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Abstract

Thermoelectric materials (TEM) are the compounds that are capable of straightly
changing the heat energy into electrical energy (Seebeck effect) or vice-versa (Peltier
effect). Thermoelectric-based appliances are composed of solid-state materials such
as p-type and n-type semiconductors which are coupled into the electrical circuit and

display a temperature gradient. The efficiency of the compounds is investigated by the
2
mathematical expression ZT = ikﬂ T where “S” represents the Seebeck coefficient,

*o” represents the electrical conductivity, “k” is the thermal conductivity, “PF™ is the
power factor, and ‘T” is the average of the coldest and hottest regions of the
temperature. The ZT value is high for the best thermoelectric compounds mostly
electrical appliances in utilization to show that ZT can be measured up to 3. The
high-temperature change is composed of a high ZT value that increases to

large-performance thermoelectric compounds that affect.

In the present research, optimization and advanced thermoelectric compounds are
evaluated by different elements. Scientists are continuously in search of an advance
material that has the leading properties: the quality of holding higher temperatures,
thus enhanced the “T” term showing a high Seebeck coefficient and electrical
conductivity controlled with doping methods and immediate low thermal conductivity,
“k”. Nowadays, research observation has changed from “S26” to “k”, which can help
enhance the thermoelectric material fabricated from different methods to determine
the complex crystal structure and initialization of structural defects such as nano-
domains/nano-structuring. As a consequence of their trend in the configuration of
complex crystal structures and bonding, Te-based compounds have enhanced the
desire results for TE research and optimization. The compounds with Te anions
added different heavy metals such as alkali (A) metals, alkaline earth (R) elements, or
heavy p-block elements regarded with the triels (Tr), tetrels (Tt), or pnictogens (Pn)
have enhanced a primary based of new and ground-breaking thermoelectric
compounds. Similarly, improvement of the present thermoelectric compounds with
these compositions has increased the ZT values to double those compared with the

previous study.

TlsTes is a well-studied thermoelectric compound. It is one of the which is change the

thermoelectric area. It displayed narrow band-gap semiconducting characterization

XXi
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that can be adjusted to p- or n-type values based on the doped process, and it's x
values are built-in low due to the existence of heavy elements and their
composition. An ordering of quaternary compound (SnTI)x(PbTes) y was laid down

on be constructed via the modification of x: y.

In our research, various compounds were investigated as ternary and quaternary
which may help to be used as thermoelectric compounds. TISnTe and TISbTe are the
leading compounds due to their in order layering motifs and complex compositions.
Phase range studies, crystal structure refinements, and synthesis optimizations to
assure that the compounds were better- defined and showed the phase-pure in front of
unsuccessful PF optimized. By sterilization the measure of progressive charge carriers
in these compounds, modification in ZT can be determined this is carried through
doping with primarily, heavy Tr elements Pb, Sn, and Sb. So that the physical
characteristics are calculated and contrasted for a definite quantity TlsSnTes 1oSbTes,

etc.

As Tl is the sustainable element in this group and is noted that it exhibits both Ti"!
and TI** cation forms and, in thermoelectric devices, dominate unambiguously the
low x values. Thallium telluride composites such as TlioTes are thus rather applicable
as physically found in this group. The ancestry composites are considered as
TlsSnTes — one of the improved substantial with PF = 10.2~Wcem'K? (500 K)
exploitation of a hot-pressed pellet. Herein, the system is expanded to include
ThoxSn Tes which shows good TE potential of ZT (Tti0Sn<Tes) = 0.6 (617 K) with a
cold-pressed pellet. The incorporation of tetrels elements is investigated through
measurements of TlioxySn«PbyTes and also applies to the lesser-studied TloSbTes
compound via research on the systems TlsSnxSbixTes and TloPbxSb1xTes. Tt elements
are  systematically added to the  Tlo[Tt]«SbixTes structure  with
1.0 <x <£2.0. Crystallographic studies, electronic structure calculations, and physical

properties are explored for each series.

