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ABSTRACT

Recently metal chalcogenide semiconductors have attracted extensive importance in
different fields due to their exceptional electrical and magnetic properties. Among them,
the 1V-VI metal chalcogenide with precise dielectric and magnetic properties are in
good demand for several microelectronic and spintronic applications. Tin Selenide
(SnSe) is the most promising material among all of the above, due to its extraordinary
physical and chemical properties. Doping of suitable elements into SnSe can alter
electrical and magnetic properties. Hence in this regard, the present thesis focussed on
the synthesis of alkali (Na, K) and transition (Co, Fe) doped Tin Selenide (SnSe)
polycrystals using hydrothermal method. The alkali metals, Sodium (Na) and Potassium
(K) will effectively tune the concentration of charge carriers thereby affecting the
electric and dielectric properties of the host lattice SnSe. The transition metals, Cobalt
(Co) and Iron (Fe) doping into SnSe will induce magnetism which is useful for
spintronic applications. The dielectric properties of alkali and transition metal doped
SnSe were investigated from room temperature to 523 K in a frequency range of 100
Hz- 12 MHz. Among all the dopants, Nao.20Sno.soSe exhibited good dielectric properties
such as high dielectric constant (1.35x10%°) and AC conductivity at 523 K. The
variation of frequency exponent ‘s’ in all the doped samples showed that Correlated
Barrier Hopping (CBH) is the probable mechanism for the hopping of charge carriers in
all the samples. Electrical modulus studies for all the alkali and transition metal doped
SnSe showed a single semi-circular arc indicating a non-Debye type relaxation
mechanism. The values of dielectric parameters will find promising applications of the
alkali and transition metal doped SnSe in microelectronic, capacitive storage, electro-
optic, and high-frequency related devices. Room temperature ferromagnetism is
observed in both the Co and Fe doped SnSe. The Coo.10Sno.90Se (0.1342 emu/g) and
Feo.10Sno.90Se (0.14087 emu/g) have obtained large saturation magnetization values
respectively. These transition metal-doped SnSe polycrystals have applications in data
storage and spintronic devices. The cost-effective hydrothermally synthesized alkali
(Na, K) and transition (Co, Fe) metal-doped SnSe polycrystals are promising candidates

for microelectronic and Spintronic device applications.
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CHAPTER 1: Introduction

1.1 IV-VI metal chalcogenides

Semiconductor materials are now the pillars of advanced technology. There
would be no electronics, photonic, or fiber optic communication industries without
them. There is little advanced optical equipment available, and there are some
significant gaps in conventional manufacturing engineering. The advancement of
semiconducting material synthesis and epitaxial technology is in high demand due to its
critical role in the progress of numerous important areas such as the fabrication of high-
efficiency photovoltaic cells and detectors for alternative energy and medicine, as well
as the production of light emitting diodes. Many metal chalcogenides, which are metal
and non-metal compounds containing S, Se, or Te, are important in new technologies.
These "high-tech” chalcogenides have numerous applications. The rapidly expanding
field of applied material science requires materials to be affordable, non-toxic,
environmentally benign, simple to synthesis, and highly competitive in performing
specific tasks. Due to their use virtually in every industry, versatile materials have
recently attracted a lot of attention. Group 1V-VI monochalcogenide materials have
demonstrated considerable potential for applications in energy, electrical, and
optoelectronic devices. Research in these areas is a fast-expanding field of study. In
recent times, the IV-VI metal chalcogenide semiconductors have attained great research
importance due to their novel physical and chemical properties. These properties of V-
VI metal chalcogenides have resulted in diverse applications in several fields such as
thermoelectric [1,2], solar cells [3,4], Li-ion batteries [5], supercapacitors [6], photo
catalysis [7,8], optoelectronics [9], phase-change memory devices [10], and
photovoltaic [11]. The IV-VI metal chalcogenide semiconducting materials with precise
dielectric properties are in good demand for several electronic, optoelectronic, and solar
cell device applications [9,12,13]. Among IV-VI layered compounds, Tin Selenide
(SnSe) has attracted considerable attention on account of its semiconducting,

anisotropic, and optical properties.
1.1.1 Tin Selenide (SnSe)

Tin Selenide (SnSe) is non-toxic, inexpensive, and available abundantly on the earth. It
is a narrow band gap p-type semiconductor material having indirect (0.9 eV) and direct
band gaps (1.3 eV) respectively [14]. SnSe has a layered orthorhombic structure with

pnma space group at room temperature and undergoes a phase transition to the cmcm




space group at 800 K. The phase diagram and crystal structure of SnSe is given in fig.
1.1 [15]. Its crystal structure is similar to SnS. SnSe also possesses a very high
absorption coefficient and hence can be used in various applications, such as in the
fabrication of high-performance electronic devices and as an absorber layer in solar
cells to replace other toxic and expensive absorber layers like CdTe and Copper Indium
Gallium Selenium (CIGS). Tin selenide is found in two forms: SnSe and SnSe,. SnSe
has two crystallographic phases, orthorhombic (a-SnSe) and cubic (n-SnSe), and SnSe>
has a hexagonal crystal structure [12]. The n-SnSe material is mechanically stable and
energetically comparable to a-SnSe and has already shown potential in the piezoelectric
application [15]. SnSe exhibits extreme anisotropy in its lattice vibrational, optical, and
electronic properties and perhaps shows some characteristic features of the two-
dimensional or layer-type semiconductors [2,16]. Some researchers have observed
another phase, Sn»Ses, but this phase is the superposition of SnSe and SnSe> [17].
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Figure 1.1 Crystal structure and phase diagram of SnSe. This figure is adapted from
ref.15.

Tin selenide has proven to be versatile in a variety of applications, including topological
insulators, photodetectors, phase change memory, gas sensor, solar cells, photocatalysis,
and thermoelectric. These applications heavily rely on the SnSe characteristics (optical,
electrical and micro-structural, etc.). Material synthesis techniques, in addition to
material attributes, are crucial for producing high-quality materials. Doping is an

important parameter to improve the physical properties of semiconductors and results in
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remarkable effects compared to undoped material. SnSe exhibits a p-type electrical
conductivity and its conductivity can be altered by using different dopants such as Na,
K, Ag, Cu, Zn, La, Bi, Co, Fe etc.,. SnSe can be prepared by traditional fabrication
techniques such as melting and mechanical alloying. However, it is challenging to
achieve morphological control of the prepared SnSe products. Advanced aqueous
synthesis-based solution techniques have been successfully applied to polycrystalline
SnSe to address this problem and are one of the most practical ways to produce SnSe
polycrystals. Advanced aqueous synthesis-based solution approaches provide distinct
benefits over conventional melting and mechanical alloying methods, including
convenient morphological control to produce high anisotropy and remarkable high
doping solubility. A specific number of aqueous solution methods have been developed

to prepare SnSe polycrystals are:

1.1.1.1 Co-precipitation method

In this method a salt precursor (chloride, nitrite etc.) is dissolved in water or other
solvents to precipitate the oxohydroxide form with the help of a base. The resulting
chloride salts are subsequently rinsed away. Only metal hydroxide may occasionally
precipitate; this metal hydroxide is then calcined to produce the final powder after
filtration and washing. One disadvantage of this method is the difficulty to control
particle size distribution.

1.1.1.2 Facile Surfactant-Free Synthesis

This approach is used because the substance can be synthesised without surfactants. On
the other hand, the procedures using organic surfactants or solvents have extremely low
yields, i.e., milligram amounts of materials, whereas the surfactant-free synthesis can
produce high yields, i.e., nanoparticles in gram quantities.

1.1.1.3 Solvothermal Method

Solvothermal process incorporates the chemical reaction under high pressure (ranging
between and low temperature within an enclosed system with the existence of non-
aqueous solvent. It is engrossing to note that the desired powder can be derived directly
from the solution in contrary to other methods. This technique is significantly effective
in the preparation of the materials containing well defined and distinct geometrical
shape (0D, 1D, 2D and 3D). Such morphologies have been regulated by using the
appropriate surfactant at monitored pH. This identical process is presumed to be
hydrothermal if the non-aqueous solvent is replaced with water. It proves to be an
excellent solvent for ionic compounds as well as can dissolve non-ionic compounds

even under the influence of high pressure along with the suitable temperature. Various

3



solvents possess different characteristics, such as boiling point, vapor pressure, and
solubility of precursors.

1.1.1.4 Hydrothermal Method

Water is used as the solvent in the hydrothermal technique of material preparation,
which can dissolve, react, and crystallize precursors like the conventional aqueous
solution route. The difference is that hydrothermal reactions take place at high pressures
and temperatures, typically above the point at which water begins to boil. This allows
for a high vapour pressure, which in turn enables the reaction to fulfill certain essential
conditions. As a result, post-treatment is applied to the synthesized products, which
includes washing, drying, and separation. In a typical hydrothermal synthesis, a water
solution is utilized as the reaction medium in a specialized closed reaction vessel
(autoclave) to produce a high-temperature (>100 °C), high-pressure (1-100 MPa),
reaction environment by heating the reaction vessel, causing the typically insoluble
precursors to be dissolved, reacted, and/or converted.

We chose the hydrothermal method over the other methods because of its
advantages, including complete crystal growth, controllable crystal size, uniform
distribution, weak agglomeration, significant efficiency, competitive productivity, and
increased cost-effectiveness due to the use of relatively inexpensive raw materials, as
well as ease of achieving the desired stoichiometry and crystal form at a much lower

temperature.
Part-1:
1.2  Dielectric Spectroscopy

Dielectric Spectroscopy (DS) is a powerful and easy tool used to investigate
dielectric properties of materials as a function of frequency which is based on the
interaction of electric dipole moment with an external field. We have chosen this
technique for investigating the electrical properties of alkali and transition metal doped
SnSe because of its sensitivity to any weak change in structure and dynamics. This
technique operates in a wide range of frequencies (10° - 10 Hz); however, all
frequency ranges have not been equally available for measurement as it requires
complex and expensive equipment. The study of dielectric properties of nano-sized
materials is important for both fundamental and application-oriented research. Grains
and grain boundaries present in nano-sized materials play important role in determining
their electrical properties. The majority of atoms are present in the grain boundary or

within a few atomic layers of it. The interface regions are bound to have a high




concentration of vacancies, vacancy clusters, dangling bonds, and other properties that
can control the properties of these materials. In the writing of this section of the thesis,
we aim to demonstrate some of the basic concepts used to explain the dielectric
properties of investigated samples. Depending upon the nature of the given material,
there are four types of polarizations [18].

1.2.1 Types of polarizations

i.  Space charge/interfacial polarization

Space charge or interfacial polarization appears in those dielectric substances in which
the charge carriers can travel to some distance inside the material and as a consequence
it macroscopic field gets distorted. This type of polarization is the only kind that
involves macroscopic charge transport. In this polarization, charges are accumulated at
the interface of the two materials, the interface of two regions of the same material
(grain boundary), and the material-electrode interface. This polarization is further
divided into hopping and interfacial polarizations. The hopping mechanism of
polarization is observed due to the hopping of localized charge carriers from one site to
another inside the dielectric material. The interfacial polarization is caused by the
external electric field via the separation of positive and negative charges. The
interfacial/space polarization usually appears in the polycrystalline/amorphous materials

and at the lower frequency side.

Figure 1.2 Schematic representation of Space charge polarization.

ii.  Orientation/dipolar polarization

This kind of polarization happens in materials having permanent dipole
moments. In the absence of an electric field, the thermal agitation arranges the dipoles
in a way to cancel out the dipole moment. As a result of this, the net dipole moment of
the material becomes zero. But under the effect of an external electric filed, the dipoles
get orientated in the direction of the applied field giving rise to the net dipole moment
and this type of polarization is known as orientation (dipolar) polarization. The dipole
polarization is limited to the microwave frequency domain and shows inverse

temperature dependence.




Figure 1.3 Schematic representation of orientation polarization.

iii.  lonic polarization

lonic polarization exists in molecular crystals in which the constituent atoms are
connected via ionic bonding. In the absence of an external field, these ionic crystals
have zero net polarization as the dipole moments of the positive and negative ions
cancel each other. But under the external field, the ions get displaced from their
equilibrium positions giving rise to the induced polarization which is known as ionic
polarization. The ionic polarizability is often 10 times larger than the electronic
polarizability, as a result, the ionic materials are known to have high dielectric constant.

lonic polarization is temperature independent and active below infrared frequency

domain.
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Figure 1.4 Schematic representation of ionic polarization.

iv.  Atomic/electronic polarization

Electronic/atomic polarization is observed in all dielectric materials and is a
microscopic polarization, which is found to be the most fundamental polarization
mechanism shown by dielectric materials. Electronic polarization appears when a
dielectric material is subjected to an external electric field. Then the center of charge of
the electron cloud and positively charged nucleus get displaced from their original
positions which leads to the generation of induced dipoles and thus gives rise to
electronic polarization. This polarization is also temperature independent and active in

almost the entire frequency domain.
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Figure 1.5 Schematic representation of atomic polarization.

1.2.3 Applications of dielectric materials

High dielectric materials are of greater technological importance due to their potential in
integrated electronic devices, tuneable microwave devices applications, and as bypass
capacitors in microelectronics and energy-storing devices [19]. Capacitors are crucial
components in electrical and electronic circuits because they perform a variety of tasks,
such as blocking, coupling, and decoupling, separating AC from DC, filtering, adjusting
power factors, and storing energy.

Part-11

1.3 Spintronics-Brief history

In the current era of technology, the advancement of developing functional magnetic
semiconductors is much needed to bring revolutionary changes in designing and
fabrication of a device. In conventional integrated circuits and high-frequency devices,
capacitors and semiconductors used the charge to process binary digits of information
(0 and 1). Magnetic recordings, on the other hand, stored information using spin
alignments. These separate processes used to necessitate a lot of energy and space.
Later, using the charge and spin magnetic moments of the electron, the researchers were
able to combine the electrical and magnetic properties in a single device. The
association of the charge with the spin has thus given rise to a new intrinsic property
called spintronic property, which has greatly alleviated the issues of high energy
consumption and bigger size. These devices are based on spin transport electronics and
require little space, little energy, and function quickly like in spin-dependent transport
structures. To produce exceptional modernistic sturdy gadgets, spintronics includes spin

transport of electronics.
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Figure 1.6 Schematic representation of electron’s behavior as a tiny magnet.

1.3.1 Diluted Magnetic Semiconductors

Diluted magnetic semiconductors (DMS) are semi-magnetic semiconductors with a
lattice that contains some substitutional magnetic atoms. The exchange interaction
between the spins of the dopant atoms and the carriers in the semiconductor host is
expected to produce ferromagnetic order throughout the lattice. Spintronics, also known
as magneto electronics, is a new technology that uses the electron's intrinsic spin as well
as its associated magnetic moment, in addition to its fundamental electronic charge.
There is a boundless search for new dilute magnetic semiconductors that are
ferromagnetic at ambient temperature due to their promising spintronic applications.
DMS can be employed for information processing and data storage functionalities. They
also can be used in multifunctional fields such as optical, gas sensing, and

optoelectronic devices.
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Figure 1.7 (a) A non-magnetic semiconductor, (b) a magnetic semiconductor; and (c) a
diluted magnetic semiconductor. The two types of circles represent the two different
atoms making up the compound semiconductor.
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To achieve control upon both electronic charge and spin, the I1-VI, 11-V, I11-V, and 1V-
VI binary compounds can be doped by transition metals which will further influence the
electrical and magnetic properties over applied external electric fields. In particular,
nowadays research has been focussed on the transition metal doped I1V-VI
semiconductors which can exhibit carrier concentration changes by way of governing
native defects and also can be utilized to manipulate ferromagnetism. Among the 1V-VI
semiconductors, Tin Selenide (SnSe) is an important material because of its unique

properties. DMSs are classified into different groups such as

Types of DMS materials

II-VI II-V II1-v IV-VI
semiconductors semiconductors semiconductors semiconductors
] v v

Eg: SnTe, PbTe,
SnS , SnSe and
metal oxides like
Tio,, Zro,, HfO,
and SnO_etc.

Eg: ZnTe, ZnS,
ZnSe, Cdse, Cds,
Cuo0, Zno etc.

Eg: GaAs, InAs,
GaN etc.

Eg: ZnAs, ZnP etc.

Figure 1.8 Schematic representations of different DMS materials.
1.3.2 Models explaining ferromagnetism in DMS

Since the discovery of DMSs, several different theoretical models have been proposed
to explain the origin of ferromagnetism in DMSs, but the true nature of the mechanisms
responsible for its origin is not fully understood and explained even today.

Amongst many few of the most commonly used theoretical models that have been used

to explain ferromagnetism in DMSs are summarized as:

1.3.2.1 Direct Exchange Interaction

These interactions are short-range couplings between magnetic atoms that are robust
magnetic interactions. According to Mathias Getzlaff (2008) [20], these interactions are
possible between very close magnetic atoms when their wave functions overlap due to
minimal columbic interactions. When two magnetic atoms are very close together, there
is a high probability that an electron will pass between the two nuclei. If the electron
spins are anti-parallel it is understood as negative exchange (antiferromagnetism) and if
electron spins are in parallel then it is understood to result in positive interaction
(ferromagnetic interaction). The balance between the kinetic and columbic energy

determines the value of this interaction.




1.3.2.2 Indirect Exchange interaction

An indirect exchange couple spins over a long distance. Metal electrons overlap with an
intermediate medium for each other. The medium for these indirect exchange
interactions is lattice defects or conduction band electrons.

I. Super exchange Interaction

The magnetic interactions between d electrons of transition metal ions are mediated by
the intermediate anions. This is known as a superexchange interaction. Because of the
sp-d exchange interaction, based on their spin orientation, the electrons in the valence
band will be attracted or repulsed by a given magnetic ion. If the band is completely
filled, this causes a spatial separation between spin-down and spin-up electrons. This
separation causes anti-ferromagnetic interactions between neighbouring localized spins.
The super exchange interaction explains the coupling of nearest neighbouring transition
metals via a shared cation. The 'p' and 'd' orbitals are completely filled by virtual
hopping.

ii. Double Exchange Interaction

This interaction occurs when the width of the carrier band (W) is less than the exchange
energy, which is typical for bands originating from d states. As observed in another
study by Zener[21], spin ordering enables carrier hopping over the d states, the
ferromagnetic transition is driven by a decrease in carrier energy caused by an increase
in carrier band (W). As a result, spin ordering is always accompanied by a significant
rise in conductivity, resulting in colossal magneto resistance, which is normally greater
in magnitude than the giant magneto resistance, as observed in multilayer magnetic
metals. The interaction between distinct oxidation states of cation in a medium of non-
magnetic anion is known as double-exchange interaction. In 1951, Zener proposed the
Double-exchange interaction mechanism using Mn*" 0% Mn3'[21]. The electron shifts
from the Mn®" ion to the nonmagnetic anion, then to the Mn** cations.

iii. Ruderman-Kittel-Kasuya-Yosida (RKKY) Interaction

Above mentioned theoretical models have been used frequently to explain the origin of
expected magnetism where carrier concentrations are not so high. In contrast to this, if
the available carrier concentration is sufficiently high, as in the case of a metallic
system, the carrier-mediated exchange interactions (Ruderman—Kittel-Kasuya—Yosida
(RKKY) interaction) are found more reliable. The indirect exchange coupling between
the magnetic ion and the band electrons is described by the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) mechanism. Interactions between delocalized band electron

conduction and localized electrons in the d or f shells. The electrons in the conduction
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band interact with magnetic ion electrons and become magnetized as a result of the
interactions. Polarized electrons oscillate, inducing an antiferromagnetic behaviour of
ferromagnetic interactions. In the end, a long-distance exchange interaction leads to net
magnetization in the entire system. The distance between magnetic ions determines
whether they are ferromagnetic or anti-ferromagnetic.
1.3.2.3 Bound magnetic polarons
The concept of the bound magnetic polaron (BMP) model was first proposed by
Torrance et al. (1972) [22]. This model was developed to explain the low-temperature
metal-to-insulator transition in oxygen-deficient EuO compounds. In this case, oxygen
acts as an electron donor, and electron trapping in oxygen vacancies retains the
insulating nature. The orbital of the host lattice orbital is occupied by the trapped
electrons, and the magnetic polarons cause long-range exchange interactions between
the cation and oxygen vacancies. The weak interaction between nearest neighbouring
polarons seems to be a paramagnetic exchange interaction. This model explains the
formation of bound magnetic polarons as the result of the exchange interaction between
many localized transition metal ion spins and a much smaller number of weakly
localized charge carriers. When more than two or more neighbouring magnetic polarons
overlap each other, it directs to a long-range ferromagnetic ordering, and when the
polaron size equals the sample size, the ferromagnetic transition occurs. According to
Coey [23] (Coey, J. M. D. et al., 2005) when this model is applied to diluted magnetic
semiconductors, the shallow donor electrons trapped by the vacancies tend to form
bound magnetic polarons within their hydrogenic orbits, which mediate the
ferromagnetic exchange coupling of transition metal ions in n-type diluted magnetic
semiconductors.
1.3.3 Applications of DMS

The DMS materials are used to work as functional materials which can transport
spin and electrons at room temperature, namely spintronics. It is possible to transfer
reading and writing information using spin rather than by charge. And also the possible
applications of DMS include magnetic sensors and actuators, and integrated magnetic
electronic and optical devices.

1.4 Literature review related to dielectric properties of SnSe

The research reported till now related to dielectric properties of SnSe-based thin
films and single crystals only [24,25]. For example, Solanki et.al. reported the dielectric
properties of pure SnSe nanoparticles using chemical precipitation method and Te

doped SnSe using direct vapor transport technique [26,27]. In literature, researchers
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have studied the dielectric properties of various metal chalcogenide semiconductors
which include SnS nanoparticles [28], SnS doped with Co, Fe and Ni [29-31], PbS and

PbTe nanomaterials [32], PbS nanostructures[33],[34] Two-dimensional lead sulfide

nanosheets [34], MC-PbS polymer nanocomposite films [35], PbS nano sheets with Ni
doping [36], CdS nano particles [37], Bi>S3 [38] and NiSz [39] nano particles which are

excellent materials for dielectric applications. Tin Selenide (SnSe) is the 1V-VI layered

semiconductor that is well-studied for thermoelectric applications. Several research

works have been reported for the thermoelectric properties of Na, K-doped SnSe [40—

49]. However, there is no sufficient literature regarding the dielectric properties of pure

SnSe, alkali, and transition metal doped SnSe.

