,
and group delay of two-port networks to characterize their linear behavior. A vector network
analyzer consists of a signal source, a receiver, and a display. The source launches a signal at
a single frequency to the material under test. The receiver is tuned to that frequency to detect
the reflected and transmitted signals from the material. The measured response produces the
magnitude and phase data at that frequency. The source is then stepped to the next frequency
and the measurement is repeated to display the reflection and transmission measurement
response as a function of frequency. The ratio of the output to the input level is displayed as

dB which is the voltage gain or loss of the network.

Consider a circular cylindrical rod of relative dielectric constant &, permeability 1o,
length L, and radius placed between two large perfectly conducting plates. If the dielectric
material is isotropic, then the characteristic equation for this resonant structure operating in
the TEon mode is

J(@) L Ky(B) ) s
“@ TR (223)

where Jo(e) and Ji(e) are the Bessel functions of the first kind of orders zero and one,
respectively, Ko(f) and Ki(f) are the modified Bessel functions of the second kind of orders
zero and one. The parameters « and S depend on the geometry, the resonant wavelength, and

dielectric properties. Thus,
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2 1/2
0= —{i} (2.24)
Ao v,
2 1/2
27a C
p=" [—J 1 (2.25)
A |\ vy

c is the velocity of light and 14 the phase velocity in the structure so that

L ('ﬁj (2.26)
129 2L
where | is the number of longitudinal variations of the field along the axis, L is the Length of
the DR, D is the Diameter of the DR, Ao is free space resonant wavelength. It is seen that the
characteristic equation is a transcendental equation and hence, a graphical solution is
necessary. The resulting mode charts are given by Hakki et al.[69] where each value of £
corresponds an. The characteristics equation and the resulting charts are universal as per as
permittivity is concerned.

In the present investigation, a vector network analyzer (VNA, Rohde & Schwarz,

P50282A) was used to the measurement of microwave dielectric properties of MTO ceramics.

2.3.8.2 Measurement of dielectric constant (&r)

This can be done by using the transmission method introduced by Hakki and Coleman
and modified by Courtney. This setup is having two parallel plates with an adjustment for the
varying distance between the two plates. Two bent monopoles (rigid coaxial cables) are
provided for coupling electromagnetic waves to the DR and are suitably mounted to move in
any of the x, y, and z directions. One can identify the modes of the DR by moving the bent
monopoles in all three directions. The number of standing waves in z - directions indicates
the third subscript of resonant mode. By rotating the rigid coaxial cables around their axis, it
is possible to find the maximum field in the horizontal direction or vertical direction.
Subsequently, the first subscript can be found by placing the coaxial cable at different angles
in the plane of parallel plates. Once the resonant frequency of TEy;s mode is measured, the
relative dielectric constant for the dielectric resonator with known dimensions can be

calculated using the equations (2.27) and (2.28).

B = %a[(%f —1}; (2.27)
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T

where i corresponds to an, which can be obtained from the mode chart given in [25] one of
the characteristic equations.

2.3.8.3 Measurement of unloaded quality factor (Qu)

To measure the Q factor of microwave resonators, various methods are applied.
However, all the existing methods do not take an account noise, crosstalk, coupling losses,
transmission line delay, and impedance mismatch related to real measurement setup. Thus,

significant uncertainty is associated with the measured Q factor of the DR.

In the present study, a transmission mode cavity was proposed by Krupka et al.[70] is
utilized to measure the unloaded quality factor of the DR. This measurement is done using
the reflection method by placing the sample over a low loss quartz spacer with a height of 4
mm inside a cylindrical copper cavity having 10 mm height and 24 mm diameter (inner
dimensions). The inner side of the cavity was finely polished and silver plated to reduce
radiation loss. The use of a low-loss single quartz spacer reduces the effect of losses due to
the surface resistivity of the cavity. Samples with a diameter/length (D/ L) ratio of 1.8 — 2.2
are preferable to get maximum mode separation and to avoid interferences from other modes.
Microwaves are fed into the sample using the loop coaxial antennas, which provide a
magnetic coupling to excite the transmission mode resonance spectrum of the dielectric
cylinder. The rigid coaxial cable is provided at the center of the cavity (as shown in Fig. 2.19
(@)) for electromagnetic field coupling and it can be moved in and out for adjusting between

the weak and strong coupling.

The cavity is connected to the VNA through a rigid coaxial cable with connectors on
both ends (THRU). The network analyzer is set in Sp; mode and performs calibration. The
coaxial cable is adjusted in such a way that weak coupling exists between the rigid coaxial
cable and DR. By identifying the TEq15s mode, the resonant frequency can be obtained. The 3
dB bandwidth of the spectrum to calculate the loaded Q factor (Qi), from the resonance

spectrum (Fig. 2.19(b)) is given by,

Q=— (2.29)
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One can assume that the unloaded Q factor is equal to the loaded Q factor if the coupling is
weak (S2: at resonance < 45 dB, and couplings are symmetric). The unloaded Qu value is

calculated using the coupling coefficient ¢, and the loaded Q) value using the relation [30],

Q, = Q—Llﬁ) (2:30)

7321

where S is the coupling coefficient is equal t010 2 . A further rigorous electromagnetic
analysis must be performed to evaluate the dielectric constant of the sample under test.
Rayleigh-Ritz's method has been used in the computer program for calculating the dielectric

constant.

(a) (b)

RETURN LOSS

FREQUENCY

Figure 2.19: (a) QWED Krupka resonator cavity used to measure the Q- factor and dielectric
constant (b) the method of calculating Q- factor from resonant mode using Eq. 2.29.

2.3.8.4 Measurement of temperature coefficient of resonant frequency ()

The temperature coefficient resonant frequency (zf) is an important parameter to
determine the performance of the device. Since the resonators are used in communication
systems, temperature stability is an important factor and should nearly be zero.

The temperature-dependent resonant frequency can be measured using the cavity made
up of invar material having the least thermal expansion coefficient. The cavity is kept on a
hot plate and the entire system is insulated in an isothermal enclosure. The setup is then
slowly heated (1° per min.) from room temperature to 80 °C to obtain the temperature

coefficient of resonant frequency defined as,
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1 Af
= — 2 ppm/°C 2.31
T £ AT pp (2.31)

where fo is the resonant frequency at room temperature and Af is the change in resonant
frequency for a temperature variation AT .

2.3.8.5 Microwave dielectric properties of thin films:
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Figure 2.20: The cross-sectional view of SPDR fixture [30-31].

The split post dielectric resonator (SPDR) technique is a well-established, non -
destructive, and accurate technique for the measurement of complex permittivity of low loss
dielectric substrates and thin films at spot frequencies in the microwave region of 5, 10, and
15 GHz. In the present thesis, the microwave dielectric properties such as dielectric
permittivity and loss of the prepared films were measured in the frequency range of 5 - 15
GHz using a vector network analyzer (8722 ES, Agilent Technologies,) and (ZVA24, Rohde
& Schwarz) by employing SPDR technique. The dielectric resonators are typically operated
with TEy;s mode, that mode has only an azimuthal electric field component. Thus, the electric
field remains continuous across the dielectric interfaces, which makes the measurement
insensitive to the presence of air gaps perpendicular to the z-axis of the fixture. Figure 2.20

presents the schematic cross-section of an SPDR.

The relative permittivity (er) and loss tangents (¢and) of the films and substrates are
mainly dependent on the resonant frequency and quality factor. Initially, the resonant
frequency and quality factor of the empty resonator (fo, Qo1) and resonant frequency and
quality factor of the substrate (fo, Qo) are measured before the deposition of the film. When
the deposited film is placed in SPDR, which results in a shift in resonant frequency. The shift
of resonant frequency and its quality factor (fs, Qs) of the film is measured. The Rayleigh-Ritz
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method was employed to calculate the resonant frequencies, unloaded Q-factors, and other
parameters. Therefore, the relative permittivity and loss tangent of the films were calculated
based on the thickness and resonant frequencies by following equations [67],

=1+ (fo_ fs)

g, =
hf K, (e, h) (2.32)

where h is the thickness of the film, fo and fs are the resonance frequencies of the bare
substrate and film-coated substrate of the SPDR. Ks is a slowly varying function of the
samples & and h.

-1 -1 -1
Q - Dr_Qc

Pe (2.33)

tano =

where Q is related to the unloaded quality factor of SPDR containing dielectric thin film, Qpr
is related to the dielectric losses in the empty resonators, and Q. belongs to the metal losses

for the resonant cavity containing the thin film. The uncertainty in &rand tané is calculated as,

A%t 0.15%+T ATh (2.34)

&

where, 1<T<2, and Afand = + 2.0x10°.
2.3.9 1-V characteristics

The leakage currents analysis is one of the most important characterizations for device
applications. Most of the applications are based on the application of an external voltage on
the ceramic capacitors either bulk ceramics or thin films, leading to the occurrence of leakage
current. The leakage current might originate due to the presence of defects (oxygen
vacancies, nonstoichiometric, defect states, etc.) which leads to degradation in properties. The
solutions to reducing the leakage current can be found by understanding the conduction
mechanism in the samples. Therefore, it is very important to study the charging mechanism in
samples to identify the conduction mechanisms responsible for the leakage current. In the
present thesis, the Keithley parameter analyzer (4200A-SCS, Tektronix, USA) was used to

measure the leakage current versus applied voltage at room temperature.
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CHAPTER 3: Structural and Dielectric Properties of (1-x)
MgTiOs-x BasNbsO1s Composites Ceramics and their Thin
Films

This chapter deals with the structural, microstructural, dielectric, and electrical properties
of (1-x) MgTiOs-x BasNbsO15 (MTO-BNO) composite ceramics and their thin films for
temperature-stable microwave applications. The first part of the chapter deals with the
synthesis, characterization (Structural and microstructural), and physical property analysis of
MTO-BNO composite ceramics. The second part of the chapter presents the deposition of
MTO-BNO composite thin film by RF magnetron sputtering and characterization (structural
and microstructural) and analysis of its physical property based on film thicknesses.

3.1 Introduction:

In recent decades advancement in technology has brought remarkable changes to
human civilization. One of the most significant developments is cellular technology and
microwave dielectric resonators had played a vital role in all these advancements. With
passing times, telecommunication devices are desired to become handy as well as cost-
effective. This is the reason the number of users of this technology is above 1033.20 million
and growing (May 2016) in India itself [71]. Preparation of sophisticated material for this
technology is one of the biggest challenges for the research areas all over the globe, for
cheaper and better microwave devices. Resonators used in microwave technology are
preferred to have a combination of high dielectric constant (er > 15), good quality factor (Q >
5000), and near zero-temperature co-efficient of resonant frequency [72].In the field of broad
band satellite communication technology where high power is required and control of
temperature fluctuation is difficult, so temperature co-efficient of resonant frequency is
desired to be near zero. So, in this report, the addition of BasNbsOis (BNO) ceramic
exhibiting hexagonal perovskite structure having positive temperature co-efficient for
resonant frequency, = = +79 ppm/°C, with high dielectric constant & ~ 39, and quality factor,
Qxfo ~ 26,300 GHz with MgTiOs (MTO) is carried out to get near zero temperature co-
efficient of the resonant frequency. Both MTO and BNO ceramics exhibit different crystal
structures with independent phases[73]. J. B. Huang, et. al[28] carried out similar studies and

reported that the addition of CaTiO3z with MgTiOz to get near zero z: [74]. Another limitation
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of MgTiOs ceramics is that it requires a high sintering temperature ~ 1400 - 1470°C in the
conventional solid-state reaction method[75]. In the current study, the microwave sintering
route is adopted to achieve highly densified ceramics at a lower sintering temperature with
less processing time as compared to the conventional sintering method [76]. Various
dielectric ceramics were being studied in thin film form for microwave integrated circuits and
optical communications. MTO-BNO ceramic exhibited excellent microwave dielectric
properties, and no literature is available on the thin film of MTO-BNO composition. This
motivated us to pursue the present study. In the current study, thickness-dependent optical,
structural and dielectric properties of 0.9 MgTiOs - 0.1BasNbsO:s composite thin films
deposited by the RF reactive magnetron sputtering technique have been investigated. The

microwave dielectric properties of these films were also measured at microwave frequencies.

3.2 Sample preparation:

3.2.1 MgTiOz-BasNbsO1s composite ceramics preparation:

The samples were prepared using the conventional solid-state reaction method using
highly pure oxide powders. MgTiO3 ceramics were prepared by using high purity powders of
MgO (99%) and TiO2 (99%) (M/s Sigma Aldrich, St. Louis, MO) by following the non-
stoichiometric MgTiOs preparation method to avoid secondary phase formation of MTO at
higher sintering temperatures[77]. These powders were weighed and ball milled in distilled
water (used as a mixing medium) for 5 h using a planetary ball mill (M/s Fritsch GmbH,
Germany). Similarly, BasNbsO15s powders were prepared by using highly pure powders of
BaCOs (> 99.9%) and Nb2Os (> 99.9%). These raw powders were weighed and ball milled
for 5 h, according to desired stoichiometry in a planetary ball mill. Later, the slurry is dried in
a magnetic stirring hot plate and the obtained powder is calcined at 1050°C for 3 h. Now, (1-
X) MgTiOs-xBasNbsO15 (where x = 0.0, 0.1, 0.2, 0.3, 0.4) composite were prepared by using
calcined MgTiOs and BasNbsO1s powders. The powders were pressed into discs, which were
sintered at 950°C, 1000°C, 1030°C, and 1050°C for 15 minutes by using a high-temperature
microwave furnace and whereas above 1030°C sintering temperature melted discs were

obtained.
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3.2.2 MgTiOs-BasNbsO1s composite thin film preparation

3.2.2.1 Sputtering target preparation:

The best optimized 0.9MTO-0.1BNO composite ceramic and ceramic target for the
RF Sputtering system are indigenously prepared in the lab as illustrated in figure 3.1. The
phase pure 0.9MTO-0.1BNO powders were mixed with 5 wt% PV A solution and pressed into

a 60 mm diameter and 3-5 mm thickness cylindrical compact. sintered at 1350 °C for 4 h.

Phase pure 0.9MTO-0.1BNO ceramic powder

&

0.9MTO-0.1BNO ceramic powder + few
drops of 5wt% PVA solution

¥

Pressed into cylindrical disc of 60 mm diameter
and 4 mm thickness

i

L Sintered at 1350°C for 4h 1

Figure 3.1: Target preparation in steps

3.2.3 Thin film deposition:

The thin films were deposited on SiO2 and n-type Si substrate using radio frequency
(RF) reactive magnetron sputtering at 400°C substrate temperature. Initially, the deposition
chamber was evacuated up to ~ 1 x 10° mbar. The sputtering chamber pressure was
maintained at ~ 3 x 10 mbar throughout the deposition process by purging reactive gases
argon (99.99%) and oxygen (99.99%) in 50:50 ratio. All the depositions were carried out at a
fixed 40 W RF power. Later, the as-deposited films were annealed at 800°C for 2h to induce
crystallinity. For the electrical measurements, the sample was prepared in a capacitive

structure.
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3.3 Results and Discussion:

3.3.1 MgTiOs-BasNbsO1s composite ceramics:

3.3.1.1 XRD analysis:
Figure 3.2 (a) presents the experimentally obtained XRD pattern of pure MTO
ceramics. The obtained XRD pattern exhibited polycrystalline nature and crystallizes
into the rhombohedral lattice with R-3 symmetry and diffraction peaks corresponding
to lattice planes were indexed according to JCPDS no# 790831 file.
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Figure 3.2: (a-b) Experimentally obtained XRD pattern and Rietveld refined XRD pattern for
MTO ceramics.

(b)

S
(a) = o o v,
— ——Y
e Zormed Bt
@ = z —Y Y
= SN E obs 6L
% = | Bragg's position
s =
(= I <
< < ~
> Q =
=1 — %)
%) =4 =
< =
= =
—

20 30 40 50 60 20 30 40 50 60
26 (Degree) 26 (Degree)

Figure 3.3: (a-b): Experimentally obtained XRD pattern and Rietveld refined XRD pattern for
BNO ceramics

This is further confirmed with Reitveld refinement results and extracted its
lattice parameters. As shown in figure 3.2(b) the Reitveld refined XRD pattern fit well

with the experimentally obtained XRD pattern in the present case signifying the phase
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purity of MTO ceramics. The obtained lattice parameters of MTO ceramics are listed
below in table 3.1.

Table 3.1: Obtained lattice parameters of MTO crystal lattice from Reitveld refinement

¥ value Lattice parameters Lattice volume, V
a=b (A) c (A (A%
2.16 5.0624 + 0.89E-05 13.9191 + 0.10E-05 308.9216

Figure 3.3(a-b) presents experimentally obtained XRD pattern and Rietveld refined
XRD pattern for BNO ceramics, respectively. The obtained XRD pattern of BNO revealed
that the calcined BNO ceramic is pure in phase and polycrystalline in nature. The Rietveld
refinement for BNO ceramic was carried out considering a hexagonal lattice system with P-
3m1 lattice symmetry and obtained a considerable chi-square value (x?) ~2.43. The lattice
parameters for BNO crystal lattice are evaluated from the Reitveld refinement results and
tabulated in table 3.2.

Table 3.2: Obtained lattice parameters of BNO crystal lattice from Reitveld refinement.

v value Lattice parameters Lattice volume, V
3
a=b(A) c (A) (A)
2.43 5.7935+ 0.79E-05 11.7556+ 0.21E-05 341.7081

The XRD patterns of (1-x) MgTiO3(MTOQ) - x BasNbsO15(BNO) (for x = 0.1, 0.2, 0.3
and 0.4) composite ceramics sintered at 1000°C for 15 minutes in a high temperature
microwave furnace are presented in Figure 3.4. The XRD patterns of MTO-BNO composite
ceramics suggested the presence of both independent MTO and BNO phases, respectively. In
addition, some of traces of secondary phase: BaNb>Os (JCPDS # 140027), Ba2NbsOg (JCPDS
# 821919) and Nb2Os (JCPDS # 721121) also identified. These minor secondary peaks are
found to be increased in number with an increase in a value of x from 0.1 to 0.4. This would
lead to degradation in the dielectric and microwave dielectric properties of the MTO-BNO

composites. So, further studies were carried out by taking the composite x =0.1, and studied
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the effect of sintering temperature on the structural, microstructural, and dielectric properties

of the composite
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Figure 3.4: XRD patterns of (1-x) MTO-xBNO (for x =0.1,0.2,0.3 and 0.4) composite pellets
sintered at 1000 °C sintering. Peaks for MTO and BNO are indexed in x=0.1 and x =0.2
patterns, respectively
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Figure 3.5: XRD patterns of 0.9MTO-0.1BNO composite at different sintering temperatures.
Peaks for MTO and BNO are indexed for sintering temperatures 1030 °C and 1000 °C,
respectively
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Figure 3.5 shows the XRD patterns of 0.9MgTiOs - 0.1BasNb4O15 composite ceramics
sintered at 900 °C, 1000 °C, and 1030 C for 15 minutes, respectively. As the sintering
temperature increased from 950 to 1030°C, the intensity of diffraction peaks corresponding to
the MTO phase grows prominently with a decrease in secondary peaks intensities of BNO.
These XRD patterns revealed that the structural property depends on the sintering
temperature and 1030°C is the optimum sintering temperature for MTO-BNO composite

ceramics.

3.3.1.2 Raman Spectroscopy:

Figure 3.6, displays the Raman spectra of 0.9MTO - 0.1BNO composite sintered at
1030°C for 15 minutes along with calcined MTO and BNO powder. All the theoretically
observed peaks of MTO have appeared along with one peak of BNO. The Raman spectra
revealed that all the atoms are involved in each vibrational mode. The origin of peak (Ag) 225
cm™ and (Ag) 308 cm™ is due to the vibration of Mg and Ti along the Z-axis. (Ag) 500 cm™,
(Ag) 717 cm™and (Ag) 398 cm™ modes represent breathing-like vibration (each of them shows
liberation direction) and stretching breath-like vibration O (octahedra) atoms respectively.
Mode 398 cm™ (A,) arises from the combination of ag ™ and ag @, which is the key reason for
this nearly isotropic stretching vibration.