Due to the Te’s ability to form complex Te-Te compounds in certain environments,
the combination of alkaline earth metals, namely R = Sb with the chalcogenides (Q =
Sn, Pb) and Te form a plethora of previously unknown crystal structures. Many of
these are Zintl-phase narrow-band gap semiconductors with complex Q—Q bonding

schemes combined with their heavy element incorporation the family is of great

Xxii
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interest to the thermos electrics community. The chalcogenide elements display
unigue Q-Q or Te-Te bonding with varying dimensional. The electronic structures
and bonding calculations are reported for each compound, as they are the single
crystal study. The first two of the aforementioned compounds are narrow-band gap

semiconductors whereas the latter two exhibits metallic behavior.

(i) “Sn” doped Tl10Tes nano-compound have been synthesized by ball milling method.
The deformation of the density of states in the valence band of TlioTes by “Sn”
importantly raises the pristine Seebeck coefficient from ~ 80 uV K™ to ~ 158 uV K,
By the XRD investigation, our thermoelectric material has been found as a tetragonal
structure. The flimsy modification of lattice parameters between different series of
TlioTes develops lattice disruption in the matrix which is one of the central
components to decrease the lattice thermal conductivity by scattering heat-carrying

phonons.

(ii) Co-doping of “Sb” with extra “Te” has been better designed for the thermoelectric
compound. In contrast, the Seebeck coefficient of the “Sb” in the doped TlioTes group
displays a larger value than the pristine TlioTes. It can be evaluated that the larger
valence band beginning of TlioTes substantially decreased by “Sb” which accepted the
heavy hole valence band to take part in the electron-hole transport scheme. It keeps
point defects, nano-precipitates, and grain boundaries importantly increased power
factor is ~ 10.2 pWemK? of the series of TlioTes so it enhances the performance of

thermoelectric characterization.

(iii) A dopant ratio of 1:2 between “Sn” and *“Pb” interactivity developed electronic
and thermal characterization of Sn/Sb co-doped TlwTes system done with band
application and structure technology. The high atomic mass variation allying guest
(Pb) and host (Sb) atoms change the phonon scattering. Theoretical computation
declared the adjustment of pristine TlioTes band structure by Sn/Sb co-doping. The
synchronisation of resonance energy level and valence band happens to enhance the
electrical transport characterization. High density of “Sn™ and “Pb” can fully
powerfully scatter phonons and importantly increased the power factor from ~ 1.66

uWemK? to ~ 8.56 uyWem'K2,
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(iv) Sb/Sn co-doping in Tl,oTes was successfully synthesized by the co-precipitation
technique. Extended theoretical computing displayed important valence band
occurrence and principal band gap enhancement which results in a rise in the PF from
~5.01 pWem'K- in the pristine TlioTes to ~8.25 pWem K- in the Tl oTes. The co-
existence of point defects, strain field, dislocations, and grain boundaries for

important to increase the power factor.

(v)An grade-appropriate dopant ratio of 1:2 between “Sb” and “Pb” cooperatively
reinforced the electronic and thermal characterizations of Sn/Sb co-doped TITe
system band application and structure technology. The large atomic mass fluctuation
between the guest (Sb) and host (Sn) atoms strengthens the phonon scattering.
Theoretical calculation suggests the modification of pristine TlyTes band structure by
Pb/Sb co-doping. The co-existence of resonance energy level and valence band
convergence improved the electrical transport properties. High density of “Sn” and
“Sb” rich nano-precipitates cause strain defects which can strongly scatter the
phonons and reduce the lattice thermal conductivity leading to high ZT. We estimated
the device efficiency based on average Z7T and it was found that the device increases

the efficiency which can be achieved.

(vi) “Sn” doped TlioTes particles have been synthesized by using the ball milling
technique. The distortion of the density of states in the valence band of Th¢Tes by
“Sn” significantly enhances the pristine power factor from ~ 4.7 pWem™'K2 to ~ 10.2
uWem K2, An extensive TEM analysis was performed to investigate the structure of
TloTes nano-precipitate and a tetragonal crystal structure was observed. The slight
variation of lattice parameters between TlTes evolves lattice dislocation in the
matrix which is one of the key factors. This is accepting that the larger valence band
firstly in a TlioTes substantially decreased with the help of “Sn” than coincide heavy
hole valence band to take part in electron hole transport system. More than that, many
nano-precipitates were characterized in the matrix of TlioTes. A large number of point
defects, nano-precipitates, and grain boundaries thereby improved the high

thermoelectric performance.
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Chapter 1
INTRODUCTION