Property
. Method of : :
S.No Material preparation Eg:)er:gfégltc AC conductivity | Reference
(order of) (order of) (S/m)
1 PbS and PbTe | Hydrothermal | 10%-10’ 103 10° [32]
nanomaterials | method
2 PbS Surfactant- 10%-10° - [33]
nanostructures | assisted reflux
synthesis
3 Two- solid state 10* 102 [34]
dimensional reaction
lead sulphide method
nanosheets
4 MC-PbS In situ 104 102 10% [35]
polymer chemical
nanocomposite | reduction
films
5 PbS nano solid state 10? 103 [36]
sheets with Ni | reaction
doping method
6 Co-doped SnS | Co- 10° 0.6 [29]
precipitation
7 Sni—xNixS Co- 10° 0.9 [31]
(xni=0-10) precipitation
8 Fe doped SnS | Co- 10° 0.5 [30]
precipitation
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9 Tin Sulphide | Wet chemical | 1 - [28]
nano particles | synthesis
10 Tin Selenide Thermal 10" -1.28 [24]
Films evaporation
11 TIN Encapsulated | 14 10° [25]
SELENIDE selenization
THIN FILMS
12 SnSe, e, . Direct Vapor | 10 10° [27]
Technique
(DVT)
13 Tin Selenide Chemical 10° - [26]
Nanoparticles | precipitation
1.5  Literature review related to magnetic properties of SnSe

Recently, few researchers have investigated the electrical and magnetic studies of
transition metal-doped SnSe by computing their first-principle calculations using
Density Functional Theory [50-53]. Lu et.al. concluded that 3d-orbits of transition
elements efficiently change the bandgap and spin polarization of the SnSe monolayers
and also these narrowband transition metal-doped DMS can have probable advantages
in the fields of optoelectronic and spintronic devices [51]. However, most of them
focused on magnetic studies and coupling of Mn and Fe doped SnSe monolayers. Isber
et al. reported the crystal growth and magnetic studies of Eu doped SnSe single crystals
obtained using the Bridgeman method [54]. Recently, Liu et al. prepared Co doped
SnSe thin films by thermal evaporation and investigated the thermoelectric and
magnetic properties which have concluded that Co induces magnetism in SnSe lattice
[55].

Synthesis

S.No Title method Property Reference
1 grc])édoped Co-precipitation gﬂn’fu o ?gr XZ%.%%GS [29]
2 ls\lri]-sdoped Co-precipitation ?gfgo(?.l%w emu/g [31]
3 gis doped | ¢-precipitation g/lmsu /o ?;r X:%_(i%m [30]
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SnSe  with Thermal
4 transition : - [53]

. evaporation
metal doping

SnSe doped encapsulated
5 by transition psule - [52]

] selenization
metals:

Transition- Direct Vapor

6 I\D/Ietal .| Transport - [50]
opants N | 4o hnique (DVT)
B-SnSe q
SnSe
Monolayer
7 via Doping Cher_nl_cal_ ) [51]
of precipitation
Transition-
Metal Atoms
Bridgmen
8 SnixEuxSe method ) [54]

Co  doped | Vacuum thermal | magnetic moment

SnSe films | evaporation is 20 emu/cm3 [55]

1.6 Motivation

As observed from the literature, SnSe is well-studied for thermoelectric,
photovoltaic, and optoelectronic applications. Our work will not focus on thermoelectric
studies. We focussed on the preparation of this material with alkali metal and transition
metal dopants. This was aimed at applying this material for dielectrics and spintronics
applications. Doping of Group-I alkali metals like Na and K into SnSe leads to change
the carrier concentration and effect bandgap of the host lattice. There by Na, K will
influence the structural, morphological, optical, and dielectric properties. The transition
metals like Co and Fe doping into SnSe change the electrical, and optical properties and
induces magnetism in SnSe. Literature survey indicates that experimental investigations
on the effects of doping SnSe with alkali metals and transition metals for dielectric and
magnetic properties are scarce.

Various synthesis methods have been used for the preparation of polycrystalline
SnSe. These include solid-state reaction, vacuum melting, mechanical alloying, wet
chemical methods such as hydrothermal, solvothermal, and chemical precipitation. The
solid-state reaction, vacuum melting, and mechanical alloying methods employ high
processing temperatures; demand the use of special equipment, and the need to work
with toxic reagents. The solvothermal method utilizes organic solvents while the

morphology of the sample cannot be controlled in the chemical precipitation method. In
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comparison, the hydrothermal method has the advantage that it can be carried out in an
aqueous medium at low temperatures is economical, and easy to synthesize.

To date, no research has been reported on the effect of alkali and transition metal
doped into SnSe prepared by hydrothermal method for its dielectric and magnetic
properties in particular. Therefore the study of morphological, optical, and dielectric
studies has been undertaken keeping in mind the simplicity and cost-effectiveness of the
hydrothermal approach for all cases. In addition, magnetic property studies have been
studied in transition metal doped SnSe.

1.7 Objectives of the Thesis Work

The objective of the present study is to carry out the under-mentioned
investigations. The dielectric measurements in all cases have been undertaken in the
temperature range of 323K -523 K and in the frequency range of 100 Hz to 12 MHz.
The magnetic studies were undertaken at room temperature.

e Synthesis and characterization of alkali metal (a) Na , (b) K doped SnSe
polycrystals through hydrothermal method and understand their structural,
morphological properties

e Study of the optical and dielectric properties of alkali doped SnSe for the
application of optoelectronic and dielectric devices. This includes temperature
and frequency dependent dielectric and electric modulus studies of alkali doped
SnSe

e Preparation and characterization of transition metal (c) Co (d) Fe doped SnSe
polycrystals using hydrothermal method.

e The optical and dielectric properties of transition metal doped SnSe for the
application of optoelectronic and dielectric devices. This includes temperature
and frequency dependent dielectric and electric modulus studies of transition
metal Co, Fe doped SnSe polycrystals.

e Study the room temperature magnetic studies of Co doped SnSe and Fe doped

SnSe for spintronic applications.

1.8 Organization of the thesis

The thesis is organized in to seven chapters as mentioned below
Chapter 1
The first chapter discusses the recent research on IV-VI metal chalcogenide
semiconductors for various applications in the fields of dielectric and magnetic
properties of materials. The background for diluted magnetic semiconductors (DMS)

which are useful for data processing and spintronic applications is discussed. The
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specific properties of SnSe that make it important among the IV-VI layered
semiconductors, is discussed. The various preparation methods for SnSe polycrystals
were explained. In comparison to other methods hydrothermal method is used due to its
advantages over the other methods.

Chapter 2

This chapter deals with the synthesis procedure and material characterization techniques
used in the current study. Further, the details of the characterizations and dielectric and
magnetic property measurement techniques that are used in the present work have been
discussed in this chapter. Structural parameters like average crystallite size and lattice
parameters have been calculated by PAN-Analytical powder X-ray Diffraction (XRD).
Morphological studies are obtained using Scanning Electron Microscope (Tescan, Vega
3 LMU), (SEM), Field emission scanning electron microscope (FESEM), and High
Resolution Transmission Electron Microscopy (HRTEM) (HR-TEM, Jeol/JEM 2100).
Elemental composition was confirmed by Energy Dispersive X-Ray Analysis (EDAX)
(Tescan, Vega 3 LMU). The direct and indirect bandgaps were determined using UV-
Vis-NIR Diffuse Reflectance Spectroscopy (Carry 5000). The valence states of atoms
are revealed by X-ray photoelectron spectroscopy (XPS) ) (K-Alpha electron
spectrometer, Thermofisher). The dielectric parameters such as dielectric constant,
dielectric loss, dielectric loss tangent and, AC conductivity were measured by using the
Solartron S11260A impedance/gain-phase analyzer for frequencies from 100 Hz to 12
MHz. The Room temperature magnetic parameters like Saturation magnetization (Ms),
Coercivity (Hc), and retentivity (Mgr) were investigated in the range of -15000 G to
+15000 G by Vibrating Sample Magnetometer (Lake Shore).

Chapter 3

This chapter provides information about the structural, morphological, optical, and
dielectric properties of Na-doped SnSe polycrystals prepared by hydrothermal method
at 170 °C. The structural properties were investigated using XRD. The morphology for
x=0.20, the sample showed 3D flower-like structure. The optical studies showed that
both indirect and direct bandgaps are narrowed as Na doping increases into SnSe.
Further, the room temperature and high temperature dielectric studies were discussed in
detailed.

Chapter 4

This chapter gives the detailed synthesis procedure for K-doped SnSe using

hydrothermal method 170 °C. The single phase structural parameters and morphological

16



studies were explored. Then optical studies were measured for K-doped SnSe. Later,

dielectric studies discussed in detail at room and high temperature respectively.
Chapter 5

In this chapter the Co-doped SnSe polycrystals were successfully prepared by
hydrothermal method at 150°C. Then the structural and morphological studies for the
prepared Co doped SnSe were investigated. The bandgap values revealed the optical
properties of the prepared samples. The oxidation states of the elements present in Co-
doped SnSe were obtained using XPS. Later the room temperature and temperature
dependent dielectric studies were discussed in detail. Further, magnetic properties for

Co doped SnSe were measured at room temperature.
Chapter 6

This chapter illustrates the preparation of Fe doped SnSe by hydrothermal method at
150 °c. Then the structural and morphological studies were discussed. To obtain the
bandgap values for Fe doped SnSe polycrystals, optical studies were investigated. The
chemical states of the elements present in Fe doped SnSe were obtained using XPS.
Then dielectric studies for Fe doped SnSe were discussed at room temperature and high-
temperature respectively. Finally, room temperature magnetic properties for Fe doped

SnSe were measured which are having applications in spintronic devices.
Chapter 7

Chapter 7 represents the summary and conclusions taken from the studies on structural,
morphological, optical, dielectric and magnetic properties of alkali (Na, K) and
transition (Co, Fe) metal doped SnSe prepared by hydrothermal method. Finally it gives

the future scope of the thesis.
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CHAPTER 2: Material Characterization and Measurements

This chapter provides the complete information about the synthesis methods
followed for the preparation of alkali and transition metal doped Tin Selenide
compounds. Further, it gives the insight into the characterization and measurement
techniques used to evaluate structural, morphological, optical, dielectric and magnetic
properties of synthesized materials are discussed. It also explains steps followed to
prepare pellets for dielectric measurements
The advantages and reasons for selection of hydrothermal method adopted for sample
preparation has been covered in the previous chapter.

2.1.  Hydrothermal method

The Hydrothermal reaction takes place under the conditions of high-pressure and high-
temperature. Generally above the boiling temperature of water in order to achieve a high
vapor pressure and meet specific critical conditions. This process blends precursor
materials with an aqueous solution in a specific end-product stoichiometry. The mixture
is sealed in an autoclave. The solution become pressurized and subjected to a
temperature above the solvent critical point for chemical reactions. Finally, the
autoclave was allowed to cool to room temperature. The obtained products are then
subjected to a post-treatment process that includes isolation, washing, and drying. The

obtained product is ground into a fine powder for later use.

2.2 Materials Characterization
2.2.1 X-ray diffraction

X-ray Diffraction (XRD) is one of the most traditional, basic non-destructive
techniques to analyse the crystal structure of the materials. The information about the
crystal structure is obtained by the interaction of X-rays with the atoms in a crystal
plane of the samples. When a monochromatic X-ray beam incident on the sample it is
diffracted at different angles that are received by the detector. The diffraction of X-ray
beam is originated from the boundaries of atoms present in a crystal planes. When the
diffracted X-rays originated from different set of crystal planes are in-phase, they
undergo constructive interference and to produce maximum intensity at that particular
glancing angle (0). Besides, when the diffracted X-rays are in out of phase then they
interfere destructively and produced minimum intensity. The crystal structure is
determined by Bragg's law using the interference of these diffracted beams from the
various crystal planes. Bragg’s law is first proposed in 1913 by Lawrence Bragg and his
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father, William Henry Bragg. According to Bragg, every diffracted beam has a set of
crystal planes from which it appears to be spectacularly reflected [56,57]. These
reflected X-rays interfere and produce diffraction pattern only when the Bragg’s law is
satisfied. The Bragg’s condition for obtaining the diffraction pattern of the material is
that the path difference between two x-ray beams that are diffracted from the two
successive crystal planes is equal to the integral multiple of incident X-ray wavelength

which is given in below equation.

2d sinf = nd (2.1)

Where n is an integer (n=1, 2, 3, etc) and X is the wavelength of X-ray (A= 1.5406 A),
and d is Lattice spacing. The peak positions i.e., the angle of diffraction and peak
intensities are the important parameters to analyse the crystal structure of the materials.
Each peak present in the diffraction pattern is corresponding to the set of crystal planes
which are indicated by miller indices (h k I). These miller indices values and the lattice
d-spacing are used to calculate the lattice parameters (a, b, ¢) of all the samples using
the relation given below.

LK e E
d_:_n:+b=+c: (22)

The crystalline size (D) of the particles can be calculated by using Scherrer equation:

kd
D=
BCosd

(2.3)

Where k is the geometrical factor and is equals to 0.9, and f is the full width at half
maximum (FWHM). The strain is calculated using the Stokes Wilson formula given by

Eqn. (3) [58]

B

Strain (g) = pp—
an

(2.4)

The dislocation density is calculated using Eqgn. (4) [58]

: : . 1
Dislocation density (§) = I

(2.5)
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In this thesis, XRD patterns of the powder samples are obtained by using a PAN
Analytical powder X-ray diffractometer equipped with Cu K,-radiation of wavelength
equals to 1.54 A.

Figure 2.1 Photograph of PAN Analytical powder X-ray diffractometer.

2.2.2 Scanning electron microscopy and Energy dispersive x-ray analysis
Scanning Electron Microscope (SEM) is a microscopic technique that uses an
electron beam instead of light to scan the surface of the material. It is an image
processing technique that produces features of the specimen such as surface
morphology, structure, and composition. The surface images are produced by scanning
a high-energy focussed electron beam on the surface of the specimen. The beam of
electrons is generated either by a thermionic gun where a tungsten filament is heated at

high temperatures to produce electrons or a field emission gun where a high electric
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field is applied to the tungsten wire. The electron beam is focussed vertically onto the
surface of the specimen by using an electromagnetic lenses system. When the electron
beam interacts with the surface, it produces signals mainly secondary electrons,
backscattered electrons, and characteristic x-rays. These secondary and backscattered
electrons are collected and processed to produce surface images of the materials [59—
62]. To produce high-quality images using SEM, the sample surface must be conductive
to prevent the charging effect which blurs the image quality. To avoid this, generally,
the surface of the sample is sputtered with the conducting surface layer. In this thesis,
we have used FESEM (CARL ZEISS, ULTRA5S5) and SEM (TESCAN, VEGA-3
LMU). For sample preparation, a few mg of powder samples is spread over the copper
adhesive tape and gold coating is performed using the sputtering technique.

Energy dispersive x-ray analysis (EDAX) is used to estimate the composition of
the sample and determine the elements that are present in the sample. The EDAX
analysis is always coupled with an electron microscope. In this technique, the sample
surface is exposed to an electron. When the electron beam interacts with the atoms that
are present in the samples, ejection of the elections which are bounded tightly with the
nucleus of the atom (inner shell) will take place. The vacated position of the ejected
electrons is filled by the electrons which are present in the outer shell. During this
shifting from outer shell to inner shell, certain energy will release in the form of X-
Rays. The energy released during this process is depends on the shells from which the
electron transferring is taking place. The emitted x-rays provide the characteristic
information about the element which is present in the sample. Every element releases x-
rays with unique amount of energy. Therefore, the x-rays emitted from the surface of
the sample are collected and analysed using EDAX spectrum. EDAX spectrum relates
the x-rays energy with intensity. Peak position is used to determine the element present
in the sample and intensity of the peak is used to estimate the concentration of the

particular element present.
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Figure 2.2 Photograph of Scanning Electron Microscope attached with Energy
Dispersive X-Ray Analysis (TESCAN, VEGA-3 LMU).
2.2.3 Transmission electron microscopy

Transmission Electron Microscopy (TEM) is also a microscopy technique,
similar to SEM; it also uses a highly focussed electron beam to produce the images of
the specimen. In this technique, the specimen should be thin in such a way that it should
pass the electron beam through the sample. Sample preparation is extremely important
because this technique works on the transmission of electrons through the samples. In
this technique, electron beam focussed on the sample is interacted with the sample and
transmit through it. The interaction of electron beam transmitted through the specimen
is further processed by an image detection system to produce the images of the samples.
TEM is useful to evaluate the microstructure, pore arrangement, and crystallinity of the
electrode material [63].

The TEM instrument also generates a diffraction pattern from a large
distribution of identical electrons known as selected area electron diffraction (SAED).
The SAED pattern makes it simple to determine the crystal structure and calculate the
lattice parameters for a given crystal system. The diffracted electron’s de-Broglie wave
length is 0.025, which corresponds to energy of 200 keV, which is used to generate an
SAED pattern. When these low-energy electrons interact with the sample, they create a
small glancing angle of approximately 0.4 ° with respect to each plane. As a result, all
planes appear to be parallel to the incident electron, and all planes' reciprocal vectors
occur in the plane of the incident beam. Since the glancing angle is so small, the Bragg's

equation for a crystal structure from an SAED pattern is expressed as d.26 = L. The 26
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value can also be expressed as 26 = r/L, where r is the distance from the diffracted spot
to the spot where the incident beam strikes the screen and L is Camera length i.e., the
distance from the screen to the sample.. As a result, d value can be determined using the
formula d = LMr, where L is kept constant.. In this thesis, High-Resolution
Transmission Electron Microscopy (HRTEM, Thermofisher, Talos F200S) is used to
obtain the TEM images of the electrode materials. For sample preparation, powdered
samples are dispersed in ethanol solvent by ultra-sonication and drop cast over a Cu
grid.
2.2.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is broadly used to quantify the surface
elemental composition and chemical state of the sample being studied [64]. The
interaction of x-rays with the sample surface at a depth of a few nanometres produces
the XPS spectrum. The photoelectric effect is the backbone of XPS. Core-shell
photoelectrons are ejected when the x-rays hit the atoms present on the surface of the
specimen. The electrons present in each shell of an element have their unique binding
energies (B.E.). Therefore, the electron in the core shell orbital consumes some of
energy of incident x-rays which is equivalent to the sum of its binding energy and work
function. The emitted electron also possess Kinetic energy (K.E.) which is given by the
relation (K.E) = ho-B.E.-$, where ¢ is work function. By measuring the K.E of the
emitted photoelectrons using electron energy analyzer, B.E is obtained [65,66]. The
elemental identity, chemical state, and quantity of a detected element can be determined
by analysing the xps spectrum which is the plot between the B.E and Intensity. The
main components of an X-ray Photoelectron Spectrometer are the X-ray source, sample
stage, electron energy analyzer, and detector. In the present study, XPS studies were
carried out using a K-alpha electron spectrometer equipped with an Al X-ray beam
source.
2.2.5 UV-Vis—NIR spectroscopy
The energy band gap (Eg), a key characteristic of semiconductors, governs how they are
used in optoelectronics. Semiconducting materials are often examined using UV-Vis
absorption spectroscopy. Thin films, liquids, and solids can all be studied using this
spectroscopic method. Knowing the thickness of solid films makes it simple to derive
the Eg values from their absorption spectra due to their low scattering. It is simple to
assess the energy gap for samples of transparent liquids using the absorption spectrum.
However, with colloidal samples, if the particle size is too large then it precipitates, and

the resultant absorption spectra results in a wrong interpretation. It is preferable to
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employ diffused reflectance spectroscopy (DRS), which allows us to determine the Egq
of solid materials. The DRS spectrum is determined by measuring diffused radiation
that is reflected from a surface of the sample is being analyzed. Only a tiny layer of the
sample surface is examined in this procedure, which allows the use of powder samples
directly. The radiated beam is focused on the surface of the sample and it get reflected
from and collected in a large solid angle. Radiation from the samples is reflected in all
directions as a result of the particles' random orientation. Although it cannot be
completely prevented, measuring geometries have been designed to reduce the effect of
regular reflection. The contributions of transmission, internal, specular reflectance
components and scattering mechanisms in the collected energy, can show both
absorbance and reflectance characteristics. There are numerous theories that have been
proposed to describe the diffuse reflectance phenomenon based on the sample's optical
response. In DRS, the model proposed by Kubelka-Munk in 1931 is commonly utilized.
Both the scattering coefficient (s) and the absorption coefficient (k) affect the intensity
of the light that is reflected. By using the Kubelka-Munk equation, the reflectance data
can be transformed to absorbance. Kubelka-Munk equation [67] is

(1-R)*®
2R

F(R) =

(2.6)

where R is absolute reflectance. We have calculated the bandgaps of all the
compositions using the Tauc plot by the following Eqn.
F(R)hv = A(hv — E)" 2.7

where h, v, Eg and n are the Planck constant, frequency of radiation, bandgap, and
constant related to a mode of transition, respectively. For allowed direct transition the
value of nis %2 and it is 2 for the indirect transition.

In the current study, Carry 5000 spectrophotometer is utilized for measuring the
reflectance spectra in the range of 400-2000 nm at room temperature.
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Figure 2.3: Photograph of UV-Vis—NIR spectroscopy.

2.2.6 Dielectric measurements

Dielectric analysis can be used to determine how the physical characteristics of polar
materials, such as polarization, permittivity, and conductivity, change with respect to
temperature and frequency. By examining the dielectric properties, it is possible to
study the conduction characteristics of the materials. Specifically, it highlights the
relationship between temperature and frequency and the dielectric characteristics. Using
the results of the dielectric analysis, materials capacity for storing and transmitting
electric charge is carefully examined. Due to the increased number of grains on the
surface of the nanostructure material, its dielectric properties are closely related to its
opto-electric properties. Dielectric constant (¢') and dielectric loss (¢") are two complex
quantities that are measured to determine the dielectric characteristics of materials. The
dielectric constant is the capacity to store energy from the applied electric field.
Dielectric loss, which occurs when energy is lost as a result of defects and charge
accumulation at the interphase layers, is most noticeable in nanoscale materials. The
basic components of dielectric analysis include an LCR meter and an electrode holder
into which the sample is placed. The computer is externally linked to the system that
records the data. The obtained data are used to calculate various dielectric properties of
materials using the formulae 2.8 to 2.18. The preparation of the sample is an important
factor in the measurement of electric properties. Typically, the sample is made in the
shape of a disc, and the flat surface is coated with silver paint to enhance electrical
contact. The sample is placed in the holder, and the electrodes are adjusted to make
contact with the sample. Vernier calipers are used to measure the thickness and diameter
of the sample. Schematic of steps involved in dielectric measurements are depicted in

figure below.