0.9MTO-0.1BNO

Intensity (a.u.)

116
160
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Figure 3.6: Raman spectra of (a) 0.9MTO-0.1BNO composite sintered at 1030°C and (b, c)
calcined MTO, and BNO powders, respectively.
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The anti-symmetric breathing vibration represented by Eg, 328 cm™ and 353 cm™
originated from the twisting of the O octahedron with the vibration of Mg and Ti atoms
parallel to XY planes. Similarly, 486 cm™ and 641 cm™ also represent a mix of anti-
symmetric breathing and twisting vibration mode of the O octahedra with cationic vibrations
parallel to the XY plane. In 486 cm™ both Mg and Ti are involved in vibration and 641 cm™
involvement of the Ti atom dominates [78]. Whereas 160 cm™ of BNO represents weak metal
oxygen vibration[79].

3.3.1.3 Microstructural analysis

SE s
g

Figure 3.7: (a-c): FESEM images of 0.9MTO-BNO composite ceramics sintered at 950,
1000, and 1030°C for 15 minutes, respectively.

Figure 3.7 (a-c) shows the FESEM images for 0.9MTO - 0.1BNO composite sintered
at 950, 1000, and 1030°C for 15 minutes, respectively. All the ceramics showed brick-layer
arrangements of almost similar sizes (~15-20 um) of grains. As the sintering temperature
increased from 950 - 1030°C, due to higher thermal energy the fine grains recrystallized [80]
to form larger grains and packed tightly. As observed from the microstructures the maximum
relative density (96%) was found at 1030°C measured by the Archimedes formula. Whereas,
due to the small amount of BNO addition to MTO ceramics, FESEM images show only one
type of grains. This might be due to the segregation BNO phase into the grain boundaries of
MTO grains.

3.3.1.4 Microwave dielectric properties:
Figure 3.8 presents the microwave dielectric constant (er) and quality factor (Qxfo) of
0.9MTO-0.1BNO composite ceramics sintered at 950°C, 1000 °C, and 1030 °C.
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Figure 3.8:Variation of quality factor (Qxfo) and dielectric constant (er) of 0.9MTO-0.1BNO
composite as a function of sintering temperature

It is found that with an increase in sintering temperature both & and Qxfo values also
increased. The improvement in microwave dielectric properties can be attributed to better
crystallinity and microstructure. The observed &r and Qxfo values are found to be in the range
of 18.7 - 20.3 and 52925 - 60175 GHz for sintering temperatures 950°C -1030°C. The
temperature coefficient of resonant frequency (zr) is known to be related to the composition.
The obtained 7+ values for 0.9 MTO-0.1BNO composite ceramics decreased from -10 to -5
ppm/°C with an increase in sintering temperature from 950-1030 °C. The 0.9MTO - 0.1BNO

composite ceramic sintered at 1030 °C exhibited the lowest zt value ~ -5 ppm/°C.

3.3.1.5 Low-frequency dielectric properties:

Figure 3.9(a, b) shows the variation of dielectric constant (&r) and loss tangent (zand)
with frequency (at different temperatures) for sintered 0.9MTO- 0.1BNO composite ceramics.
The dielectric constant decreases with an increase in frequency and becomes almost constant
after 10 kHz attributing to the relaxation of space charge polarization. Space charge
polarization originated from the accumulation of charges at the grain boundaries and the
interface of samples and electrodes. As shown in figure 3.8 (b) loss tangent also exhibited a
similar type of variation with frequency at all different measurement temperatures. Further,
figure 3.8(c, d) shows the variation of dielectric constant and loss tangent (fand) with
temperature (at a different frequency) for 0.9MTO - 0.1BNO composite ceramics sintered at

1030°C for 15 minutes. Both the dielectric constant and loss tangent showed slow increment
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with an increase in measurement temperature attributed to thermally activated conduction in

the sample.
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Figure 3.9:Variation of (a) dielectric constant, (b) loss tangent as a function of frequency,
and Variation of (c) dielectric constant, (d) loss tangent as a function of temperature for
0.9MTO-0.1BNO composite, sintered at 1030°C for 15 minutes.

From the above analysis, 0.9MTO- 0.1BNO composite ceramics are found to be
promising for dielectric resonator applications. Therefore, the composition is deposited in
thin film form. The results and discussion for 0.9MTO - 0.1BNO composite thin film are

presented in the subsequent section.

3.3.2 0.9 MgTiO3-0.1BasNbsO15 composite ceramic thin films:

3.3.2.1 XRD analysis:

The as-deposited films at 400°C were found to be amorphous, and these films were
post-annealed at 800 °C for 2 h to induce crystallinity. Oxide films grow in amorphous form
due to insufficient deposition temperature and the lattice mismatch between the substrate and

film.
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Figure 3.10: XRD spectra of annealed 0.9MTO-0.1BNO thin films deposited for (a) different
oxygen mixing percentages (OMP) and (b) different thicknesses.

In figure 3.10(a), the XRD pattern of annealed 0.9MTO - 0.1BNO thin films deposited
on SiO2 substrate under different oxygen mixing percentages (OMP) is demonstrated.
Interestingly, as the target material is an oxide material, the amount of oxygen mixed has
been seen to play an important role in phase formation. The crystallinity of the films showed
an improvement with an increase in oxygen mixing percentage (OMP). In a pure argon
atmosphere, up to 75% of only peaks corresponding MTO phase were observed. The films
deposited at 50% of the oxygen atmosphere exhibited better crystallinity without any
secondary phase. Whereas, the XRD pattern of thin film deposited in 100 OMP showed a
better crystallinity in the MTO phase with some secondary phases of BNO. It is interesting to
note that the films deposited in pure oxygen plasma exhibited both the phases along with
minor secondary phases of BNO. The presence of the secondary phases can be attributed to
the variations in the energies in oxygen plasma. Further, the presence of the secondary phases
of BNO may be due to its formation at lower energies. From this study, it's very clear that the
composite thin films can be deposited by using RF magnetron sputtering. Furthermore, it is
very difficult to achieve plasma in pure oxygen purging but in the present case, the films with
a uniform thickness are obtained, which showed that the target is not fully oxidized, even in
the pure oxygen plasma. After the preliminary studies on the phase and crystallinity of
deposited thin films, further depositions were carried out in 50 OMP atmospheres for
different deposition times to study the effect of thickness on structural, optical, and dielectric
properties of 0.9MTO - 0.1BNO thin films, because the films deposited under 50 OMP
exhibited both the phases and better crystallinity. Figure 3.10(b) depicts the XRD spectra of
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annealed 0.9MTO - 0.1BNO thin films deposited on SiO, substrates for different deposition

times.
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Figure 3.11: Rietveld refinement XRD patterns for (a) 150 nm, (b) 235 nm and (c) 340 nm
0.9MTO-0.1BNO thin films.

Table 3.3: Numerical values of lattice parameters, density, bond length, angles, crystallite
sizes, and strains corresponding to the different

Film Lattice Parameters obtained from Rietveld refinement Obtained from W-H
thickn plot
658 a=b c(A) Density Bond length (A) Angle Crystallite  Strain,
(nm) (A) (g/cmd) (Degree) size, D %107
(nm)

Mg-O Ti-O Ti—-O-Mg

150 | 5.0587 13.9250 3.88 2.04 2.04 116.09 55 2.8
235 | 5.0618 13.9216  3.87 2.25 1.87 111.01 34 1.9
340 | 5.0617 13.9158  3.87 2.18 1.67 116.63 46 1.7

Further, for the confirmation of phase formation, Rietveld refinement is carried out
considering R3 Space group in rhombohedral crystal structure for MTO by using FullProf
software as shown in figure 3.11. The refinement parameters for all the films were tabulated

in Table 3.3.
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Figure 3.12:(a-c) W-H plot and d (i- iii) 3d crystal structures for 150 nm, 235 nm, and 340
nm thin films, respectively. And (e) Schematic demonstration of defects related to hetero-
epitaxial films.

From the XRD patterns, it is observable that both the MTO and BNO phases prepared are
more likely to align along (104) and (110) planes, respectively. With an increase in film
thickness, the diffraction peak for BNO is found to be suppressed compared to the MTO
phase. The deposited films are non-epitaxial and the expected strain associated with the films
was evaluated by using Williamson-Hall plots and are shown in figure 3.12(a-c) and the
obtained parameters are given in Table 3.3. Similarly, by using the Rietveld refinement data
3- dimensional crystal structures of MTO have been generated as shown in figure 3.12(d) and
the corresponding bond lengths and angles were calculated by using Vesta software and
summarized in Table 3.3. From the 3-D crystal arrangements, any kind of visual distortion in
MTO crystals could not be detected. Whereas, slight variation in calculated bond length and
bond angle values are evident. It is interesting to note that the calculated bond length between
Ti and O showed systematic change with film thickness towards a lower value owing to the
compressive strain experienced. However, the bond length of Mg and O did not follow a
particular trend and this result was expected attributed to the hygroscopic and volatile nature
of Mg and O, respectively. Similarly, the bond angle between Mg — O — Ti also changed
according to Mg and O bond lengths with film thickness. In thin film technology, when the
lattice parameter of the film is not the same as the substrate, there is a lattice mismatch,

which causes strain and other defects. Depending upon the mismatch different kinds of
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defects in the film would be introduced as shown in figure 3.12(e), and for some applications,
i.e., optical, and protective technologies a minimum strain in the film is desirable[81]. In the
present case, the strain in the films is found to be reduced with an increase in film thickness.
The lattice parameter of the SiO; substrate (a ~ 0.491 nm) and the film (a ~ 0.505 nm) is not
the same, which leads to the accumulation of strain in initial atomic layers, and as the

thickness increases, the strain on the top layers of the films would gradually be minimized.

In the present work due to the very low concentration of BNO, it was difficult to
detect by XRD analysis. To study the presence of BNO, a FETEM analysis has been carried
out. FETEM images for 0.9MTO - 0.1BNO thin film deposited for 6 h are shown in Figure
3.13.

X

M(021)
B(110)

M(012)

5 nm’!

Figure 3.13: (a—b) FETEM images, SAED patterns for (c) as deposited, (c) annealed, and (e
—f) HRTEM images for 0.9 MTO-0.1BNO thin films

The FETEM images clearly signify the formation of polyhedral particles with sizes
< 200 nm. Again, selected area electron diffraction (SAED) pattern and HRTEM images
were analyzed for as-deposited and annealed films to study the crystallinity of the film. The
SAED pattern for the as-deposited film is partially crystalline which will be difficult to
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detect by XRD analysis. Whereas the obtained SAED pattern for the post-annealed films
signified the polycrystalline nature of the film, and all the fringes were indexed accordingly.
From the SAED pattern, only one fringe of BNO is obtained for the (110) plane. The
HRTEM images shown in figure 3.13(e-f) have lattice spacing of 3.30 and 2.72 A,
corresponding to (110) and (110) planes of BNO and MTO phases, respectively. The
presence of a lower concentration of BNO might be due to the variations in the rate of
deposition of MTO and BNO. From this study, it's evident to note the co-existence of MTO
and BNO phases and it could be possible to obtain the composite thin films using RF

sputtering technique.

7.84 nm 6.051m 5 . Gl 3.76m
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Figure 3.14: AFM images of, (a1, b1, c1) as-deposited and (a2, b2, c2) annealed 150 nm, 235
nm, 340 nm MTO-BNO thin films, respectively.

. The thin films deposited by RF sputtering showed variation in morphology depending on
the deposition conditions and the post-heating treatment. Atomic force microscopy (AFM)
has been opted to study the topography of the as-deposited and post-annealed thin films and
is shown in Figure 3.14. The AFM topography indicates the formation of different kinds of
morphology for the thin films of different thicknesses. For the as-deposited films, the AFM
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images are evident of uniform spherical particle growth over a large scale ~ 5 pum and
whereas, for the thin film of 340 nm showed ruptured topography. When the films were
treated at 800°C for 2 h, the particle sizes of the films improved as well as the ruptured
surface also recovered. The roughness of the post-annealed films is analyzed by using WSxM
software and found to be minimized with thickness from 2.9 nm to 2 nm. The obtained low

RMS roughness values of these films suggest these films are suitable for optical applications

(b) 235 nm (¢) 340 hm

(a) 150 nm

Figure 3.15: Cross-sectional morphology of MTO-BNO thin films.

Figure 3.15 demonstrates a cross-sectional FESEM image of the films and the
estimated thicknesses of the films are also found to be nearly equal to the thicknesses

calculated from the Swanepoel envelope method.

3.3.2.2 Optical properties:

Figure 3.16(a), represents the optical transmittance of the post-annealed MTO-BNO
composite thin films as a function of wavelength (200- 1450 nm), deposited on SiO>
substrates, and all the films exhibited > 70% transmittance in the visible range with Fabry-
Pérot kind of interference pattern as a result of multiple reflections between air- film and
film-substrate interface. The obtained interference patterns represented the uniform and flat
nature of the films. The sharp fall of transmittance near 270-265 nm wavelengths corresponds
to the fundamental absorption edge of the films. The absorption edge of the films exhibited a
red shift with an increase in film thickness. The optical parameters of the films are

determined by using envelop method[65].
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Figure 3.16: (a) Transmittance spectra and (b) Tauc’s plot of the MTO-BNO films of
different thicknesses.

The refractive index (n) and film thicknesses were determined by using equations
2.16 and 2.19 of the previous chapter. The thicknesses of the films are obtained as 150 nm,
235 nm, and 340 nm, respectively. The calculated optical refractive index (n) was slightly
increased from 2.02- 2.07 with film thickness, which is an indication of increased density and
minimization of defects in the films. Further, the optical bandgap of the films is obtained
from the extrapolated linear portion of the (a4v) " vs Ao curve in Figure 3.16(b), considering
indirect optical transition (where, n=1/2). The optical bandgap decreased from 3.75 to 3.34
eV with an increase in film thickness from 150 to 340 nm. This can be attributed to the
reduction of the BNO phase with film thickness which might also cause a reduction in the
bandgap since the bandgap of BNO (~ 4.2 eV) is higher as compared to MTO (~3.7
eV)[82][83]. However, there are not many variations in the obtained values of optical results
because their parent compounds also exhibited similar optical constant[84]. The refractive
index (n) of the films as a function of wavelength is shown in Figure 3.17(a) and single
electronic oscillator model is applied to understand the dispersion of the refractive index in
the thin films. The single electronic oscillator model defines that the materials consist of a
series of independent oscillators and those oscillate when light energy impinges on them
[85,86]. The relation between refractive index (n)and incident photon energy (A) can be

expressed with the following equation,

So/e

12
[--5%)

n?-1= (3.1)
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where, S, and A, are the average oscillator strength and wavelength, respectively. The
dispersion energy, Eq, and average oscillator strength, S, determines the strength of inter-
band transition. If E,, h, and c are the average oscillator energy gap, Planck’s constant and
speed of light in vacuum, respectively then, SA?= (Ed/E,) and E, = hc/ A, These all-optical
parameters S, E,, and Eq are extracted from the 1/(n>-1) vs 1/ A2 plot (figure 3.17 (c-d)) and
the obtained values were listed in Table 3.4.
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Figure 3.17: (a) Dispersion of refractive index with wavelength, (c-d) 1/(1-n?) vs 1/4? plots
for 150 nm, 235 nm, and 340 nm MTO-BNO thin films.

Table 3.4: Extracted numerical values of optical parameters of 0.9MTO-0.1BNO films for
different thickness.
Film thickness n P(%) Eg(eV) E, (eV) Eq(eV) So (10¥m?)  Ey

(nm) (eV)
150 202 8582 3.75 12.10 36.32 2.83 0.21
235 2.04  86.93 3.51 5.92 17.09 0.65 0.44
340 2.07  88.54 3.36 5.58 16.25 0.59 0.46
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The optical parameters S,, E,, and Eqare found to be reduced and become comparable with
six coordinated oxides with an increase in film thickness which is an indication of
enhancement in packing density and reduction of defects in the films [67].

3.2.3.3. Microwave dielectric properties:

The microwave dielectric properties of the films were measured using the SPDR
method at a spot frequency of 5 GHz and 10 GHz.

Table 3.5: Microwave dielectric constant and loss tangent of 0.9MTO-0.1BNO films for
different thicknesses.

Film thickness (nm) 5 GHz 10 GHz
er tano er tano
150 16.042 1.69 x 10’3 12.111 3.65 x 10*
235 16.067 2.88 x 10 12.655 2.87 x 10%
340 16.825 441 %103 14.166 1.45 x 10

The permittivity and loss tangent of the films were calculated by using the equations 2.32
and 2.33, respectively. The measured ¢ and tano of the films are listed in Table 3.5. The
dielectric constant (&r) has shown an improvement with an increase in film thickness, and in
addition to that, the loss tangent (tano) was also found to be reduced with film thickness.
These observed responses can be attributed to better microstructure and low roughness of
the thicker films. It is significant to note that the dielectric constants of the films are
comparable to their bulk counterparts whereas the loss tangents are higher and this can be
attributed to the smaller grains, higher grain boundaries, and strains in the films. In the case
of bulk, the samples would be free from strain and also have larger grain sizes

3.2.3.4. Dielectric properties:

The dielectric response of the 0.9MTO - 0.1BNO composite films, recorded in the
frequency range of 1k - 1MHz measured at different temperatures, are shown in Figure
3.18(a-d). The dielectric constant exhibited a large dispersion in the low-frequency region
(1kHz- 10 kHz), indicating the presence of space charge polarization in the films further the
dielectric constant gradually falls and became almost constant up to 1MHz, which is a natural

response of a linear dielectric.
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Figure 3.18: Dielectric constant as a function of frequency measured at different
temperatures.

Frequency-dependent dispersion of dielectric constant can be understood by Maxwell-
Wagner's two-layer and Koop’s phenomenological theory [87]. The space charge polarization
is a consequence of an accumulation of charge carriers at the interface of electrode and film
surface. Among all the three films, the film with higher thickness showed an almost stable
dielectric constant throughout the measurement frequency range. The dielectric constant of
the films also exhibited an enhancement from 20 to 24 with an increase in film thickness
from 150 nm to 340 nm. These might be due to the better microstructure and uniformity in
the film. At the same time, the enhancement in dielectric constant with an increase in
measurement temperature is a result of the thermally activated orientation of dipoles. The
dipoles will freeze at lower temperatures but as the temperature rises, they align much faster
in the field direction.
3.2.3.5. Impedance analysis:

The variation in the real part of the impedance (Z') of the films measured at different
temperatures is presented in Figure 3.19(a-c). As the measurement temperature and frequency

raised, the real part of impedance (Z') reduced for all the films as an indication of
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enhancement in the conduction process due to the increase in thermal energy and release of
space charge polarization.
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Figure 3.19: Variation of the real and imaginary impedance of MTO-BNO thin films with
different thicknesses measured at different measuring temperatures.

Further, this response of the films exhibited a negative temperature coefficient for real
impedance (Z) (i.e., resistance) and which is a typical nature of semiconductors [88].
Similarly, the imaginary part of impedance (Z") as a function of frequency at different
measurement temperatures is shown in Figure 3.19(d-f). A peak of Z" has been observed for
all the films, which has been shifted towards the higher frequency side with an increase in
measurement temperature. In oxide films, the peak and nature of the peak in the imaginary
part of impedance (Z") reveal the relaxation process present in the film. In addition to that,
the peaks were also broadened with measurement temperature, which can be attributed to the
temperature-dependent relaxation process[89]. Various electrical phenomena present have a
strong correlation with the microstructure of the dielectric films, and complex impedance
spectroscopy is a vital tool to probe it.

In Figure 3.20, complex impedance spectra of the films measured at three different
temperatures were plotted along with best-fitted curves considering two parallel R||C
components connected in series and displayed in Figure 3.20(d). The impedance spectra
followed the Cole-Cole phenomenon indicating the non-Debye conduction process in the
film[90]. For the films of thickness 150 nm and 235 nm displayed only one semicircle is
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observed at lower temperatures. This single semicircle signifies the grain (bulk) electrical
phenomenon of the test specimen.
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Figure 3.20: (a-c) Cole- Cole Plot, (d) equivalent electrical circuit and (c) Int vs. 1000/T plot
for MTO-BNO thin films.