1.1 Thermoelectric Phenomena

Resources such as petroleum and coal are rapidly depleting due to continued
exploitation. The number of countries suffering from a lack of electrical energy is
growing by the day. Last, during the thirty years, the rate of energy consumption on
the Global level has almost increased this level of consumption up to 60% by 2030

shown in Fig.1.1.
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Figure.1.1: Global primary energy consumption, 1971-2030. [Source: Energy White
Paper 2005 Japan.] [1]
According to a report by the International Energy Agency (IEA) and the

Organization for Economic Co-operation and Development (OECD), it is estimated
that in 1971, the consumption level of global energy increased to 5.5 billion toe
(tonnes of oil equivalent) which was further increased to 10.3 billion toe (tonnes of oil

equivalent) in 2002. Global energy demand is expected to reach 16.3 billion toe by
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2030, which was 1.6 billion toe in 2002 [1]. Most of this massive energy consumption
is lost to the atmosphere in terms of heat, which humans cannot use efficiently. It is
important to look for a technique to convert this colossal amount of wasted heat into
electric energy.

Because of traditional energy sources such as coal and petroleum, the
importance of renewable energy sources has grown as people's willingness to
consume them. People have been looking for new sources of energy to exchange for
conventional fossil fuels, such as wave energy, nuclear energy, solar energy, water
energy, geothermal energy, and wind energy {2].

However, despite the fact that new energy sources have been investigated by
researchers, the efficiency of the previously mentioned alternative energy sources is
typically low. According to Energie- Fakten [3] as of 2002, coal accounted for 23% of
global energy sources, with 3.4 billion tonnes of coal equivalents (tCE) producing
7000 billion kWh of electricity. Coal-fired power plants are placing them among the
most efficient power generation technologies available today, with a global average
efficiency of around 31%. It is now widely accepted that coal-fired power plants can
compete favorably with any other power generation technology. The majority of the
energy produced by burning coal is lost as heat, amounting to roughly 70% of the
total energy produced. If we can capture and convert even a small portion of it for use
as electricity, we can produce twice the amount of electricity currently produced,
which will meet the world's energy demand for the next few decades. According to
Fig.1.1, about 60% will expect to increase global energy consumption by 2030. The
sun, terrestrial heat, and heat from a car engine are all sources of heat energy in nature.
As a result, thermoelectric energy generation is a top priority today. More energy can
be obtained while also helping to preserve the environment.

The process of harvesting energy from the environment and storing it in a
usable form is known as energy harvesting. This term is frequently used when
referring to pollutants produced by the combustion of fossil fuels. The intermittent
nature of some renewable sources is a major criticism [4].

“But a variety of renewable sources in combination can overcome this problem. The
challenge of the variable power supply may be further alleviated by energy
storage.”
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Hydrogen fuel cells, pumped-storage hydro systems, thermal mass, and batteries are
among the available storage options. Energy storage systems can cost a lot up front
but they pay off in the long run because they store energy. Renewable energy sources
are frequently dismissed as untrustworthy. Major failures may be impossible with
today's more efficient, diverse, dispersed, and renewable energy systems. Storage of
renewable energy systems can also improve the system's reliability. Additionally,
people may overlook the energy's low efficiency of utilization. A significant portion

of the energy generated may be wasted {5]. As a result, the requirement for an

“Energy Management system, which mixes the energy available from a variety of
sources, stores the surplus energy, routes it to a variety of sinks and efficiently

controls the acquisition as well as the delivery to minimize energy wastage.”
1.2 History of Thermoelectric Materials
1.2.1 Seebeck Effect

A German physicist named Johann Seebeck belong to the Baltic German
merchant family, (Tallinn, April 9, 1770 - Berlin, December 10, 1831). He discovered
that when two metals in a closed circuit i.e. a thermocouple, are not the same
temperature, they deflect a compass magnet placed in proximity of the circuit when
the circuit’s two junctions have thermal variation. The angle of deflection changes
depending on the variation in temperature between the two junctions of the circuit.
This happened more than twenty years prior to Seebeck's discovery. Seebeck ﬁﬁdings
were published in 1821 {6] incorrectly assumed that the observed phenomenon was
due to magnetism induced by temperature differences which eventually led him to
think that the Earth's magnetic field was caused by variation of temperature in-
between its two cold poles and its hot equator.

Using the linear relationship defining the Seebeck coefficient S for a material,
the emf V generated at the two junctions is dependent on both the material and the
temperature T1o.