25




Powder
Hydraulic press pellets Impedance Analyzer

Figure 2.4 Steps involved during pelletization and dielectric measurements.
2.2.6.1 Dielectric properties
The dielectric properties of a material can be understood by three theories i.e, i)
Maxwell-Wagner model ii) Koop’s phenomenological theory and iii) Jonscher’s power
law [68]. According to Maxwell-Wagner theory, interfacial polarization is prominent in
the low-frequency region which causes charge trapping at grain boundaries. Because
grain boundaries act as a barrier to charge carrier movement. In the low-frequency
region, the relationship of ac conductivity with frequency was described using Koop's
theory. According to this theory, grain boundaries with large resistance generate
constant conductivity in a low frequency region. In a high frequency region, grains with
high conductivity than grain boundaries leads to an increase in ac conductivity value
[68]. The electrical conductivity of various types of disordered solids is described by
Jonscher's power law. This law states that the conduction mechanism of a material can
be explained by various theoretical models that correlate the conduction mechanism
with s behaviour. In the literature, a number of models [67] based on the two separate
processes of classical hopping across a barrier and quantum-mechanical tunnelling, or
some of their variants or combinations, have been put forth. The quantum mechanical
tunnelling (QMT), correlated barrier hopping (CBH), overlapping large-polaron
tunnelling (OLPT), and non-overlapping small polaron tunnelling (NSPT) models are
the four different models, respectively.
I. Dielectric constant (&')
The complex dielectric constant (¢) of a material is given by the relation € = &' + ig",
where €' is the real part of dielectric constant and &" is the imaginary part of dielectric

constant. The dielectric constant (€') is calculated using the following relation

Where C, = % (2.9

where C is the capacitance, d is the pellet thickness, A is the cross-sectional active area

of the pellet, &ois the absolute permittivity (g0 = 8.85x102 Fm™).
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ii. Dielectric loss (")
The dielectric loss describes the electrical energy loss of a material when the field
penetrates the material. The diclectric loss (¢") is calculated using the relation
€' =g tand (2.10)
iii. Dielectric loss tangent (tan 0)
The energy dissipation in the dielectric material can be described using loss tangent or

dissipation factor (tan 0) and it is calculated using the relation

tan § = (2.11)

iv. AC conductivity

The frequency dependence of AC conductivity can be explained by the Jonscher’s
relation given by Eqn. (5) below:

o(w) = o4, + Aw® (2.12)

where oqc IS the frequency-independent conductivity, A is the pre-exponential factor,
and ‘s’ is the frequency exponent which depends on temperature and lies between 0 and
1. In CBH model, the value of exponent ‘s’ is temperature dependent and it is decreases
with increase in temperature. According to the CBH model the value of ‘s’ can be

calculated using Eqgn. (2.13) .

s=1-— SkpT (2.13)

W #[kpT Inlwt )]

where kg is Boltzmann's constant, o is the relaxation time, T is the absolute temperature
and Wm is the maximum barrier height. For larger values of Wm/KkT, the Eqn. (2.13)
approximates to Eqn. (2.14)

ekgT

s=1-2EL (2 14)

Wi

V. Activation energy

The temperature-dependent activation energy (Ez) is calculated using the relation

2.
ag(T) = ﬂﬂexpl‘ keT (2.15)

where oo is the pre-exponential factor, AE, is the activation energy, and kg is the
Boltzmann constant.

Vi. Electrical modulus

Complex electrical modulus spectroscopy is a very useful technique to extract bulk
response and to obtain a better understanding of relaxation and conduction mechanisms

on the complex plane of M' versus M" at different temperatures. It gives information
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about the differentiation between electrode polarization and grain boundary
conduction[69]. To remove high loss effects at the low-frequency region, electrical
modulus studies have been investigated at different temperatures. The complex
electrical modulus and it's real (M') and imaginary (M") parts are calculated using the

relations given below

M* == =M +iM" (2.16)

(2.17)

M" = 5= (2.18)

£ +E

2.2.7 Magnetic measurements

The vibrating sample magnetometer VSM, invented by S. Foner, is a simple and useful
technique for illustrating magnetic material properties. VSM has become widely
accepted tool to examine the magnetic behavior of a wide range of materials, including
diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and anti-ferromagnetic
materials. Owing to its simplicity, robustness, ease of measurement, and relatively high
sensitivity. Temperature dependent magnetic properties can also be measured using
VSM. The operation of VSM is based on Faraday's law of electromagnetic induction,

which is dependent on the measurement of emf created in a coil of wire given by

£= —Ni (BAcos8) (2.19)

Where N denotes the number of turns in the coil, A denotes the coil area, B denotes the
magnetic field, and 6 is the angle between the B field and the direction normal to the
coil surface.

In the current study, a VSM (Lake Shore Model 7410) based on Foner’s design
was used for determining the magnetization measurements. A photograph of the VSM is
shown in Fig. 2.5.

A sample is connected to a vibrating rod and made to vibrate in an electromagnetically
generated magnetic field in VSM. The magnetic properties of the sample are deduced
from measurements of the voltage caused in the stationary detection coils by the
oscillating magnetic field of the vibrating sample. A secondary voltage is produced by a
reference sample, which could be a tiny permanent magnet known as an electromagnet
(referred to as the reference signal). The voltage from the reference is then proportional
to the known portion of the voltage, which is then related to the magnetic moment of the
sample after it has been phased to balance the voltage from the sample. This method
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makes measurements insensitive to changes in vibration amplitude, frequency, minor

magnetic field instabilities, non-uniform magnetic field, amplifier gain, and amplifier

gain variation.

Figure 2.5 Photograph of the vibrating sample magnetometer.

2.3 Conclusions

This chapter covered the complete information about synthesized materials and
various techniques that are used to characterize the samples. An understanding of the
basics behind each technique will provide a clear insight about the properties of
material. In addition to that the knowledge about the fundamental principle of various
techniques will pave a way to where and when to use the technique. In this unit the
synthesis of material by hydrothermal method is discussed in detail. Hence the complete
knowledge about the synthesis procedure and the characterization technique of will give
a broad insight about the synthesis and characterization of the materials. In the
following chapters the details of synthesis procedure for various dopants (Na, K, Co,
Fe) and the results of characterization will be presented along with relevant discussion

of results
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CHAPTER 3: Effect of Na doping on structural, Optical, and dielectric
properties of SnSe polycrystals

3.1 Introduction:

We have observed that a few literature is available related to the dielectric properties of
SnSe prepared by different methods other than hydrothermal method as mentioned in
chapter 1 [24-27]. Doping of Group-I alkali metals like sodium (Na) into SnSe lattice can
influence the structural, morphological, optical, electric transport, and thermoelectric
properties. Mainly the influence of Na doping in SnSe on its transport and thermoelectric
properties prepared by several methods has been studied [40,42,43,49,70]. However, to the
best of our knowledge, no research work has been reported till now concerning the
influence of Na doping in SnSe on the morphological, optical, and dielectric properties in
hydrothermally prepared polycrystals. Hence, the present work is aimed at reporting the
effects of Na doping into SnSe on the above properties to understand its suitability for
optical and dielectric applications.

In the present work, we have synthesized Na doped SnSe (NaxSni-xSe) polycrystals
using hydrothermal method by varying the concentration (x) of Na (0.00 — 0.20 with an
increment of 0.05). The changes that occurred in the structural, morphological optical and
dielectric properties of SnSe due to Na doping were discussed. A detailed study was
conducted on dielectric properties and various parameters such as permittivity, dielectric
loss, dielectric loss tangent, AC conductivity, activation energy, and electrical modulus,
etc. are reported.

3.2 Synthesis of NaxSnixSe polycrystals

SnCl2.2H20 (99.9%), Se metal powder (98%), NaCl (99.9%), KOH (85%), and
NaBHs4 (99.9%) were purchased from MERCK. All chemicals were utilized in an as-
received state without further purification. The concentrations of SnCl,.2H>0 and NaCl are
varied to obtain NaxSnixSe (where x = 0.00 to 0.20 with a step of 0.05) polycrystals using
the hydrothermal method. Initially, stoichiometric amounts of SnCl>.2H.O and NaCl were
mixed in 100 ml of deionized water and stirred for 5 min. Then, 6 g of KOH was added to
the solution. After 15 min of continuous stirring, the solution was turned transparent. Next,
a stoichiometric amount of Se metal powder was added to the above solution followed by
stirring for 15 min. This changed the color of the solution to greyish black. After that, 2 g
of NaBHa4was mixed into the solution and stirred for another 30 min. At this step, the color
of the solution became pale yellow. Then, the solution was poured into an autoclave of 120

ml capacity and was kept in an oven at 170 °C for 12 h. Finally, it was cooled to room
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temperature naturally. The solution was washed and filtered with ethanol and deionized
water several times. The final product was dried in an oven at 80 °C overnight. The

schematic of the detailed synthesis procedure is displayed in Fig. 3.1.

ﬁe Powh
—

/ NaBH,

> e
v
| —— Stirfor 15min. "~ Stir for 15 min._
\—/ g 4
SnCl,.2H,0 + SnCl,.2H,0 +
NaCl + KOH NaCl + KOH
\_—/ v
Stir
for 30
min.

Transferred
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Figure 3.1 Schematic representation of the synthesis procedure of NaxSnixSe using the

hydrothermal method.

3.3 Results and Discussion
3.3.1 X-Ray Diffraction

Figure 3.2(a) shows XRD patterns of NaxSni1xSe for x = 0.00, 0.05, 0.10, 0.15, and
0.20 polycrystals. All the samples are resulted in single-phase and are well-indexed. The
reflections occurred along the lattice planes (201),(210),(111),(400),(311),(411),
(020),(501),(511)and (4 20)are in good agreement with standard PDF file no: #48-
1224 [58,71]. The strongest intensity and preferred orientation for all the compositions is
along (4 0 0). With increasing concentration of the Na as dopant, the intensity of the plane
(4 0 0) decreased, whereas the intensity of the (1 1 1) plane increased. In Fig. 3.2(b), the
values of lattice parameters are plotted against Na concentration (x). They are found to be
matching well with the standard values (a= 11.49 A, b =4.153 A, c=4.44 A, PDF#48-
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1224). The lattice parameter values show a decreasing trend with an increasing
concentration of Na. This might be due to the replacement of the large-sized Sn atom
(0.112 nm) with the small-sized Na atom (0.102 nm) leading to lattice shrinkage and hence

decrease of lattice constant [42].
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Figure 3.2 (a) XRD pattern of NaxSnixSe polycrystals, (b) Variation of Lattice parameter
to Na concentration(x), (c) Crystallite size versus Na doping concentration.

The value of average crystallite size (D) is found to decrease from 132 to 83 nm with
increasing concentration of Na as shown in Fig. 3.2(c). Table 3.1 gives the values of lattice

parameters, crystallite size, cell volume, and density of all the samples.

Table 3.1 Lattice constants, the crystallite size (D), cell volume, and density of all the
compositions.

Sample Lattice constants Cell volume(A)3 D (hm)  Density
(P
(g/cm?®)

a(A) b(A) c(A)

SnSe 11.465 4.18 4.43 212.30 132 5.85

Nao.0sSno.osSe 11.4632 4178 4.42 211.69 128 5.86

Nao.10Sno.g0Se 11.4564 4.17 441 210.68 124 5.83

Nao.15Sno g5Se 11.4512 4.16 4.4 209.60 122 5.94

Nao.20Sno.soSe 11.448 4156 4.38 208.40 83 6.05
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3.3.2 Morphological studies
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Figure 3.3 SEM images of NaxSn1.xSe polycrystals (a) x = 0.00, (b) x = 0.05, (c) x = 0.10,
(d) x =0.15, (e) x = 0.20, and (f) HRTEM image of Nao20Sno.goSe.

Figure 3.3(a)-(e), shows overall morphology of NaxSnixSe for x = 0.00 to x = 0.20
respectively. A 2D plate-like morphology is observed for pure SnSe crystals (Fig. 3.3(a)).
The average length of a 2D plate is around 12 pm and the thickness is approximately 1pm.
The thickness of the 2D plates gradually decreased as the concentration of Na increased
and reached a value of 0.8 um for Nao.1sSnogsSe. The 2D plate-like morphology gradually
changed to a 3D flower-like structure when Na was added to SnSe. It can be observed that
these uniform flower-like structures are constructed from 2D plates. The size of the plates
decreased and the plates got agglomerated together to form 3D-flowers at x = 0.20, having
an average diameter of around 18 um. As revealed by XRD, the orientation of 2D plates
gradually changed from (4 0 0) to (1 1 1). At x = 0.20, the 2D plates are preferentially
oriented in (1 1 1) direction. Fig. 3.3(f) shows the HRTEM image of Nao.20Sno.soSe shows
petal of the 3D flower.
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3.3.3 UV-VIS-NIR Diffuse Reflectance Spectroscopy

Figure 3.4a shows the reflectance spectra of all the samples. The plots for indirect and
direct band gaps of all NaxSnixSe samples are depicted in figs. 3.4(b & c), respectively.
The indirect bandgap of SnSe (0.938 eV) is found to be in good agreement with the
theoretical band gap (0.9eV). Further, it is observed that the indirect band gap of the doped
samples gradually decreases from 0.938 eV to 0.830 eV with increasing Na concentration
(Table 3.2). The direct bandgap measured for undoped SnSe turns out to be 0.981eV in
comparison to the theoretical value of 1.3 eV. With increasing the doping concentration of
Na, the direct band gap is found to decrease. The reduction in the average crystallite size
with increasing Na doping results in a decrease in the grain size, which in turn results in a

band gap decrease [72,73]. The variation of band gap versus concentration of Na is shown

in fig. 3.4(d).
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Figure 3.4 (a) Reflectance spectra of NaxSnixSe polycrystals, (b) Tauc Plot for indirect
band gap, (c) Tauc plot for direct bandgap, (d) Variation of indirect and direct band gaps as
a function of Na concentration.

Table 3.2 Indirect and Direct band gap values of NaxSnixSe polycrystals

Na concentration (X) Indirect band gap (eV) Direct band gap (eV)
0.00 0.938 0.981
0.05 0.922 0.979
0.10 0.911 0.972
0.15 0.879 0.968
0.20 0.830 0.942
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3.3.4 Dielectric studies
3.3.4.1 Room temperature dielectric studies

Figure 3.5(a) displays the effect of frequency on &' for NaxSnixSe samples at room
temperature. In the low-frequency region the €' is large in all the samples. It is increased as
the Na concentration increases into SnSe. The reason for exhibiting high values of €' is
because of the happening of space charge polarization in the low-frequency region. When
the external ac field is applied the space charges move at grain boundaries and experience
space charge polarization. The composition Nao.20Sno.goSe exhibited a large dielectric
constant amongst other samples. The €' decreases as frequency increases and become
independent of frequency in the high-frequency region around 10 kHz. At high
frequencies, much time is required for the dipoles to rotate themselves in the applied field
direction. Due to the lack of enough time the dipoles begin to lag behind the AC field.
Further, it leads to a decrease in the &' value. Hence €' reaches a constant value at high

frequencies.
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Figure 3.5 (a) Dielectric constant vs. frequency, (b) Dielectric loss vs. frequency, (c)
Dielectric loss tangent vs. frequency, and (d) AC conductivity vs. frequency for all NaxSni-
xSe samples at room temperature.
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The effect of frequency on dielectric loss at room temperature for NaxSni-xSe is depicted in
fig. 3.5(b). The &" is high for all the NaxSnixSe samples in the low-frequency region and
becomes low and independent of frequency at the high-frequency region. The composition
Nao.20Sno.goSe exhibited maximum dielectric loss compared to all other Na-doped SnSe
samples. The effect of frequency on loss tangent (tan &) for NaxSnixSe polycrystals at
room temperature is displayed in fig. 3.5(c). The tan 6 values are low and independent of
frequency between 100 Hz-100 kHz for all the samples. After that, the tan & values for all
the samples increase gradually. The sample Nao.20Sno.soSe has obtained a high value of tan
6. Figure 3.5(d) shows the effect frequency on ac conductivity for all the NaxSnixSe
samples. It is observed that two regions are observed in the ac conductivity plot of NaxSn;.-
xSe samples: i) plateau region in the frequency range of 100 Hz -1 MHz corresponds to DC
conductivity which is frequency independent, ii) the increasing portion in the frequency
range of 1 MHZ- 10 MHz corresponds to ac conductivity. The ac conductivity increases as
Na doping into SnSe increases and the largest value of ac conductivity is obtained for the

composition Nap20Sno.soSe.
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Figure 3.6 (a) Variation of M' as a function Frequency, (b) Variation of M" as a function

of Frequency, and (c) Variation M" vs. M' for all NaxSn1-xSe samples.
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The effect of frequency on M' for all the NaxSnixSe samples at room temperature is
depicted in fig. 3.6(a). The values of M' is low and independent of frequency till 100 KHz.
After that, the value of M' for all the samples increases as frequency rises and showed
dispersion in the high-frequency region. The less values of M' indicate the negligible
polarization effect at low frequencies. M' increases as frequency rises in all the samples.
Figure 3.6(b) displays the effect of frequency on M" for NaxShixSe samples at room
temperature. The M™ values are very less in the low-frequency region and show an
increasing trend as frequency rises for all the samples. Relaxation peaks are observed in
the frequency region of 100 kHz- 10M Hz for all the compositions at various temperatures.
The peak intensity is decreased as the Na doping increases. The peaks shifted in the
direction of the higher frequency side as Na concentration increased. The M" curves
showed asymmetric behaviour represents a non-Debye type relaxation phenomenon. The
area below the peak maximum is because of the long-range conduction of charge carriers
whereas short-range conduction of mobile ions is responsible for the region above the peak
maximum. The variation of M' vs M" for NaxSn1xSe samples is depicted in fig.3.6(c) at
room temperature. Semi-circular arcs are observed for all the compositions having their
centres below the x-axis. It is also noticed that the radii of the arcs were found to be
decreased with an increase in the composition of Na. The presence of semi-circular arcs
indicates the existence of grain boundaries in all the Na-doped SnSe samples in the low-
frequency region. The incomplete formations of semi-circular arcs indicate the non-Debye
type relaxation is present in all the samples.

3.3.4.2 Temperature dependent dielectric studies

It is observed from fig. 3.7(a-e), that all the samples showed a decreasing trend in the value
¢ with an increase in frequency. The Nao20SnogeSe has a larger number of grain
boundaries in comparison to other compositions due to its 3D flower-like morphology
[74]. The increase in ¢' is due to the accumulation of space charges at grain boundaries
which become active due to the trapping of charges. This is one of the reasons for the
nanostructures to have larger values of dielectric constant than bulk forms. Because of
space charge polarization, the value of electrostatic binding energy will be less, which
increases the dielectric constant. The increase of the €' with sample temperature for any
composition can be described by the fact that as temperature increases there is more
possibility of the orientation of the dipoles along the direction of the electric field. The
high value of &' obtained for Na doped SnSe suggests the material in the applications of

high-density energy storage devices and microelectronic materials [74,75]. It is also
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observed from Fig. 3.7(a-e), that €' attains a constant value around a frequency of 10 kHz
and saturates at high frequencies. With increasing frequency, the contribution by space
charge polarisation decreases resulting in the decrease of €'. At high frequencies, the
dipoles do not have enough time to orient themselves towards the applied field direction.
The dielectric constant obtained for Nao.2oSno.soSe in the current study at room temperature
is less than the value obtained at high temperature. From this, it is understood that the

temperature rise causes an increase in the dielectric constant.
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Figure 3.7 Dielectric constant vs Frequency of (a) SnSe, (b) Nao.osSno.9sSe, (¢) Nao.1oSn
0.905€, (d) Nag.15Sno.gsSe, and (e) Nao.osSho.gsSe respectively.
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The dielectric loss describes the electrical energy loss of a material when the field
penetrates the material. As seen from Fig. 3.8(a-e), the value of €" also increased for all
compositions from 323 K to 523 K. The maximum amount of loss is observed in the case
of Nao.20Sno.goSe. The €" value for all compositions is observed to decrease with increasing
frequency. The saturation at higher frequencies implies the absence of losses owing to
dielectric relaxation. The low values of dielectric constant and dielectric losses at higher
frequencies will find promising applications for electro-optic, photonic, and solar cell
device fabrication [12,76,77].
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Figure 3.8 The imaginary part of permittivity versus Frequency of (a) SnSe, (b)
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The dielectric loss tangent is found to increase for all compositions of NaxSnixSe with an
increase in frequency and temperature in each case as shown in fig. 3.9(a-e). The Maxwell
Wagner model can be used to explain the changes occurring in the dielectric constant and
dielectric loss tangent [78]. In polycrystalline materials, the grains are separated by grain
boundaries. Space charge polarization arises when electrons get accumulated at the grain
boundaries. In the high-frequency region, as the AC field increases, more electrons will
accumulate at the grain boundaries [31].
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The results for the AC conductivity measurements for all compositions of NaxSnixSe and
temperatures from 323 to 523 K are depicted in fig. 3.10(a-e). From fig. 3.10(a-e), it is
observed that there is a plateau region that corresponds to dc contribution cgc Starting from
the low frequency of measurement to around 3.16 MHz. The oqc, increases as the
temperature increases for all compositions. The dispersion in conductivity seen at lower
frequencies can be attributed to non-adiabatic hopping of charge carriers between impurity
sites.

0.3 0.6
(a) SnSe z ) 3 ;
i (b) Ny SnggSe  —=— 523K
0.4 4
= 01
g E 02
% .2
0.0 4 7
og b
3
200
%a:—ﬂ.l <]
= g
0.2 Sz
0.3
7 -0.4
0.4 o e
” 10 10t 10° 106 0 e " 16° 10 10 10 ?
1 1 1 1 1 0 10? 10° 10 10° 10° 107
Frequency (Hz) Frequency (Hz)
05 14 -
(c) Nag oS0y 505¢  —a— 523K (O Nag ;sSn gsS¢ =— 523K
0.4 ——473K 121 ok
% z —a— 423K
—+—423K 73K |
5 1.0 —v—373
—_ 3 —
z 031 373K E ——323K
= ——323K &
& L o084 |
w 23
= ad
) © 06
& g
- - 0.4
0.2 /)
»
0.0 o
10 10° 10t 10° 10 107 10° 10° 10 10° 10° 107

Frequency (Hz)

Frequency (Hz)

24
(e) Nay 3SngySe  —a— 523K
224 ——473K
—a— 423K
£ 204 ——373K
) ——1323K
218
©
=14
LTy ,..f?
Ty
1.44 r
«
»
o
I.z-%M'

107 10’ 10¢ 10° 10¢ 107
Frequency (Hz)

Figure 3.10 Variation of AC conductivity versus Frequency of (a) SnSe, (b) Nag.osSno.9sSe,
(c) Nao.10Sn 0.90Se, (d) Nao.15Sno.gsSe, and (€) Nao.2oSn o.80Se respectively.