Further, the complex spectra recorded at a higher measurement temperature (200°C),
showed the second semicircular arc, which indicates the compound response of grain (first
arc) and grain boundary (second arc) to the electrical response of the films[91,92]. The films
of thickness 235 and 340 nm showed unusual responses as compared to the film of 150 nm.
The complex impedance spectra of 235 nm film, showed two semicircular arcs for all the
measurement temperature ranges (100 to 200°C) and which can be attributed to the compact
microstructure or complete coverage in the film. On the other hand, 340 nm film did not
show up in the second semicircular arc for all the temperature ranges of (100 to 200°C) which
again can be attributed to the uniform film growth and larger grain sizes present in the film.
From the above analysis, the film with a thickness of 340 nm has the highest resistance
compared to the other two films, and that might be due to fewer defects present in the film.
All the electrical parameters (R and C) corresponding to grains are obtained. The

temperature-dependent relaxation times were also estimated using the equation, 7 = RyCg.
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These relaxation times (z) are plotted as a function of 1000/T, which followed Arrhenius Law
[93],

T=r1, exp{ kE?I' J (3.2)
B

where, 7o, Ea, and ks are the prefactor, activation energy for the response, and Boltzmann
constant, respectively. The activation energies for the corresponding plots were extracted
from the slope of the linearly fitted curve as shown in Figure 3.20(e). The obtained values of

activation energies were found to be in the range of 0.313 eV to 0.144 eV.

3.3.2.3 Conductivity analysis:

The frequency-dependent conductivity plots at different measuring temperatures are
shown in Figure 3.21. In the measured frequency range, ac conductivity revealed two regions,
frequency independent plateau region at lower frequencies as a result of direct conduction of
charge carriers and the dispersion region towards higher frequency region corresponding to
ac conduction, respectively[94]. At higher temperatures, the plateau region is found to be
enlarged, moreover, the dispersive region is shifted towards the higher frequency side. This
kind of conduction process is generally governed by hopping of charge carriers and
understood by Jonscher's Power Law,

O pc (0) =0 + A’ (3.3)

where, opc is the frequency independent conductivity, which can be obtained by
extrapolating the low-frequency plateau to zero frequency, A is a constant depending upon
temperature and determines the strength of polarization and s is a frequency exponent that
lies between 0 and 1[95]. Generally, the study of ionic conductivity is carried out by a.c.
techniques, because it does not require a non-blocking electrode and to separate grain and
grain boundary phenomenon[96]. Many models have been proposed based on the classical
hopping of a carrier over the potential barrier between energetically favorable two sites and
quantum mechanical tunneling through the barrier through the studies of temperature-
dependent frequency exponent[97]. The variation of frequency exponent with temperature
can be related to the conduction mechanism of any polycrystalline system. For Quantum
mechanical tunneling (QMT), the frequency exponent (s) is almost equal to a derived value ~
0.8 and increases slightly with an increasing temperature[98]. In the overlapping large
polaron (OLPT) model, the frequency exponent (s) depends on both frequency and
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temperature and drops with rising temperature to a minimum value and then increases as the

temperature rises[99].
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Figure 3.21: (a-c) Variation of conductivity to the angular frequency of MTO-BNO thin films
with different thicknesses.

For Correlated Barrier hopping (CBH) model, the exponent decreases with a rise in
temperature[100]. And for the non-overlapping small polaron hopping (NSPT) model the
exponent (s) is temperature dependent and increased with the increase in temperature[101]. In
the present case, the frequency exponent, s found to be in the range of 1.8 to 1.9 and it is
found to be increasing with temperature. These variations in frequency exponent suggest that
the conduction process in the films took place due to non-overlapping small polaron hopping.
The activation energy associated with such conduction was also evaluated from the Ino vs
1000/ T plot. The obtained numerical values are found to be in the range of 0.25 eV to 0.12

eV which are also comparable with the activation energy evaluated from relaxation time.

3.3.2.4 Leakage current measurement:

The leakage current densities of the MTO-BNO composite films were measured for
various thicknesses at room temperature and are shown in figure 3.22. All deposited films
showed symmetric leakage current behavior under an electric field of = 100 kV/cm and it was
found to be increased with the electric field. The film with the lower thickness (150 nm)
exhibited a higher leakage current (4.51x10° A/cm? at 100 kV/cm). With increasing film
thickness, the leakage current density gradually decreased to 8.83x10® A/cm? for 340 nm
film. The leakage current density is dependent on the grain size, crystallinity, and RMS
roughness associated with film and the measure of storage in the capacitor. The reduction in
the leakage current with a rise in the thickness effectively enhanced electrical properties in

0.9MTO-0.1BNO thin films.
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Figure 3.22: Variation of leakage current density (J) with applied voltage (V) for different
thickness films.

3.4 Summary:

(1-x) MgTiO3(MTO) - xBasNbsO15(BNO) composite of dielectric ceramics were prepared by
using solid-state reaction route. All the composites are crystallizing into polycrystalline MTO
and BNO phases with some minor secondary phases. With an increase in BNO concentration
structural properties are found to be degraded resulting in degradation in microwave
dielectric responses. The best dielectric properties were observed for 0.9MTO-0.1BNO, with
the dielectric constant (er)~ 20, loss tangent (tand) ~ 10, and quality factor (Qxfo) ~ 60,230
GHz at 8.25 GHz with z ~5 ppm/°C. The improvement in dielectric constant and degradation
in quality factor is observed for 0.9MTO-0.1BNO as compared to pure MTO ceramics. The
0.9MgTi03-0.1BasNb4sO15 (0.9MTO-0.1BNO) thin films were successfully deposited onto Pt
(111)/TiO2/SiO2/Si (100) and SiO2 substrates by RF magnetron sputtering. The best
crystallization of the films was obtained in post annealed 50/50, O2/Ar, atmosphere with a
substrate temperature of 400°C. The thicknesses also played a significant role in the crystal
orientation of the films. The XRD spectra revealed crystallization of the films into
independent MTO and BNO phases. The SAED patterns and HRTEM studies also
complement XRD results. The strain associated with these non-epitaxial films was found to
be reduced with an increase in the film thickness. The obtained optical bandgaps are 3.751
eV, 3.505 eV, and 3.365 eV for 150 nm, 235 nm, and 340 nm thin films, respectively. The
morphology of the films was dense and uniform and the roughness of the films was found to
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be in the range of 2.9 nm to 1.9 nm. The microwave dielectric properties recorded at
microwave frequencies showed an improvement with an increase in film thickness and these
values are found to be equal to the bulk counterparts. The dielectric properties are studied in
the frequency range of 1 kHz -100 kHz, showed a large dispersion in lower frequency range
< 10 KHz, and became almost constant with further increase in frequency. The dielectric
constant of the films also exhibited enhancement from 20 to 24 with an increase in film
thickness from 150 nm to 340 nm. The impedance analysis opted by the Cole-Cole plot
signifies non -The Debye correlated conduction process in the films. The film, with 340 nm
thickness, showed the best optical, structural, microstructural, and low leakage current
properties with dielectric constant (&) ~ 14.66 and tand ~ 10 at 10 GHz. These obtained
properties of 340 nm MTO-BNO thin film, make it suitable for microwave-integrated

electronic and optical applications.
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CHAPTER 4: Structural, Electrical, and Dielectric Properties of
MgTiOs- SrTiO3z Composite Ceramics and MgTiOz/ SrTiO3
Bilayer Thin Films

This chapter deals with the synthesis of the MgTiOs- SrTiOs composite ceramics, and
MgTiOs/ SrTiOs bilayer thin films, and the characterization of various physical parameters
viz., structural, electrical, microstructural, and dielectric properties for microwave
applications. The chapter is divided into two parts. The first part presents the synthesis of
MTO-STO composite ceramics, followed by results and a discussion on the characterization
of relevant properties. The second part introduces the MTO/STO bilayer thin films as a

potential microwave material for integrated circuit applications.

4.1 Introduction

Microwave ceramics have been exploited extensively in recent decades to achieve the
requisite properties for emerging microwave technology. Among various ilmenite titanates,
MgTiOs (MTO) is considered a promising microwave material for integrated circuit
applications. In particular, MTO has been proposed for use in various components of
microwave devices such as dielectric resonators (SDRs), filters, antennas, and type-I and
type-11 RF capacitors[47]. As discussed in chapter 1, MTO possesses extremely low dielectric
loss (10%) and moderate dielectric constant (er ~16), making it a suitable candidate for
microwave device applications. However, the large temperature coefficient of resonant
frequency (z ~ -50 ppm/°C), and the probability of secondary phase MgTi>Os formation due
to the hygroscopic nature of MgO and high processing temperature are the main drawbacks
associated with MTO ceramics[102,103]. The term zr defines a shift in resonant frequency
with a change in the operating temperature (RT to 85°C), and its value is desired to be
zero[104]. The composite approach is effective in tailoring various physical parameters viz.,
dielectric constant, magnetic susceptibility, and bandgap energy in the material
production[31,88,105,106]. The microscopic responses such as structural, electrical,
dielectric, and magnetic properties are material specific and can vary depending upon the
composite material’s compositional characteristics. A study on the microscopic responses of
the ceramic composite material is, therefore, of great interest in the field of material
development. Therefore, the composite of MTO with SrTiOs (STO) would be promising for

this purpose.
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Further, hetero structural growth of MTO on top of STO thin film is carried out.
Thickness-dependent structural properties were investigated with 3 different thicknesses of
the MTO layer. The evaluation of crystallinity with an increase in MTO thickness and its

corresponding optical, electric, and dielectric properties are comprehensively discussed

4.2 Experimental details:

4.2.1 MTO-STO composite ceramic preparation:

(1-x) MTO-x STO composite ceramics were synthesized by the two-step solid-state
reaction method. The 99.99% pure metal oxide powders: MgO, SrCOs and TiO> (Sigma
Aldrich, St. Louis, MO, USA) were used as the raw materials for the ceramic powder
preparation. In the first step, the MgTiOz and SrTiO3z ceramic powders were separately
prepared and optimized for the single phases. A non-stoichiometric approach is followed for
MgTiOs preparation[26,107]. The raw metal oxide powders were weighed and mixed in a
planetary ball mill (Pulverisette 5, Fritsch), maintaining a 1:5 powder and ball weight ratio
for 5 h in a distilled water medium. The powder of mixed oxides was obtained after drying
the slurry at 120°C followed by calcined at 1100°C for 3h for phase formation and
crystallization. Similar steps followed for SrTiOs ceramic powder preparation taking the raw
materials in stoichiometric amounts. In the second step, both the ceramic powders were
further ground for 10 h to obtain finer initial particle size and proceeded for (1-x) MTO-x STO
composite ceramics preparation by mixing in a ball mill for 5 h. Afterward, the composite
powders were mixed with 5 wt% polyvinyl alcohol (PVA) solution and pressed into a
cylindrical disc of the desired dimension (1-2 mm, 5 mm thick, and 10 mm diameter) using a

KBr press.

4.2.2 MTO/STO bilayer thin films:

4.2.2.1 Preparation of sputtering targets:
Green compacted ceramic cylindrical discs of MTO and STO were prepared using a

KBr press and 60 mm cylindrical die, and sintered at 1350°C for 4 h for further densification.

4.2.2.2 . Preparation of MTO/STO thin film:

The deposition of MTO/STO bilayer on Si and quartz substrates were carried out by the
R.F. magnetron sputtering technique. R.F. sputtering technique is chosen for the purpose as it
provides uniform growth of film and is regarded as one of the best methods for the growth of
oxide films[108,109]. Before the deposition of films, a base pressure of 1x 10° mbar is
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maintained in the chamber. At first, the films were deposited in different argon (Ar) to
oxygen (O2) gas mixed environments to optimize deposition conditions. The best-optimized
deposition conditions for individual films of MTO and STO are listed in Table 4.1.

Table 4.1: Best optimized deposition conditions for STO and MTO thin film growth by R.F.
magnetron sputtering

Deposition conditions SrTiOs MgTiO3
Base pressure 1x 10° mbar 1x 10° mbar
Deposition pressure 3 x 102 mbar 3 x 102 mbar
Ar: O ratio (%) 75:25 50:50
RF power 40W 40W
Substrate to target separation 6 cm 6 cm

In the present study, MTO films of three different thicknesses were deposited on 150 nm STO
film in optimized deposition conditions. The terminology for deposited MTO/STO bilayer
films is in table 4.2, concerning different MTO film thicknesses. As deposited films were

amorphous in nature and post-annealed at 750°C for 2 h for crystallization of films.

Table 4.2: Nomenclature of prepared bilayer films along with detailed deposition conditions.

SI. No. Sample name Details of the bottom layer Details of the top
layer

1 STMT1 150 nm SrTiOs 100 nm MgTiO3

2 STMT2 150 nm SrTiOs 133 nm MgTiO3

3 STMT3 150 nm SrTiO3 165 nm MgTiOs

4.3 The Results and discussions:

4.3.1 MTO-STO composite ceramics:

4.3.1.1 Structural and microstructural analysis:

Figure 4.1(a) depicts XRD patterns of MTO-STO composite ceramic discs with
different STO concentrations, sintered at 1350°C for 3h. The obtained diffraction peaks
signify the formation of the polycrystalline MTO and STO phases. The MTO and STO phase

are indexed as a rhombohedral system with R3 symmetry and as a cubic system with a pm3m
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space group, respectively [110][111]. AIll the patterns revealed the formation of the

independent polycrystalline phase of MTO and STO crystals without any trace of the mixed

or secondary phase, which might be attributed to significantly different crystal structure and

symmetry possessed by MTO and STO ceramics. MTO and STO ceramics’ crystal planes are

mostly oriented along (104) and (110) directions, respectively. A shift towards the higher

angle side as well as broadening in diffraction peaks are observed with an increase in STO

concentration as shown in Figure 4.1(b), which signifies non-uniform strain in the crystal

lattice as a result of ionic substitution. A small amount of Sr2*(1.13A) might get a substitute

in Mg?* (0.72A) site and vice versa during high-temperature treatment for compaction of

discs resulting in non-uniform strain in the crystal.
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Figure 4.1: (a) The XRD patterns of sintered (1-x) MTO-x STO (for x=0.04,0.1, 0.2...0.5)
composite ceramics with the lattice plane index corresponding to MTO and STO are
indicated as M and S, respectively. (b) Magnified view of fig(a) in 26~32°-33.5 region. (C)
Fitted XRD pattern with Reitveld refinement and (d) 3-D crystal illustration for x =0.1.
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Further, qualitative and quantitative analysis for (1-x) MTO-x STO (for x=0.04,0.1,0.2...0.5)
composite ceramic discs are performed based on Reitveld refinement of diffraction profiles
using Fullprof software. The XRD profile fitting of the composite ceramics was carried out
considering a two-phase system and acquired considerable chi-square (¥? ~2-3) values. The
Rietveld refined XRD pattern is presented in Figure 4.11 for 0.9MTO-0.1STO composite
ceramic disc. The circular black dots, red line, blue line, and scattered vertical green lines
denoted the experimental data points, calculated pattern, difference between the computed
pattern to experimental pattern, and Bragg’s position. Obtained nature of the blue line
confirmed the excellent quality of fitting

Table 4.3: lattice parameters and volumes of MTO and STO with y? obtained from Rietveld
refinement and obtained fraction (xI) of STO with experimentally used fractions(xl)

MTO STO V(&
x| x 1 7 Rp Rup

a(d)= c¢(A) a=b=c MTO STO

b (A) A
0.04 | 0.043 50569 139108 3.9072 3081 596 212 136 18
+0.0002 ot +0.0002
0.0008

0.1 0.12 50614 13.9152 3.9111 308. 59.8 178 143 195
+0.0002 * +0.0002 7
0.0008

0.2 025 5.0616 13.9173 3.9122 308. 59.9 210 13.7 183
+0.000 +0.0008 +0.0001 9

0.3 0.36 5.0601 13.9169 3.9121 308. 59.9 221 133 177
+0.000 +0.0008  +0.0001 6

0.4 046 5.0566 13.9108 3.9102 308. 59.8 1.93 14 187
+0.000 +0.0008  +0.0001 1

0.5 0.55 5.0593 13.9167 3.9118 308. 59.9 233 132 17
+0.000 +0.0009 +0.0001 5
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In Table 4.3, the crystal lattice information and a quantitative fraction of STO ceramics
obtained from Rietveld refinement are presented. The overall lattice volumes were increased
with an increase in STO concentration up to x < 0.3. However, the variation in lattice
parameters exhibited random behavior, which might be attributed to the crystal lattice’s non-
uniform strain due to A-site metallic cation (Sr?* in Mg?* or vice-versa) substitution. A similar
conclusion is also possible to draw from the diffraction peak shift. However, there is no trace
of impurity phase and mixed-phase, which agrees with earlier reports that solids with
different crystal symmetry do not form a solid solution The MTO and STO crystals would
present independently in the composite particle. The derived STO concentrations are slightly
higher than that of analytical values, and that might be attributed to the fact that XRD
patterns of perovskite-type oxides are usually dominated by the contributions of heavier
elements (i.e., Sr)[110]. The 3-D crystal illustration for x =0.1, (1-x) MTO-x STO composite
ceramic portrayed in figure 4.1(d) revealed that the crystals of MTO and STO diffused to
form a single crystal [112].

Figure 4.2(a) presents the Raman spectra of (1-x) MTO-x STO (for x=0.04,0.1...0.5)
composite ceramic discs sintered at 1350°C. A Raman spectrum displays various vibrational
modes corresponding to a molecular structure under monochromatic light irradiation and is a
tool to characterize short-range symmetry. As per group theory, trigonal MTO with R3

symmetry exhibits ten Raman-active vibrational modes (I'raman= 5Ag + 5Eg), where each Eq

mode is double degenerated (Eg:E;+E§)[111]. The obtained Raman spectra for

composite ceramics exhibited all the 10 (226 cm™, 282 cm™,306 cm™, 327 cm, 357 cm™?,397
cm?,485 cm?, 506 cm?, 637 cm?, 715 cm™) theoretically predicted modes, signifying
presence of local symmetry in the crystal lattice [113]. Further, modes observed around 177
cm?, 246 cm™ and 629 cm™® were belong to SrTiOsz crystal lattice [110]. The above-
mentioned 13 Raman modes were observed for all the composite ceramics, however
depending upon individual phase concentrations, Raman’s intensity corresponding to
MTO/STO was suppressed or grew accordingly. The obtained Raman spectra for composite
ceramics reflected the presence of local symmetry in the composite ceramics. Among the 10
vibrational modes of MTO crystal, modes around 328 cm™ and 353 cm™ are attributed to O
octahedra’s twisting with Mg and Ti atoms, respectively.

As shown in Figure 2(b), there is no significant change in the profile of mode ~ 353
cm™ corresponding to TiOs with an increase in STO concentration. However, the profile for

mode ~328 cm™ originated from MgOs octahedron showed a blue shift with an increase in
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STO concentration till x = 0.3. With a further increase in STO concentration, the mode’s peak
profile got broadened, as shown in Figure 2(d). The replacement of Sr in the Mg site might be
the cause behind the blue shift of the Raman mode originating from twisting of MgOe and
observed broadening revealed inhomogeneous distortion in the vicinity of MgOs for x >0.3.

The characteristic observed from Raman spectroscopy complements the XRD spectra

analysis.
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Figure 4.2: (a) Raman spectra of (1-x) MTO-x STO (for x=0.1, 0.2...0.5) composite ceramic

discs sintered at 1350°C. The vibrational modes for MTO and STO are indexed in black and

blue, respectively. (b) and (c) presents the enlarged view of 358 cm™mode and 328 cm™*mode,
respectively. (d)and I the twisting of TiOeg and MgOe octahedron, respectively.