AV =S AT12 ceeiieieiiieiee e, (1.1)

By connecting wire-A to B wire in a circuit, the Seebeck coefficient can be
determined as shown in Fig.1.2. Two temperatures (T and T:) are maintained at the

two junctions (the ends of wire A), and V is varied as shown in Fig. 1.2.
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Ty

Figure 1.2: Experimental setup for measuring the Seebeck coefficient S.

If the B-leads at the voltmeter are kept at the same temperature, only terminals
I and 2 need to be considered when calculating the voltage. If Ty is greater than T,
where electrons flow to T1 making T more positive.

Vb-Va = Sa(T2-T)
Ve-Vp= Sp(T1-T2)
Vi¢-Ve=Sa(T-T1)
V= (Vo-Va)t (Ve-Vi) +(Va-Vo)
V=SaT:-SAT+SsT1-Sg T2 +SaT-SaTi
V = Sa(T2-T1) - S(T2-T1) = (Sa-S)XT2-T1)
Q=q V=q(Sa-Se)(T-T1)
dQ/dt =1 (Sa-Se)(T2-T1) =112 ...... P (1.2)
1.2.2 Peltier Effect
The Seebeck effect along with new ideas about electromagnetism led to a new
field of study about how heat can be changed into electricity. Jean Charles Athanasy
Peltier (Ham, February 22, 1785-Paris, October 27, 1845), a French watchmaker and
part-time physicist, discovered in 1834 that forcing a current across an iso-thermal
junction of dissimilar metals as shown in Fig.1.3. They found that coolness and
hotness of iso-thermal junction is depending on the direction of the current [7].
Peltier made every effort to explain the phenomenon in terms of the Joule theory of
heat dissipation but he failed. Uncertainty about the physical origins of the effect
continued until 1838, despite his best efforts. Heinrich Friedrich Emil Lenz (Dorpat,
February 12, 1804 — Rome, February 10, 1865) the Russian physicist, demonstrated

that Peltier's effect and Joule's effect are separate and unrelated physical phenomena
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from each other. In this effect, when forcing the current across the junction of two

dissimilar conductors, the heat is absorbed and eliminated from them [8].

Ty

T
y Material #1

1kQ 1 kohm

Material #2 t -
= ;

Figure 1.3: Experimental setup for measuring by Peltier coefficient

The Peltier effect has been dubbed the "Peltier coefficient” and quantified

using the Peltier coefficient.

Vb-Va = Sa(T2-T)
Ve-Vo= Sp(Ti-T2)
Ve-Ve= Sa(T-T1)

V =(Vp-Va)+ (Ve-Vi) + (V- Vo)

V=8aT2—SaT+SgTi1-SgT2+Sa T—-SaT;
V = Sa(T2-Th) - Se(T2-Th) = (Sa-Se)(T2-T1)
Q=qV=q(Sa-S)(T>-Ty)
dQ/dt =1 (Sa-Se)XTa-T)=THizecceviriiininaann. (1.3)

Q shows the released or absorbed additional heat energy over the time at the

junction, while I show the flow of electric current.
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1.2.3 Thomson’s Effect

In 1854, British mathematician and engineer William Thomson is better
known as Lord Kelvin. Thomson (Belfast, June 26, 1824- Glasgow, December 17,
1907) wrote a detail thermodynamic behavior of the Seebeck and Peltier effects [9,
10]. He did fundamental works on the mathematical analysis of electricity and the
first and second laws of thermodynamics origination at Glasgow University. He was
able to predict the presence of a third thermoelectric effect. It indicates that when
current pass from the homogeneous material with the temperature gradient. The
released or absorbed the heat energy itself. He found that exchanging the heat amount
is related to the temperature gradient and electric current. Also determined that
whether the heat is absorbed or released is determined by the mutual direction of these
two variables. It defines as the Thomson effect and Thomson Coefficient expresses

this effect in equation (1.4).

where q denotes the absorb or release of the amount of heat over the volume
and time. j denotes the current density. Finally, Thomson derived the Thomson
coefficients. These coefficients were used for time-reversal-symmetric materials

which are, [11]

TZAT et (1.5)
1 e
T=T S ) (1.6)

by employing a methodology that is no longer widely accepted for the
description of non-equilibrium thermodynamics [10].
1.2.4 Lars Onsager