The value of AC conductivity increases with Na concentration and temperature. A high
value of AC conductivity is obtained for Nao.20SnosoSe amongst all compositions. We
believe that the possible reason for the high AC conductivity in Na doped samples is due to

the presence of Na at grain boundaries combined with lowered porosity obtained due to a
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high density of 97% achieved (Table 3.1). The effects of high pressures on NaxSni.xSe
have been reported by B.Cai et.al [79] wherein for the samples with densities up to 94%,
the electrical conductivity was found to increase with Na concentration. The enhancement
of electrical conductivity by Na doping has also been reported by T R Wai et.al [49]. In
compacted disk-shaped pellets of polycrystalline materials, a large number of defects are
generated at the grain boundaries such as porosities, dangling bonds, etc. However, the
degree of existence of these defects is dependent on the pressure and duration of
temperature applied simultaneously during compaction. Further, the decrease in the
crystallite size also causes an increase in electrical conductivity with an increase in Na
concentration. The reduced crystallite size also favours grain boundary ionic diffusivity
[32,80]. The value of s’ is obtained from the slope of Frequency versus Log oec in the
increasing portion (after subtraction of the dc component) as shown in fig. 3.11(a) and the
values are found to vary from 0.05 to 0.793. The value of ‘s’ decreases as temperature
increases implying a correlated barrier hopping (CBH) mechanism. Variation of (1-s) as
afunction of temperature is shown in fig. 3.11(b). Figure 3.11(c) shows the Arrhenius plot
for all NaxSni1.xSe samples at a frequency of 100 kHz. The activation energy is calculated
from the slopes of the plots and is found to increase with the concentration of Na as seen in
fig. 3.11(d).
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Figure 3.11 (a) Variation of frequency exponent ‘s’ versus temperature, (b) Variation of
(1-s) versus temperature, (c) Arrhenius plot for calculation of activation energy at 100 kHz,
and (d) Variation of activation energy versus concentration of Na.
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Table 3.3 Values of frequency exponent ‘s’, activation energy (Ea), and maximum barrier

height (W) at different temperatures for all NaxSni-xSe samples.

Composition Temperature Frequency exponent  Activation Energy (Ea) W
(K) (s) (eV) (meV)
SnSe 323 0.793
373 0.770
423 0.741 0.150 1.800
473 0.680
523 0.652
Nao.05SN0.955€ 323 0.743
373 0.728
423 0.695 0.165 1.530
473 0.665
523 0.623
Nao.10SNo.90Se 323 0.671
373 0.670 0.680
423 0.654
473 0.540 0.176
523 0.531
Nao.155N0.855€ 323 0.525
373 0.328
423 0.278
473 0.250 0.216 0.560
523 0.219
Nao.20Sno.s0Se 323 0.428
373 0.171
423 0.144 0.503 0.685
473 0.070
523 0.052

Complex electrical modulus spectroscopy is a very useful technique to extract bulk
response and to obtain a better understanding of relaxation and conduction mechanisms on
the complex plane of M' versus M" at different temperatures. It gives information about the
differentiation between electrode polarization and grain boundary conduction. To remove
high loss effects at the low-frequency region, electrical modulus studies have been
investigated for all NaxSni1-xSe samples at different temperatures. Figure 3.12(a-e) depicts
the frequency dependence of M' for NaxSni-xSe (x=0.00 to 0.20) respectively. In the low-
frequency region, the M' values are found to be very low and tend to zero indicating the
elimination of electrode polarization. The values of M' increases with frequency for all
compositions and is dispersed at high frequencies. The dispersion in M' at high frequencies
is related to the short-range conduction of charge carriers. The M' value decreases with
temperature in the high-frequency region for all compositions. This behaviour of M" is due

to the increased hopping rate influenced by thermal agitations.

43



8.0x10° Lox10”

(2) SnSe  —=—3523K (b) NigpsStpgsSe  —e— 523K /
——47K T —e— 473K
———423K | 8.0x107 4 43K
G107 1 o | 37K
—_——3 —— !
K | 323
\tEELS 6.0x10 4 —+— 323K
= 4.0x10™ 4 %
- —
i = 4.0x10° 4
4
20610 20510 4
ot 0.0
v —r — — vy —r v —r
10* 10 10 10° 10° 107 10* 1w 10* 10 10° 107
Frequency (Hz) Frequency (Hz)
-4
8.0x 10y © : 20x107 -
Nay 19509 005¢  —e— 523K (d) Nay 58n,4Se —*—3523K o
——473K |
=
6.0x 110 L5x 107 4
" oy
= 4.0x10 = L0x 10
4
20610 5.0x10°
0.0 o
1w 1w 9 10 ) IIfr n° 1w 10 1w 10¢ 10° 10° 1w
requency (Hz) Frequency (Hz)
1ox10°F
(€ Nay 1,51, g 5¢ —*— 523K
——47K T
80x10° —— 42K |
——31K [
—+— 323K |
6.0x107° 4 4
= f
4.0x10°°
20510 4
0.0
107 10° 10 10° 10° 107

Frequency (Hz)

Figure 3.12 Variation of the real part of electrical modulus versus Frequency of (a) SnSe,
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respectively.

Figure 3.13(a-e) shows the frequency dependence of M" for NaxSnixSe (x=0.00 to 0.20)
respectively. The M" for all NaxSnixSe samples increases with frequency. It reaches a
maximum at 3.8 MHz and decreases thereafter. This indicates the long-range mobility of
charge carriers. The occurrence of long-range mobility is related to the hoping mechanism
[81]. For frequencies beyond the peak frequency, the carriers are confined to potential
wells being mobile over a short distance [82]. The peak is shifted towards the high-
frequency region as temperature increases and this shift represents the conductivity. The

peak amplitude also decreases with increasing temperature for all compositions.
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Figure 3.13 Variation of the imaginary part of electrical modulus versus Frequency of (a)
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respectively.

The complex electrical modulus spectrum (M' versus M") for all the samples are shown in
fig. 3.14(a-e). Non-Debye type relaxation is observed due to an incomplete formation of
single semi-circular arcs. The semi-circles are found distorted with their centers located
below the x-axis. The semi-circular arcs in the low-frequency region represent the presence
of grain boundaries. It can also be concluded that the radius of semi-circular arcs decreases
as temperature increases suggesting that the conduction processes may be due to

temperature-dependent hopping conduction.
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Nao.20Sno.goSe respectively.

34 Conclusions

NaxSni1xSe polycrystals (x = 0.00 to 0.20 with a step of 0.05) were successfully
synthesized by hydrothermal method. XRD studies confirmed that all the samples were in
single phase and the average crystallite size decreased from 132 to 83 nm as Na doping
increases. SEM images revealed a 2D plate-like morphology for undoped SnSe. With
increasing Na concentration, these 2D plate-like structures cross-linked to each other and
formed 3D flower-like structure at x = 0.20. Further, this flower-like morphology helped in
enhancing the dielectric properties of NaxSnixSe polycrystals. The optical bandgap studies
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revealed that both direct and indirect bandgap values decreased as doping concentration
increased which can contribute to an increase in AC conductivity. This feature suggests
that the NaxSni1.xSe polycrystals will find promising applications in optoelectronic devices,
photo catalytic materials, and thermoelectrics, etc. The room temperature dielectric study
shows that Nag.20Sno.goSe exhibited high value of ac conductivity and dielectric constant.
The temperature-dependent dielectric studies showed that the maximum values of the real
part of permittivity and dielectric losses were obtained for higher doping concentration at
low frequencies and there is no remarkable change observed at higher frequencies. The low
value of the dielectric constant and dielectric loss at high frequencies appears to be
promising for electro-optic and solar cell devices. The doping concentration (Na) has a
significant effect on AC conductivity and it is found to be maximum for Nao20Sno.soSe
sample at high temperature (523 K). The AC conductivity follows Jonscher’s power-law
relation and the variation of the s’ parameter with temperature indicated that the CBH
model is responsible for the charge carriers in the hopping mechanism. The temperature-
dependent dc conductivity (odc) is a thermally activated process and the activation energy
(Ea) increased with Na concentration. The electrical modulus studies revealed the
dispersive nature and impact of grain boundary effects in all the NaxSn1-xSe samples. The
high values of the real part of permittivity and AC conductivity will find the possible

application of NaxSn1xSe polycrystals in high-energy capacitive storage devices.
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CHAPTER 4: Optical and Dielectric properties of Potassium doped
Tin Selenide polycrystals

4.1 Introduction

We have discussed earlier that doping of alkali metals can influence the

structural, optical, and electrical properties, In the previous work, we have investigated
the structural, optical, and dielectric properties of Na doped SnSe [83]. Recently Chan-
Chieh reported that potassium can enhance electrical transport properties with good
solubility in SnSe [46]. Yue-Xing Chen et al reported that the introduction of K into
SnSe has a dual effect: it enhances the carrier concentration and reduces the Sn oxides
[47]. However, to the best of our knowledge, no reports are available on AC
conductivity and dielectric properties of K-doped SnSe in a broad temperature range
hence; an effort is made to study the optical and dielectric properties of K-doped SnSe
samples. A very few reports exist on the K-doped SnSe prepared by solid-state methods
such as mechanical alloying and conventional melting [46-49,84]. No reports exist on
K-doped SnSe using aqueous solution methods. In the current study, we used
hydrothermal method to prepare K-doped SnSe polycrystals, due to its advantages that
have been explained earlier.
In the present study, we have synthesized K-doped SnSe polycrystals using a simple
hydrothermal method. The influence of K on the structural, morphological, and optical
studies of SnSe was studied. Further temperature-dependent dielectric studies were
investigated in a frequency range of 100 Hz-10 MHz and over a temperature range of
323-523 K.. We concluded that Correlated Barrier Hopping (CBH) is the possible
mechanism for the electronic transport of charge carriers. Electrical modulus studies for
all the samples revealed that there is a non-Debye type relaxation is present in all the
samples

4.2  Synthesis of KxSnixSe polycrystals

KxSnixSe polycrystalline samples with x= 0.00, 0.05, 0.10, 0.15 and 0.20 were
synthesized by hydrothermal method. The chemical reagents used in the synthesis
procedure are procured from MERCK and used as it is without any further purification
process. Equimolar solutions of SnCl2.2H.O (99.9%), Se metal powder (98%) were
taken as precursors of Sn*2 and Se’? sources respectively and KCI (99.9%) is used as
potassium precursor. Initially, to prepare K-doped SnSe, the stoichiometric molar

concentration of SnCl,.2H,0O was taken into 100 ml of De-ionized water and it is stirred
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for 5 min. Then the stoichiometric molar concentration of KCI is added to the previous
mixture and stirred for another 5 min. Further, 6 g of NaOH (85%) is added to the
solution and stirred for 10 min. The color of the solution is turned transparent. The
stoichiometric molar concentration of Se metal powder is added to the transparent
solution followed by stirring for 15 min. Then to reduce the Se source 2 g of NaBH4
(99.9%) is mixed into the obtained solution and stirred for 30 min. After the reaction
time is over the final solution is transferred into a hydrothermal autoclave of capacity
120 ml. the autoclave was kept in a vacuum oven at 170 °C for 12 h. For different K
doping, concentrations of SnCl..2H>O and KCI are varied. Finally, the autoclave was
allowed to cool to room temperature. Further, the solution was taken out from the
autoclave and washed, filtered with ethanol and DI water several times. Then the
obtained product was kept in an oven for drying at 80 °C overnight. Pure SnSe was also
prepared by the same procedure explained above without the addition of potassium
precursor.

4.3 Results and Discussion
4.3.1 X-Ray Diffraction

Figure 4.1(a) shows X-Ray diffraction pattern of KxSni.xSe for x = 0.00, 0.05, 0.10,
0.15, and 0.20 polycrystals. The samples are in single-phase and indexed well by
indicating the lattice planes (201),(210),(111),(400),(311),(411),(020),(50
1), (51 1) and (4 2 0). The XRD data is in good agreement with standard PDF file no:
#48-1224 [14,85]. All the KxSn1.xSe compositions have the strongest intensity along the
direction of the (4 0 0) plane indicating that the preferred orientation is along (4 0 0)
direction. With increasing concentration of the dopant K to 0.05, the intensity of the (1
1 1) plane is increased, followed by a decrease for compositions x=0.10 and 0.15, and
thereafter it showed a slight increase for x=0.20. However, the intensity of (4 0 0) plane
is decreased for all the compositions with increasing K doping concentration. In Fig. 1b,
the lattice parameters values are plotted against K concentration (x). The calculated
lattice parameters are matched well with the standard values (a = 11.49 A, b=4.153 A,
c=4.44 2\, PDF#48-1224). From fig. 4.1(b), it is shown that the lattice parameter ‘a’
values slightly increase as the concentration of K increases whereas there is less
variation along the b and c axis. This is because the intensity of (4 0 0) peak is higher
than that of other peaks in all the samples suggesting preferential orientation along a-
axis [47]. The increase in the values of lattice parameters happens when the small-sized
Sn atom (0.112 nm) is substituted with the small-sized K atom (0.138 nm) which leads
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to lattice expansion and increase of lattice constant. The unit cell volume corresponding
to the lattice parameters shows an increasing trend with K doping. The value of average
crystallite size (D) is decreased as the doping concentration of K increases and it is
varied from 136 to 97 nm as depicted in fig. 4.1(c). The lattice parameter values,

crystallite size, and cell volume for all samples were shown in Table 4.1.

11.55
@ PDF # 48-1224 =
K, Sn, Se
=== e 1150
E} = = % /./'_'
2 Ko.15510.855 e ——
< J ~ . Ko.1sSno.gsSe 2 1459 .
£ l Ky.105n9.905¢ < | .
E * * S 4456
o
£ .ll o_K0.055m.955¢ = 4404
B & 435
8 4309
= 4259
=
i = 4203
4159 . o
T T T T T T T 4.10 7 - T - r . . . e
20 25 30 35 4 45 S0 55 60 0.00 0.05 0.10 0.15 0.20
K concentration (x
20 Degrees (x)
140
1)
1354
1304
E 1251
Ens
2 1204
=
& s
Z 1104
?‘ <
5 1054
1004
95 . : . : :
0.00 0.05 0.10 0.15 0.20

K Concentration (x)

Figure 4.1 (a) XRD pattern of all K«Sni.xSe samples, (b) Lattice parameter variation
with concentration (x) of K, and (c) crystallite size Vs. K doping concentration.

Table 4.1 Lattice constants, cell volume, and crystallite size (D) of all the KxSnixSe
compositions.

Sample Lattice constants Cell volume(A)? D
a(A) b (A) c(A) (nm)
SnSe 11.46 4.15 4.417 210.0 136
Ko.0sSno.g5Se 11.47 4.152 4.425 210.7 120
Ko.10SNno.90Se 11.48 4.152 4.43 211.2 113
Ko.15Sno.gsSe 11.49 4.153 4.44 211.7 109
Ko.20SNno.s0Se 11.49 4.153 4.44 211.7 97

4.3.2 Morphology and elemental analysis

Figure 4.2 (a-e) reveals the SEM images of all the KxSni.xSe polycrystals. It is
seen that the undoped SnSe revealed a profile of non-uniform plate-like structures (fig.
4.2(a)). The size of the plates is decreased as the K doping into SnSe increases (fig.4.
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2(b-d)). In addition, for Ko 20Sno.soSe composition (fig.4.2(e)), it is noticed that there is a
combination of small plate-like structures that get agglomerated with small nano rod-
like structures. The decrease in the size of the plate-like structures with K doping is
possibly due to the lattice distortion induced by the replacement of small-sized Sn with
large-sized K and also due to the decrease in average crystallite size when K doping
increases. This results in a decrease in grain size [86]. The elemental composition was
confirmed for all the samples through EDAX as shown in fig. 4.3(a-e). The Edax
spectra show the existence of Sn, Se, and K in the stoichiometric compositions. The
atomic ratio for pure SnSe is 1.06:1 which is nearly stoichiometric and is in good
agreement with the standard value [85,87,88]. The ratio is lowered significantly as K
doping into SnSe increases because Sn composition decreases due to the substitution of
Kinto it.

Figure 4.2 SEM images of KxSnixSe polycrystals (a) x = 0.00, (b) x = 0.05, (c) x =
0.10, (d) x =0.15, and (e) x = 0.20 at 5 pm range.
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Figure 4.3 EDAX spectra of K«SnixSe polycrystals (a) x = 0.00, (b) x = 0.05, (c) x =
0.10, (d) x = 0.15, and (e) x = 0.20.

To further understand the morphology of K-doped SnSe samples high-resolution
transmission electron microscope studies were carried out. Figure 4.4(a) shows the
TEM image of the Ko.20SnogoSe sample. From fig.4.4(a) and (b), it is observed that the
sample possesses a rectangular plate-like structure, which is connected with small Nano
rods at the edges and is inconsistent with the SEM observation for Ko 20Sno.soSe [14,89].
The selected area diffraction pattern for the Ko.20Sno.goSe sample is shown in fig.4.4(c),
and it displays the formation of diffraction rings confirming the polycrystalline nature
of the sample indicating the planes (2 1 0), (4 00), (31 1) and (5 1 1) which are
observed from XRD pattern. Figure.4.4(d) shows the high-resolution TEM image of the
Ko.20Sno.soSe sample showing lattice fringes with d-spacing of 3.3 A and 2.88 A
corresponding to (2 1 0) and (4 0 0) planes respectively.
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L1100 nm

Figure 4.4 (a) TEM image of Ko20SnoseSe sample, (b) Magnified TEM image of
Ko.20Sn0.80Se sample, (c) SAED pattern of Ko.20Sno.soSe sample, and (d) High-resolution
TEM image of Ko.20Sno.soSe sample indicating d-spacing.

4.3.3 UV-VIS-NIR Diffuse Reflectance Spectroscopy

Figure 4.5(a) shows the reflectance spectra for all KxSni1.xSe samples. Figs. 4.5(b &c)
depict the tauc plots of indirect and direct band gaps for all KyxSnixSe samples
respectively. The indirect bandgap for the pristine SnSe is obtained as 0.817 eV, which
is less and in close agreement compared to the theoretical band gap (0.9 eV). Further, it
is noticed that the indirect bandgap of the K doped samples decreased from 0.817 eV to
0.709 eV as K composition increased. The direct bandgap calculated for undoped SnSe
is 0.946 eV is in agreement with the theoretical value of 1.3 eV. The direct bandgap is
also found to be decreased as K concentration increases into SnSe. The decrease in both
the bandgaps is due to the reduction in the crystallite size as K doping increases [83].
The indirect bandgaps (0.817 eV-0.709 eV) and the direct bandgaps (0.946 eV-0.906
eV) are widely tuned after K doping into SnSe can have new possible applications in
electronic and optoelectronic devices [48]. Figure 4.5(d) shows the variation of indirect
and direct bandgaps as a function of K concentration. The bandgap values for KxSnixSe

polycrystals are shown in Table 4.2.
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Figure 4.5 (a) Reflectance spectra of K«SnixSe polycrystals, (b) Determination of
indirect band gap using tauc plot, (c) Determination of direct bandgap using tauc plot,
and (d) Indirect and direct band gaps vs. K concentration.

Table 4.2 Bandgap values of KxSn1.xSe polycrystalline samples.

K doing concentration Indirect .
(x mol %) bandgap (eV) Direct bandgap (eV)
0 0.817 0.946
5 0.793 0.935
10 0.782 0.924
15 0.717 0.911
20 0.709 0.906

4.3.4 Dielectric studies
4.3.4.1 Room temperature dielectric studies

The dielectric properties of the materials can be influenced by various kinds of
polarizations such as ionic, orientation, electronic, and space charge polarization.
Dielectric properties are related to the electro-optic properties of the materials. The
microelectronics industry requires materials with low dielectric constants as interlayer
dielectric [90].
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Figure 4.6 (a) Dielectric constant vs. frequency, (b) Dielectric loss vs. frequency, and
(c) Dielectric loss tangent vs. frequency (d) AC conductivity vs. frequency for all
KxSh1xSe samples at room temperature.

Figure 4.6(a) depicts the effect of frequency on €' for all the KxSn1xSe samples. The
trend observed in the frequency dependence of dielectric constant for KxSni.xSe samples
is the same as observed in NaxSnixSe samples. The €' increases with K doping and a
large value of it is observed for Ko.20Sno.goSe. One of the reasons for the increase in €' is
due to the morphology exhibited by the samples. For pure SnSe plate-like structures
were observed. The sizes of the plates are reduced due to K doping which causes the
increase in the number of grain boundaries. The Ko20SnogoSe have a large number of
grain boundaries due to the lowest size hence exhibited a large value of &' compared to
all other samples. The increase in the number of grain boundaries causes more charge
carriers to get trapped at their boundaries which can further increase €'. The variation of
dielectric loss for all KxSn1.xSe samples with frequency is depicted in fig. 4.6(b). All the
samples showed high dielectric loss in low frequency region. The dielectric loss
gradually decreases with increase in frequency and becomes independent of frequency
in the high frequency region. The Ko.20SnosoSe sample exhibited large value of
dielectric loss. The frequency dependence of dielectric loss tangent is shown in fig.

4.6(c). The tan & increases as frequency increases and relaxation peaks are observed in
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the high-frequency region of 1 MHz-10 MHz. The peak intensity increases and the
peaks are shifted towards the high-frequency region as K doping into SnSe increases.
The value of tan 6 is high for the composition Ko 20SnogoSe. Fig. 4.6(d) displays the
dependence of ac conductivity on frequency for the KySnixSe samples. The same
behavior is obtained for KxSnixSe samples as observed in the case of NaxSnixSe
samples. The Ko.20Sno.soSe has obtained a large value of ac conductivity among all the
K-doped SnSe samples. However, Nao20SnosoSe exhibited a large value of ac
conductivity than Ko20Sno.goSe. This might be due to the large doping ability of Na than
K into SnSe and also morphology also plays a crucial role in the value of ac
conductivity. Nao.20Sno.goSe exhibited 3D flower-like morphology which has more
number of grain boundaries produces a high ac conductivity due to the accumulation of
charges at the boundaries increasing ac conductivity. Whereas Ko.20ShogoSe exhibited
plate-like combined with rod-like morphology has less number of grain boundaries

compared to Nao.20Sho.goSe.
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Figure 4.7 (a) Variation of M' as a function Frequency, (b) Variation of M" as a
function of Frequency, and (c) Variation M" vs. M’ for all KxSn1.xSe samples.