In ceramic technology, the ceramic disc’s microstructure is a significant characteristic

and determining factor, which provides a qualitative outlook of the grain distribution. The
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microstructures and histograms of grain size distribution for the sintered (1350°C) (1-x)

MTO-x STO (for x=0.1, 0.2 and 0.3) composite ceramic discs are presented in figure 4.3 (a-c).

3 4 5 6 7 8
Grain size (um)

2 3 4
Grain size (pm)

20 25 30 35 40 45
Grain size (um)

Figure 4.3: FESEM images of (1-x) MTO-x STO (for x=0.1, 0.2,0.3) composite ceramic discs
sintered at 1350°C, along with histograms of grain size distribution.

The observed microstructures revealed that MTO and STO ceramics grains were well
packed together to form a highly dense composite ceramic. In the present study, the
individual calcined ceramic powders were re-grinded to reduce the particle sizes. Particles
with smaller sizes would enhance the sintering velocity and promote grain boundary
diffusion and lattice diffusion from the surface leading to uniform grain growth and
densified microstructure at lower sintering temperature. Based on the sizes obtained,
grains can be classified into two categories: type-I (4-6 um) and type-Il (~1-4 um). The
FESEM images, along with the histograms of grain size distributions, revealed that the
type-1 and type-I1 grains are almost evenly distributed. Further, the type-I grains ceased in
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number compared to a growing number of type-Il grains with an increase in STO

concentration.

4.3.1.2. Microwave dielectric properties:
The microwave dielectric properties of (1-x) MTO-x STO (where x = 0.1- 0.5)
composite ceramic discs are recorded at a spot frequency using the resonant method.
Figure 4.4 presents the variation of key microwave dielectric parameters for (1-x) MTO-x

STO (where, x = 0.04,0.1 — 0.5) composite ceramic pellets with respect to x.
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Figure 4.4:Variation of (a) resonant frequency (fo) and temperature coefficient of resonance

frequency (i), (b)quality factor (Q x fo ) and dielectric constant(er) at room temperature with

respect to STO concentration for (1-x) MTO-x STO (where, x= 0.1 — 0.5) composite ceramic
discs.

The variations of microwave dielectric parameters could fit a cubic polynomial, and
the obtained cubic equations are presented in the inset of figures 4.4(a) and figure 4.4(b). The
dielectric constant for the MTO-STO composites increased from ~18.74 to 107.98 for x =0.04
to 0.5. The resonant frequency is shifted towards the lower side (8.08 GHz to 3.592 GHz) as
the resonant frequency is inversely proportional to the dielectric constant [67]. The stability
in microwave dielectric properties with temperature is vital for the endeavor of practical
applications. The measure of temperature stability in terms of the dielectric constant defined
as the temperature coefficient of the dielectric constant (r.) was estimated using equation
4.2)

T, = g—lr[i—:(_’} (4.2
where, Aer =¢r( 85°C) — &r (30°C) and AT = 85°C-30°C [114]. The . increased from 214 to
1897 ppm/K for x= 0.04, 0.1 to 0.5. The temperature coefficient of resonance frequency (7, )

is calculated following the expression[115],
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1 [ Af,
— = |2 4.2
ot fiAT} 4.2

where, Afo =fo(85°C) — fo(30°C) and fo is the resonant frequency. All the composite ceramics
exhibited a positive temperature coefficient of resonance frequency and increased STO
concentration. The temperature coefficient of resonance frequency tuned to near-zero ~ 1.72
ppm/K for x =0.04. The quality factor (Q x fo) also found to be ceased from (Q x fo ) ~
26,154 GHz at 8.08 GHz to 2911 GHz @ 3.592 GHz for x=0.04 to 0.5, respectively. The (1-
X) MgTiOs— x SrTiOs (for x = 0.04) composite ceramics exhibited best microwave dielectric
properties with quality factor (Q % fo) ~ 26,154 GHz at 8.08 GHz and near-zero temperature
coefficient for resonance frequency - 1.76 ppm/K.

4.3.1.3 Temperature and frequency-dependent dielectric properties:

Physical properties exhibited by a material depend on the operating temperature. At a
lower temperature regime (cryogenic temperature), the loss introduced by phonon scattering
would be minimal compared to other temperature ranges where phonon scattering would be
higher due to thermal activation. Figure 4.5(a) presents the variations of dielectric constant
from cryogenic temperature (125 K) to elevated temperature (475K) at 10 MHz for MTO-
STO composite ceramic discs. The dielectric constant of (1-x) MTO-x STO (for x =0.1)
composite ceramic disc remained almost constant with measuring temperature. Unlike that
case, for (1-x) MTO-x STO with other compositions, at a low-temperature regime (125 K to
400 K ), the dielectric constant exhibited a sharp fall ascribed to ferroelectric to paraelectric
transition (at ~105 K) and later gradually increased with measuring temperature due to
thermally activated polarization [116].
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Figure 4.5: Temperature dependent dielectric constant (a) from cryogenic temperature 125K
to 478K, and (b) room temperature 300K to elevated temperature 650K, for (1-x) MTO-x
STO (for x=0.04, 0.2...0.5) composite ceramic discs sintered at 1350°C.

86
TH-2929_156121023



Chapter4: MTO-STO composite ceramics and thin films for microwave applications

Further, with an increase in STO content, the dielectric constant for the MTO-STO
composite ceramic discs improved monotonically (18.74 -85.55), attributed to higher
dielectric polarization in STO ceramics as compared to MTO ceramics [23,117]. The obtained
values of dielectric constants are comparable with the theoretical values attributed to a
maximum density of the prepared ceramic discs. Figure 4.5(b) depicted the variation of the
dielectric constant by measuring temperature from room temperature to 630 K at 100 kHz.
The observed rapid growth in dielectric constant above 400 K ascribed to thermally activated
charge carriers.

Figure 4.6 (a) and (b) represent the frequency-dependent dielectric constant of (1-x)
MTO-x STO composite ceramics measured in the low frequency (100-100 kHz) and high
frequency (1MHz -1 GHz) regime, respectively. Interestingly, the dielectric constant showed
no variation over a broad frequency range for all the compositions. This attributes to the
absence of space charge polarization in the measured frequency range. However, at a higher
frequency region ~ 1 GHz, the dielectric constant showed a hump-like feature, which might

contribute to the relaxation of ionic polarization[118].

160- —0—x =0.04 —v—x=0.30 ——x=0.04 —v—x=0.30
(a) —0—x=0.10 —0—x=0.40 107 (1) —o0—x=0.10 —O—x=0.40
140 —A—x=0.20 ——x=0.50 120 ——x=020 —<4—x=0.50

Iﬁ

Dielectric constant

ANV

AV
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\“
I

I
ol

Dielectric constant

2() "((((m(u(u(l((tmu«u(uu(m(((l((uum(u((«:uu(((l((l:mmu((t(:t(l(l(((((((u(((u( (u«( (e
L e OO T TR AT IO CTTTTTITT)

T T 0 T T T 1
100 1k 10k 100k ™M 10M 100M 1G

Frequency (Hz) Frequency (Hz)

Figure 4.6: Frequency-dependent dielectric constant measured at room temperature for (1-x)
MTO-x STO composite ceramic discs sintered at 1350°C in (a) 100Hz -100 kHz and (b)
1MHz- 1GHz regime, respectively

4.3.1.4 Conductivity analysis:

Figure 4.7 depicts the variation of complex conductivity (oac) with the frequency of
applied field for the (1-x) MTO-x STO composite ceramic discs at 573 K. The conductivity
plot can be distinctly divided into three different regions. In the I-region, conductivity rapidly
decayed with a decrease in applied frequency (< 1 kHz), which can be attributed to the non-

uniform distribution of interfacial polarization. Such characteristics are evident when the
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charges (positive and negative) pile in the interface of electrode and sample interface known
as space charge polarization, prohibiting further conduction in the sample and would cease
the conductivity [119]. The second region is a plateau region, and literature suggested it
contributes to dc electrical conduction in the sample. The third region preceding the plateau
region of complex conductivity is highly dispersive, and this characteristic response can be
defined by an empirical equation known as the Jonschers power law. The Jonschers power

law can be expressed as follows,
0, = A" (4.3)
where, w = 2xf is the angular frequency of the applied electric field, and A and n are

fitting parameters of observed nature.
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Figure 4.7: Dispersion of AC-conductivity with the applied frequency of (1-x) MTO-x STO
(for x=0.04,0.1-0.5) composite ceramic discs measured at 573 K.

Generally, n lies between 0 to 1; however, it often deviates from this range, as evident
in many studies reported earlier [94]. The obtained value of n defines the nature of electrical
conduction by mobile charge carriers present in the sample. The characteristic response of
conductivity with applied frequency for the (1-x) MTO-x STO composite ceramic discs for all
compositions is found to be similar. Further, the conductivity plots were fitted with the
Jonschers’ power law, and the extracted values of n were found to be greater than 1 for all the

compositions. These signified hopping charge carriers contributed to electrical conduction in
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composite ceramics. The value of n followed cubic relation with STO concentration as

presented in the inset of figure 4.7

4.3.1.5 Temperature-dependent Resistivity and VRH model analysis:

Figure 4.8(a) presents the temperature-dependent ac resistivity of (1-x) MTO-x STO
(where, x =0.04, 0.1 — 0.5) composite ceramic discs. At a lower temperature range (< 250 K),
observed dispersion in resistivity can be attributed to dispersion in dielectric polarization due
to ferroelectric to the paraelectric transition of STO ceramics, at ~105 K. After a certain
temperature, the resistivity decreases with measuring temperature, as typical semiconducting
nature exhibited by MTO ceramics[84]. In the case of thermally activated conduction across
the band, conductivity can be expressed with the empirical equation given by Arrhenius as

follows,

E
Oy = Oy exp(— k ?I.) (44)
B

where oo, ks, and Ea are the notations for a proportionality constant, Boltzmann constant, and

activation energy, respectively [120]. Since 6ac = 1/pac, the equation (2) can be re-written as

E
= p,exp( 2 4.5
pac pO p( %BT) ( )
10° @ :
1] el 180 l( ) ‘EU:l67-73x-484x2+573x3
= 101 60+ i
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vg 105_ 12()"
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Figure 4.8: (a)Ac resistivity with respect to temperature and (b) Cubic variation of activation
energy with respect to STO concentration for(1-x) MTO-x STO (for x=0.04,0.1-0.5)
composite ceramic discs.

As shown in Figure 4.8 (a-f), the In pac vs. 1/T plots a straight line perfectly fitted for
these Arrhenius plots in the measuring temperature regime ~ 400 K- 470 K for (1-x) MTO-x
STO (where x = 0.04 — 0.5) composite ceramic discs. As presented in figure 4.8(b), the
evaluated activation energies reduced from 172 meV to 83 meV for x = 0.04 — 0.5, (1-x)

MTO-x STO composite ceramics and found to follow a cubic equation with STO
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concentration(x). In thermally activated conduction, the activation energy decreases as the
charge carrier concentration increases, leading to a decrease in the energy gap between the
Fermi level and free energy level [121]. Both the ceramics MTO and STO are insulating in
nature; however, they exhibit a certain amount of electrical conduction because of some
microstructural defects such as vacancies, impurities, etc. These charge carriers cannot
contribute to band-to-band conduction processes at low temperatures but would hop from one
state to another energetically favorable state within the impurity band. Further, this hopping-
like conduction can be limited to a fixed hopping range (nearest-neighbor hopping) or
variable hopping range (variable range hopping).
According to Mott’s proposed 3-d VRH model, the resistivity (pac) follows a relation

with measuring temperature (T) as follows,

]
P = P exp("%4 )" (4.6)

where po IS the pre-exponential factor, and To is the characteristic temperature co-effcient
[120]. In the present case, a measuring temperature (T) ~ 400 K- 470K regime has been
chosen to study the effect of STO concentration (X).

16¢a°
N(E.)="— (4.7)
\ kBTO

The plots for temperature variation resistivity concerning T-Y* as presented in figure
4.9 (a-f) are well fitted linearly (R > 0.9), and thus, the conductivity of the composite
ceramics is analyzed in detail using Mott’s variable range hopping 3-d model. From equation
(4.6), understandably, the slope of In[In(pac/po)] vs. InT should be ¥, and the obtained values
of the slopes for the same as shown in figure 4.10 (a-f) verified the validation of Mott’s 3-d
VRH model in this temperature regime. The density of states (N (Er)) can be determined
using temperature co-efficient (To) and the inverse localized length of localized states («)
using the relation given below. Here, the inverse localized length of localized states was
considered as 1.66 nm™, kg is the Boltzman constant. The density of states increased from
1.65 x10%%V-em to 3.413x10%%eV1cm with increase in STO concentration from x= 0.04
to 0.5 and this observation justified the reduction in activation energy with x. Besides, the
most probable average hopping length (Rn) and average hopping energy (WH) are also

determined from equations (4.8) and (4.9).
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Figure 4.9: (a-f) Temperature-dependent electrical resistivity for (1-x) MTO-x STO (where,
x=0.04,0.1 — 0.5) composite ceramics with respect to 1/T and T4, respectively.

R, =0.75x[3/ 27aN(E; )k, T]"*

W, =[3/(47R*N(E;))]

(4.8)
(4.9)

The derived values of Ry and Wy values for the composite ceramics fulfilled the

prerequisite condition of Mott’s 3-d VRH conduction model, i.e., aRn >1 and WH >ksT. The

TH-2929_156121023
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most probable average hopping length (Rn) decreases with an increase in measuring
temperature, and in contrast to it, average hopping energy (WH) increases with measuring
temperature. These can be attributed to the fact that with a temperature rise, the immobile
charge carriers’ thermal energy increased, leading to growth in average hopping energy and a

reduction in average hopping length (Rn).
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Figure 4.10 &a-f) In[In(pac/po)] vs. InT scattered plot of experimentally obtained data for
(1-x) MTO-x STO (where, x=0.04,0.1 — 0.5) composite ceramics and linearly fitted to obtain
slope represented by the solid lines. Variation of hopping length (R+) and average hopping
energy (W) with measuring temperature plotted as shown in the inset of figure 9(a-f).
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4.3.2 STO/MTO bilayer thin films

4.3.2.1 Structural and microstructural analysis:
Figure 4.11 (a) presents XRD patterns for annealed STO films deposited on Si

substrate in different Ar and O2 mixed environments.
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Figure 4.11: (a) XRD patterns of STO film deposited on Si (STO/Si) at different Ar and O
mixed environments, (b) Reitveld refined XRD pattern for STO/Si film deposited at 75% Ar
+25% O environment.

All the films exhibited polycrystalline cubic STO phase and the lattice planes are
indexed in the XRD pattern of STO film deposited at 75% Ar +25% O, mixed environment.
As seen in figure 4.11(a) STO films deposited in 100% Ar, and 50:50 Ar: O2 environments
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possess a secondary phase, and a pure STO phase is obtained for 75:25 and 25:75 Ar: O2
environments. Further, the XRD pattern of STO film deposited in 75% Ar +25% O
environment exhibited the best crystallinity and the phase purity is further confirmed with
Rietveld refinement as presented in figure 4.11(b). The XRD patterns for annealed STMT
bilayer films deposited on Si substrate are shown in figure 4.12 for three different
thicknesses. In all the films, STO and MTO crystallized into polycrystalline cubic and
rhombohedral phases, respectively, upon annealing at 750°C. In addition, obtained XRD
diffraction patterns also revealed the formation of a secondary phase corresponding to
MgTiOs. This attributed to a deficiency of Mg atom or excessive Ti atom transfer from the

sputtering target to the substrate as given in the following chemical reaction

MgO + 2TiO2 > MgTi20s (4.10)
g # : MgTi,0,
E § 5 M: MgTiO, =
2 - = S : SrTiO, &
=
e STMT3
—
S/M—-‘L\
*Z‘ 'A-v o A—m
g STMT2  S(100)
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k= }\ S(111) S(200) S@11)
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Figure 4.12: XRD patterns for annealed STMT bilayers deposited on Si substrate scanned at
room temperature.

Reitveld refinement of diffraction patterns is carried out for STMT bilayer films,
considering the pm3m space group with cubic symmetry and R-3 space group with
rhombohedral symmetry for STO and MTO phases, respectively. As presented in Figure 4.13
the obtained refined pattern almost traced the experimental pattern as a sign of good quality
fitting. The details of the crystal lattice, such as lattice parameters and volumetric phase
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concentrations for the STMT films, were extracted from Rietveld refinement data as
tabulated in Table 4.4. As the film thickness of MTO increases, the corresponding volumetric
fraction for the MTO phase increases in the diffraction pattern of STMT films attributing to
the rise in MTO atomic layers in the overall penetration depth of X-ray. In non-epitaxial
growth of films, lattice parameters of top and bottom layers either get compressed or enlarged
to match their lattice units depending upon their lattice misfit [81]. In the present study, in-
plane lattice parameters of MTO and STO films were found to be compressed and elongated,
respectively, as MTO has a more significant lattice parameter (5.056 A) compared to STO
(3.914A).

S(110)
STMT3

S(111) M(113)

10)

20 (Degree)

Figure 4.13: Rietveld refined XRD patterns for STMT bilayers.

As predicted in theory, as the film thickness of MTO increases, compressive strain in the
lattice parameter is found to be ceasing and for STMT3 obtained lattice parameter (5.0505 A)
is almost close to the theoretical one (5.056 A) [122]
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Table 4.4: Obtained lattice parameters and volumetric concentration of the STMT films from
Rietveld refinement.

Sample MTO phase STO phase
Volumetric a=b © Volumetric a=b=c
Fraction (%) (A) (A) Fraction (A)
(%)
STMT1 9.72 5.0336 +  14.3475 + 98.28 3.9145+
0.0031 0.0075 0.0018
STMT2 36.93 5.0459 + 14.0222+ 63.07 3.9071+
0.0042 0.0118 0.0032
STMT3 45.27 5.0505 + 13.9872+ 54.73 3.9096+
0.0065 0.0274 0.0028

Figure 4.14 presents the surface topography for STMT bilayer films. The granular
particles of size < 100 nm are found to be formed in all the films. Further, the surface
topography was modified with an increase in MTO thickness as observed from the AFM
images.

Figure 4.14: Surface topography of STMT bilayer films.

4.3.2.2 Optical properties:

Figure 4.15(a) presents the transmittance spectra for STMT bilayer films in the UV-
visible region. All the films exhibited more than 70% transmittance and Fabry-Perrot pattern.
At around 300 nm, the transmittance dropped sharply for all the films corresponding to the
characteristics of the band structure. The optical bandgap is the energy gap between the
maximum (highest of occupied molecular orbital) valance band and the minimum conduction
bandgap (lowest of unoccupied molecular orbital). In 2D material, the optical bandgap gets

altered due to quantum confinement and is considered a critical parameter in various device
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applications such as solar cells and LEDs [123]. The bandgap of the STMT bilayer films was
estimated by using Tauc’s and Woods’s relation as follows,

hva = A(hvo-E )" (4.11)

where, A and Eg are proportional constant and optical bandgap, and v and h represent the
optical frequency and the Planck constant, respectively [124]. The power factor n is a
constant for an optical transition. (n = %, 2, 3/2, or 3 for direct allowed, indirect allowed,
direct forbidden, and indirect forbidden transitions, respectively).

Figure 4.15(b-d) shows Tauc’s plots of STMT1, STMT2, and STMT3 for direct
allowed transitions. The estimated optical bandgap value is in the range of reported bandgap
values 3.735 eV — 3.727 eV intermediate to MgTiOz and SrTiOs, attributing to the crystalline
sample. The bandgap value decreases with an increase in MTO thickness since the bandgap
of MTO (~3.51eV) [125]is smaller than STO(3.75eV)[126].
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Figure 4.15: (a) UV-visible transmittance spectra for STMT1, STMT2 and STMT3 films and
(b-d) Tauc’s plot for STMT1, STMT2 and STMTS3 films, respectively.
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4.3.2.3 Dielectric properties:

The frequency-dependent dielectric constant represents a measure of dielectric
polarizability of dipoles in the sample on the application of an ac field. Figure 4.16 presents
the frequency-dependent dielectric constant for STMT thin films at room temperature.
Maxwell-Wagner and Koop’s phenomenological theory explained in the present case
dielectric constant drops as the frequency of applied field rises attributed to the relaxation of
space charge polarization [127]. The dielectric constant of STMT film is found to be
increasing with an increase in MTO thickness which can be ascribed to the lower dielectric
constant of MTO (~17) as compared to STO(~300)[128,129].