Lars Onsager (Oslo, November 27, 1903—Coral Gables, October 5, 1976) the
Norwegian-born American Physical Chemist, finally formulated a systematic way of
describing the transport process in non-equilibrium states which is valid for the
calculation of quasi-equilibrium in 1931 [12, 13]. Because of the extensive use of
Onsager's thermoelectric theory, generalized Thomson coefficients for an isotropic
non-time-reversal symmetric media could be derived in 1950 [14, 15] and are now

cast in the form.
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TB)=T (=BT i eeeeeeee v (1.7)
7 (B) =Td—ﬁ—'d(—,r'i) ............................................ (1.8)

1.3 Electrical Conductivity in Metals.

Consider a conductor having a length (L) with a cross-sectional area (A) of a
certain size. The electric current (I) is relative to the voltage drop (V) across the
conductor, is known as Ohms Law, and can be calculated using the equation

VZTR. oot (1.9)

We rewrite the above equation,

_V

S e (1.10)
-V
e (1.11)
A
T e (1.12)

. L (1.13)

electrical conductivity

L
O (1.14)
and electric field
= K
PR LR TR T TP RPN P PP PSR PPR PRI (1.15)
Then,
T 0F i (1.16)

which is Ohm’s law in a general form. Since we aim to find the expression for

the electrical conductivity. We use the above equation in the following form

Now, we need to find the expression for current I in the conductor. Let n be
the number of electrons per unit volume of the conductor and *v4” be the drift

velocity of electrons with charge “e”. Then, the number of electrons crossing any
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cross-section per unit time is “n (vaA)”. Therefore, the current passing through any

cross-section of the conductor is given by

I=NEVIA (i (1.19)

Plugging this expression into that of conductivity, we get
G=NeVdA/AE .. e (1.20)
O=nevVe B oo (1.21)

Using the equation of drift velocity (1.22)
VA= EET/ M oo, (1.22)
in the above equation, we have
c=neeET/Eme .......c..ccoiiviiiiiiiiiiii (1.23)
e (1 7 11U (1.24)
This is the expression of electrical conductivity.

1.3.1 Effect of Impurity and Temperature on Electrical Resistivity of
Metals
We know that the electrical conductivity of a metal is given by

C=NE2T/ME cooeveneirieieeece e e (1.25)

We write 1 in terms of thermal velocity vi, and mean free path A

t=Alve o . (1.26)
Substituting for
T
VB S (1.27)

we get

_ ,SkT_ Mg
= —"TX ’3kT ............................................ (1.28)

Plugging t into the expression for conductivity, we get

— 2 me
6 =ne"/me A LW ............................................ (1.29)

=0 V3MEKT ooooeeeeeeee e (1.30)

Hence, resistivity is given by

P=V3mekT/NE2A .ooiiiiiie e, (1.31)
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According to this equation, a metal's resistivity must be directly proportional
to the temperature under square root. Metals resistivity is a result of electron
scattering during the conduction process. Scattering of electrons occurs for two
reasons: one is caused by collisions of conduction electrons with vibrating lattice ions,
and the other is due to electron scattering by impurities in metal. The resistivity due to
electron scattering by lattice vibrations known as phonon is denoted by p. This
increases as the temperature rises. It exists even in pure conductors and is thus
referred to as ideal resistivity. Whereas the resistivity of metals caused by electron
scattering with impurities is denoted by “I”. This is temperature independent and
present even at absolute zero and is thus referred to as residual resistivity. As a result,
the total resistivity of metal can be expressed as the sum of the two resistivities. This

is known as Mathieson's rule.

Mathematically,

Since
PN NMET oieiiii e (1.33)
We can rewrite the above equation in the following form
P=Me /NEMTD+ M NEM. e (1.34)
Where 1, and 1, are the mean collision times of electrons with phonons and
impurities respectively. At lower temperatures, p, tends zero as the amplitude of

lattice vibrations becomes small which essentially means that all the resistivity will be

due to impurities i.e.

1.4 Thermal Conductivity
The rate at which heat is transferred through a material is known as its thermal
conductivity. It is possible to transfer heat using both charge carriers and crystal
lattice vibrations (phonon). The summation of both phonon and charge carriers
derives the total amount of thermal conductivity.
K= Ket Kph , (1.36)
The electronic component of thermal conductivity is more important in metals

than the phonon component. A law called the Wiedemann-Franz law [16] says that
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the thermal to electrical conductivity ratio for all metals at a given temperature is the

same.