Figure 4.7(a) displays the effect of frequency on M' for KxSni1.xSe samples. The values
of M"is low and constant for all the K-doped SnSe samples till 320 KHz. The M’ values

increase as frequency increases. Dispersion is seen in the high-frequency region in all
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the samples. Figure 4.7(b) displays the effect of frequency on M" for all the KxSn1.xSe
samples. The M" values are less and independent of frequency in the low-frequency
region till 100 kHz. The rise in frequency causes the M" values to increase and
relaxation peaks are observed in the high-frequency region of 1 MHz- 10 MHz. The
peaks are shifted towards the high-frequency region as K doping into SnSe increases.
Figure 4.7(c) shows the variation of M' vs M" for KySnixSe samples at room
temperature. Similar behaviour is observed for KxSnixSe samples as exhibited by

NaxSn1.xSe samples.
4.3.4.2 Temperature dependent dielectric studies

The dielectric constants for all the K-doped SnSe samples are depicted in fig. 4.8(a-e) in
the temperature range 323 K-523 K. The ¢' value is high at the low-frequency region
and it found decreasing and become independent of frequency around 10 kHz as the
frequency increases. The dipoles do not have sufficient time to orient themselves
quickly in the direction of the ac field as frequency increases so that they begin to lag
behind the applied ac field. Further, the increase in frequency causes the dipoles to
completely not able to follow the applied field and the orientation of the dipoles is
stopped. Hence the value of €' reaches a constant value at high frequencies. The high
value of &' at the low-frequency region is because of the occurrence of space charge
polarization. The space charges move at grain boundaries when the external ac field is
applied. The dipole moments will be created which causes space charge polarization.
The increase in K doping into SnSe causes an increase in the value of €' and it is found
to be highest for Ko20Sn o0gSe. One of the reasons for the increase in €' value as K
increases is due to the morphology exhibited by the samples. For undoped SnSe large
plate-like structures were observed. The K doping causes the size of the plates to be
reduced and thereby increases the number of grain boundaries. The Ko20Sn o.g0Se
exhibited the lowest size of the plates which have a large number of grain boundaries
produces an increase in the value of ¢'. The increase in the number of grain boundaries
causes more charge carriers to get trapped at their boundaries which can further increase
€'. The possibility of an increase in €' as a function of temperature in each case can be
attributed to the alignment of the maximum number of dipoles in the direction of the
electric field as dipoles are less oriented at low temperatures. Whereas, dipoles can
rotate freely at high temperatures thus increases the orientation polarization, which
increases €. The value of €' is increased as the temperature increased in each

composition of K-doped SnSe. When the temperature increases more charge carriers
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move which in results increases the value of ¢'. The high values of dielectric constants
for K-doped SnSe make the material excellent for applications in capacitive storage
devices [37].
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Figure 4.8 Dielectric constant vs. Frequency of (a) SnSe, (b) Ko.osSnogsSe, (C)
Ko.10Sno0.90Se, (d) Ko.1sSnossSe, and (e) Ko.20Sno.soSe respectively in the temperature
range of 323 -523 K.

The variation of dielectric loss with frequency at various temperatures for all the K-
doped SnSe is shown in fig. 4.9(a—¢). The &" follows the same trend as the dielectric
constant. The dielectric constant decreases and becomes constant at higher frequencies.
The low value of the dielectric loss at high frequencies suggests the suitability of the
material used in high-frequency-related devices [9, 31-33]. The behaviour of exhibiting
low values of dielectric constant and dielectric loss at high frequencies in a sample

implies that the sample possesses greater optical quality with smaller defects and this
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parameter is crucial for different electro-optic devices and their applications
[12,76,83,90].
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Figure 4.9 Dielectric loss vs. Frequency of (a) SnSe, (b) Ko.05Sno.95Se, (¢) Ko.10Sno.90Se,
(d) Ko.15Sno.gsSe, and (e) Ko.20Sno.goSe respectively in the temperature range of 323-523
K.

The variation of loss tangent as a function frequency at different temperatures for pure
and K-doped samples is shown in fig. 4.10(a-¢). It is low and independent of frequency
for all the samples in the low-frequency region. The loss tangent increases as frequency
increases and relaxation peaks are observed in the high-frequency region (1.2-12 MHz).
The intensity of the peak increases as temperature increases and the peaks are shifted

towards the high-frequency region with an increase in temperature. The value of tan &
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increases as temperature increases in each composition of K doped SnSe shows strong
temperature dependence.
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Figure 4.10 Dielectric loss tangent vs. Frequency of (a) SnSe, (b) Ko.osSno.gsSe, (c)
Ko.10Sho.90Se, (d) Ko.1sSnogsSe, and (e) Ko20SnosoSe respectively in the temperature
range of 323-523 K.

The variation of ac conductivity as a function of frequency for all the K-doped SnSe
samples is shown in fig.4.11(a-e). It is observed that in all the samples there is a plateau
corresponding to dc conductivity and it is independent of frequency in the low-
frequency region. The increased conductivity at high frequencies indicates ac
conductivity. It increases as frequency increases and follows the relation 6 = Aw® in

each case. It also increases for temperature in all the samples showing the
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semiconductor nature of the sample. The increase in ac conductivity with temperature is
due to the tunnelling and thermionic emission of charge carriers across the barrier [90].
Because the size of the particles is small the charge carriers more easily move to the
surface of the particles and allow charge transfer by tunnelling or thermionic emission
to increase conductivity. The ac conductivity increases as the doping concentration of K
increases into SnSe. The highest value of ac conductivity is obtained for the
composition Ko.20Sno.goSe. One more possible reason for the increase in conductivity as
K doping increases is a decrease in the bandgap values. The Ko.20Sno.goSe has obtained

the least values of bandgaps compared to others and exhibited a high value of ac
conductivity.
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Figure. 4.11 Variation of AC conductivity vs. Frequency of (a) SnSe, (b) Ko.05Sno.9sSe,

(¢) Ko.10Sno.90Se, (d) Ko.15Sno.gsSe, and (e) Ko.20Sho.soSe respectively in the temperature
range of 323 -523 K.
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The frequency exponent ‘s’ has been determined from the slopes of Frequency versus
Log oac ( increasing region of ac conductivity) plots for all the samples as depicted in
fig. 4.12(a). The value of ‘s’ is found to be decreased as temperature increases and the
values are lie between 0.406-0.932 are less than 1. Hence the variation of s is in good
agreement with the Correlated Barrier Hopping (CBH) mechanism. Figure 4.12(b)

shows the variation of (1-s) with temperature.
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Figure 4.12 (a) Frequency exponent ‘s’ vs. temperature, (b) Variation of 1-s vs.
Temperature, (c) Arrhenius plot for determining activation energy at 100 kHz, and (d)
Activation energy vs. concentration of K.

Figure 4.12(c) shows the Arrhenius plot for all K-doped SnSe samples at a frequency
of 100 kHz. The activation energy is obtained from the slopes after linear fitting as
displayed in fig. 4.12(c). It is found to decrease with an increase in K till x=0.05 after
that it again increases as depicted in fig. 4.12(d). The values of E. for all the samples are
listed in Table 4.3.
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Table 4.3 Frequency exponent ‘s’, activation energy (Ea), and maximum barrier height

(W) values at various temperatures for all K-doped SnSe samples.

Composition  Temperature  Frequency exponent  Activation Energy W
(K) (s) (Ea) (eV) (meV)
SnSe 323 0.490
373 0.480
423 0.470 0.295 0.368
473 0.464
523 0.406
Ko.05SNno.955€ 323 0.500
373 0.493
423 0.4565 0.031 0.324
473 0.455
523 0.438
Ko.10Sno.90Se 323 0.769
373 0.736
423 0.726 0.115 0.728
473 0.664
523 0.623
Ko.15Sno.855€ 323 0.932
373 0.880
423 0.839 0.164 0.148
473 0.835
523 0.585
Ko.20SNho.g0Se 323 0.638
373 0.593
423 0.583 0.277 0.684
473 0.527
523 0.500

The complex electrical modulus provides useful information about the electrical
transport properties and relaxation process that occur in the material. It explains the
relaxation phenomenon of a material as a microscopic property of ionic solids. The
electrical transport phenomenon for the smallest capacitance can be studied by it. It is
very advantageous compared to impedance spectroscopy in terms of discrimination
between electrode polarization and grain boundary conduction. The frequency
dependence variation of the real part of electrical modulus (M") for all K-doped SnSe
samples at various temperatures is shown in fig. 4.13(a-e). The values of M' are low for
all the samples at all temperatures indicates the negligible polarization effect at low
frequencies. M' increases as frequency increases for all the samples. The variation of
M™" as a function of frequency at various temperatures is shown in fig. 4.14(a-e). M" is
very less in the low-frequency region and shows an increasing trend as frequency
increases. Relaxation peaks are observed for all the compositions at various

temperatures. The peak intensity is decreased as the temperature increases in each
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composition. The M" curves showed asymmetric behaviour indicates a non-Debye type
relaxation phenomenon. The peaks shifted in the direction of the higher frequency side
as temperature increased due to the correlated motion of mobile ions. The region below
the peak maximum is due to the long-range conduction of charge carriers whereas short-
range conduction of mobile ions is responsible for the region above the peak maximum.
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Figure 4.13 Variation of the M' vs. Frequency of (a) SnSe, (b) Ko.0sSnogsSe, (c)
Ko.10Sno.90Se, (d) KoisSnossSe, and (e) Ko20SnosoSe respectively in the temperature
range of 323-523 K.

The variation of M' vs. M" is depicted in fig. 4.15(a-e). The figures show semi-circular
arcs are observed for all compositions at all temperatures with their centers lying below
the x-axis. It is also noticed that the radii of the arcs were found to be decreased with an
increase in the temperature. The presence of semi-circular arcs in the low-frequency
region indicates the existence of grain boundaries in all the K-doped SnSe samples. The
incomplete formations of semi-circular arcs indicate the non-Debye type relaxation is

present in all the samples.
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Figure 4.14 Variation of M" vs. Frequency of (a) SnSe, (b) Ko.osSnogsSe, (c)
Ko.10Sn0.90Se, (d) Ko.15SnogsSe, and (e) Ko.20SnosoSe respectively in the temperature
range of 323-523 K.
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Figure 4.15 M" vs. M' of (a) SnSe, (b) KoosSnoesSe, () Ko.10Sno.goSe, (d)
Ko.15Sn0.855¢e, and (e) Ko.20Sno.goSe respectively in the temperature range of 323 -523 K.

4.4 Conclusions

KxSnixSe polycrystals (x = 0 to 20 mol % with a step of 5 mol %) were
prepared by hydrothermal method. The single phase of all the samples was confirmed
through XRD. The average crystallite size is found to be varied from 97-136 nm with K
doping increases into SnSe. The SEM images revealed that there is a decrease in the
size of the plate-like structures with K doping. The TEM analysis exhibited the
combination of plate-like structures with small nanorods at high resolution. The indirect
and direct bandgap values are reduced with an increase in K concentration and further

lead to enhance the ac conductivity with K doping. The room temperature studies
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showed that the large value of dielectric constant and ac conductivity was obtained for
the composition Ko 20SnogoSe. The temperature-dependent dielectric studies exhibited
maximum values of dielectric constant and dielectric losses for Ko20SnogoSe at low
frequencies. The K doping has significantly affected the AC conductivity and it is found
to be maximum for the Ko20SnogoSe sample at 523K. The calculated value of the
parameter ‘s’ suggested that the CBH model is the possible mechanism for the charge
carriers of the hopping mechanism. The impact of grain boundary effects is revealed by
electrical modulus studies and indicated non-Debye type relaxation in all the K-doped
SnSe samples. The results suggest the possible application of the material in

microelectronic, electro-optic, and capacitive storage devices.
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CHAPTER 5. Room temperature ferromagnetism and dielectric

properties of Cobalt doped Tin Selenide

5.1 Introduction

It has already stated in the previous occasions that SnSe is well studied for
thermoelectric, photovoltaic, and optoelectronic applications. Doping of transition
metals like Co and Fe into SnSe can alter its optical, electrical and magnetic properties.
To realize the applications of this material for dielectrics and spintronic application, it is
needed to investigate the doping effect of transition metal in SnSe on the dielectric and
magnetic properties respectively. Few researchers have investigated the electrical and
magnetic studies of transition metal-doped SnSe by computing their first-principle
calculations using Density Functional Theory (DFT) [50-53]. Jiating Lu et al. concluded
that 3d-orbits of transition elements efficiently change the bandgap and spin
polarization of the SnSe monolayers and also these narrowband transition metal-doped
DMS can have probable advantages in the fields of optoelectronic and spintronic
devices [51]. However, most of them focused on magnetic studies and coupling of Mn
and Fe doped SnSe monolayers. Isber et al. reported the crystal growth and magnetic
studies of Eu doped SnSe single crystals obtained using the Bridgeman method [54].
Recently, Shiying Liu et al. prepared cobalt-doped SnSe thin films by thermal
evaporation and investigated the thermoelectric and magnetic properties which have
concluded that Co induces magnetism into SnSe lattice [55]. However, experimental
investigations on Cobalt-doped SnSe for magnetic properties are scarce in the literature.
Dielectric investigations will provide information about the underlying conduction
mechanism by revealing the significant roles of grains and grain boundaries. The
response of the material to the incident ac field will give information about the
dependence on dielectric characteristics. To date, very few reports exist on the dielectric
properties of pure and doped SnSe [24-27]. No one has reported the effect of Co on
SnSe prepared by hydrothermal method for its dielectric and magnetic properties.
Therefore the analysis of magnetic properties combined with dielectric studies has been
undertaken keeping in mind the simplicity and cost-effectiveness of the hydrothermal
approach.

In the present study, CoxSnixSe polycrystals with x= 0.00, 0.01, 0.03, 0.05, 0.10
and 0.20 were synthesized using hydrothermal method. The effect of Co doping on
structural, morphological, and optical studies of SnSe was discussed. In addition,

dielectric properties, ac conductivity studies, and electrical modulus analysis were
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explored to understand the underlying conduction mechanism of SnSe with a function
of the applied ac field. Magnetic studies were also explained to understand the behavior
of the material for a potential application in data storage and spintronic devices.

5.2 Synthesis of CoxSni-xSe polycrystals

Analytical grades of SnCl2.2H20 (99.9%), SeO> metal powder (98%), CoCl..6H.0O
(99.9%), NaOH (85%), NaBH4 (99.9%), and Ethylenediaminetetraacetic acid (EDTA)
were procured from MERCK and utilized as received without conducting any further
purification process. The pure and CoxSnixSe samples were synthesized by a simple
hydrothermal method. For undoped SnSe, initially, 10 mmol of SnCl,.2H>0 was mixed
into 100 ml of deionized (DI) water and the solution is stirred for 5 min. Then 4 g of
NaOH was mixed into the solution and stirred for another 5 min. Then 10 mmol of SeO>
was added to the above mixture and stirred for 15 min. To reduce the SeO», 1g of
NaBHj; is added to the solution and stirred for 30 min. Later, 1.46 g of EDTA was
added to the mixture and stirred for 15 min. Finally, the resulting solution was shifted
into a stainless steel autoclave with Teflon lining having 120 ml capacity and kept in an
oven at 150 °C for 12 h. After completing the reaction time, the autoclave was allowed
to cool naturally to room temperature. Then the solution obtained was cleaned and
filtered with DI water and ethanol many times to get the resultant product. Further, the
product was dried in the air at 80 °C overnight. The CoxSnixSe for x= 0.01, 0.03, 0.05,
0.10, and 0.20 samples are synthesized by the similar process as explained above. The
molar concentrations of SnCl,.2H.O and CoCl..6H20 are varied to obtain the specific

compositions. The schematic of the synthesis process is presented in fig. 5.1.
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Figure 5.1 Schematic representation of the synthesis procedure of CoxSnixSe using the
hydrothermal method.

5.3 Results and Discussion
5.3.1 X-Ray Diffraction

Figure 5.2(a) shows X-Ray diffraction pattern of CoxSnixSe for x = 0.00, 0.01, 0.03,
0.05, 0.10 and 0.20 polycrystals. Single-phase with the orthorhombic structure is found
in undoped and all Co-doped SnSe samples. No secondary phases belonging to SnSe
(i.e., SnSez, Sn,Sez) or Co impurity (i.e., CoSez or CoO) are observed. From the Fig.
2(a), it is noticed that the diffraction peaks occur mainly from the planes (2 0 1), (2 1 0),
(011),(111),(400),(311),(411),(511)and (4 20).All the planes are well-
indexed, and well-matched with standard PDF file no: #48-1224 [58,71,85]. The
diffraction intensity for the plane (4 0 0) increases as the concentration of Co reaches
0.05, which shows the increase in crystalline nature. This type of behavior in the
diffraction intensity of the plane (4 0 0) is due to the residual stresses that occur by the
mismatch of ionic size between Co*? (0.65 A) and Sn*? (0.93 A). Increasing the Co
concentration to 0.10 and 0.20 again the intensity of the peak (4 0 0) is found to
decrease. This could be due to the occurrence of defects or stacking faults in the SnSe

lattice, which will decrease the diffraction intensity [29].
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Figure 5.2 (a) XRD pattern of all CoxSni1xSe samples, (b) Lattice parameter variation
with concentration (x) of Co, (c) crystallite size, and Cell volume vs. Co doping
concentration, and (d) Variation of strain and dislocation density with Co concentration.

The values of lattice parameters are plotted against Co concentration as shown in fig.
5.2(b) and it is noticed that as the Co concentration increases the lattice parameters
show a decreasing trend. This is due to the replacement of Sn*2 in the SnSe lattice with
Co*? with a lesser ionic radius than Sn*2. This leads to lattice shrinkage and a decrease
in lattice constant. The calculated lattice parameters are shown in Table 5.1. The cell
volume is also calculated (V=a*b*c (A?’)) and values are displayed in Table 5.1. The
calculated values are shown in Table 5.1. The value of D is found to be 45 nm for
undoped SnSe. With increasing values of x from 0.00 to 0.05, the crystallite size
decreased and thereafter attained a maximum value for x = 0.10 following which it
decreased at x = 0.20. The calculated crystallite size values of undoped SnSe are in
good agreement with existing literature values [91]. The noticed behavior of the average
crystallite size is because of the lattice strains that are produced while synthesizing the
CoxSn1.xSe samples [29]. The cell volume and crystallite size are shown in the plot fig.
5.2(c). Lattice imperfections occur due to Co doping into SnSe lattice and they lead to
occur strain in the host lattice. The average crystallite size decreases with an increase in
Co concentration till x=0.05. Further, it increases slightly for x=0.10 and thereafter

decreases. A similar trend is followed for strain but in opposite direction. The increase
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in the value of strain is due to the changes in the crystallite size and broadening of the
peaks (1 1 1) and (4 0 0) for x= 0.05. The broadening of peaks (1 1 1) and (4 0 0) are
reduced and the crystallite size is slightly increased for x=0.10 which results in a
decrease in the strain value [92,93]. The broadening of the peaks can be explained as a
function of FWHM. As strain is inversely related to average crystallite size, the
variation in the average crystallite size will alter the related deformations in the sample
[94]. The values of FWHM and strain are shown in Table 5.1. The strain and dislocation
densities are plotted against Co concentration and are shown in fig. 5.2(d). The obtained
strain and dislocation density values are very small and can increase the free motion of
electrons further which improves the mobility of the charge carriers in the SnSe lattice
[29]. The dislocation density increased from x= 0.00 to x= 0.05, and further it decreased
to x=0.10 and again increased for x=0.20. The increase in dislocation density and
decrease in crystallite size at the higher composition of Co is due to the presence of
doping atoms at grain boundaries [95]. However, the dislocation density is inversely
related to crystallite size. Table 5.1 shows the values of XRD parameters such as lattice
parameters, crystallite size, cell volume, strain, and dislocation density for all the
CoxSn1.xSe samples.

Table 5.1 XRD parameters of all Co,Sn1.xSe compositions.

_ Cell _ Dislocgtion
Sample Lattice constants volume  FWHM D Stra}l3 n densﬂy
a (A) b C (A)? (nm) (10~) _ (10 ,
A A lines/cm?)
SnSe 11.54 417 4.46 21462 0195 45 293 49
Co, SN 95 11.54 416 4.46  214.10 0.210 43  2.99 54
Co, 5N, ;5 1153 4.16 4.45 213.44 0208 42 314 56
Co,SNygsSe 1151 415 4.45 212,56 0224 42 315 56
COO_lOSnO_QOSe 1150 4.14 444  211.38 0.190 47 2.79 45
COO_ZOSHO_SOSG 1149 414 444  211.20 0.219 43 3.05 54

5.3.2 Morphological studies and elemental analysis

The surface morphology of all CoxSnixSe (x = 0.00 - 0.20) polycrystals are
shown in fig. 5.3(a)-(f) at 10 um range and it is evident that cobalt doping into SnSe
influences the morphology greatly. Pure SnSe exhibits non-uniform 2D plate-like
structures that are agglomerated and interconnected to form non-uniform 3D flower-like
structures. For SnSe with x = 0.01, 0.03, and 0.05, there is a decrease in the size of the
3D flowers and they grow into a more compact structure because the plate-shaped petals
have become thicker and denser as the composition of Co increases. The decrease in

the size of the flowers is due to the pinning effects at the grain boundaries caused by the
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addition of Co and these results in the decrease of grain size. However, with an increase
in Co content further to x = 0.10, agglomeration disappears and the plate-like structures
are changed into uneven rod-like structures. The rods are interconnected to form 3D
flowers. Furthermore, for x= 0.20, the 3D flowery nature has disappeared and the size
of the rods is decreased. Figure 5.4 shows the morphology of Coo.20Sno.goSe at higher
magnification i.e., at 2 um range. The average size of the rod is 800 nm as seen from

fig.5.4.

SEM HV: 15.0 KV
SEM MAG: 3.00 kx

Date(midiy): 111910

Figure 5.3 SEM images of CoxSnixSe polycrystals (a) x = 0.00, (b) x = 0.01, (¢) x =
0.03, (d) x =10.05, (e) x =0.10, and (f) x=0.20 at 10 um range.
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SEM HV: 15.0 KV WD: 10.62 mm VEGA3 TESCAN
SEM MAG: 10.0 kx Det: SE 2pm
2 Date(midly): 1022319 NIT, Warangal

Fig. 5.4 SEM image of Co-doped SnSe at x=0.20 at 2 pm range.

Further, to understand more about the morphology of Co-doped SnSe polycrystals,
high-resolution transmission electron microscope studies were investigated. Figure
5.5(a) shows the HRTEM image of C0o.0sSno.9sSe sample showing plate-like structure at
higher magnification. The rod-like structure is seen from the HRTEM image as shown
in fig. 5.5(b) for the sample Coo.10Sno.goSe. Figure 5.5(c) shows the agglomeration of
small nano rods for the sample Coo.20Sno.goSe. No cluster formation is observed from the
HRTEM results in all the samples. The HRTEM results are consistent with the observed
SEM results. The SAED pattern for Coo.10SnogoSe from fig. 5.5(d) depicts the
polycrystalline nature of the sample. The SAED pattern shows a set of rings
corresponding to the lattice planes (2 0 1), (4 0 0), and (3 1 1) are matched with the
XRD data. Fig. 5.5(e) depicts d-spacing of 2.88 A corresponding to the plane (4 0 0)
and grain boundary from the HRTEM image of Co0o.10Sno.90Se. The HRTEM image of
Co00.10Sno.90Se from fig.5.5(f) shows the dotted circles representing the dislocations that
occurred in the sample [96]. The d-spacing of 2.88 A and 3.5 A corresponding to the
planes (4 0 0) and (2 0 1) are represented in fig. 5.5(f) which are matched with the XRD
data. Figure 5.5(g-f) shows the Inverse Fast Fourier Transform (IFFT) images of the
circles represented in fig. 5.5(f). From the IFFT images, it is noticed that the red marked

regions are denoting the dislocations present in the Coo.10Sno.90Se sample [97].
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Figure 5.5 HRTEM images of CoxSnixSe polycrystals (a) x = 0.05, (b) x =0.10, (¢) x =
0.20, and (d) SAED pattern and (¢) HR-TEM image of Coo.10Sno.90Se representing grain
boundaries, (f) HR-TEM image of Coo.10SnogoSe with dotted circles representing
dislocations and (g),(h)&(i) are the IFFT images of the dotted circles 1,2 and 3
respectively as numbered in 5(f).