Figure 4.17(a) presents the frequency-dependent dielectric constant of STMT3 at
different measuring temperatures. The dispersion in the dielectric constant remained almost
invariant in the measured temperature range, which is an interesting observation from the
application point of view
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Figure 4.16: Frequency-dependent dielectric constant for STMT thin films.

The Complex impedance spectra reflect different relaxation mechanisms associated
with a dielectric material and hence, are treated as an effective tool to probe relaxation
mechanisms [97]. A dielectric sample can undergo more than one relaxation process
depending upon the dipolar species present in it. Typically, each dipolar relaxation
impedance spectra exhibit a semi-circular arc. In general, a polycrystalline material possesses

two electrically active regions, viz: grains and grain boundaries, and each of them shows a
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different relaxation time. Relaxation frequency for grains is at a higher frequency than grain

boundary[90].
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Figure 4.17: (a) Frequency-dependent dielectric constant of STMT3 at different measuring
temperatures. (b) Cole- Cole plot for STMTS3 to varying temperatures along with equivalent
model circuit.

Figure 4.17(b) presents complex impedance spectra for STMT3 at three different
measuring temperatures. Due to insufficient data points, only one semi-circular arc is evident,
corresponding to grains of the samples. A combination of parallel resistance and constant
phase element (CPE) in series with a resistive component fitted well for the obtained
impedance spectra. The constant phase element is a frequency-dependent quantity, which
possess both resistive and capacitive element as given in following expression of impedance

corresponding to CPE element can be represented as,
z =[A(jo)"T" (4.12)

For n=1 and 0, Z is completely capacitive and resistive, respectively[130]. The obtained
electrical circuit for STMT films: Series combination of one resistor with a parallelly
connected constant phase element (Q) and a resistor R(RQ), suggests that both grain and
grain boundaries contributed to electrical polarization in the present measuring condition viz:
frequency of applied field and temperature. The dielectric tunability test for STMT3 film is
performed using an alternating electric field at 20 Hz. As shown in figure 4.18, the
capacitance of STMT3 film increases as an increase in the voltage of the applied AC field.
This can be attributed to an enhancement in polarizability at a higher voltage. The slope of
the C vs. V is found to be 259 uF/V. These characteristics of STMT3 can be utilized in

tunable electronic device applications.
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Figure 4.18: Capacitance versus applied ac voltage.

Microwave dielectric properties for the STMT thin films deposited on quartz substrate
are measured by the SPDR method at 10 GHz. The obtained dielectric parameters are listed
in table 4.5. The obtained dielectric constant is found to be decreasing with an increase in
MTO film thickness. On the other hand, loss tangent is reduced with an increase in MTO film
thickness. The values dielectric constant (table 4.5) for STMT2 and STMT3 are found to be
higher as compared to the dielectric constant measured at a lower frequency range using the
MIM structure which can be attributed to the different measurement techniques used in both

cases.

Table 4.5: Obtained dielectric constant () and loss tangent (zand)

Sl. No. Sample name At 10 GHz

er tano
1 STMT1 240 8.57x10°
2 STMT2 150 6.48x10°3
3 STMT3 103 2.86x10°3

4.3.2.4 Leakage current:
Leakage current is the allowed current flow through the dielectric material when

subjected to the applied field. It has been found that in a critical field, leakage current rises
abruptly due to avalanche breakdown and the Joule heating effect [131]. Therefore, leakage

current study is crucial to understand the strength of a capacitor. In the present work, the
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characteristics of leakage current density (J) vs. the applied field | for STMT3 (dielectric)
thin film is tested for a maximum field of ~200kV/cm as depicted in figure 4.19(a).
Maximum leakage current density, J of ~10%Acm™ is recorded for the 200 kV/cm field.
Several mechanisms are found to be responsible for current conduction in dielectric
materials, such as Poole-Frenkel emission, Fowler-Nordheim  unnelling ionic hopping
conduction, Space-charge limited conduction, and the Schottky effect [132].

Generally, electrode(metal) and dielectric film form a Schottky junction and
conduction through Schottky emission, as shown in figure 4.19 (b). As shown in figure
4.19(c), For E > 64 kV/cm, the InJ vs. InE plot exhibited linear behavior, and the slope is
found to be greater than 2, which indicates space-charge limited conduction [120]. Further,
the lower field region (E < 64), InJ vs. EY2 showed linear variation as shown in figure 4.19(d)

ascribed to Schottky emission.
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Figure 4.19 (a) Leakage current density (J) vs. the applied field | of STMT3 measured at
room temperature, (b) schematic representation of leakage current flow through the film to
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metallic contact junction, leakage current density analysis of STMT3 for (c)space charge
limited conduction (SCLC) and (d) Schottky mechanism, respectively.

4.4 Summary:

The phase pure MTO-STO composite ceramics were successfully synthesized by using
the solid-state reaction method. The (1-x) MgTiOz-x SrTiOs composite with x =0.04
exhibited the best microwave dielectric properties with moderate quality factor (Q x fo) ~
26,154 GHz at 8.08 GHz and better thermal stability (s -~ 1.76 ppm/K). The XRD spectra
revealed that the individual ceramic MTO and STO were present in dispersed form instead of
in a solid solution form, attributed to different crystal structures of the constituent ceramics.
The 3-D crystal representation is illustrated from Vesta using Rietveld refinement data.
Raman spectra analysis is also in good agreement with the XRD results. FESEM images
revealed compact microstructures. The overall dielectric constant increased for the MTO-STO
composite ceramic pellets and followed a cubic (polynomial) relation with STO
concentration. The dispersion in frequency-dependent complex conductivity was analyzed by
Jonscher’s power Law and obtained power factor values (n) indicated hopping-like

conduction of charge carriers.

Further, temperature-dependent resistivity was investigated by using the Arrhenius
equation and Mott’s 3-d variable range hopping model. The thermal stability of microwave
dielectric constant and resonance frequencies was found to be degraded with STO
concentration. MTO/STO bi-layer films deposited by using RF sputtering technique exhibited
a polycrystalline phase upon post-annealing treatment at 750°C for 2 hours. In an attempt to
grow MTO film on STO film due to heteroepitaxy at the interface, both the crystal lattice
undergoes lattice compression and elongation, respectively. The surface topography of the
STMT films showed granular nanograins and with an increase in MTO thicknesses
topography of the films deviated from the granular structure. The dielectric dispersion at
room temperature for all the STMT films exhibited traditional Maxwell-Wagner and Koop’s
phenomenon. Impedance spectra for STMT3 film showed a distorted semi-circular arc
corresponding to grain and grain boundary polarization. The STMT3 film showed
considerable tunability to AC field voltage. The leakage characteristics for STMT3 film are
studied at room temperature and found maximum leakage current density of order 10 A/cm?
for a 200 kV/cm field. The obtained dielectric properties of MTO-STO composite ceramic

and thin films are promising for microwave application.
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CHAPTER 5: Structural, Electrical, and Dielectric Properties of
MgTiO3-Baos Sros TiO3z Composite Ceramics and MgTiOs/Baos
SrosTiO3 Bilayer Thin films

This chapter deals with the synthesis of the MgTiOs- BaosSrosTiO3 composite ceramics,
and the MgTiOs/ BaosSrosTiOs bilayer thin films, and the characterization of various physical
parameters viz., structural, electrical, microstructural, and dielectric properties for tunable
dielectric properties. The chapter is divided into two parts. The first part presents the
synthesis of MTO-BST composite ceramics, followed by results and a discussion on the
characterization of relevant properties. The second part presents the deposition of MTO/BST
bilayer thin films altering their stacking order and their results and discussion based on

structural, microstructural, dielectric, and electric property analysis.

5.1 Introduction:

In the telecommunication industry, electric field tunable ferroelectric ceramics were
widely studied for applications in phase shifters, tunable dielectric filters, delay lines, and
other microwave devices [133]. Materials with high permittivity (30 < &r< 1500) and low loss
(< 0.01) are required for high-performance compact IC applications [133]. Further, the
ceramic capacitors were categorized into two types type-l and type-Il capacitors. For a type-I
capacitor, moderate dielectric constant, low loss tangent, and high thermal stability is
required and are used in resonant circuit applications. The type-Il capacitors need a high
dielectric constant, which minimizes the device size and is promising for de-couplers and

filters.

MgTiOg, a linear dielectric ceramic has been widely investigated due to its excellent
dielectric responses at microwave frequencies: extremely low insertion loss (~10#), moderate
dielectric permittivity (er = 17), and considerable thermal stability (zr = -50 ppm/°C) [26]. On
the other hand, BaosSrosTiOs3, a ferroelectric ceramic has high dielectric permittivity and low
loss along with tunable dielectric permittivity (with DC biasing) [133,134]. BaosSrosTiO3
modified by Mg doping is potential material for tunable phase shifters, filters, and antenna
applications with reduced dielectric loss and permittivity value [135]. A maximum solubility
limit of Mg in BaogSro2TiO3 is found as 2wt% as per the reports of Su et al.[36]. Shanming
Ke et al. [136], reported the effect of MgTiOz on BaoeSro4TiOs ceramics and achieved a
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significant reduction in the dielectric loss (0.003) for 8 mol% addition of MgTiOs. In the
present study effect of BagsSrosTiO3 addition in MgTiOs ceramic and proper optimization of
composition is carried out to enhance dielectric permittivity with the least effect on the Q
value of MgTiOs ceramics for microwave tunable applications. Further, the best optimized
composite sample was chosen to study the impedance spectra at different temperatures to

understand the relation between the dielectric responses and microstructure.

Technologies are heading towards the realization of device miniaturization, and
integrated circuits are key to accomplishing these developments[137]. Smart materials are
crucial in such areas to fulfill multi-dimensional applications and excellent performance of
the devices. Multilayer thin films have demonstrated tremendous potential, as by making a
proper choice of layers, hybrid characteristics can be achieved in a single device [138]. In this
regard, Kahn et. al. [139] reported SrTiO3z/Y20s3 bilayer for MIM capacitor applications and
achieved better C(V) linearity in comparison to individual SrTiOz film. In field effect
transistors (FET) oxide based multilayer films are explored to overcome the scaling limits of
Si-based FET [140]. The idea propelling the research is the utilization of 2-dimensional
electron gas (2DEG) generated in the interface. In a similar context, LaAlOz- SrTiOs bilayer
was investigated by Forg et. al. [140] for the fabrication of low dimensional FET, where
2DEG acted as the drain-source channel and LaAlOs as the gate layer. Menglin et. al. [109]
obtained 61% efficiency in BiFeOs/BaTiOz bi-layer thick films integrated on Si. Hirai et. al.
[141] reported a magnetically insulated ground state of CaosSroslrOs/SrTiOs superlattice
films attributing to electron correlations in Ir perovskites and topological effect [124,142].
Similarly, MgTiOs ceramics and thin films exhibited extremely low dielectric loss ~10*
facilitating negligible insertion loss, and moderate dielectric constant 17 at microwave
frequency [74]. Therefore, characteristics of MTO and MTO-based ceramics have been
extensively explored for microwave filter, oscillator, and capacitor applications in microwave
technology [143,144]. Furthermore, BaosSrosTiOs (BST) has been explored for energy
storage applications [23]. In addition, BST exhibits tunable microwave dielectric properties
and is found to be of potential interest in microwave tuning device applications. Jain et al.
[23] reported sol-gel-based BST: MTO composite thin films for tunable microwave devices
and achieved a higher figure of merit as compared to BST films. As reported by Sahoo et. al.
[145], multilayered BaogSro.TiO3/ZrO, can be an excellent candidate for providing
temperature stability in microwave devices. The findings of multilayer film-related research

suggest that unlike bulk composites, for a fixed composition their composite response can be
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tuned by varying thickness ratio, stacking order and substrates. However, the deposition or
fabrication of such bilayers itself is presents a challenge for thin film technology. RF
sputtering technique is well known deposition technique for uniform film growth of oxide
materials. In present work, a comprehensive report on composite effect of BST and MTO
bilayers is presented for the first time using the versatile radio frequency (RF) sputtering
technology. At first MTO/BST and BST/MTO bilayers were deposited on n-type Si substrate
keeping 1:1 thickness ratio. An extensive structural analysis on the effect of stacking order is
carried out based on theoretical assumptions and obtained diffraction characteristics. In
addition, established a correlation between microstructural properties.

5.2 Sample preparation:

5.2.1 (1-x) MgTiOz3-x Bags Sros TiOs composite ceramic:

The composite ceramics were prepared via the molten salt reaction method using
MgTiO3z (MTO) and BagsSrosTiO3 ceramic powders. MgTiOs (MTO) ceramics were prepared
by using highly pure powders of MgO (99.99%) and TiO2 (99.99%) from M/s Sigma Aldrich,
USA. To avoid secondary phase formation of MTO at higher sintering temperatures, the non-
stoichiometric composition of MgTiOz was used [26]. The powders were first weighed in
appropriate proportions and ball milled in distilled water for 5 h using a planetary ball mill
(Pulversitte 6, M/s Fritsch GmbH, Germany). For preparing BaosSrosTiOs, high purity
powders of BaCO3 (99.99%), SrCO3z (99.99%), and TiO2 (99.99%) m/s Sigma Aldrich, USA,
were first weighed and then ball milled for 5 h, according to the desired stoichiometry. The
obtained slurry is then dried at 150°C and the powders obtained are calcined at 1100°C for
3hrs.

Table 5.1: Sample name corresponding to different values of x.

Serial number X Sample name
1 0.1 MTBS1
2 0.2 MTBS2
3 0.3 MTBS3
4 0.4 MTBS4
5 0.5 MTBSS5
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Further for the preparation of (1-x) MgTiOs- X BaosSrosTiOs (x = 0.1, 0.2, 0.3, 0.4,
0.5) composite, the calcined MgTiO3z and BaosSrosTiOs powders were ball milled for 5 h.
The powders were pressed into cylindrical discs of a diameter of 10 mm and thickness
ranging from 1-5 mm using polyvinyl alcohol as a binder. The prepared pellets were finally
sintered at 1250°C 1300°C, 1350°C, and 1400°C for 4 h in air. The prepared composite
ceramics have been named accordingly and tabulated in Table 5.1.

The Archimedes method has been adopted to measure the density of the samples and
the values obtained were compared with the theoretical density obtained from the following
relation

_ W Wy
W W,
P P

(5.1)

where W1 and W, are the molecular weight fraction of MTO and BST ceramics respectively.
P1and p2 represent the theoretical densities of MTO and BST ceramics accordingly.

5.2.2 Deposition of MTO/BST bilayer

The obtained pure phased MgTiOs and BaosSrosTiO3 powders were used for sputtering
target preparation. The powders were mixed with 5 wt.% Polyvinyl alcohol (PVA) binder and
pressed into cylindrical compacts of 60 mm diameter and 5 mm thickness followed by high-
temperature sintering at 1350°C for 4 h. MTO/BST and BST/MTO each of 100 nm were
deposited on SiO2 and n-type Si substrate using the RF sputtering technique.

The individual layers were deposited and optimized for the deposition conditions. The
deposition chamber was evacuated to achieve a base pressure of ~ 1x 10 mbar before the
deposition of the films. A pressure of ~ 3 x 102 mbar was maintained throughout the
deposition process by purging gases of argon (Ar) (99.999%) and (O2) oxygen (99.999%)
through mass flow controllers. Both MTO and BST monolayers were deposited at 45 W RF
power in 50/50 Ar/O; environment. The as-deposited films were further annealed at 750°C to

obtain crystallinity.

106
TH-2929_156121023



Chapter5: MTO-BST composite ceramics and thin films for microwave applications

5.3 . Result and Discussions:
5.3.1 (1-x) MgTiOs-x BaosSrosTiOscomposite ceramic:

5.3.1.1.  Structural and microstructural analysis:

(@) = Calcined at 1100°C (b) Sintered at 1350°C
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Figure 5.1: XRD pattern of (a) calcined BST powder and (b) sintered disc of BST,
respectively.
Figure 5.1(a-b) presents XRD patterns for calcined BST powder and sintered pellet,
respectively. The obtained XRD pattern confirmed the formation of the polycrystalline BST
phase upon calcination at 1100°C. Further, the XRD pattern of sintered BST ceramic disc

revealed improved crystallinity and phase purity.
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Figure 5.2: XRD patterns of MTO-BST composite ceramics, sintered at (a) 1250 °C.
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Figure 5.3: XRD patterns of MTO-BST composite ceramics, sintered at 1300 °C.
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Figure 5.4: XRD patterns of MTO-BST composite ceramics, sintered at 1350 °C.

XRD patterns of the BST-MTO-based composite ceramics, sintered at different temperatures
(1250- 1400°C) are shown in Figures 5.2-5.5. The analysis of XRD patterns revealed the
presence of individual phases of polycrystalline MTO (JCPDS # 790831) with rhombohedral
structure and BST (JCPDS no: 00-0390-1395) with cubic structure. Apart from MTO and
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BST, some peaks belonging to the mixed phase MTO-BST: BaMgsTisO19 Were also observed
and indexed according to JCPDS no: 42-441.
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Figure 5.5: XRD patterns of MTO-BST composite ceramics, sintered at 1400 °C.

The sintering temperature strongly affected the intensities of the corresponding peaks.
For a sintering temperature (Ts) corresponding to 1250°C, MTBS1 and MTBS5 had no signs
of a mixed phase. This indicates that MTO and BST can co-exist independently at that
temperature. On the other hand, the MTBS2, MTBS3, and MTBS4 samples showed a low
intensity of the mixed phase peak. The appearance of this peak can be attributed to the similar
coordination numbers shared by the cations of these two ceramics. An increase in sintering
temperature from 1250 °C to 1400°C leads to a rapid improvement in the intensities of the
mixed phase. Higher thermal energy is the key factor that facilitates the growth of mixed

phases in these composite ceramics.

To understand the effect of sintering temperature on the structural properties of the
MTO-BST ceramics, Rietveld refinement has been carried out using FullProf Program by
considering the rhombohedral phase of MTO belonging to R-3 the space group, and the cubic
phase of BST belonging to Pm-3m space group.
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Table 5.2 Obtained parameter and volume from Rietveld refinement for MTO phase:

X Ts(°C) a=b(A) c(A) V (A% Density(g/cm®) x?2
1250 5.0540 13.881 307.067 3.885 5.70
0.1 1300 5.0542 13.892 307.240 3.890 3.74
1350 5.0560 13.905 307.845 3.891 6.50
1250 5.0537 13.904 307.489 3.892 4.75
0.2 1300 5.0537 13.906 307.579 3.894 3.91
1350 5.0546 13.905 307.699 3.896 4.85
1250 5.0528 13.880 306.891 3.895 4.70
0.3 1300 5.0531 13.892 307.197 3.902 3.68
1350 5.0535 13.900 307.432 3.912 4.70
1250 5.0529 13.890 307.266 3.894 3.93
0.4 1300 5.0528 13.900 307.332 3.896 3.31
1350 5.0559 13.904 307.904 3.897 4.18
1250 5.0566 13.907 307.948 3.890 3.47
05 1300 5.0551 13.920 308.058 3.897 3.39
1350 5.0563 13.920 308.193 3.898 5.35

The obtained parameters have been listed in Table 5.2 and Table 5.3 for MTO and
BST, respectively. These variations might be due to the strain exhibited by the samples as a
result of Ba?*(1.35A) substitutions in the MTO lattice. Since Ba?* (1.35A) has much larger
ionic radii compared to Mg?* (0.720A) it is most likely to sit on the interstitial position of the
MTO crystal lattice leading to distortion in the MTO crystal structure. On the other hand, in
the case of BST crystals, as shown in Table 5.3, lattice parameters and lattice volumes were
enhanced with an increase in sintering temperature. This again refers to the substitution of
Mg?* (0.720A) in some Ba?*(1.35A) and Ti**(0.605A) sites of BST lattice due to similar
ionic radii shared by both.