Where L is Lorentz number (L=2.45%10® wQK?). Knowing the relationship
between the electrical conductivity and electronic contribution of thermal

conductivity, one can rewrite the figure-of-merit as:

s2
o L (1.38)

K
L(1+%
( Kph)

1.5 Power Factor

With the help of power factor (PF), we can determine the success of a
thermoelectric cooler (TEC) or generator (TEG). It is calculated by multiplying the
Seebeck coefficient square by electrical conductivity at specific temperature.

Mathematically, it can be expressed as follows:

In the equation above, The power factor is represented by the letter PF, the
Seebeck coefficient by the letter S, and the electrical conductivity by the letter o.
1.6 Thermoelectric Figure-of-Merit

A thermoelectric material with high efficiency is required to have a low
thermal conductivity in addition to having a high electrical conductivity. With regard
to these circumstances. It will have a high "ZT" (K!) figure of merit and a very high
"S-squared" power factor (PF). In thermoelectric "ZT," the relationship between
electrical and thermal conductivity can be expressed as

_ S%T

K

This equation (1.40) shows that "S" stands for “coefficient of Seebeck”. In this

ZT I e (1.40)

equation, "o" stands for “electrical conductivity”, "T" stands for “temperature”, and
"x" stands for “whole thermal conductivity”. It is equivalent to electrons and phonons

conductivity (k = k,p, + K,) together. A dimensionless “ZT" can be written as,

2
ZT=TXZ e (1.41)

The thermoelectric material of power factor (PF) is "S2g" as shown in the

equation.

10
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Figure 1.4: (A) Miscellaneous PbTe alloys with its ultra-low ki value at divergent
temperature range. (B) Enhanced ZT values of best performing PbTe alloys using

miscellaneous optimization techniques [17, 18, 19, 20-35].

The "thermoelectric figure of merit" is primarily dependent on the PF. Power
factor (PF) affects thermoelectric efficiency, so a reasonable thermoelectric efficiency is
achieved by having a high power factor. The following equation can be used to obtain a

relationship for a thermoelectric unit that is composed of both p and n-type

semiconductors:
(Sp=5n)°
ZT =T et raree e ea (1.42)
xn+ ﬁ)_
on %p

In the above, g, S, and k, represent the electrical conductivity, Seebeck
effect, and thermal conductivity of p-kind thermos-electric semiconductors
respectively, while o, , S,, and k, represent the electrical conductivity, Seebeck
effect, and thermal conductivity of n-kind thermos-electric semiconductors. "ZT" is a
thermoelectric figure of merit, and it has a direct relationship to the coefficient of

performance (¢), efficiency (1), and power generation.
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Ty-Tc , NTFT-1
Ty f1+z‘r+r—f’

w _
n Qn

_Q _ (T VI+ZT-1\ 1
¢ = w (TH—TC . \/1+ZT+1)

The efficiency of power generation (7)) is equivalent to the proportion of

produced electrical power (W) to thermal power (Qu) provided, despite the fact that

the coefficient of performance (¢) is equivalent to refrigeration (Qc) rate divided by
providing electrical power (W). The overhead equation has two key terms: ﬂ‘;’i
f
VIFZT-1
VIFZT+L

Th

(Carnot efficiency) and (thermoelectric figure of merit), where "ZT" stands

for “thermoelectric figure of merit”.

If the values of "ZT" increase, the efficiency of thermoelectric increases as
well. When the values of "ZT" are reached to infinity state, demonstrates the
maximum efficiency of thermoelectric, which is the equivalent to the Carnot
efficiency. The high electrical conductivity ( ) and Seebeck effect (S) have [36] to
achieve a high "ZT," while the thermal conductivity ( x ) must be low, as can be seen

from the "ZT” formula.

1.7 Optimization of Thermoelectric Performance

As shown in equation 1.41 a TE material with a higher value of ZT requires a
high power factor and a lower thermal conductivity. However, in case of bulk
materials “S” are connected in this way that no one can be optimized separately to
meet the conditions for increasing ZT. The crystal structure, the electronic structure of
the material, and the concentration of carriers all have an impact on the properties “«”
and “S” [37, 38]. There have been many materials studied in the past to find a good
Thermo-electric material that met the above criteria.