The elemental composition of pure and Co-doped SnSe samples is confirmed
through EDAX. Figure 5.6(a-f) shows the EDAX spectra for all the compositions. The
sharp peaks related to Sn, Se, and Co are seen in fig. 5.6(a-f) which confirms the
existence of Sn, Se, and Co in the EDAX spectra. No other impurities were found other

than the elements Sn, Se, and Co.
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Figure 5.6 (a-f) EDAX spectra of all Co«Sn;-<Se samples.
5.3.3 UV-VIS-NIR Diffuse Reflectance Spectroscopy

Figure 5.7(a) displays the reflectance spectra for all CoxSni1.xSe samples. The absorption
edges are shifted toward the higher wavelength sides as Co concentration increases into
SnSe, indicating a redshift except for x= 0.10. The plot for indirect bandgap ((F(R)hv)*2
versus hv) and direct bandgap ((F(R)hv)? versus hv) are depicted in fig. 7(b,c)
respectively. The optical bandgaps are calculated by extrapolating the linear region of
the plots onto the hv axis. The indirect bandgap for SnSe (0.93 e¢V) and direct bandgap
(1.023 eV) are well-matched with the theoretical indirect bandgap of 0.9 eV and direct
bandgap of 1.3 eV respectively. Both the bandgap values decrease as Co concentration
increases till x=0.05, followed by a slight increase at x=0.10 before it shows a decrease
as the concentration approaches x= 0.20. The sp-d exchange interactions between the
band electrons of the host lattice and the d electrons of Co*? ions cause changes in the
bandgap values [98]. Further, the variation of bandgap values is related to the variation
in the crystallite size for all the samples. The bandgap values decreased for values of
x=0.00 to x=0.05 and also again for x=0.20. This is due to the decreasing trend of

average crystallite size which will cause the grain size to decrease [72,99]. However, at
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Reflectance (%)

(F(R)hv)’

x=0.10 the bandgap values show a slight increase. This can be attributed to an increase

in the value of crystallite size. The variation of indirect and direct bandgaps as a

function of Co concentration is shown in fig. 5.7(d). The bandgap values are shown in
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Figure 5.7 (a) Reflectance spectra of CoxSni»Se samples, (b) (F(R)hv)Y? versus hv for
indirect bandgap, (c) (F(R)hv)? versus hv Tauc plot for direct bandgap, and (d)
Variation of indirect and direct bandgaps as a function of Co concentration.

Table 5.2 Values of indirect and direct bandgaps of Co.Sn:«Se polycrystals

Composition

Indirect bandgap (eV)

Direct bandgap (eV)

SnSe
Coo_mSno_ggSe

Co0.03sno.97Se
COO.OSSnO.QSSe
Coo.losno.gose
Coo_ZOSno_SOSe

0.93
0.92

0.918
0.89
0.913
0.816

1.023
1.012

1.000

0.989
1.005
0.86
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5.3.4 X-ray Photoelectron spectroscopy

XPS is recorded for the sample Co , Sn . Se to know the chemical states and to

confirm the formation of Co_, Sn . Se as shown in fig. 5.8(a-c). Figure 5.8(a) shows a

0.90
high-resolution spectrum of Sn 3d showing doublet peaks at 486.7 eV and 495.5 eV
corresponding to 3ds and 3dss respectively which confirming that the valence state of
Sn is +2. Figure 5.8(b) shows the deconvolution spectra of Se 3d showing two peaks at
54.4 eV and 55.7 eV are ascribed to 3ds;2 and 3ds/. respectively which are associated
with the -2 oxidation state of Se. The XPS results for both Sn and Se are in good
agreement with the literature [91,100]. The peaks at 781.8 eV and 797.6 eV are
corresponding to Co 2ps2 and Co 2ps» respectively as depicted in fig.5.8(c). The
binding energy difference between the two peaks is 15.8 eV. The results reveal that the
cobalt in our sample is in +2 state [101]. There is no evidence for the formation of
metallic Co because if metallic Co is formed the binding energies of Co 2p3; and Co
2p12 should be around 778 and793 eV with a difference of binding energies between
those two states is 15.05 eV [102].
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Figure 5.8 (a) XPS spectra of Sn3d, (b) Se3d, and (c) Co2p of Coo.10SNno.90Se sample.
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5.3.5 Dielectric studies
5.3.5.1 Room temperature dielectric studies

The variation of &' as a function of the frequency is shown in fig. 5.9(a). The value of &'
is greater in the low-frequency region for all CosSn:xSe samples due to space charge
polarization. The space charge polarization arises due to the charges getting trapped at
grain boundaries when an electric field is applied. Due to the trapping of charges at
grain boundaries, they become active which causes an increase in €'. The value of €' is
increased as Co concentration increases up to x= 0.05 in the low-frequency region. The
largest value of €' is obtained for Coo.0sSno.esSe. This is due to the reduction in the
average crystallite size of the 3D flower-like microstructure which further produces a
high number of grain boundaries. Hence the value of &' is large for Coo.05Sno.g5Se. For
values of Co concentration above x= 0.05, the microstructure exhibits small rod-like
nature and the crystallite size is high for x= 0.10 compared to other compositions. The
increase in the value of crystallite size causes a decrease in the number of grain
boundaries which further decreases the dielectric constant. It is also noticed from fig.
5.9(a), that €' tends to decrease with an increase in frequency, becomes constant, in the
region of high-frequencies. This is due to the lagging of polarization behind the
frequency at a certain point in the high-frequency region. Further, there is no sufficient
time for the dipoles to accommodate themselves in the direction of the applied ac field.
The influence of space charge polarization declines which results in the decrease of €'
The dielectric loss elucidates the loss of electrical energy of material when an external
electric field passes into the material; hence conduction mechanism mainly depends on
dielectric loss. The &" value for all Co-doped SnSe samples is noticed to decrease with
increasing frequency and finally, it becomes constant and independent of frequency
which shows that the losses vanish at high frequencies as seen from fig. 5.9(b). The
decrease in €" at high frequencies is due to the relaxation phenomenon. The &" is high in
the low-frequency region due to the enhancement in the carrier mobility by the free
charge motion. The dielectric loss is observed to be the largest in the case of
Coo.0sSno.gsSe. It is seen from fig. 5.9(c); the dielectric loss tangent is constant and is
independent of the frequency in the low-frequency region. It increases with frequency
and peaks are observed in loss spectra for all compositions caused due to the dipole
relaxation phenomenon. This is due to the space charges and defects in different defect
states in nanocrystalline materials. The Maxwell Wagner model and Koop theories

[103,104] are known to demonstrate the changes observed in the dielectric parameters.
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Figure 5.9 (a) Dielectric constant vs. frequency, (b) Dielectric loss vs. frequency, and
(c) Dielectric loss tangent vs. frequency, and (d) AC conductivity vs. frequency for all
CoxSn1.xSe samples at room temperature.

It is observed from fig. 5.9(d), that there is a plateau region at low frequencies
which corresponds to dc conductivity ogc. It is also seen that oqgc, increases with Co
composition till x=0.05 and thereafter decreases. The increasing portion of conductivity
at high frequencies corresponds to ac conductivity. This conduction occurs due to the
migration of ions inside the material. The 6ac shows an increasing trend with Co doping
which indicates that doping of Co induces impurity sites within the bandgap of SnSe
lattice. Though Co doping enhances the carrier concentration the testing frequency
needs to be high for achieving a fully ionized state and enhancement of conductivity.
The Coo.05Sno.9sSe has achieved a high value of ac conductivity due to the reduction in
the value of crystallite size. The decrement in the value of crystallite size with Co
concentration also improves grain boundary ionic diffusivity. The ac conductivity is
decreased for higher compositions of Co viz; x=0.10 and 0.20. This is due to the rise in
the value of crystallite size for these compositions which causes a decrease in the

number of grain boundaries resulting in the decrease of ac conductivity.
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Complex electrical modulus spectroscopy is helpful for the extraction of the
electrical response and thus provides a better understanding of the relaxation
phenomenon. It gives detailed information about the conduction mechanism in
polycrystalline materials and describes the electrical relaxation phenomenon of ionic
solids as a microscopic property of materials. To eliminate extreme loss effects, at low
frequencies the electrical modulus has been studied for all CoxSnixSe samples at room
temperature. The variation of M' as a function of frequency for all CoxSni.xSe samples
is depicted in fig.5.10(a). It is obvious from fig. 5.10(a) that the M' values are low and
tend to zero in the low-frequency region due to the non-contribution of electrode
polarization. The M' values increase with frequency for all compositions due to the

relaxation phenomenon and absence of space charge effect at high frequencies.
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Figure 5.10 (a) Variation of M' as a function Frequency, (b) Variation of M" as a
function of Frequency, and (c) Variation M" vs. M' for all CoxSn1.xSe samples.

The frequency dependence of M" for CoxSnixSe system of samples is shown in fig.
5.10(b). The M" values for all CoxSni1.xSe samples increase with frequency and peaks in
the high-frequency region. The ions are free to move over long-range distances
involving hopping mechanisms in the region below the peak maximum. In the region
above the peak maximum, the ions are restricted to potential wells and hence can move

over short distances i.e., can move within the local site [105]. The area where the peak
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occurs specifies the transformation of long-range conduction of charge carriers to short-
range conduction. The shifting of the peak towards the high frequencies for Co
concentration up to x=0.05 combined with the increase in peak strength. The peak shift
towards the high-frequency region corresponds to conductivity. For Co concentrations
of x= 0.10 to 0.20, a shift towards low frequencies is observed with maximum peak
strength being observed for x= 0.10. This shift towards the low-frequency side as the Co
composition increases is caused due to the increase in relaxation time [81]. The complex
electrical modulus spectrum (M' vs M") of all the CoxSni.xSe samples at room
temperature is shown in fig. 5.10(c). It is noticed that there is a formation of asymmetric
semi-circular arc in every sample. This confirms the dominance of the bulk effect
towards electrical conduction. The appearance of arcs in the spectra represents the
single phase of the samples. The centers of the semi-circular arcs that lie below the x-
axis indicate a non-Debye type relaxation. The semi-circular arcs observed in the low-
frequency region represent the existence of grain boundaries. The radii of semi-circular
arcs decrease with an increase in Co concentration till x= 0.05. The radius is maximum
for x=0.10, and thereafter decreases for x= 0.20. This would mean that the conduction
processes depend on the doping concentration [106].

5.3.5.2 Temperature dependent dielectric studies

Figure 5.11(a-f) depicts the frequency dependence of dielectric constants (g') for all the
CoxSn1xSe samples in the temperature range 323 K-523 K. The value of &' is large in
the low-frequency region and decreases with frequency increase for all the compositions
at all temperatures. It becomes independent of frequency above 10 kHz. There is no
remarkable change observed in the &' value at the high-frequency region in all cases at
all temperatures. The combined contribution of interfacial, electronic, atomic, and ionic
polarization results in net polarisation in the low-frequency region. When the measuring
frequency is lower than the relaxation frequency, all kinds of polarizations will
influence the dielectric constant. The large value of the dielectric constant is due to

interfacial polarization attributed to grain boundaries in the low-frequency region.
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Figure 5.11 Variation of Dielectric constant vs. Frequency of (a) SnSe, (b)
Co.01Sno.g9Se, (€) Co0o0.03Snoo7Se, (d) Coo.05SnogsSe, (e) Coo.10Sno.90Se, and (f)
Co00.20SnogoSe respectively in the temperature range of 323 -523 K.

The variation of dielectric constant with frequency is explained by Maxwell-Wagner's
[10] theory of interfacial polarization. This theory agrees with Koop's theory [15].
According to this theory, interfacial polarization is prominent in the low-frequency
region which causes charge trapping at grain boundaries. Because grain boundaries act
as a barrier to charge carrier movement. In the low-frequency region, the large value of
the dielectric constant can be illustrated in two ways. The first one is, that the Co-doped

SnSe polycrystals have a high density of disordered positive ions of Cobalt and Tin
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gaps and negative ions of Selenium vacancies which act as shallow acceptors at grain
boundaries. The arrangement of these Cobalt, Tin gaps, and Selenium vacancies in Co-
doped SnSe polycrystals may result in the formation of dipole moments. Thus applying
an external field will rotate the dipole moments at grain boundaries and contribute to
increasing the dielectric constant value. The second is that at high pressure, the grain
boundaries in compacted pellets must have a lot of, vacancies, porosities, defects, and
dangling bonds. These defects at grain boundaries can alter the space charge distribution
of negative and positive charges. The positive and negative space charges move towards
the negative and positive poles at grain boundaries when an external field is applied.
This generates a large number of dipole moments, resulting in a high dielectric constant
value. In each case, the increase in dielectric constant with temperature can be attributed
to charge carrier thermal conduction as the temperature rises. The value of €' is
increased with Co-doping into SnSe and it is found to be large for the composition
Co00.05Sno.gsSe due to the high 3D flowery nature of the sample compared to other
samples. This composition has more grain boundaries due to the increased flowery
nature. This can cause the trapping of more number of charge carriers at the boundaries
which raise the €' value. The dielectric constant decreases for C0o.10Sho.90Se due to the
decrease in flowery nature. A slight increase is observed for Coo.20Sno.soSe composition
due to the small rod-like morphology having large grain boundaries. The value of &'
~—=50-1400 is in the frequency-independent region above 10 kHz. Similar behaviour
has been observed in PbS nanosheets [16], Bi2S3 nanorods [17] and NiS2 [18]
nanoparticles where €' =200 above 10 kHz, &' =20 above 100 kHz, and €' =150 above 1
kHz respectively. When frequency increases, the dipoles do not have rapid orientation
in the applied ac field direction. As a result, dipole oscillations lag behind frequency
and &' decreases in the high-frequency region. Further, the dipoles are no longer able to
follow the applied ac field as the frequency rises, and their orientation is lost. Hence, at
high frequencies, €' reaches a constant value. The values of €' obtained for the Co-doped
SnSe have possible applications in microelectronic and capacitive storage devices [19].
Figure 5.12(a-f) depicts the variation of dielectric loss (&") as a function of frequency at
different temperatures for all the Co-doped SnSe. For all compositions, the value of "
decreases with increasing frequency and increases with increasing temperature. It is
high in the low-frequency region, and the composition C0o.05Sho.95Se has the highest
dielectric loss. Low dielectric constants and losses may have applications in electro-

optic and high-frequency devices [21-23].
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In fig. 5.13(a-f), the variation of the dielectric loss tangent (tan d) as a function of
frequency is shown for all compositions. At low frequencies, the tan & is low and
frequency independent for all of the compositions, but it increases as the frequency
increases. The tan 6 shows a maximum value before it shows decreasing trend in the
region of high frequencies. Relaxation peaks are observed for all the compositions in
the high-frequency region of 1 MHz-10 MHz. After the occurrence of the relaxation

peaks, the tan & shows decreasing trends which indicates that the sample reveals almost
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zero dielectric loss at higher frequencies [24]. The peak intensity is increased as the
temperature increases for all the compositions. The peaks are shifted to the low-

frequency region as the temperature rises.
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Figure 5.14 Variation of AC conductivity vs. Frequency of (a) SnSe, (b) Co.01Sno.99Se,
(¢) Co0.03Snog7Se, (d) Coo.05Sho.osSe, () Coo10SnoseSe, and (f)  Coo.20Sno.goSe
respectively in the temperature range of 323 -523 K.

From fig.5.14(a-f), the following two regions can be identified: (i) plateau
region (100 Hz-100 kHz) which is frequency independent in the low-frequency region
for all the compositions corresponding to DC conductivity, and (ii) the increasing

portion in the frequency-dependent high-frequency region (100 kHz- 10 MHz) which
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indicates the AC conductivity. Thus the conduction mechanism in all the samples
follows Jonscher’s power law. The dispersion region in the AC conductivity shifted
toward high frequencies as the temperature rises which shows the bulk relaxation of the
materials [26]. Relaxation peaks are observed for x=0.10 and x=0.20 compositions in
the frequency range of 1 MHz-10 MHz. As the temperature rises, the peaks shift to the
high-frequency region. The increase in temperature causes an increase in the thermal
conduction of charge carriers in all compositions, resulting in an increase in AC
conductivity in each case. The rise in temperature causes more charge carriers to move
over the barrier and increase the electrical conductivity. The AC conductivity variation
in all the cases can also be related to the average crystallite size and surface morphology
of the samples. At 523 K, the composition Co0o.0sSnogsSe exhibits a high AC
conductivity. This is due to the sample's heavy flowery nature and the low average
crystallite size of C0o.0sSno.95Se, which has a large number of grain boundaries that can
trap more charge carriers at the interface. In the high-frequency region, there are

relaxation peaks for x=0.10 and 0.20.
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Table 5.3 Frequency exponent ‘s’, activation energy (Ea), and maximum barrier height
(W) values at various temperatures for all Co-doped SnSe samples

Composition ~ Temperature Frequency Activation Energy (Ea) W
(K) exponent (eV) (meV)
(s)
SnSe 323 0.42
373 0.35
423 0.28 0.152 1.52
473 0.23
523 0.1
C00.01SNo.99Se 323 0.4625
373 0.41
423 0.385 0.185 0.598
473 0.36
523 0.338
C00.03SN0.975€ 323 0.655
373 0.576
423 0.545 0.231 1.14
473 0.445
523 0.435
C00.0sSNno.955€e 323 0.636
373 0.5235
423 0.517 0.317 1.24
473 0.398
523 0.388
C00.10Sno.90Se 323 0.68
373 0.595
423 0.517 0.242 1.71
473 0.429
523 0.3367
C00.20SNo.80Se 323 0.9
373 0.73
423 0.7 0.419 1.27
473 0.66
523 0.617

The slopes of Frequency vs. Log ac (the increasing portion of AC conductivity) plots
for all CoxSn1xSe samples are used to calculate the frequency exponent 's'. The values
of 's' for all samples are found to decrease with temperature rise, and values ranging
from 0.1 to 0.9, which are less than 1 and are shown in fig.5.15(a) with the variation of
temperature. From the manner of variation of ‘s’, it can be concluded that the
conduction process follows Correlated Barrier Hopping (CBH) mechanism. Table 5.3
shows the values of 's’ for all of the samples at various temperatures. The valence band
and conduction band are separated by localized states which are created due to the
defects that occur in the material. Every localized state is separated by a barrier of
height Wm. Under normal circumstances, charge carriers are confined to localized

states. When external energy is supplied, charge carriers will move from filled localized

89



states to unfilled localized states, resulting in hopping. Since the hopping mechanism is
taking place over the barrier, activation energy (AEa,) is needed by the charge carriers to
cross across the barrier. The values of ‘s’ can be calculated according to the CBH
model using the Eqgn. (8)[107]. Figure. 5.15(c) shows the frequency dependence of dc
conductivity for all CoxSn1.xSe samples at 100 kHz. The activation energy is estimated
from the slopes of frequency vs. Log oqc after linear fitting as depicted in fig. 5.15(c).
It is found to increase with Co doping till x=0.05, thereafter it decreases for x=0.10
slightly and further increases for x=0.20 as displayed in fig. 5.15(d). Table 5.3 shows
the activation energy (Ea) values for all of the samples.

The frequency dependence of the real part of electrical modulus (M") for all the Co-
doped SnSe samples at various temperatures are displayed in fig. 5.16(a-f). M' is nearly
zero and frequency independent in the low-frequency region up to 1MHz. After that as
frequency increases, M' value increased for all the compositions at all temperature. The
variation of M" with frequency is shown in fig. 5.17(a-f). The M" is constant and
frequency independent in the region of low frequencies. M" increases with frequency,
and relaxation peaks can be seen in the high-frequency region (1 MHz-10 MHz). The
region beneath the peak maximum corresponds to charge carrier long-range conduction.
Charge carriers are constrained to potential wells by short distances above the peak
maximum. As the temperature rises, the relaxation peaks shift to the high-frequency

side.
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Figure 5.17 Variation of M" vs. Frequency of (a) SnSe, (b) Co.01Sno.9eSe, (c) C00.03Sn
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temperature range of 323 K-523 K.

Figure 5.18(a-f) depicts the variation of M' vs. M". At all temperatures, single
semi-circular arcs formed in all Co-doped samples, their centres are located below the
x-axis. As the temperature increases, the radii of semi-circular arcs reduce in all the
samples which indicate the conduction mechanism is a temperature-dependent hopping
mechanism. The formation of semi-circular arcs in all samples at all temperatures is
incomplete due to non-Debye type relaxation. The observed semi-circular arcs indicated

the presence of grain boundaries in the low-frequency region.
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Figure 5.18 M" vs. M' of (a) SnSe, (b) Co.01SnogeSe, (c) Co0o.03Shog7Se, (d)

C00.05SN0.95Se, (e) Coo.10SNo.90Se, and (f) Coo.20Sno.80Se respectively in the temperature
range of 323 K-523 K.

5.3.6 Magnetic studies

Figure 5.19 depicts the M-H curves for CoxSn1.xSe (x=0.00, 0.01, 0.03, 0.05, 0.10 and
0.20) polycrystals at room temperature. It is clear from fig. 5.19, that pure SnSe exhibits
anti-ferromagnetic vortex behaviour at higher magnetic fields and experience
ferromagnetism at low field areas. This ferromagnetic nature observed for undoped
SnSe at low magnetic fields is due to the occurrence of residual defects as justified by
many reports that explained the presence of ferromagnetism in undoped nonmagnetic
semiconductor lattice [31,108]. All the CoxSnixSe samples show ferromagnetic
behaviour at room temperature having hysteresis loops with finite magnetization at 1.5

Tesla. The reasons for observed ferromagnetism at room temperature in all the doped
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samples could be from several possibilities such as the formation of secondary phases
related to Co or metallic Co, native defects, and carrier-related intrinsic property [101].
However native defects alone cannot produce ferromagnetism and no secondary phases
related to Co were found in our case as evident from XRD, EDAX, and XPS. In
general, two exact independent mechanisms are arising from two different processes
which explain the causes for ferromagnetism in DMS. The first one is bound magnetic
polarons (BMPs) generating long-range magnetic order and the second is carrier
induced Ruderman-Kittel-Kasuya-Yosida substitute interaction (RKKY) [109]. From
the XPS results, it is noticed that for the x=0.10 sample, Cobalt exists in +2 valence
state. In the current study, the ferromagnetism observed in all Co-doped samples is
attributed to the carrier-mediated intrinsic magnetic property as Co*? ions being
substituted for Sn*2 ions in the SnSe lattice without changing its original crystal
structure. Distinct shapes and widths of hysteresis loops are obtained for different
CoxSn1xSe Samples which are affected by many factors such as the presence of defects,
the concentration of the dopant, and grain size [110]. The parameters such as coercivity
(Hc), remnant magnetization (Mgr), and saturation magnetization (Ms) are shown in
Table 3, which do not follow any particular trend as Co concentration increases. The
fluctuation in the magnetic parameter values might be due to the dislocations and
defects that occurred during the growth process of CoxSnixSe as observed from
HRTEM studies (fig. 5.5(e-i)). From the hysteresis loops, strong ferromagnetism is
observed for Coo.10Sno.90Se composition with a saturation magnetization (Ms) of 0.1342
emu/g. The increase in Co concentration leads to an increase in free delocalized carriers
of host lattice and the localized d spins of Co* ions. The double exchange interaction
(sp-d) between the delocalised charge carriers and the localised d spins of Co* ions
become stronger with increase in Co concentration [111,112]. Further for C0oo.20Sno.o0Se,
the Ms decreases to 0.1083 emu/g. In general, two competing mechanisms can explain
the ferromagnetism in DMS. One is long-range carrier-mediated mechanism is
ferromagnetic and the other is short-range direct exchange mechanism is
antiferromagnetic. The antiferromagnetic mechanism is neglected at lower
concentrations of magnetic impurities. But, at a certain concentration of the magnetic
ion, antiferromagnetic interactions play a crucial role and reduce the ferromagnetic
nature of the sample [101]. The increase in Co concentration may reduce the distance
between the Co ions that causes antiferromagnetic interactions between the
neighbouring Co-Co ions and weakens the ferromagnetism in the SnSe matrix

[110,113]. Hence the variation in the saturation magnetization (Ms) values of Co-doped
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SnSe samples is due to the coupling between ferromagnetic and antiferromagnetic

interactions.
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Figure 5.19 The hysteresis loops for all CoxSnixSe samples measured at room
temperature by VSM.