In Figure 5.6 (a-c) Rietveld refined plots for x = 0.3 at different sintering
temperatures are shown, which were well fitted with experimental XRD patterns. An increase

in the broadening of the XRD diffraction peaks as well as a shift towards lower 26 is seen
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with a rise in sintering temperature from 1250 to 1300°C for both MTO and BST and are
shown in Figure 5.6(f).

Table 5.3: Obtained parameter and volume from Rietveld refinement for BST phase.

X Ts (°C) a=b=c(A) V (A% Density(g/cm?®) x?2
1250 3.9503 61.646 4.943 5.70
0.1 1300 3.9422 61.262 4.974 3.74
1350 3.9419 61.253 4.975 6.50
1250 3.9505 61.654 4.942 4.75
0.2 1300 3.9487 61.569 4.948 3.91
1350 3.9431 61.307 4.970 4.85
1250 3.9507 61.663 4.941 4.70
0.3 1300 3.9475 61.513 4.954 3.68
1350 3.9444 61.368 4.965 4.70
1250 3.9530 61.772 4.933 3.93
0.4 1300 3.9505 61.654 4.942 3.31
1350 3.9497 61.604 4.943 4.18
1250 3.9550 61.886 4.923 3.47
0.5 1300 3.9544 61.836 4.927 3.39
1350 3.9524 61.741 4.935 5.35

However, above 1300°C characteristic peaks of MTO shifted towards lower 20
without any peak broadening whereas, BST peaks showed only peak broadening. The shift in
XRD peak towards lower 26 values is attributed to tensile strain in the sample and the
broadening is due to inhomogeneous strain in the sample [146]. To study the lattice strain
induced by BST in the MTO-BST ceramics, Williamson- Hall (W-H) plots have been plotted,
as shown in figure 5.6 (d-e). The crystallite sizes and strains for both the phases were
calculated from the W-H plots using equation (5.2) and are listed in Table 5.4 For both MTO
and BST phases, the average crystallite size (L) decreased when the sintering temperature has
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raised from 1250 to 1300 °C, however, above 1300 °C, crystallite size again enhanced with

sintering temperature.

(@) © Yexp ® © Yerp (© © Yexp
o) 1 . Ir'""" ) - —Yfitted = — Yfitted
'E - "l:'\p.\ fitted E - chp".l'llted é I Yﬂp"' fitted
= = 2
*E E' o it ) 3 4 =
z w s e an 2 - 'E
g g e : L —— - =
= £ 2
" L " A _M Ll Y dal ol dnd, [T W N
Pl AL . : , X : T et
20 30 40 50 60 70 20 30 40 50 60 70 20 30 40 S50 60 70
20 (Degrees) 20 (Degrees)
[ - 6.0 (¢) for BST phase
SN NZ"T"; S':(:g;“:; % o MTBS3_1250°C n
. Z MTBS3_1300°C SST & MIBS3_1300°C £
Do e ~sgl * MTBS3 1350°
 325r% MTBS3_1350°C = o hr
= 45 | MTBS3
~— e O <
= 3.00} = ~
2 5400w l
a 2 z
275} £
3.5¢ E‘
250} 30(c_~ . . ’ . .
030 035 0.40 0.45 030 035 040 045 050 31 32 33 34
sin@ sinf 26(Degrees)

Figure 5.6: Rietveld refined XRD patterns of 0.7MgTiO3-0.3 BaosSrosTiOs (MTBS3)
composite ceramics sintered at (a) 1250 °C, (b) 1300 °C and ¢ 1350 °C for 4 h and
Williamson-Hall plots of (d) MTO and e BST phases at different sintering temperatures for
MTBS3 composite ceramics. (f) Magnified XRD spectra for MTBS3 composite ceramics,
sintered between 1250 and 1350 °C 4 h.

The strain (») in the MTO phase was also found to follow the same trend as crystallite
size, but in the case of the BST phase, strain increased with sintering temperature. Both
crystallite size and strain contribute to the broadening (FWHM) of XRD peaks as follows,

Bhkl = Bcs + Bs (5-2)

+4ntan @ (5.3)

- Dcosé

where, f =Full width half maximum of diffraction peak, D = crystalline size, k = shape
factor (0.9), and A= wavelength of Cu k.- radiation. The XRD analysis of these MTO-BST
composites revealed that the sintering temperature had played a significant role in all the
variations observed in structural parameters as well as associated strain of the samples. At
1250°C, densification of samples initiated without formation of mixed phase with minimal

strain effect and further rise in sintering temperature induced formation of mixed phase. This
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might be attributed to thermal energy which is not sufficient for Mg?* and Ba?* to replace Ti**
site in BST lattice and to sit in the interstitial site of MTO lattice, respectively. As, the
sintering temperature is raised to 1300°C, there is sufficient thermal energy to form the mixed
phase and this leads to the reduction in the crystallite size due to improvement in strain in the
crystals. Further, with increasing the sintering temperature, the intensity of mixed phase as

well as crystallite sizes were found to be enhanced.

Table 5.4: Obtained values of crystallite size (D) and strain (n) for MTO phase from
Williamson-Hall plot.

Ts (°C) Crystallite size (A) Strain
MTO BST MTO BST
1250 950 1969 9.22 X 10* 1.89 X 103
1300 655 1201 555 X 104 1.91 X 102
1350 2474 1790 1.65 % 103 261 % 1073

Figure 5.7 (a) shows Raman spectra of (1-x) MTO-x BST (x =0.1 to 0.5) composite
ceramics, sintered at 1350 C for 4 hours. To study the effect of sintering temperature Raman
spectrum for MTBS3 composite ceramic, sintered at three different temperatures are plotted
and are shown in Figure 5.7(b). The Eq modes observed at 490 cm™ and 644 cm™ belong to a
combination of antisymmetric breathing and twisting vibrations of oxygen octahedral with
the cationic vibrations parallel to the X-Y plane. For Eq (490cm™) mode both Mg?* and Ti**
ions are involved in the vibrations, while the Eg (644cm™) mode primarily involves Mg?".
Raman modes for BST observed at 179 cm™ may originate from A site ions oscillation due to
Mg?* ion substitution [147]. The Raman peak at 233cm™ is attributed to rotations of the
oxygen cage and ordering of B site ions [148], while the broad peak at 576 cm™ originates
from TiOe octahedron stretching. The effect of composition for composite ceramics is visible
from the Raman spectra, which are shown in Figure 5.7 (a). For x > 0.3, ten intense peaks
corresponding to the theoretical Raman active modes of MTO are observed along with some
minor peaks for BST [78,149]. In MTO both Mg and Ti metal atoms are bonded to O atom by

covalent bonds, and it results in a high dependency of TiO,~ and TiOZ on Mg. This also
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results in the involvement of all atoms in the vibrational mode [113], and most of the

vibrational modes are found to be combinations of symmetry coordinates [150].
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Figure 5.7:: Raman spectra of (a) MTO-BST composite ceramics, sintered at 1350 °C and
(b) Fitted Raman spectra for MTBS3 sample, sintered at 1350 °C for 4 h. And (c) MTBS3
sintered at different sintering temperatures.

Table 5.5: Obtained Raman shift peak and corresponding FWHM for MTBS3 composite
ceramics, sintered at 1350°C.

Serial No Peak position (cm™) FWHM (cm™)
1 179.06+1.02 18.16+£2.03
2 229.63% .05 4.51+0.03
3 233.71+1.13 23.51+2.23
4 286.22+0.02 3.72+0.04
5 310.99+0.15 5.88+0.04
6 332.74+0.03 4.13+£0.07
7 357.87 £0.03 6.87+0.08
8 402.21+0.06 4.331£0.15
9 490.48+0.10 7.61+0.34
10 505.13+0.71 12.45+2.50
11 576.16+1.81 26.71+3.25
12 644.46x0.39 10.39+£1.02
13 719.17+0.01 21.39+0.40
14 754.92+1.25 54.34+0.20
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However, the MTO modes seemed to be dominating over BST modes for all the
compositions, and hence to filter out the modes, fitting for Raman spectra was carried out

using origin software.

. The Raman spectra with fitted peaks are shown in Figure 5.7(c) and details of the peak's
position and full width at half maxima are presented in Table 5.5. The mode at 229 cm™ (Ag)
and 311 cm™ (Ag) correspond to the vibration of Mg?* and Ti*" ions, respectively along the Z-
axis, whereas, Ag (402 cm™), Aq (505 cm?), and Ay (719 cm™) are originated from
independent vibration of O% ions. The Ag (505 cm™) and Ag (719 cm™) modes exhibit the
symmetric breathing-like vibrations of six O ions corresponding to different degrees of
freedom of oxygen octahedron. In the case of Eq modes, the mode at 286 cm™ resulted from
anti-symmetric breathing vibrations of oxygen octahedrons. The Eq (332 cm™) and Egq (357
cm™) modes represent the twisting of oxygen octahedron with the vibrations of the M¢?* and

Ti*" ions parallel to the X-Y plane, respectively.

The surface morphologies of (1-x) MTO-x BST (x =0.1 to 0.5) composite ceramics
obtained by FESEM sintered at 1300°C for 4 hours are presented in Figure 5.8(a-e). The
FESEM images showed two distinct types of grains. One type of grain is larger with an
approximate size of 2-3 um whereas in the other type grains are less than 1 um. All the
samples have shown a well-packed microstructure. As the BST concentration increases in the
samples, the number of smaller grains is surpassed. At the same time, the larger grains scaled
down in size with an increase in BST concentration, which might be attributed to the uniform
mixing of BST-MTO ceramics and BST grains which acts as a barrier between MTO grains
for further growth. From the observation, it can be concluded that larger grains are composed
of MTO and smaller grains are composed of BST ceramics. As shown in Figure 5.8(f),
elemental distribution on a large area of the ceramics is found to be nearly equal to the
calculated value. In addition to it, the EDS analysis also confirmed that grains A and B
belong to MTO and BST ceramics, respectively.

Further, to study the effect of sintering temperature on the microstructural properties
of MTO-BST ceramics the FESEM images of MTBS3 samples, sintered at 1250 to 1350°C
are obtained and are shown in Figure 5.9(a—c). An enhancement in the grain size, as well as
packing of grains, have observed with a rise in sintering temperature. At 1350 °C, MTBS3
exhibited a highly compacted and uniform microstructure. The density plays a significant role
in the dielectric properties of a ceramic composite. The relative density of the ceramics was
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estimated by the Archimedes method and the relative densities are found to be ~95%,

~95.8%, and ~97% for the composites sintered at 1250, 1300, and 1350 °C, respectively.
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Figure 5.8: FESEM micrographs of MTO-BST composite ceramics are shown from () to (e)
for MTBS1-MTBSD5, respectively, sintered at 1300 °C for 4 h. (f) EDS elemental distribution

TH-2929_156121023

spectra of the MTBS3 composite at selected area.
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Figure 5.9: (a—c) FESEM images of MTBS3 composite ceramics, sintered at 1250 °C,
1300 °C, and 1350 °C for 4 h, respectively.

The relative densities of all the composite ceramics sintered at 1350 °C are given in Table 5.6

calculated value.

5.3.1.2.  Microwave dielectric properties:

To study the effect of BST on MTO, the microwave dielectric parameters of the composite
ceramics were extracted at a spot frequency by using the Hakki—Coleman method considering
TEo1s mode as discussed in chapter section 2.3.8.5 of chapter 2. The BST ceramic was found
to have a significant effect on the microwave dielectric properties of the MTO-BST

composites.

The obtained microwave parameters are summarized and plotted in Table 5.6 and Figure
5.10, respectively. The Q value and the resonant frequency for the composites were found to
be decreased with an increase in BST concentration. Whereas, dielectric permittivity value
has shown a significant enhancement with BST concentration. The Qxfo value of the
composite ceramics exhibited a drastic change from ~17,806 to 988 GHz for x = 0.1 to 0.5,
respectively. The observed degradation in Q value may be attributed to relaxation

polarization present in BST at higher frequencies[151].

Table 5.6: Obtained microwave parameters for MTO-BST composite.

Sample Resonant Dielectric Quality Losstangent Qxfo Relative

name frequency  permittivity(er)  factor (GHZ) density
(GHZ) Q) (%)

MTBS1 7.262 20+£0.2 2452 8.158 x 10* 17,806  97.90
MTBS2 4.928 29+0.3 486 0.002 2395 97.84
MTBS3 4.160 57 £0.57 464 0.004 1930 97.69
MTBS4 3.686 97 +0.97 400 0.005 1474 97.30
MTBS5 2.548 200+ 4 388 0.006 988 97.06
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The resonant frequency (fo) has also shown dependency on BST concentration and
varied from 7.262 to 2.54 GHz for, x=0.1 to 0.5. At, the microwave frequency range the
MTBS composites exhibited much higher dielectric permittivity as compared to pure MgTiO3
and a recorded maximum of ~200 for MTBS5. At, the same time, enhancement in dielectric
loss (tand) is also noticeable with an increase in BST concentration, which is also an
important parameter from an application point of view. Optimization of all dielectric
parameters is required in these composite ceramics studies. Hence, MTBS1with x = 0.1,
composite ceramics exhibited the best microwave dielectric properties with dielectric
permittivity of er~20, dielectric loss of ~ 10* and Q xfy ~ 17,806 at 7.262 GHz. Further, the
quality factor (Qxfo) of the MTBS composite ceramics was also found to be enhanced from
7800 to 17,806 GHz with sintering temperature from 1250 to 1350 °C.
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Figure 5.10: Variation of dielectric permittivity and Q x fo value with BST concentration.

This improvement in quality factor (Qxfo) value with sintering temperature can be
attributed to increased relative density with sintering temperature, which will result in less
conduction loss through the defect states originating from the porous microstructure of the
ceramics [26]. It is interesting to note that the addition of BST has significantly influenced the
microwave dielectric properties. There is a drastic improvement in the dielectric constant at

the same time the quality factor degraded as compared to pure MTO [152].
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5.3.1.3. Broadband dielectric properties:

In Figure 5.11, dielectric responses of MTBS composite ceramics as a function of
temperature measured at different frequencies are demonstrated. Unlike pure MTO and BST
ceramics, MTBS and pure BST ceramics have exhibited diffused transition. Due to the
addition of BST ceramics in MTO ceramics, the dielectric constant showed an overall

enhancement as well as a transition with temperature.
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Figure 5.11: Broadband (1 MHz— 1GHz) dielectric response of MBST ceramics as a function
of temperature for MTO-BST composite and pure BST ceramics, respectively.

The dielectric constant value is found to be increased abruptly from x = 0.3 to 0.4 as
compared to x = 0.1 to 0.3 and this can be attributed to actual individual phase concentrations
in the composite ceramics as estimated from Rietveld refinement. As the BST concentration
increases the transition peak becomes more prominent and the transition temperature (Tc)
value shifted towards BST’s Tc. These responses indicated a mixed dielectric contribution
from both the phases in the MTO-BST composite ceramics. From the earlier studies, it is
evident that due to the replacement of Mg?* in the acceptor site of ABOgz, the transition

temperature of BST shifts towards a lower temperature. When Mg replaces Ti on the B site of
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perovskite ABOs structure and a double ionized oxygen vacancy is formed simultaneously,

ie.,
MgO(-TiO,) — Mgy, +V, + O, (5.4)

Mg ions along with charged oxygen vacancies induce the local deformation in the perovskite
unit cells leading to the reduction of the tetragonal c/a ratio and hence, the Curie temperature
Tc shifts towards lower temperature [136]. For 10 mol% BST composites, the dielectric

transition is highly diffused in nature, which has exhibited a broad peak Tc.

In the present study, the dielectric constant has exhibited diffused kinds of transitions
with measurement temperature for all the MTBS composite ceramics and such kind of
transition is a signature of relaxor ferroelectrics [153]. Further, for the first time two scientists
Uchino and Nomura proposed a modified Curie-Weiss law, to probe the nature of this

relaxor behavior of ferroelectrics.

The modified Curie Weiss law can be expressed as follows

-T.Y
1le -1lg,) = (T=T) (5.5)
C
where C is the Curie constant, y is the diffuseness constant and & is the maximum dielectric
constant at Tc. Again, the numerical value of diffuseness constant y lies between 0 to 1 and 1

to 2 for perfect ferroelectric and relaxor ferroelectric materials respectively.

In Figure 5.12 (a-e), the plots for, log (1/er - 1/em) vs log(T-Tc) are shown and the
values of y have been extracted from the slope of the linearly fitted lines for all the MTBS
composite ceramics. The obtained y values varied from 1.01 for x = 0.1 to 1.83 for x = 0.5, as
an indication of the relaxor nature of the ceramics as given in Table 5.7. The diffuseness
constant vy is increasing with an increase in x, which can be attributed to a larger amount of

distortion in the sample.

Figure 5.13(a-e) corresponds to dielectric loss (tand) as a function of measuring the
temperature at various frequencies of the MTBS composite ceramics. The dielectric loss
(tano) was also enhanced due to the addition of BST ceramics in the MTO matrix. The
dielectric loss (tand) has shown a distinct anomaly near the Tc for all the composite ceramics.
For all the composite ceramics it has been observed that the peak of dielectric loss shifts

towards higher temperature and the overall value also increases with an increase in the
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measuring frequency. As per earlier studies, this behavior of dielectric loss is related to the
dielectric relaxation process and the value of dielectric loss implies the concentration of
dielectric relaxation units[154]. The MTBS3 sample with x = 0.3, was optimized for further
study due to its better structural and microstructural properties.
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Figure 5.12: The plots of log (1/er — 1/em) versus log (7' — Tc) for MTO-BST composite
ceramics.
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Figure 5.13: Dielectric loss (tand) as a function of measuring temperature at various
frequencies of the MTBS composite and BST ceramics.

Figure 5.14(a) shows the variation of dielectric permittivity as a function of
temperature at various measuring frequencies (1 kHz to 100 kHz) for MTBS3 composite
ceramic. The MTO —-BST composite ceramics have shown significant dependency on
temperature, which can be attributed to the temperature-dependent dielectric permittivity of
BST ceramics. It is observed that there are two regions for temperature-dependent dielectric
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permittivity for all the frequency ranges. From room temperature to 200°C, dielectric
permittivity decreases with measurement temperature but with a further rise in temperature
there is an improvement in the permittivity, which can be attributed to the phase transition
associated with the BST phase near room temperature as shown in the previous analysis and

thermally activated polarization in the high-temperature region (T >200 C)

Table 5.7: Obtained dielectric parameters for MTO-BST composite ceramics measured at

1MHz.

Sample Tc Maximum relative dielectric Diffuseness co-efficient
name (°C) permittivity 111 )

(e)
MTBS1 -81 22 1.002
MTBS2 -107 50 1574
MTBS3 -62 153 1.822
MTBS4 -51 605 1.821
MTBS5 -50 676 1.834

Figure 5.14(b) and 5.11(c) displayed the dielectric permittivity with frequency in two
different temperature ranges (RT to 250 °C and > 250 °C)
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Figure 5.14:(a) Dielectric permittivity variation of MTBS3 as a function of temperature
measured at different frequencies, Dielectric permittivity spectra as a function of frequency
measured at different temperatures (b) RT to 250°C and (c) T > 250 °C, respectively.

In the lower temperature region (RT to 250°C), dielectric permittivity has shown

minimal variation with frequency, whereas, in the higher temperatures and at lower
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frequencies the permittivity exhibited higher values, due to space charge polarization and
gradually decrease with frequency and become almost constant as a function of frequency.
The variation in dissipation factor as a function of frequency (1 kHz to 100 kHz), measured at
different temperatures is shown in figure 5.15(a). The dissipation factor of the sample
exhibited a relaxation type of behavior with a broad peak and the shift of the peak value
towards higher frequency with an increase in temperature indicates the strong dispersion in
the dissipation factor of the sample. The relaxation time can be described by Arrhenius law,

ie.,

@, = @, exp{— kEf‘]_ } (5.6)
B

Where, @, ,®, and Ea denotes the angular frequency for a maximum value of dissipation

factor, pre-exponential factor, and activation energy of the sample, respectively.
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Figure 5.15: (a) Variation of dissipation factor (D) with frequency measured at different
temperatures and (b) /nwmax vs 1000/T plot from dissipation spectra.