[nsulators, metals, and semiconductors are the types of most materials
depending on the electronic structure and carrier concentration. At 300 K, the
thermoelectric properties of insulators, metals, or semiconductors are summarized in

Table 1.1 and plotted in Fig. 1.5.
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Table 1.1 Comparison of thermoelectric properties of metals,
semiconductors, and insulators at 300 K [39]

Property Metals Semiconductor Insutators
S, (VK ~5 ~200 ~ 1000
g, (Q'cm) ~10¢ ~ 10 ~ 102
Z, (K1) ~3x10s ~2x102 ~5x101

As shown in Table 1.1, semiconductors have the best thermoelectric properties
of all bulk materials having a maximum value of Z is ~2 x 10 -* K -1, Several types of
thermoelectric materials have high power factors and are found in the narrow band
gap semiconductor region (fig 1.5) with a carrier concentration of around 1 x 10 -1°
cm™. As previously stated, Slack [40] believes that a narrow band gap semiconductor
with a high mobility career is the most promising candidate for a good TE material.
Later, as previously stated by Slack [41, 42] Mahan stated that the characteristic of an
excellent thermoelectric (TE) material is that it is characterized by a narrow band gap‘
semiconductor (e.g. 0.25 eV at 300 K). As the best available bulk TE material,
semiconductors (Z=~2x107) have a limited application range. Those materials' TE

efficiency was previously improved.

Figure 1.5: Seebeck coefficient (S), electrical conductivity (), power factor (S%),
and electronic (xe) and lattice (ki) thermal conductivity as a function of free-charge-
carrier concentration n, the optimal carrier concentration is about [x10'® cm™, which
is indicated by an arrow [38,39].
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1.8 Research Progress in the Field of Thermoelectric

Thermoelectric research has come a long way in the last few decades in
general. Traditional thermoelectric material's performance has been greatly enhanced
as a result of theoretical advances and new synthesis methods. On top of that new and
improved thermoelectric material has been investigated as well as their applications.
Among the earliest applications of the TE effect were metallic thermo-couples, which
have been in use for many years to measure temperature [43]. There is a big challenge
in reducing the thermal conductivity below the alloy limit [44]. The family of Biz (1)
Sbax Tes (1) Sesy having ZT value 1 with a room temperature for Bio sSb1 sTes exhibits
the highest thermos-electric efficiency in all bulk thermos-electric material. Although
there are many complex materials such as skutterudite [45-46], clathrates [47—48],
and other zintls compounds [49]. They have been studied in order to obtain ZT values
ranging from 1 to 15 as prospective PGEC materials. It is still very far from being
realized that a perfect PGEC material will be realized at any point in the future. A few
years later, the structures such as nano-tubes and nano-wires [50, 51] two-dimensional
super lattices such as GaAs/ AlAs/ ErAs [52, 53] and Si/Si -Ge [54, 55] super lattices
and three-dimensional super lattices were applied thermal conductivity reduction
method.

The increase in publication indicates a surge in research interests in
thermoelectric materials following the development of various processing techniques
such as nano-structuring for TE materials, which enabled the TE materials ZT to be
increased.

As shown in Fig.1.6, a graph shows the published papers on various thermos-
electric materials in the last five years (2014-2018). The thermoelectric materials
Bi;Tes alloy and “Pb” chalcogenides still get a lot of attention from scientists.
Skutterudite, on the other hand, has a lot of potential because of its high power factor.
A type of burger-like thermo-electric material such as “Sn” chalcogenides also have a

lot of research potential.
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Figure.1.6: Number of published papers on some typical thermoelectric materials in
recent 5 years (2014-2018), data are extracted from the web of science core collection.

1.9 Research Projects and Research Goals

In order to meet the demand for increased energy, we will need a wide range
of clean and renewable energy sources for the world's population by 2050. In spite of
the fact that there are periods of time when the sun does not shine and that usable
sunlight is distributed unevenly across the globe. Solar energy is widely regarded as
the most favorable alternative energy source. Thermal electricity is a viable renewable
source of power from wasted heat but its widespread use is still in its infancy. The
difference in temperature between the hot outside and cool inside environment is used
to generate thermal electricity by embedding nano-fabricated pellets of thermoelectric
nano-materials inside window glasses. Potentially usable power could be generated
from 9 m? of window area at 206 °C temperatures for the first time in this work.
Natural temperature gradients may serve as an energy source for green construction
when they exist.