The value of remnant magnetization (Mg) rises from 0.00453 emu/g to 0.007 emu/g up
to a cobalt concentration of 0.05. At Co concentration x= 0.10 the Mr value decreases
to 0.0045 emu/g and increases to 0.0133 for x= 0.20. The coercivity is increased from
69 Oe to 153 Oe as the composition of Co increases from x= 0.01 to 0.05. This is due to
the increase of anisotropy of the 3D flower-like structures formed for higher
concentrations of Co [114,115]. The decrease in coercivity from 153 Oe to 33 Oe with
increasing concentration from x= 0.05 to 0.10 could be because of the decrease in the
anisotropy energy. A maximum coercivity of 244 Oe is obtained for x= 0.20, exhibiting
uneven small rod-like structures having higher shape anisotropy. The increase in
coercivity also might be caused by the largest value of magnetic ion impurity exhibiting
a strong ferromagnetic coupling [31]. This is the first report on the magnetic properties
of CoxSnixSe samples showing room temperature ferromagnetic behaviour which can

have potential applications in data storage and spintronic devices.
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Table 5.3 Coercivity (Hc), Saturation Magnetization (Ms), and Remnant Magnetization

(MR) as a function of Co concentration.

Composition Hc (Oe) Ms (emu/g)) Mg (107 emu/q)
SnSe 69 0.0235 4.53

Co, SN, ,,5e 87 0.049 5.52

Co, SN, ,,Se 106 0.0426 5.10

Co, SN, ,.Se 153 0.0536 7.00

Co, ,,SN, 4o5€ 33 0.1342 4.50

Co, SN, ,,Se 244 0.1083 133

5.4 Conclusions

The CoxSnixSe diluted magnetic semiconductors were successfully prepared using
hydrothermal method. A single-phase with an orthorhombic structure for all the samples
was concluded from XRD. The average crystallite size, strain, and dislocation densities
were measured and they are well-matched with literature values. There is a small decay
in the lattice constant values with an increase in Co concentration due to the ionic
mismatch of Co and Sn. The surface morphology was observed by SEM, which
revealed the 3D flower-like morphology that turned to small rod-like morphology for
increasing compositions of Co. HR-TEM results are consistent with the SEM
observations and revealed the presence of grain boundaries and dislocations. EDAX
elucidated the presence of Cobalt in CoxSni1xSe samples. The optical studies obtained
from UV-Vis-NIR DRS spectroscopy illustrate that both direct and indirect bandgaps
decrease as the Co concentration increases up to x=0.05 after that they increased for
x=0.10 and again decreased for x=0.20. The XPS studies confirmed the valence state of
Sn, Se, and Co for the sample Co0o.10SngoSe. The room temperature dielectric studies
revealed that CooosSnoosSe has obtained high value of dielectric constant and ac
conductivity. At low frequencies, the Coo.0sSnoosSe obtained the highest dielectric
constant and dielectric losses at 523 K. The Co doping and change in temperature
showed a significant effect on the AC conductivity and the Co0o.05Sno.9sSe sample
exhibited the highest AC conductivity value at 523K. The CBH model is a possible
mechanism for the charge carriers of the hopping mechanism, based on the calculated
value of the parameter 's’. Electrical modulus studies revealed the impact of grain
boundary effects, and all Co-doped SnSe samples showed non-Debye type relaxation.
The findings suggest that the material could be used in microelectronic, capacitive
storage electro-optic, and frequency-related devices. VSM measurements have

described the ferromagnetism revealed by all the CoxSn1xSe SnSe at room temperature,
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which suggests that these dilute magnetic semiconductors which exhibit thermoelectric

behaviour can also have applications in spintronic devices.
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CHAPTER 6: Investigation of Dielectric and Magnetic properties of Fe
doped SnSe

6.1 Introduction

The doping effect of Co on optical, dielectric and magnetic properties of SnSe
has been presented in the previous chapter. On the same lines doping of Fe into SnSe
also can influence the optical, dielectric properties and it can induce magnetism in the
host lattice. Researchers have theoretically investigated the magnetic properties of
transition metal (Ni, Mn, Co, Fe, Mn) doped SnSe[50-53]. However experimental

investigations are scant in this direction.

In the present study we have synthesized FexSni.xSe with x=0.00, 0.01, 0.03, 0.05, 0.10
and 0.20 using hydrothermal method. The influence of Fe on structural, morphological
and optical parameters such as average crystallite size lattice parameters and bandgap
are well studied. Further the effect of temperature on dielectric properties of Fe doped
SnSe are investigated in detail. Furthermore room temperature magnetic studies were

investigated for the prepared samples.

6.2  Synthesis of FexSnixSe polycrystals

Analytical grades of SnCl,.2H20 (99.9%), SeO; (98%), FeCl..4H,0 (99.9%), NaOH
(85%), NaBH4 (99.9%) were procured from MERCK and utilized as received without
conducting any further purification process. Initially, for Fe doped SnSe, stoichiometric
amounts of SnCl,.2H,0, FeCl..4H>0, and 4 g of NaOH were dissolved in 100 ml of DI
water and stirred for 10 min. Then the colour of the solution is transformed to light
green color. Stoichiometric amount of SeO, was added to the above solution and
followed by stirring of 15 min. Finally to reduce the SeO>, 1 g of NaBHj4 is mixed to the
solution and stirred for 30 min. Then the resultant solution was transferred into an
autoclave and subjected to 150 °C in a vacuum oven for 12h. After the reaction time is
over, the autoclave was cooled naturally to room temperature and followed the post
treatment of washing with ethanol and DI water many times. The obtained product was
dried at 80 °C in a vacuum oven. Pristine SnSe was also prepared by similar procedure

except the addition of Fe precursor.
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6.3 Results and Discussion
6.3.1 X-Ray Diffraction

Figure 6.1(a) shows X-Ray diffraction pattern of FexSnixSe for x = 0.00, 0.01, 0.03,
0.05, 0.10 and 0.20 polycrystals. Single-phase with the orthorhombic structure is found
in undoped and all Fe-doped SnSe samples. From the fig. 6.1(a), it is noticed that the
diffraction peaks occur mainly from the planes (201),(210),(011),(111),(400),
(311),(411),(11)and (4 20). All the planes are well-indexed, and well-matched
with standard PDF file no: #48-1224 [58,71,85]. There are two major peaks (111) and
(4 0 0) are observed in all the samples. The diffraction intensity of both the planes (1 1
1) and (4 0 0) increases with increase in Fe concentration which shows increase in
crystallinity. This type of behavior in the diffraction intensity of the planes (1 1 1) and
(4 0 0) is due to the residual stresses that occur by the mismatch of ionic size between
Fe*2(0.78 A) and Sn*?(0.93 A). The calculated lattice parameters are well-matched with
the standard values (a = 11.49 A, b=4.153 A, c=4.44 A PDF#48-1224). The lattice
parameter values reduce with increase in the Fe content, which could be due to the
lower ionic radius of Fe*? (0.78 A) when compared to Sn*? (0.93 A), and hence, the
lattice may leads to shrink which results in the reduction of lattice constant. The
variation of lattice parameters with Fe concentration is shown in fig. 6.1(b). The
calculated lattice parameters are shown in Table 1. The values of average crystallite size
are calculated from the major peaks (1 1 1) and (4 0 0) through the Debye-Scherrer
formula from Eqn. (2) [58,116]
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Figure.6.1 (a) XRD pattern of all FexSni.xSe samples, (b) Lattice parameter variation
with concentration (x) of Fe, (c) crystallite size vs Fe doping concentration.

The calculated values are shown in Table 6.1. The value of D is found to be 66 nm for

undoped SnSe. With increasing values of x from 0.00 to 0.05, the crystallite size

decreased and thereafter attained a maximum value for x = 0.10 following which it

decreased at x = 0.20. The calculated crystallite size values of undoped SnSe are in

good agreement with existing literature values [91]. The noticed behavior of the average

crystallite size is because of the lattice strains that are produced while synthesizing the

FexSni1xSe samples [29]. The crystallite size is shown in the plot fig.6.1(c).

Table 6.1 XRD parameters of all Fe,Sn.1..Se compositions.

Cell
Sample Lattice constants volume D (nm)
a(A) b () c(A) (A)°
SnSe 1151 4.17 4.46 214.06 66
Fe, 015N 958 11.49 4.155 4.45 212.45 65
Fe, 455N 758 11.479 4.154 4.425 211.00 61
Fe, 055Ng.655€ 11.47 4.15 4.423 210.54 60
Fe, 145N 0058 11.465 4.145 4.41 209.57 63
Fe, 20SN;505€ 11.46 4.14 4.41 209.22 59
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6.3.2 Morphological studies and elemental analysis

Figure 6.2(a-f) revealed the morphology for all the FesSnixSe samples. Pure SnSe
exhibited the plate like morphology as shown in fig. 6.2(a). The plate like structures
gradually deformed into rod like structures as Fe concentration into SnSe increases.. For
x=0.20 composition small rods and nano particles are got agglomerated to form Sphere
like structures. From fig. 6.3(a), the HRTEM image of Feg10Sno.90Se sample showing
rod like structure at higher magnification. HRTEM image of Feo20SnogoSe shows the
agglomeration of small nanoparticle and rods as observed from fig. 6.3(b). Figure 6.3(c)
shows the SAED pattern for Feo10SnogeSe which consisting of set of rings
corresponding to the lattice planes (1 1 1), (4 0 0), and (2 1 0) confirming the
polycrystalline nature of the samples and the lattice planes are matched with the XRD
data. Figure 6.3(d) depicts d-spacing of 3.3 A corresponding to the plane (2 1 0). The
elemental composition of pure and Fe-doped SnSe samples is confirmed through
EDAX. Figure 6.4(a-c) shows the EDAX spectra for pure x=0.10 and 0.20 samples. The
sharp peaks related to Sn, Se, and Fe are seen in fig. 6.4(d,k) which confirms the
existence of Sn, Se, and Fe in the EDAX spectra. No other impurities were found other
than the elements Sn, Se, and Fe. The elements Sn, Se, and Fe are distributed uniformly
throughout the samples. The EDAX spectra show the near stoichiometric ratios of Sn,

Se, and Fe in the respected compositions.

Figure 6.2 FESEM images of FexSni1.xSe polycrystals (a) x = 0.00, (b) x = 0.01, (c) x =
0.03, (d) x =0.05, (e) x =0.10, and (f) x=0.20 at 2 um range.
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Figure 6.3 HRTEM images of FexSnixSe polycrystals (a) x = 0.10, (b) x = 0.20, (c)
SAED pattern of x = 0.10, and (d) d-spacing corresponding to the plane (2 1 0).
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Figure 6.4 (a-c) EDAX spectra of SnSe, x=0.10 and x=0.20 samples, Elemental
mapping of (d,e) pure SnSe, (f,g,h) x=0.10 and (i,j,k) x=0.20.
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6.3.3 UV-VIS-NIR Diffuse Reflectance Spectroscopy

Figure 6.5(a) displays the reflectance spectra for all FexSnixSe samples. The absorption
edges are shifted toward the higher wavelength sides as Fe concentration increases into
SnSe, indicating a redshift except for x= 0.10. The plot for indirect bandgap ((F(R)hv)Y/?
versus hv) and direct bandgap ((F(R)hv)? versus hv) are depicted in fig. 6.5(b-C)
respectively. The optical bandgaps are calculated by extrapolating the linear region of
the plots onto the hv axis. Both the bandgap values decrease as Fe concentration
increases till x= 0.05, followed by a slight increase at x=0.10 before it shows a decrease
as the concentration approaches x= 0.20. The sp-d exchange interactions between the
band electrons of the host lattice and the d electrons of Fe*? jons cause changes in the
bandgap values [98]. Further, the variation of bandgap values is related to the variation
in the crystallite size for all the samples. The bandgap values decreased for values of
x=0.00 to x=0.05 and also again for x=0.20. This is due to the decreasing trend of
average crystallite size which will cause the grain size to decrease [72,99]. However, at
x=0.10 the bandgap values show a slight increase. This can be attributed to an increase

in the value of crystallite size. The bandgap values are shown in Table 6.2.

100 0.9
(a) (b) SnSe
0.8 =Tey q,5ny955¢
801 ol 0.7 4 =Fey 1350, 9;5¢
g F SnSe a 0.6 4 _F"u.usfi’“u_usse
o 604 . - Fey Sn;, Se
b1 ——Fe;;5ng545¢ o 0.5
= = Feg 5oSn, g, Se
S Feg 35y o;5¢ o) -
] ) . X 044
é 40 4 e 551 g55€
& ——Fe; S0y 58e = 034 0902 ey
. Fe 5050, go5€ 024 ,f"/ 0 0.911 V]
o1 //4 € 0.918 ¢V
" T o 0sse Vo dQ8s2e J. AT
0 T T 0.04 T — v T
400 800 1200 1600 2000 2400 0.6 0.7 0.8 0.9 1.0
Wavelength (nm) Photon energy (eV)
0.10
o (c) SnSe
’ Feg 150 g95¢
0.08 1 =T 435n,,,5¢
~ 0.07 4 =Fe, 550, ys5e
= 0.064 ’ Fey 1450y g95¢
a 0.05 4 Fey S0y 5S¢ € 0.952 eV
=
E .04 a) 0.94 eV
b) 0.926 ¢V N
0.03 4
nos3ev \ )
0.02 4 08IV
0.01 1 B
0.00 x : — ;
0.6 0.7 0.8 0.9 1.0
Photon energy (eV)

Figure 6.5 (a) Reflectance spectra of Fe,Sni»Se samples, (b) (F(R)hv)Y? versus hv for
indirect bandgap, and (c) (F(R)hv)? versus hv Tauc plot for direct bandgap.
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Table 6.2 Values of indirect and direct bandgaps of FexSni.xSe polycrystals

Composition Indirect bandgap (eV) Direct bandgap (eV)
SnSe 0.932 0.92

Fe) 015M.4958 0.922 0.905

Fe; 0551y 675€ 0.876 0.878

Fe4055M,655€ 0.869 0.871

Fe; 10570 6058 0.937 0.927

Fe4.20°M0,805¢ 0.928 0.899

6.3.4 X-ray Photoelectron spectroscopy

XPS is recorded for the sample Fe, Sn . Se to know the chemical states and to

confirm the formation of Fe,  Sn . Se as shown in fig. 6.6(a-c). Figure 6.6(a) shows a

0.90
high-resolution spectrum of Sn 3d showing doublet peaks at 486.7 eV and 495.5 eV
corresponding to 3ds2 and 3ds2 respectively which confirming that the valence state of
Sn is +2. Figure 6.6(b) shows the deconvolution spectra of Se 3d showing two peaks at
53.7 eV and 55.7 eV are ascribed to 3ds;2 and 3ds2 respectively which are associated
with the -2 oxidation state of Se. The XPS results for both Sn and Se are in good
agreement with the literature [91,100]. The peaks at 710.4 eV and 723.4 eV are
corresponding to Fe 2ps2 and Fe 2ps; respectively as depicted in fig. 6.6(c). The results

reveal that the Fe in our sample is in +2 state.
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Figure 6.6 (a) XPS spectra of Sn3d, (b) Se3d, and (c) Fe2p of Feo.10Sno.g0Se sample.
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6.3.5 Dielectric studies

6.3.5.1 Room temperature dielectric studies

The variation of €' as a function of frequency is shown in fig. 6.7(a). The value of €' is
decreases with increase in frequency and becomes constant and independent of
frequency after a certain point of frequency in all Fe.Sn.,Se samples. This is due to the
lag between the polarization and the applied field. Due to the lag, dipoles cannot rotate
in the direction of the field in time which leads to decrease the value of ¢'. The value of
€' is large for all the samples in the low frequency region is due to the trapping of charge
carriers leads to the occurrence of space charge polarization which causes an increase in
¢'. The value of €' is increased as Fe concentration increases up to x= 0.05 in the low-
frequency region. Feo.osSnogesSe exhibited large value of €’. This is due to low value of
average crystallite size having large number of grain boundaries. For the Fe
concentration above x= 0.05, the microstructure exhibits small rod-like nature and the
crystallite size is high for x= 0.20 compared to other compositions. The increase in the
value of crystallite size causes a decrease in the number of grain boundaries which
further decreases the dielectric constant. The loss of electrical energy of a material can
be described by dielectric loss when an external ac field is applied. The €" value for all
Fe-doped SnSe samples is noticed to decrease with increasing frequency and becomes
independent of frequency showing that losses vanish at high frequencies as seen from
fig. 6.7(b). The decrease in €" at high frequencies is due to the relaxation phenomenon.
The &" is high in the low-frequency region due to the enhancement in the carrier
mobility by the free charge motion. The dielectric loss is observed to be the largest in
the case of FeoosSnogsSe. It is seen from fig. 6.7(c); the dielectric loss tangent is
constant and is independent of the frequency in the low-frequency region. It increases
with frequency and peaks are observed in loss spectra for all compositions caused due
to the dipole relaxation phenomenon. This is due to the space charges and defects in
different defect states in Nano crystalline materials. The Maxwell Wagner model and
Koop theories [103,104] are known to demonstrate the changes observed in the
dielectric parameters. To understand the conduction phenomenon within the material,
the ac conductivity is computed for all the FexSnixSe samples and displayed in fig.
6.7(d). From the figure there is a plateau region at low frequencies which corresponds to
dc conductivity ogc. It is also seen that oqc, increases with Fe composition till x=0.05 and
thereafter decreases. The increasing portion of conductivity at high frequencies
corresponds to ac conductivity. This conduction occurs due to the migration of ions
inside the material. The cac Shows an increasing trend with Fe doping which indicates
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that doping of Fe induces impurity sites within the bandgap of SnSe lattice. The
Feo.05SNo.95Se has achieved a high value of ac conductivity due to the reduction in the
value of crystallite size. The decrement in the value of crystallite size with Fe

concentration also improves grain boundary ionic diffusivity.
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Figure 6.7 (a) Dielectric constant vs. frequency, (b) Dielectric loss vs. frequency, (c)
Dielectric loss tangent vs. frequency, and (d) AC conductivity vs. frequency for all
Fe.Sn1xSe samples at room temperature.

Complex electrical modulus spectroscopy is helpful for the extraction of the
electrical response and thus provides a better understanding of the relaxation
phenomenon. It gives detailed information about the conduction mechanism in
polycrystalline materials and describes the electrical relaxation phenomenon of ionic
solids as a microscopic property of materials. The electrical modulus has been studied
for all FexSn1.xSe samples at room temperature. The variation of M" as a function of
frequency for all FexSn1.xSe samples is depicted in Fig. 6.8a. The M' values are low and
tend to zero in the low-frequency region due to the non-contribution of electrode
polarization. The M" values increase with frequency for all compositions due to the
relaxation phenomenon and absence of space charge effect at high frequencies. The
frequency dependence of M" for FexSnixSe system of samples is shown in Fig. 10(b).
The M" values increase with frequency and peaksare observed in the high-frequency
region for all samples. The ions are free to move over long-range distances involving

hopping mechanisms in the region below the peak maximum. In the region above the
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peak maximum, the ions are restricted to potential wells and hence can move over short
distances i.e., can move within the local site [105]. The area where the peak occurs
specifies the transformation of long-range conduction of charge carriers to short-range
conduction. The shifting of the peak towards the high frequencies for Fe concentration
up to x=0.05 combined with the increase in peak strength. The peak shift towards the
high-frequency region corresponds to conductivity. For Fe concentrations of x= 0.10 to
0.20, a shift towards low frequencies is observed with maximum peak strength being
observed for x= 0.10. This shift towards the low-frequency side as the Fe composition

increases is caused due to the increase in relaxation time [81].
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Figure 6.8 (a) Variation of M' as a function Frequency, (b) Variation of M" as a
function of Frequency, and (c) Variation M" vs. M' for all FexSn1.xSe samples.

The complex electrical modulus spectrum (M' vs M") of all the FexSnixSe
samples at room temperature is shown in fig. 6.8(c). It is noticed that there is a
formation of asymmetric semi-circular arc in every sample. This confirms the
dominance of the bulk effect towards electrical conduction. The appearance of arcs in
the spectra represents the single phase of the samples. The centers of the semi-circular
arcs that lie below the x-axis indicate a non-Debye type relaxation. The semi-circular

arcs observed in the low-frequency region represent the existence of grain boundaries.
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The radii of semi-circular arcs decrease with an increase in Fe concentration till x=

0.05. The radius is maximum for x= 0.10, and thereafter decreases for x= 0.20. This

would mean that the conduction processes depend on the doping concentration [106].

6.3.5.2 Temperature dependent dielectric studies
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Figure 6.9 Variation of Dielectric constant vs. Frequency of (a) SnSe, (b) Feo.01Sno.9sSe,
(c) FeoosSn o097Se, (d) FeoosSnooesSe, (€) FeoioSnogeSe, and (f) Feo.20Sno.soSe
respectively in the temperature range of 323 K-523 K.