Figure 5.15(b), shows the variation of logw to 1000/T of MTBS3 ceramics. The
activation energy is calculated from the slope of the fitted line and is found to be 1.12 eV.
The obtained activation energy is associated with thermally activated conduction of charge
carriers across the grains and grain boundaries. The activation energy (Ea) for conduction
around 1 eV corresponds to the migration of oxygen vacancies in perovskites [155]. The
dielectric relaxation behavior at higher temperatures corresponds to short-range hopping of
oxygen vacancies. In the current study, the activation energy value signifies the presence of

conduction by doubly ionized oxygen vacancies in the samples[156].
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5.3.1.4. Impedance analysis:

Figure 5.16(a) shows the spectra of MTBS3 ceramic of the imaginary impedance vs.
frequency at different measurement temperatures (30 to 400 °C). The imaginary part of the
impedance is very high in the lower frequency region and decreases with an increase in

frequency. But towards the higher frequency region, the spectra merged for all the measured

temperatures.
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Figure 5.16: (a) Spectra of the imaginary part of impedance as a function of frequency at
different measurement temperatures, and (b)Fitted complex impedance spectra and
corresponding equivalent electrical circuit given in the inset

At higher frequencies, the drop in the imaginary part of the impedance is due to the
release of space charge carriers[157]. This independency of impedance with frequency in the
high-frequency region also implies an enhancement in ac conductivity with temperature[89].
Electrical properties exhibited by the ceramics are a compound effect of conduction at
various electrically active regions like grains and grain boundaries [158]. This mechanism in
ceramics can be understood by the Brick-layer model[96]. In impedance spectroscopy, the
Brick-layer model is used to understand conduction in grains and across the grain boundaries.
In a polycrystalline, multigrain system the resistivity of grain boundaries can be considered
larger than the resistivity of core grains and can be expressed as two components equivalent
electrical circuit consisting of a parallel capacitor (C) and resistor (R) connected in series.
The complex impedance spectrum is a representation of various relaxation phenomena
associated with the sample. Based on such responses, several phenomena were introduced by
Debye, Cole-Cole, Cole-Davidson, Havriliak-Negami, etc. All these models can be
categorized broadly into Debye and non-Debye type of relaxation representing non-
interacting (one body) and interacting (many body) system. In Debye type, dipoles will not
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have any interaction with each other as they are separated by a viscous medium. On an
application of electric fields, these dipoles will align along the field direction and on
removable of the field, the dipoles will reorient back to their initial position. In such cases,
impedance spectra will be a perfect semicircle, originating from real axis. Whereas, usually
all practical systems are non-Debye type, where there will be interactions among the dipoles
present in the system and hence the impedance spectra will be a distorted semicircle
originating below the real axis.

The impedance spectra in the present case showed Cole—Cole type relaxation
behavior. The mathematical equation for Cole—Cole type for dielectric constant &(w) at

angular frequency o is can be express as

1
c\w)—&(0) C —mm
(@) g3 (L+iwr)™ (5.7)
where ¢ (0) and o represent permittivity at high frequency and angle of deviation below the
real axis, respectively. In the present case, the relaxation phenomenon is analyzed in the
impedance plane using the following equations relating to permittivity and impedance

" _ Z,
wCy (2% +2"%)

(5.8)

o Z”
g’ =
a)CO(Z'2 +Z”2)

(5.9)

where Co is the vacuum capacitance. The complex impedance spectra at three different
temperatures are fitted using Cole—Cole model circuit. The equivalent circuit for the sample

obtained using this model is shown in the inset of Figure 5.16(b).

Table 5.8: The numerical values of resistance and capacitance for MTBS3 extracted from

Cole-Cole plot.
Temperature(°C) | Rg(MR2) Q1 Q2 Rgb(M1R2)
A (x101%) n As(x 10719 n2
300 3910 1.557 0.873 9.175 0.964  0.377
350 83.26 9.157 0.769 10.880 0.908 0.317
400 14.14 11.63 0.767 2.462 0.898  0.133

The numerical values of circuit elements are tabulated in Table 5.8, where Q represents
the constant phase element that can behave either as a capacitor or a resistor, depending on
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whether n is 0 or 1. The obtained bulk resistance for the circuit is found to be decreased with
an increase in temperature, which is the signify negative co-efficient of resistivity. The drop
in resistance towards higher temperature occurs due to the release of charges accumulated at
the grain boundaries and electrode interfaces contributing to conductivity in the sample[159].

5.3.1.5. Conductivity analysis:

In dielectric ceramics, the loss (dissipation) occurs as a result of conduction in the sample.
Thus, the real part of conductivity (c) can be express in terms of dielectric loss (¢”) as,

c=weé' (5.10)

where, @ and & are angular frequency and dielectric permittivity in free space,
respectively[96]. Ideally, in ceramic systems conductivity diminishes with a decrease in
frequency and shows a constant value after a certain frequency. The region where
conductivity becomes independent of frequency is referred to as DC conductivity (odc). In
general, the AC conductivity shows a direct proportionality with frequency and the real part

of such conductivity obeys a power law, known as the Almond-West relation, i.e.,

c=0, {1{&]} (5.11)
Oy

where wj denote the hopping frequency of charge carriers and n is the Jonscher’s
constant[95]. In AC conductivity if n < 1, the conduction process follows an ideal ionic
process of Debye dielectric dipolar type. For such processes, charge carrier conduction
occurs via hopping motion. For the other case, when n >1, there is localized long-range back
and forth hopping of charge carriers[160,161].

The AC conductivity spectra of MTBS3 are shown in Figure 5.17 and can be divided
into two regions, frequency independent plateau (Region 1) and dispersion region (Region
I). The frequency-independent plateau region corresponds to dc conductivity a,;. and its
numerical value can be obtained by extrapolating the curve towards a lower frequency. The
frequency dependence of conductivity in the dispersive region can be expressed by using

Jonscher’s universal power law[95]

O-tot = O-dc + O-ac (512)

o, = Ao’ (5.13)

where A is the pre-exponential factor and w = 2zf is the angular frequency and ‘s’ is the
power law exponent (ideally, 0 < s < 1). The dispersive regions were fitted into two different

127
TH-2929_156121023



Chapter5: MTO-BST composite ceramics and thin films for microwave applications

frequency regions and regions and the obtained variation of s values with measurement
temperature is shown in Figure 5.17(b). The dependency of ‘s’ value with temperature is
also can be related to the different conduction mechanisms associated with the sample.
Temperature independent ‘s’ implies quantum mechanical tunneling (QMT) of charge
carriers, ‘s’ will be enhanced with increasing T in case of small polaron conduction
mechanism and for correlated barrier hopping (CBH) model ‘s’ would improve with
reduction in T and tends to unity at 0 K [162].
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Figure 5.17:: Frequency-dependent conductivity of sintered MTBS3 ceramic with frequency
measured at different temperatures.

The obtained values of s1 (1kHz <@ <100kHz) and s> (100kHz <w <1MHz) are in the
range of 0 to 1. Whereas, the values of s; decrease with a rise in temperature and sz enhanced
with an increase in temperature. The obtained values imply the ac-conductivity of the test
sample comprises both small polaron and correlated barrier hopping mechanisms. In the
low-frequency region, ‘s:’ signifies translational hopping and in the higher frequency region,
sz characterizes the presence of localized relaxation[163].

5.3.1.6. Temperature stability analysis:

The change in capacitance over a measurement temperature is an important parameter for
a dielectric capacitor. The change in capacitance evaluated from capacitance versus
temperature (—30 to +125 °C) curve shown in Figure 5.15 and found to be ~—54% over the
temperature range of (RT) —30 to +85 °C. This obtained value of change in capacitance
fulfills the criteria for type-Il capacitor[164]. From the above analysis, interesting responses
are observed for MTO-BST composite ceramics, therefore for microwave integrated circuit
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applications, studies on thin films of MTO and BST composite systems are carried out. In the
present work, thin films of MTO and BST ceramics are studied in a bilayer structure altering

stacking order. The detailed results and discussion are presented in the subsequent section
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Figure 5.18: Capacitance vs temperature curve for MTBS3 composite ceramics, measured at
1 MHz.

5.3.2 MgTiOsand BaosSrosTiOs bilayer films:

5.3.2.1 Structural and microstructural analysis:

Figure 5.19 (i-iv) presents the XRD patterns of annealed BST, MTO/BST, BST/MTO,
and MTO thin films each of 200 nm thickness deposited on n-type Si substrates. All the films
exhibited polycrystalline nature for both the monoliths. The diffraction peaks corresponding
to cubic BST (JCPDS no # 00-0390-1395) with Pm-3m space group, and rhombohedral MTO

(JCPDS # 790831) with R3 the group are indexed in the pattern (i) and (iv), respectively.
The bilayer thin films: MTO/BST and BST/MTO exhibited both MTO and BST polycrystalline

phases.

However, the peak intensities corresponding to individual phases, viz: MTO and BST
are found to be different depending upon stacking order i.e., MTO/BST and BST/MTO,
respectively. For MTO/BST, the peak intensities for both MTO and BST are almost

equivalent, whereas the peak intensity of BST is much higher as compared to the MTO phase
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for BST/MTO bi-layer films. This kind of discrepancy could be understood in detail from the
theory of the heteroepitaxial growth of films. The differences in lattice parameters of Si (a =
b= ¢=5.43 A), MTO (a = b =5.056A and ¢ = 13.89A) and BST (a = b =c = 3.94A) would
lead to stresses (tensile or compressive) on deposited film as a result of lattice misfit (f). The
lattice misfit (f) in the attempt to grow a film on a substrate of dissimilar lattice parameters
can be calculated by using the following expression from the lattice parameters of the

substrate (as) and the film (ar) [81]

— =y
— P ~ 2N
S A <+ [en s O
o= S & — -~ —
—_ |t = ~ - 881:/
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Figure 5.19: (i-iv): XRD patterns of BST, MTO/BST, BST/MTO, and MTO thin films,
respectively, and the miller indices are indexed in patterns (i) and (ii) for BST and MTO
phase, respectively.

a, —a;

Lattice misfit (f) = x100% (5.14)

C

The obtained lattice mismatches for the four different films were listed in table 5.9.
Interestingly, despite of high lattice mismatch between MTO and BST, the bilayer of
MTO/BST and BST/MTO were successfully grown with accommodation of strain.
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Table 5.9: List of lattice misfits (f) and theoretical obtained nature of strain for MTO/SI,
BST/Si, MTO/BST/Si, and BST/MTO/Si thin films

Structure Lattice misfit Remarks
MTO/Si +7.5% Tensile stress on MTO film.
BST/Si -2.7% Compressive stress on BST film.
MTO/BST/Si +56% Tensile stress on MTO film
BST/MTO/SI -31% Compressive stress on BST film

Further, as shown in Figures 5.20 (a) and (c), the most intense diffraction peak along
(110) for MTO deposited on Si substrate showed better crystallinity as compared to that on
BST coated on Si-substrate. In contrast to that, BST deposited on MTO (Figure 5.20(d))
coated Si substrate showed better crystallinity than that over Si substrate as shown in Figure
5.20(c).
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Figure 5.20: The diffraction peak profile along (110) plane of (a-b) MTO and BST deposited
on Si, (c) MTO deposited on BST/Si film, and (d) BST deposited on MTO/SI.

These observations can be attributed to differences in the lattice misfit. Moreover, residual

lattice strain/stress is a crucial parameter for structural stability in the case of multilayer film
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deposition [137]. The origin of residual stress/strain comes from both intrinsic and extrinsic
stress/strain in the film. Whereas the origin of extrinsic stress/strain is said to be due to the
difference in lattice expansion co-efficient between the consecutive layers, which arises when

the deposited films were treated at elevated temperatures (annealing of the film).
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Figure 5.21: W-H plot for MTO/BST and BST/MTO film (a-b), crystallite sizes of BST and
MTO deposited on bare Si substrate and MTO/Si and BST/Si substrates, respectively.
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In contrast to extrinsic stress/strain, intrinsic stress/strain is a complex parameter to

determine due to multiple probable factors. During the growth process, intrinsic stress/strain

starts forming and it is unique for a particular deposition technique [165]. In addition, the

formation of non-equilibrium structures, and recrystallization also contribute to intrinsic
stress/strain. In the current study the residual stress for the annealed MTO, BST, MTO/BST,

and BST/MTO were determined by using Williamson-Hall plots. The peak profile of a

material depends on two factors: the crystallite size of the sample and the strain present in the

material, and that can be expressed by equations 5.2 and 5.3.
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Figure 5.22: Rietveld refined XRD patterns for BST, MTO/BST, BST/MTO, and MTO thin
films along with the difference between theoretical and experimental responses, and Bragg’s

positions.

As shown in figure 5.21(a), the strain for the films was determined by linear fitting in

B COs@vs. 4sin @ plot. The obtained residual strain in the MTO/BST bilayer is found to be

higher (0.0032) as compared to MTO film (0.00236). Whereas strain in the BST film reduced
to 0.0038 from 0.0074 when deposited on MTO coated Si than that of bare Si substrate. The
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estimated crystallite sizes are also in good agreement with the above results as shown in
Figure 5.21 (c). The Rietveld refinement of the XRD patterns for BST, MTO/BST, BST/MTO,
and MTO thin films are carried out to confirm the phase purity and extract the corresponding
lattice parameters, shown in figure 5.22(a-d). The refinements were carried out considering

rhombohedral hexagonal symmetry with R3 (143) space group and cubic symmetry with
Pm3m space group (221) for MTO and BST phase, respectively. The obtained lattice

parameters along with refinement parameters are listed in Table 5.10.

Table 5.10: Details of Reitveld refined parameters and lattice parameters of the bilayer films

Name of Refinement

the Sample parameters

Fraction Fraction a=b=c
(%) A A) (%) A
MTO 154 595 7.90 100 5.0503+ 13.8688 -- --
0.0031 + 0.0075

MTO/BST 1.28 4.08 5.30 96.99 5.0576 + 13.9083 3.01 3.9957+

0.0042  +0.0118 0.00314

BST/MTO 1.03 439 5.64 17.38 5.0643 + 13.8103 82.62  3.9234+
0.0065  +0.0274 0.0018

BST 122 462 5.99 100 3.9479+
0.0037

The perfectly fitted diffraction patterns validated the formation of polycrystalline
MTO and BST phases. The lattice parameters, the volumetric fraction of MTO, and the BST
phase in the bi-layer films are estimated from the refinement results and their slight
deviations from theoretical lattice parameters as a consequence of heteroepitaxial growth are
observed. The MTO film deposited on Si and BST coated Si exhibited larger lattice
parameters than that of theoretical MTO lattice as a result of tensile stress ascribed to positive
misfit to the bottom layer (refer to Table-5.9). Likewise, lattice parameters of BST film
deposited on both bare Si and MTO coated Si exhibited compressed lattice parameters as
obtained in Table-5.10.
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The surface topography, a histogram for grain distributions, and 3D images of AFM
are presented in figure 5.23(al, a2, and a3) and (b1, b2, and b3) for MTO/BST and BST/MTO

thin films over an 5umx5um area. The surface morphology of MTO film grown on top of

BST showed the formation of uneven spherical grains with RMS roughness of ~ 49.2 nm. The
observed morphology for MTO/BST film suggests island-type growth. On the other hand,
BST film grown on top of MTO film exhibited uniform spike-like morphology and
topography with RMS roughness of ~1.82 nm. The respective histograms of particle size
distribution also indicate broader particle size distribution in MTO/BST as compared to

BST/MTO. These complement the results obtained from the XRD analysis.
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Figure 5.23: Topological image, histograms corresponding to grain distribution, and 3d
representation of MTO/BST (ai, a2, and a3) and BST/MTO (b, b2, and bs), respectively.

5.3.2.2 Dielectric analysis:

Bilayers of MTO and BST films exhibited interesting responses for dielectric
properties depending upon stacking order. Figure 5.24(a-b) presents dispersion in loss tangent
and dielectric constant as a function of the frequency of applied field for MTO/BST/Si and
BST/MTO/Si thin films at room temperature. As seen in figure 5.24(a) dielectric constant of
MTO/BST/Si exhibited a gradual drop at around 2 kHz and 100 kHz, respectively. Around

these frequency regions, the dielectric loss tangent showed increments.
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Figure 5.24: (a) Variation of /oss tangent (tand) and dielectric constant, as a function of the
frequency of (a) MTO/BST/Si and (b) BST/MTO/Si thin films measured at room temperature,
respectively.

Literature suggests a drop of dielectric constant around 2 kHz and 100 kHz is due to
relaxation of space charge polarization and dipolar (orientational) polarization, respectively.
The dielectric constant of BST/MTO/Si starts falling around 2 kHz, which can be attributed
to the relaxation of space charge polarization and becomes almost constant after 10 kHz in a
measured frequency range. As Koop’s phenomenological theory suggests, er decayed rapidly
in a low-frequency field as a result of relaxation of space charge polarization and became
invariant for higher frequency field [166][77]. Space charge polarization is a phenomenon
where free charges originated from defects got accumulated in the dielectric to electrode
interface [167].

The effective dielectric constant of bilayer thin films of different dielectric constants
can be determined by the following expression by considering two capacitors connected in
series [168]

o = 66, (L +1,)

5.15
ogt et (615

where, 1, &2, and ty, t2 are the dielectric constants and thicknesses of the monolayers.
The values of & at 100kHz are found to be 323.2 and 27 for MTO/BST and BST/MTO thin
films, respectively. The obtained e for BST/MTO bilayer is comparable to the theoretically
calculated values by using equation (5.15). In contrast to that, MTO/BST bilayer exhibited a
huge dielectric constant of 323, which is greater than both BST and MTO monolayer violating
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the equation (5.15). This can be attributed to the formation of an interfacial layer in between
the BST and MTO layer [127,138]. In additional relaxation of the dielectric constant of
MTO/BST/Si bilayer film around 200 kHz indicated the presence of dipolar polarization.
Further irregular surface topography and higher strain estimated from XRD diffraction
patterns suggest the possibility of the formation of irregular structures leading to high

asymmetry in structure while growing MTO film on BST/Si film.
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Figure 5.25 (a-b): Variation of dielectric constant and dissipation factor of MTO/BST/Si and
BST/MTOI/Si bilayer film at different measuring temperatures, respectively.

In Figure 5.25(a-b), frequency-dependent & and loss tangent (tand) at different
measuring temperatures are presented for MTO/BST/Si and BST/MTO/Si bilayer films,
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respectively. For both the bilayers the variations in dielectric constant and loss tangent (zand)
with measuring temperature is insignificant up to 100 C. And above 100 C, the contribution
of space charge polarization is found to be increased significantly resulting in higher
dielectric constant and loss tangent in the lower frequency region. The observed peaks of loss
tangent(zand) at the lower frequency region signifies relaxation of dipoles, which is further
moving towards the higher frequency side with an increase in measuring temperature

indicating a thermally activated conduction process in the films[169].

5.3.2.3 Impedance spectroscopy:

Figure 5.26 (a-b) presents the variation of real and imaginary impedance as a
frequency of the applied field for BST, MTO/BST, BST/MTO, and MTO thin films measured
at room temperature. In the low-frequency region, dispersion is evident, which decreases with

an increase in frequency and becomes almost the same for all the films
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Figure 5.26: Variation of (a) real and (b) imaginary impedance as a function of the
frequency of applied field measured for BST, MTO/BST, BST/MTO, and MTO thin films
measured at room temperature.