Figure. 6.9(a-f) depicts the frequency dependence of dielectric constants (g') for all the
FexSni1xSe samples in the temperature range 323 K-523 K. The value of €' is large in the
low-frequency region and decreases with frequency increase for all the compositions at
all temperatures. It becomes independent of frequency above 10 kHz. There is no
remarkable change observed in the &' value at the high-frequency region in all cases at
all temperatures. The combined contribution of interfacial, electronic, atomic, and ionic
polarization results in net polarisation in the low-frequency region. When the measuring

frequency is lower than the relaxation frequency, all kinds of polarizations will
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influence the dielectric constant. The large value of the dielectric constant is due to
interfacial polarization attributed to grain boundaries in the low-frequency region. The
variation of dielectric constant with frequency is explained by Maxwell-Wagner's [10]
theory of interfacial polarization. This theory agrees with Koop's theory [15]. According
to this theory, interfacial polarization is prominent in the low-frequency region which
causes charge trapping at grain boundaries. Because grain boundaries act as a barrier to
charge carrier movement. Thus applying an external field will rotate the dipole
moments at grain boundaries and contribute to increasing the dielectric constant value.
value. In each case, the increase in dielectric constant with temperature can be attributed
to charge carrier thermal conduction as the temperature rises. The value of &' is
increased with Fe-doping into SnSe and it is found to be large for the composition
Feo.0sSno.gsSe. When frequency increases, the dipoles do not have rapid orientation in
the applied ac field direction. As a result, dipole oscillations lag behind frequency and &'
decreases in the high-frequency region. Further, the dipoles are no longer able to follow
the applied ac field as the frequency rises, and their orientation is lost. Hence, at high
frequencies, €' reaches a constant value. The values of €' obtained for the Fe-doped SnSe

have possible applications in microelectronic and capacitive storage devices [19].
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Figure 6.10 Variation of Dielectric loss vs. Frequency of (a) SnSe, (b) Feo.01Sno.gsSe,
(c) FeoosSn o097Se, (d) FeoosSnogesSe, (€) FeoioSnogeSe, and (f) Feo.20Sno.soSe
respectively in the temperature range of 323 K-523K.

Figure 6.10 (a-f) depicts the variation of dielectric loss (") as a function of frequency at
different temperatures for all the Fe-doped SnSe. For all compositions, the value of &"
decreases with increasing frequency and increases with rise in temperature. It is high in
the low-frequency region, and the composition Feo.osSno.gsSe has the highest dielectric
loss. Low dielectric constants and losses may have applications in electro-optic and

high-frequency devices [21-23].
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Figure 6.11 Variation of Dielectric loss tangent vs. Frequency of (a) SnSe, (b)
Feoo1SnogeSe, (C) FeoosSn o097Se, (d) FeoosSnogesSe, (e) Feo10SnogeSe, and (f)
Feo.20Sno.soSe respectively in the temperature range of 323 K-523 K.

In figure. 6.11(a-f), the variation of the dielectric loss tangent (tan d) as a function of
frequency is shown for all compositions. At low frequencies, the tan ¢ is low and
frequency independent for all of the compositions, but it increases as the frequency
increases. The tan 6 shows a maximum value before it shows decreasing trend in the
region of high frequencies. Relaxation peaks are observed for all the compositions in
the high-frequency region of 1 MHz-10 MHz. After the occurrence of the relaxation
peaks, the tan & shows decreasing trends which indicates that the sample reveals almost
zero dielectric loss at higher frequencies [24]. The peak intensity is increased as the
temperature increases for all the compositions. The peaks are shifted to the low-

frequency region as the temperature rises.
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Figure 6.12 Variation of AC conductivity vs. Frequency of (a) SnSe, (b) Feo.01Sno.gsSe,
(c) FeoosSn o97Se, (d) FeoosSnogsSe, (e) Feo.10SnogoSe, and (f) Feo20SnosoSe
respectively in the temperature range of 323 K-523 K.

Figure 6.12(a-f) depicts the effect of frequency on AC conductivity of the Fe-doped
SnSe samples at various temperatures ranging from 323 K-523 K. From fig.6.12(a-f),
the following two regions can be identified: (i) plateau region (100 Hz-100 kHz) which
is frequency independent in the low-frequency region for all the compositions
corresponding to DC conductivity, and (ii) the increasing portion in the frequency-
dependent high-frequency region (100 kHz- 10 MHz) which indicates the AC
conductivity. Thus the conduction mechanism in all the samples follows Jonscher’s
power law. The dispersion region in the AC conductivity shifted toward high
frequencies as the temperature rises which shows the bulk relaxation of the materials
[26]. The increase in temperature causes an increase in the thermal conduction of charge
carriers in all compositions, resulting in an increase in AC conductivity in each case.
The rise in temperature causes more charge carriers to move over the barrier and

increase the electrical conductivity. The slopes of frequency vs. Logac (the increasing
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portion of AC conductivity) plots for all FexSnixSe samples are used to calculate the
frequency exponent 's'. The values of 's' for all samples are found to decrease with
temperature rise, and values ranging from 0.1 to 0.9, which are less than 1. From the
manner of variation of ‘s’, it can be concluded that the conduction process follows
Correlated Barrier Hopping (CBH) mechanism. Table 6.3 shows the values of 's' for all
of the samples at various temperatures. The valence band and conduction band are
separated by localized states which are created due to the defects that occur in the
material. Every localized state is separated by a barrier of height Wm. Under normal
circumstances, charge carriers are confined to localized states. When external energy is
supplied, charge carriers will move from filled localized states to unfilled localized
states, resulting in hopping. Since the hopping mechanism is taking place over the
barrier, activation energy (AEa) is needed by the charge carriers to cross across the
barrier. The slopes of temperature vs. (1-s) plot, as shown in fig. 6.13(b) and listed in

Table 6.3, are used to calculate the Whn.
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Figure 6.13 (a) Variation of frequency exponent ‘s’ vs. temperature, (b) Variation of 1-s
vs. Temperature, (c) Arrhenius plot for determining activation energy at 100 kHz, and
(d) Activation energy vs. Dopant concentration (X).

Figure 6.13(c) shows the frequency dependence of dc conductivity for all FexSni.xSe
samples at 100 kHz. The activation energy is estimated from the slopes of Frequency
vs. Log oqc after linear fitting as depicted in fig. 6.13(c). It is found to increase with Fe
doping till x=0.05, thereafter it decreases for x=0.10 slightly and further increases for
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x=0.20 as displayed in fig. 6.13(d). Table 6.3 shows the activation energy (E.) values

for all of the samples.

Table 6.3 Frequency exponent ‘s’, activation energy (Ea), and maximum barrier height
(Wm) values at various temperatures for all Fe-doped SnSe samples

Composition Temperature Frequency exponent  Activation Energy W
(K) (s) (Ea) (V) (meV)
SnSe 323 0.345
373 0.322
423 0.309 0.16 0.81
473 0.224
523 0.183
Feo.01Sno.g9Se 323 0.466
373 0.380
423 0.340 0.296 1.00
473 0.306
523 0.266
Feo.03Sno.97Se 323 0.538
373 0.511
423 0.495 0.127 0.41
473 0.457
523 0.455
Feo.0sSno.g5Se 323 0.613
373 0.454
423 0.412 0.225 1.11
473 0.404
523 0.390
Feo.10Sn0.90Se 323 0.666
373 0.647
423 0.612 0.152 1.17
473 0.600
523 0.431
Feo.20Sno.s0Se 323 0.980
373 0.940
423 0.920 0.100 1.95
473 0.840
523 0.590
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Figure 6.14 Variation of M’ vs. Frequency of (a) SnSe, (b) Feo.01Sno.geSe, () Feo.03Sn
0.975€, (d) Feo.osSnogsSe, (€) Feo.10SnogSe, and (f) Feo20SnosoSe respectively in the

temperature range of 323 K-523 K.

The frequency dependence of the real part of electrical modulus (M) for all the Fe-
doped SnSe samples at various temperatures are displayed in fig. 6.14(a-f). M' is nearly
zero and frequency independent in the low-frequency region up to 1MHz. After that as
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frequency increases, M' value increased for all the compositions at all temperatures.
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Figure 6.15 Variation of M" vs. Frequency of (a) SnSe, (b) Feo.01Sno.9eSe, () Feo.03Sn
0.975€e, (d) Feo.osSnogsSe, (e) Feo.10Sno.goSe, and (f) Feo20SnogoSe respectively in the
temperature range of 323 K-523 K.

The variation of M™ with frequency is shown in fig. 6.15(a-f). The M" is constant and
frequency independent in the region of low frequencies. M" increases with frequency,
and relaxation peaks can be seen in the high-frequency region (1 MHz-10 MHz). The
region beneath the peak maximum corresponds to charge carrier long-range conduction.
Charge carriers are constrained to potential wells by short distances above the peak
maximum. As the temperature rises, the relaxation peaks shift to the high-frequency
side.
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Figure 6.16 M" vs. M' of (a) SnSe, (b) Feo01SnoseSe, (c) FeoosSn o97Se, (d)
Feo.0sSno.osSe, (e) Feo.10Sno.goSe, and (f) Feo20Sno.soSe respectively in the temperature
range of 323 K-523 K.

Figure 6.16(a-f) depicts the variation of M' vs. M". At all temperatures, single semi-
circular arcs formed in all Fe-doped samples, their centres are located below the x-axis.
As the temperature increases, the radii of semi-circular arcs reduce in all the samples
which indicate the conduction mechanism is a temperature-dependent hopping
mechanism. The formation of semi-circular arcs in all samples at all temperatures is
incomplete due to non-Debye type relaxation. The observed semi-circular arcs indicated

the presence of grain boundaries in the low-frequency region.
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6.3.7 Magnetic studies

The room temperature M-H curves for FexSni1xSe (x=0.00, 0.01, 0.03, 0.05, 0.10 and
0.20) polycrystals are depicted in fig.6.17. It is clear from fig.6.17, that pure SnSe
exhibits ferromagnetism at low field areas and anti-vortex behaviour at higher magnetic
fields. Many researchers justified that the ferromagnetic behaviour in an undoped
semiconductor is due to the residual defects that occur in the host lattice [31,108]. All
the FexSnixSe samples exhibited room temperature ferromagnetism with hysteresis
loops of finite magnetization at 1.5 Tesla. The reason for this ferromagnetism in doped
samples could be raised from many possibilities such as formation of secondary phases
defects, and carrier-related intrinsic property [101]. In our case we observed that no
secondary phases are observed as observed from XRD, EDAX and XPS and defects its
own cannot ferromagnetism. Thus, in the current work, the improved crystalline nature
attained and the absence of hybrid phases in the synthesised samples ensure that the
magnetism produced is solely the product of the addition of Fe to the SnSe host lattice.
The saturation magnetization Ms value increases with increase in concentration of Fe
into SnSe. Maximum value of Ms 0.10487 emu/g is obtained for x=0.10. It might be the
result of the exchange interaction between the localised "d" spins of the Fe ions and the
free, delocalized charge carriers of the host lattice. Thereafter it decreases to 0.04056
emu/g for x=0.20. This is due to the antiferromagnetic contribution generated by the
large number of localised 3 d electrons in Fe atoms between adjacent Fe-Fe atoms. The
ferromagnetic signals were quenched by the antiferromagnetic interactions caused by
the increased Fe concentration [110,113]. Hence the variation in the saturation
magnetization (Ms) values of Fe-doped SnSe samples is due to the coupling between
ferromagnetic and antiferromagnetic interactions. The remnant magnetization (Mg)
increases from 0.4893x10* emu/g to 3.9923 emu/g up to a Fe concentration of 0.05
thereafter it decreases at higher compositions. The coercivity (Hc) value is increased
from 71.2 Oe to 212.39 Oe as the composition of Fe increases from x=0.00 to 0.10. The
increase in coercivity also might be caused by the large value of magnetic ion impurity
exhibiting a strong ferromagnetic coupling [31].The decrease in coercivity for x=0.20 is
might be due to the decrease in the anisotropy energy. The room temperature
ferromagnetic behaviour exhibited by the FexSnixSe samples will have potential

applications in data storage and spintronic devices.
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Figure 6.17 The hysteresis loops for all FexSnixSe samples measured at room
temperature by VSM.

Table 3 Coercivity (Hc), Saturation Magnetization (Ms), and Remnant Magnetization

(MR) as a function of Fe concentration.

Composition Hc (Oe) Ms (emu/g) Mg (10 emu/g)
SnSe 71.2 0.00212 0.4893

Fe, oSN, 40S€ 86.83 0.04941 0.9719

Fe, 455N, 0,5€ 205.92 0.12665 3.9667

Fe, 455N 055€ 210.07 0.1325 3.9923

Fe, 1SN, 0058 212.39 0.14087 2.7745

Fe, SN, 058 146.58 0.04056 0.588

6.4 Conclusions

The FexSnixSe diluted magnetic semiconductors were successfully prepared using
hydrothermal method. The surface morphology was observed by FESEM, which
revealed the layered like morphology that turned to small ball like morphology for
increasing compositions of Fe. The optical studies obtained from UV-Vis-NIR DRS
spectroscopy illustrate that both direct and indirect bandgaps decrease as the Fe
concentration increases up to x=0.05 after that they increased for x=0.10 and again

decreased for x=0.20. The XPS studies confirmed the valence state of Sn, Se, and Fe for
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the sample Feo10SnoooSe. The room temperature dielectric studies revealed that
maximum value of dielectric constant and ac conductivity is obtained at x=0.05. the
temperature dependent dielectric studies showed that Feg 0sSno.gsSe found large value of
dielectric constant and ac conductivity at 523 K. VSM measurements have described the
ferromagnetism revealed by all the FexSnixSe SnSe at room temperature, which
suggests that these dilute magnetic semiconductors can also have applications in

spintronic devices.
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CHAPTER 7: Summary and Conclusions

In this chapter summary and conclusions of the current thesis work are
presented. The scope for future work in order to expand in the field of research work

has also been suggested.
7.1 Summary of the thesis work

We have successfully prepared the alkali and transition metal doped SnSe
polycrystals using hydrothermal method. We have observed change in the bandgap
values with change in dopants. For undoped SnSe also a slight variation in the bandgap
values are observed. This is due to different synthesis conditions that we have used for
different dopants. We have obtained high dielectric constants and ac conductivity values
for Na doped SnSe among the alkali doped SnSe and Fe doped SnSe among transition
doped SnSe materials. The obtained dielectric properties show that our materials have
possible applications in microelectronic and capacitive storage devices. Fe doped SnSe
exhibits better room temperature ferromagnetic properties compare to Co doped SnSe
showing applications in data storage and spintronic devices. The overall summary of the
thesis work is given in below (Table 7.1-7.4)

Table 7.1 Values of Room temperature dielectric properties

Composition Dielectric constant  Dielectric constant Log AC
(below 10 kHz) (above 10 kHz) Conductivity(S/m)

NaxSni-xSe 5x107-6.4x108 450-1200 0.07-1.48

KxSni-x Se 1.2x108-5.6x108 470-550 0.76-1.39

CoxSn1xSe 1.11x105-9.1x108 440-460 0.94-1.64

FexSnix Se 1.59x108-1.53x10° 545-1600 0.29-1.91

Table 7.2 Values of Temperature dependent dielectric properties

Composition  Dielectric constant Dielectric constant Log AC
(below 10 kHz) (above 10 kHz) Conductivity(S/m)

NaxSni.xSe 7.05x107-1.35x10%° 180-1200 0.04-1.98

KxSnix Se 1.49x108-8x10° 80-200 0.49-1.37

CoxSni1xSe 4.18x108-1.5x10° 50-1400 0.6-2.27

FexSnix Se 6.58x108-6.86x10° 450-500 0.68-2.18

Table 7.3 Coercivity (Hc), Saturation Magnetization (Ms), and Remnant Magnetization
(MR) as a function of Co concentration.

Composition Hc (Oe) Ms (emu/g)) Mg (10 emu/g)
SnSe 69 0.0235 4.53

Co, ,,SN, ,;Se 87 0.049 5.52

Co, ,,Sn, ,.Se 106 0.0426 5.10
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Coo_OSSnO_%Se 153 0.0536 7.00
Coo'losno'QOSe 33 0.1342 450
CoOIZOSnOBOSe 244 0.1083 13.3

Table 7.4 Coercivity (Hc), Saturation Magnetization (Ms), and Remnant Magnetization

(MR) as a function of Fe concentration.

Composition Hc (Oe) Ms (emu/q) Mg (10 emu/q)
SnSe 71.2 0.00212 0.4893

Fe, 4, SN, 458 86.83 0.04941 0.9719

Fe, ;SN 458 205.92 0.12665 3.9667

Feo.ossno.gsse 210.07 0.1325 3.9923

Feo_losno_goSe 212.39 0.14087 2.7745

Fe, ,,5N, 5,58 146.58 0.04056 0.588

7.2 Conclusions

The conclusions derived from the thesis work performed on alkali and transition metal
doped SnSe for dielectric and magnetic properties are given below:

NaxSnixSe polycrystals (x = 0.00 to 0.20 with a step of 0.05) were successfully
synthesized by hydrothermal method. XRD was performed to confirm the single phase
of the compounds. Various structural parameters like average crystallite size, lattice
parameters and cell volume were extracted. The average crystallite size decreased from
132 to 83 nm as Na doping increases. Morphological studies revealed by SEM and
TEM exhibited 2D plate-like morphology for undoped SnSe. With increasing Na
concentration, these 2D plate-like structures cross-linked to each other and formed 3D
flower-like structure at x = 0.20. Further, this flower-like morphology helped in
enhancing the dielectric properties of NaxSnixSe polycrystals. The optical bandgap
studies revealed that both direct and indirect bandgap values decreased as doping
concentration increased which can contribute to an increase in AC conductivity. Room
temperature dielectric studies showed that large value of dielectric constant and ac
conductivity is obtained for Nao.2oSno.soSe. The temperature-dependent dielectric studies
showed that the maximum values of the real part of permittivity and dielectric losses
were obtained for higher doping concentration at low frequencies and there is no
remarkable change observed at higher frequencies. The low value of the dielectric
constant and dielectric loss at high frequencies appears to be promising for electro-optic
and solar cell devices. The doping concentration (Na) has a significant effect on AC
conductivity and it is found to be maximum for Nao20SnosSe sample at high

temperature (523 K). The AC conductivity follows Jonscher’s power-law relation and
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the variation of the ’s’ parameter with temperature indicated that the CBH model is
responsible for the charge carriers in the hopping mechanism. The electrical modulus
studies revealed the dispersive nature and impact of grain boundary effects in all the
NaxSn1xSe samples at room and high temperatures. The high values of the real part of
permittivity and AC conductivity will find the possible application of NaxSnixSe
polycrystals in high-energy capacitive storage devices.

KxSnixSe polycrystals (x = 0 to 20 mol % with a step of 5 mol %) were
prepared by hydrothermal method. The structural parametrs confirmed the single phase
of the compound using XRD. The average crystallite size is found to be varied from 97-
136 nm with K doping increases into SnSe. Morphological studies revealed that there is
a decrease in the size of the plate-like structures with K doping. The TEM analysis
exhibited the combination of plate-like structures with small nanorods at high
resolution. The indirect and direct bandgap values are reduced with an increase in K
concentration and further lead to enhance the ac conductivity with K doping. The room
and temperature-dependent dielectric studies exhibited maximum values of dielectric
constant and dielectric losses for Ko20Sno.soSe at low frequencies. The K doping has
significantly affected the AC conductivity and it is found to be maximum for the
Ko.20Sno.soSe sample at 523K. The calculated value of the parameter ‘s’ suggested that
the CBH model is the possible mechanism for the charge carriers of the hopping
mechanism. The impact of grain boundary effects is revealed by electrical modulus
studies and indicated non-Debye type relaxation in all the K-doped SnSe samples. The
results suggest the possible application of the material in microelectronic, electro-optic,
and capacitive storage devices.

The CoxSnixSe diluted magnetic semiconductors were successfully prepared
using hydrothermal method. A single-phase with an orthorhombic structure for all the
samples was concluded from XRD. The average crystallite size, strain, and dislocation
densities were measured and they are well-matched with literature values. The surface
morphology was observed by SEM, which revealed the 3D flower-like morphology that
turned to small rod-like morphology for increasing compositions of Co. HR-TEM
results are consistent with the SEM observations and revealed the presence of grain
boundaries and dislocations. The optical studies obtained from UV-Vis-NIR DRS
spectroscopy illustrate that both direct and indirect bandgaps decrease as the Co
concentration increases up to x=0.05 after that they increased for x=0.10 and again
decreased for x=0.20. The XPS studies confirmed the valence state of Sn, Se, and Co

for the sample Co0o.10Sno90Se. The room temperature dielectric studies revealed that
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Co00.0sSno.95Se showed high value of dielectric constant and ac conductivity. At low
frequencies, the Coo.0sSno9sSe obtained the highest dielectric constant and dielectric
losses at 523 K. The Co doping and change in temperature showed a significant effect
on the AC conductivity and the Coo.0sSno.9sSe sample exhibited the highest AC
conductivity value at 523K. The CBH model is a possible mechanism for the charge
carriers of the hopping mechanism, based on the calculated value of the parameter 's'.
Electrical modulus studies revealed the impact of grain boundary effects, and all Co-
doped SnSe samples showed non-Debye type relaxation. The findings suggest that the
material could be used in microelectronic, capacitive storage electro-optic, and
frequency-related devices. VSM measurements have described the ferromagnetism
revealed by all the CoxSnixSe SnSe at room temperature, which suggests that these
dilute magnetic semiconductors have applications in spintronic devices.

The FexSnixSe diluted magnetic semiconductors were successfully prepared
using hydrothermal method. The morphological studies from SEM and TEM showed
layered like morphology that turned to small ball like morphology for increasing
compositions of Fe. The optical studies obtained from UV-Vis-NIR DRS spectroscopy
illustrate that both direct and indirect bandgaps decrease as the Fe concentration
increases up to x=0.05 after that they increased for x=0.10 and again decreased for
x=0.20. The XPS studies confirmed the valence state of Sn, Se, and Fe for the sample
Feo.10Sno.gSe. The room temperature and temperature dependent dielectric studies
revealed that maximum value of dielectric constant and ac conductivity is obtained at
x=0.05. Temperature dependent dielectric studies exhibited large value of dielectric
constant and ac conductivity for x=0.05. VSM measurements have described the
ferromagnetism revealed by all the FexSnixSe SnSe at room temperature, which
suggests that these dilute magnetic semiconductors can also have applications in
spintronic devices.

7.3 Future scope of work

In the present work we have investigated the effect of alkali and transition metal doped
SnSe for dielectric and magnetic properties. Other transition metals like Ni and Mn can
be doped into SnSe and their dielectric and magnetic studies will be undertaken.
Synthesis and characterization of other IV-VI metal chalcogenide materials such as SnS,
PbS, PbSe and SnTe using hydrothermal method can be carried out for dielectric and
magnetic device applications. Doping of transition metals (Co. Ni, Fe and Mn) into the

above mentioned 1V-VI metal chalcogenides can be carried out. Other transition metals
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like Ni and Mn can be doped into SnSe and their dielectric and magnetic studies will be

undertaken.
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