The electrical response of a dielectric sample is highly dependent on its
microstructure. Complex impedance spectroscopy i.e., a plot of imaginary impedance to real
impedance appears in a combination of successive semicircles in the frequency domain
corresponding to different electrically active regions (i.e., grain, grain boundary, and
electrode-material interface) of different relaxation times. Generally, first, second, and third
semicircular arcs observed at a higher frequency, intermediate frequency and lower frequency
region correspond to dielectric relaxation processes in grain, grain boundary region, and

electrode interfacial region, respectively. In experimentally obtained spectra, semicircular
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arcs corresponding to grain and grain boundary both appear merged. With the help of
ZSimpWin software impedance spectra fitted in an electrical circuit, the model provides
segregated electrical responses corresponding to different electrically active regions both
qualitatively and quantitatively. Among various electrical circuits, which could fit the spectra,
a series combination of two parallel resistive components (R) and capacitive component (C)
was found to be practically most suitable. In some cases, the use of constant phase element
(CPE) in place of C gives a more accurate fitting. In a real system, not a single electrical

element is an ideal capacitor or resistor, and the use of CPE in the electrical circuits

replicating a real system offers a clearer picture
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Figure 5.27: Cole-Cole fitted impedance spectra of BST, MTO/BST, BST/MTO, and MTO
thin films at 200°C. Equivalent electric circuits for the Cole-Cole fittings are presented in the
insets.

Figure 5.27(a-d) represents fitted impedance spectra of BST, MTO/BST, BST/MTO,
and MTO thin films at 200°C. The equivalent electrical circuits are shown in the inset of
Figure 5.27(a-d). The obtained equivalent circuits for BST and MTO films indicated

electrical contribution from all three electrically active regions. However, in the case of bi-
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layer MTO/BST and BST/MTO films contributions from grain and grain boundary regions

dominated in the measured frequency range.
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Figure 5.28:(a-b) Cole-Cole fitted impedance spectra and (c-d) variation of dipolar
relaxation time (t) with 1000/T of MTO/BST and BST/MTO film at different measuring
temperatures.

Figure 5.28 (a) and (b) present Cole-Cole fitted impedance spectra for MTO/BST and
BST/MTO films for different measuring temperatures (150-200C). The obtained values of
resistances and capacitances are tabulated in Table 5.11. The estimated dipolar relaxation
time for both the films is found to be decreasing with an increase in measuring temperature
attributed to thermally activated conduction. The activation energy for relaxation time is
estimated by fitting the plot using the Arrhenius relation as follows

T =1,exp(— kEf‘I_) (5.16)
B

where, 7,, E,andk; are prefactor, the activation energy of relaxation process and Boltzmann

constant, respectively.
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As shown in figure 5.28 (c-d) the plots of Int to the inverse of measuring temperature
1/T can be fitted by one or more linear equations, and the corresponding slope is utilized to
determine the activation energy of conduction. In the measured temperature range Int vs. 1/T
plot exhibited a linear behavior with a slope of (3.665) for MTO/BST bilayer film with an
activation energy of 0.314 eV. However, for BST/MTO bilayer film two different activation
energies are 0.215 eV and 0.041eV, respectively for lower and higher temperature regions.
As the conduction process is thermally activated with an increase in temperature activation
energy decreased.

Table 5.11: Grain resistance and capacitance extracted from equivalent circuit fitting and
calculated relaxation time at different measuring temperatures

Temperature MTO/BST BST/MTO
(°C) Rg(kQ)  Cg(nF)  t(us) Rg(kQ) Cy(nF) T (us)
150 0.614 119 73.5 11.15 4.16 46.31
160 0.536 191 63.8 10.45 4.06 42.40
170 0.442 118 52.2 8.59 4.13 35.52
180 0.350 118 41.3 7.01 2.07 14.52
190 0.327 117 38 6.80 2.05 14.00
200 0.250 117 29.4 6.34 2.18 13.88

5.3.2.4 Leakage current analysis:

The room temperature leakage current density as a function of the applied field is
investigated for MTO/BST and BST/MTO films and the corresponding J vs. E plots are
presented in Figure 5.29 (a). The leakage current for MTO/BST and BST/MTO is found to be
~102A/cm? and ~10“4A/cm?, respectively. Higher leakage current for MTO/BST to MTO/BST
can be attributed to non-uniform grain distribution as well as higher roughness as observed
from the AFM analysis. Further, understanding the origin of leakage current is a
breakthrough move to have control over excessive leakage current in the construction of an

electrical device.
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From literature, it has been found that leakage current originates from several sources
such as Space charge-limited current, Schottky emission, Poole- Frenkel emission, and
Fowler-Nordheim tunneling [12]. The imposed conditions of the present study rule out the
possibility of Poole-Frenkel emission since the measurement is carried out at room
temperature, and Fowler-Nordheim tunneling as in the present case leakage current is
recorded for a moderate field (< 100 kV/cm) [81]. In the electrode (metal) to dielectric
interface with small charge carrier concentration, forms a Schottky barrier and leakage
current would be due to Schottky emission. Moreover, if the number of charge carriers is
very high, the Schottky barrier behaves like Ohmic contact, and the leakage current is
dominated by the Space-charge limited current [132].

The plot InJ vs InE showed linear variation with a slope near 1 as shown in Figures
5.29(b) and 5.29(c), signifying Space-charge limited conduction mechanism for E > 25
kV/cm[120]. Moreover, InJ vs. E¥2 plot exhibited linear characteristics as shown in the inset
of Figure 5.26(b-c) in the lower field region (< 25 kV/cm) Schottky emission dominates. In
the presented study, Schottky emission and Space-charge limited current contribute to
leakage current. Zhang et al. [171] also reported similar leakage studies of Al>O3/TiO2/Al.03
capacitors and found that Ohmic behavior dominates in lower field range (<0.2 MV/cm)
whereas at higher field range (0.17-0.65 MV/cm) both Schottky and F-P emissions coexisted.
Since this study enables the origin of leakage current at different field ranges, leakage current

regulation can be realized by careful fabrication and proper choice of electrode material.

5.3.2.5 C-V Characteristics:
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Figure 5.30(a,b): C vs. V for MTO/BST and BST/MTO bilayer thin film measured at 1 kHz.

Variation of dielectric polarization of the MTO/BST and BST/MTO bilayer films to

applied AC voltage is studied. A significant variation in capacitance (C) value with applied
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AC voltage is observed and C vs. V curve, which is fitted linearly as shown in figure 5.27.
The slopes of the C vs. V plot for MTO/BST and BST/MTO bilayer films are found to be
1.529x10° FV-! and 4.913x10° FV, respectively.

5.4 Summary:

(1-x) MgTiO3—xBaosSrosTiOs3 (for x = 0.1 to 0.5) composite ceramics were successfully
prepared by solid-state reaction method. The XRD results also revealed the presence of a
mixed-phase # BaMgsTisO19 apart from independent phases of MTO and BST. The intensities
of the mixed phase were found to be enhanced with an increase in BST concentration as well
as sintering temperatures. The Raman spectra also complement the XRD results. The
microstructures of the composites also showed dependency on BST concentration as well as
sintering temperature. The sintering temperature of the MTO-BST composite ceramics is
optimized as 1350 °C, and the dielectric permittivity is found to be in the range of & ~ 20—
200, dielectric loss~1074-10" and Qxf,~17,806 GHz at 7.262 GHz to 988 GHz at
2.548 GHz. The temperature-dependent dielectric constant for the composite ceramics has
exhibited diffused transition as a typical signature of relaxor ferroelectrics due to the
compound response of ferroelectric BST and linear dielectric MTO. The diffuseness constants
extracted by modified Curie-Weiss law is found to be 1.002 for x=0.1 and 1.834 for x=0.5,
respectively. All the characterizations and analysis MTBS3 sintered at 1350 °C is optimized
and exhibited the best behavior with enhanced dielectric permittivity &=~57, loss of ~ 107
and Q xfo ~ 1,930 at 4.16 GHz. The obtained value of dielectric permittivity is much higher
than MTO ceramics and lower than pure BST ceramics, which may be attributed to the
compound response of dielectric polarization from both MTO and BST grains as well as
grains of mixed-phase BaMgeTisO19 ceramics. The Impedance analysis revealed the presence
of non-Debye type conductivity relaxation in the sample. The thermal stability of capacitance
has been estimated over the temperature range of (RT) —30 to +85 °C and found to be
~—54%. The optimized MTBS3 composite has exhibited high dielectric permittivity with low
loss tangent value and temperature stable capacitance favorable for the type-I1 capacitor in IC
applications.

MTO/BST and BST/MTO bilayer films have been deposited on the n-type substrate by
RF sputtering technique, respectively. BST/MTO bi-layer exhibited better structural stability
as compared to MTO/BST bi-layered film. The AFM analysis complemented the XRD results
revealing less RMS roughness and homogeneous topography for BST/MTO bi-layers. Further,
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the dielectric constant of the BST/MTO bi-layer was found to be intermediate to BST and
MTO in agreement with the theory of the parallel combination of individual capacitance in a
multilayer structure. In contrast, a huge dielectric constant of BST/MTO indicated the
accumulation of dipoles in the interface of MTO and BST layers for structural asymmetry.
The equivalent electrical circuit for MTO/BST and BST/MTO revealed the contribution of
both grain and grain-boundary in electrical responses. Leakage current analysis suggests both
Schottky emission and Space-charge limited-assisted leakage current. Further, the obtained
value of the slope of C versus V curves for both MTO/BST and BST/MTO bilayer films
revealed tunable dielectric property.
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CHAPTER 6: Conclusion and Future Scopes

A detailed study on the structural, microstructural, dielectric, and electrical properties
of MTO-based composite ceramic materials, in bulk as well as thin film form, was carried
out. Three MTO-based composite ceramics were prepared by adding BNO, STO, and BST
ceramics using the solid-state reaction method. In addition, MTO-BNO composite thin films
and heterostructures of MTO with STO and BST ceramic thin films were deposited using one

of the versatile techniques RF magnetron sputtering.

6.1 Conclusions:

The composite of two different phases having distinct crystallographic features, under
ideal conditions, generally tends to form a solid solution. However, the thermal-induced ionic
substitution during the material preparation can result in the formation of secondary and
mixed phases in the composites. For the studied ceramic composites, the final ceramic
product either exhibited only independent constituent ceramic phases or in addition to
secondary and mixed phases depending on the type of ceramics added to the MTO base. This
is attributed to the variation in the interaction of MTO with the three different added
ceramics. The MTO-BNO and MTO-BST composites revealed the formation of secondary
phase and mixed-phase along with the characteristic MTO-BNO and MTO-BST phases. The
MTO-STO composite, on the other hand, showed the independent MTO and STO phases with
a little crystallographic distortion caused by ionic substitution. The structural characteristics
and physical properties viz., dielectric constant, electrical conductivity, and optical bandgap
of composite ceramics are a combined response of constituent ceramics. For MTO-BNO and
MTO-STO composite ceramics, the negative z: value of MTO ceramics was successfully
tuned near zero at an optimized concentration. However, control over the structural property
for MTO-BNO composite was challenging. Therefore, MTO-STO composite ceramics is more
convenient for commercial applications in bulk quantity. The MTO-BST composite ceramic
also exhibited temperature stable dielectric property for type-Il capacitor applications. MTO-
based thin films also exhibited promising dielectric properties for integrated circuit

applications.

The following conclusions were drawn based on the extensive analysis carried out in this

study.
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MTO-BNO composite ceramics and thin films

e The structural and dielectric properties of the MTO-BNO composite ceramics
developed by using the conventional SSR method and microwave sintering process
are significantly influenced by the sintering temperature and percentage of BNO
content in the composite. The optimum value of the BNO content is 10% (x = 0.1) as
the structural properties display anomaly above x =0.1. An increase in the sintering
temperature (950-1030 °C), on the other hand, significantly improved the crystallinity,
relative density, and microwave dielectric property. The MTO-BNO composite with
10% BNO content (x = 0.1) at a sintering temperature of 1030 °C exhibited excellent
structural and dielectric properties, promising for dielectric resonator and antenna
applications. At this temperature, the MTO-BNO composite exhibited a maximum
relative density of 98% as well as suitable dielectric properties: dielectric constant (er)
~20, loss tangent (tand) ~ 10, and quality factor (Qxf,) = 60,230 GHz at 8.25 GHz
with ¢~ -5 ppm/°C.

e The crystallinity of the annealed 0.9MTO-0.1BNO thin films is primarily influenced
by the ratio of Ar/O; in the mixed ambiance during the deposition on n-type Si and
Si0; substrates by RF reactive magnetron sputtering at 400°C. The deposited thin film
exhibited the best post-annealing crystallinity in the mixed ambiance having a 50/50
Ar/Oz ratio.

e The lattice of the thin film undergoes strain during deposition due to the hetero-
epitaxial growth on the substrate. The lattice strain, RMS-roughness, and lattice
defects of the deposited films tend to be lower for higher film thicknesses. Thus,
better dielectric (microwave as well as low frequency), optical responses, and leakage
current control can be achieved by increasing the film thickness.

e The leakage current conductivity of the deposited thin films is primarily caused by
non-Debye, and non-overlapping small polaron hopping conduction process. The
leakage current can be lowered by minimizing the lattice strain and defects.

MTO-STO composite ceramics and thin films

e The MTO-STO composite ceramics at the sintering temperature of 1350°C exhibited
the best microwave dielectric properties and thermal stability (zz ~ 1.76 ppm/K) with
an STO content of 4%. The dielectric constant showed gradual improvement (18.74 -
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85.55) with an increase in the STO content and thermal activation which showed no
variation over a broad frequency range of (100Hz-100MHz).

e The perusal of Mott’s variable range hopping 3-d model revealed the dominance of
short-range hopping (< 3 nm) in composite ceramics. The activation energy for
conduction is found to be decreasing (172 meV - 83 meV for x = 0.04 -0.5) with STO
content attributed to the increase in number of density of states from 1.65 x1019 eV-
lem=t0 3.413x1020 eV-iem®,

e Three different bi-layer films with varying MTO thickness on the top of an STO layer
with fixed-thickness namely, STMT1, STMT2, and STMT3, were successfully
deposited by RF magnetron sputtering. Strain in the lattice structure of the STMT bi-
layer film is caused due to the non-epitaxial stacking. The surface morphology was
distinctly different for the three STMT bilayers as the strains experienced by the
surface layer atoms were different due to the changes in the MTO layer thickness.

e An improved microwave dielectric property was obtained for STMT3 film with
minimum loss tangent (1.89x107%) and considerable dielectric constant ~ 65 at 10
GHz. All the films exhibited more than 75% optical transparency and dropped to zero
near 300 nm, corresponding to the characteristic absorption edge. Frequency-
dependent dispersion of dielectric constant for STMT films followed Maxwell-
Wagner and Koop's phenomenological theory. The overall dielectric constant
decreases with an increase in MTO thickness. The dielectric constant remained
almost constant in the measured temperature range (303K-350K) for STMTS3 film.

e A shallow leakage current of the order of 10° A/cm? is recorded for a 200 kV/cm
field. Further analysis revealed that Schottky conduction and space charge limited
mechanisms are responsible in the lower field region and higher field region,

respectively.

MTO-BST composite ceramics and thin films

e The (1-x) MTO—x BST (for x = 0.1 to 0.5) composite ceramics were prepared by
using solid state reaction method. The maximum densification was optimized at
different sintering temperatures (1250 to 1400°C). The composite ceramics have

exhibited diffused transition as a typical signature of relaxor ferroelectrics with
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temperature. Modified Curie-Weiss law was implemented and calculated the

diffuseness constant to probe the relaxor behavior of the ceramics.

e The Impedance analysis in complex plane showed non-Debye type relaxation
behavior. Correlated barrier hopping mechanism is found to be responsible for
conduction process at higher frequency region in AC- conductivity analysis. The 0.7
MTO-0.3 BST composite ceramic sintered at a temperature (Ts) of 1350°C is
optimized as the best composition with 97% relative density, high dielectric
permittivity er ~ 57 and moderate quality factor, Q x fo = 19,30 GHz at 4.16 GHz. The
thermal stability of capacitance over the temperature range of (RT) — 30 to + 85 °C

was found to be ~ — 54%.

e The bi-layer thin films of MTO and BST ceramics were deposited on n-type Si by RF
magnetron sputtering technique by altering stacking order. Both the bi-layer thin films
exhibited independent MTO and BST phases. However, residual strain as well as
diffraction peak analysis revealed showed better stability in BST stacked on MTO
(BST/MTO) to MTO stacked BST (BST/MTQ) bi-layer thin film. Topography of
BST/MTO bilayer exhibited lower rms roughness (1.82 nm) to MTO/BST bi-layer rms
roughness ~ 49.2.

e The dielectric responses of the two bilayers: MTO/BST and BST/MTO exhibited
interesting role of stacking order. As theoretical estimation, BST/MTO bilayer
exhibited intermediate dielectric constant and loss (27.3 and~10?) to BST, MTO
monolayer at 100 kHz. However, the observed dielectric response for MTO/BST
showed anomaly attributed to generation of dipoles in the interface of individual

layers.

e The impedance spectroscopy analysis of the bi-layers revealed contribution of both

grain and grain boundary in conduction process.

e The leakage in MTO/BST (102 A/cm? at 100 kV/cm) bilayer is higher than that of
BST/MTO (10*A/cm? at 100 kV/cm) bilayer and Schottky emission and Space-charge

limited current contributes to the leakage current.
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Table 6.1:Comparison of dielectric properties of MTO based composite ceramics and thin

films.

S| | Sample details er tand T Te Measured
no. (ppm/K) frequency

0.9MTO-0.1BNO 20 10 -5 8.254 GHz
1 | composite ceramics

0.9MTO-0.1BNO thin | 14.66 | 10* 10 GHz

film

0.96MTO-0.04STO 18.74 | 10° +1.76 8.08 GHz
2 | composite ceramics

MTO/STO bilayer 65 103 10 GHz

thin film

0.7MTO-0.3BST 57 10 54 | 4.16 GHz
3 | composite ceramics %

MTO/BST bilayer 273 | 103 100 kHz

thin film

6.2 Future scopes

The studies on MTO-based composite ceramics showed improved microwave dielectric
properties for terrestrial applications where temperature fluctuation is inevitable. Similarly,
the MTO-based thin films also exhibited promising dielectric properties. However, more
studies are required to completely understand the MTO-based composite ceramics and thin
film systems. Some of the future scopes derived from the present study are as follows:

e In this work, the dielectric study of the MTO-BNO composite ceramics was carried
out only at a single value of BNO content i.e., x = 0.1. A more rigorous study on the
dielectric response of the MTO-BNO composite by varying the BNO content in the
range of x = 0 to 0.2 is necessary to develop a comprehensive understanding of the
composite system.

e The MTO-BNO composite thin films were subjected to the annealing treatment at a
temperature of 750- 800 °C to achieve better crystallinity. The effect of the annealing
temperature, was, however, not considered in the present study. Further, the influence
of the argon/oxygen ratio in the deposition chamber on the performance of MTO-BNO
composite thin films was not dealt with in detail. These two aspects can be addressed
in the future to acquire a better insight into the growth dynamics of thin films and the

evaluation of corresponding physical properties.
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e The compatibility of MTO-BNO thin films with the electrode material is crucial for
device application purposes, in order to minimize leakage current. A study on the
electric properties of composite thin films with different electrode materials,
therefore, is of significant importance.

e Multilayer and bilayer MTO and BNO ceramic thin films are other aspects that can be
explored in the future and can be assessed with respect to the MTO-BNO composite
ceramic thin films.

e MTO-BST composite ceramics are proposed for tunable microwave device
applications, therefore tunability studies for MTO-BST composite ceramics at
different measuring temperatures can be explored for terrestrial device application
purposes.

e In addition to MTO/STO bilayer studies, the multilayer structure of thin alternate
MTQ and STO layers would provide a better understanding of heterostructures.

e In addition to MTO/BST bilayer studies, the multilayer structure of thin alternate MTO
and BST layers is necessary to understand the observed anomaly in dielectric
properties of MTO/BST and BST/MTO bilayer thin films.

e The effect of substrate material is also important to understand as lattice mismatch
affects the structural properties of deposited films.
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