A new way to get energy from the sun is shown that uses a thermoelectric with
a material that shows a lot of strain because of stress-induced electric field and phase
change. The coefficient of thermal expansion of a material that undergoes such a

phase shift increases dramatically over a small temperature range (usually several
degrees Kelvin).
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The thermally induced strain is changed to an electric field when a material is
organized in a geometric configuration, such as a laminate having stress induced

electric field (e.g. a piezo-electric material).

1.10. Applications of Thermal electricity

After neglecting thermal and electrical contact resistances, loffee theoretically
[56] derived the correlation between the efficiency and figure of merit for the
generation of thermoelectric power or performance coefficient for thermoelectric
cooling. As a result, efforts to find new thermoelectric materials must focus on
increasing the figure of merit, which is the primary determinant of the efficiency of
material. Fig. 1.7 (a) shows the generation of Thermoelectric power by using the
following devices as the Seebeck effect and to cool TE using the Peltier effect, use
thermocouples made of p-type and n-type thermos elements. Charge carriers (n-type
and p-type thermos-elements) are used for the power generation when they tend to
penetrate from the hot to cold side (Fig. 1.7(a)) and also in the direction of the applied
voltage in case of cooling (Fig. 1.7(b)).

: Heat Input
(a) l J, l—_lLTh\T ) Heatj\bfu?bed .
IT (fit P?
Q @ T+AT
AR

Heat Rejected ‘

VAR TN

/‘v‘\ /\/ i j—
¥

Figure 1.7: Thermoelectric devices for a) power generation and b) cooling.

1.10.1. Thermoelectric Cooling

Fig 1.7 (b) shows how a thermocouple works, applying an electric current to a
thermocouple to pump heat from one end to the other. So long as the hot side is

cooled, quickly down the cold junction to ambient temperatures.

To calculate the thermoelectric cooler's performance coefficient (COP), take the

cooling capacity Q. and divide it by the total power consumption P [57].
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The maximum COP is given by the following equation

Tc(a+1)-AT
d’c = T(a%-—l.)_ ............................................................. (1 46)
Where
1
Lo 6 IR 4 1 TN (1.47)

the average temperature of the hot and cold joints is T. The performance of a
thermoelectric cooler depends on the figures of merit of the thermocouple materials
Consumer products such as refrigerators and wine chillers can withstand
temperatures as low as 0 °C on a macro scale. Thermoelectric cooling devices are
important in applications requiring small size and quiet operation despite having
lower cooling performance than conventional refrigerators {58]). When AC power is
not available, it can also be used with DC power. It is also possible to use
thermoelectric modules to cool electronics with a variety of different performance
parameters. Temperature control using thermoelectric cooling is less efficient at the
macro-scale but _it is becoming more popular at the micro-scale due to its

maintenance-free operation and small size, which makes it attractive.
1.10.2. Thermoelectric Power Generation

Thermoelectric generators use the Seebeck effect to turn heat into electricity.
In Fig. 1.7 you can see the basic operation in action (a). Thermocouples are
interconnected in fé)nn of parallel and series in the thermoelectric devices respectively.
The thermocouples prevent heat from escaping from one side of the couple to the
other. Open circuit voltage of the generator is proportional to the Seebeck coefficients
of n and p-type legs, the temperature gradient between the cold and hot junctions (AT),
and the number of thermocouples.

With a load resistance Ri. the generator's Seebeck voltage generates an

electrical current. The generator's output power is calculated as follows:

The figure of merit of thermocouple materials temperatures of both sides such
as hot and cold the generator load resistance all affect power generation efficiency.

according to equation (1.49).

V2 N (ap—an)?aT?
R Ry
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In addition to cooling, a system for determining the generation of power was

also developed for train carriages [59].

_ AT(a-1)
H ™= rp(a+1)-AT

Equation 1.50 shows that power generation efficiency depends on the
thermocouple materials figure of merit, the temperatures of the hot and cold sides, and

the generator load resistance.

A system likewise advanced for train carriages which were used for the

determination of making power besides cooling [59].
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Figure 1.8: Applications of Thermoelectric Materials [59].

Military forces as well as firefighters used this light thermal uniform after its
completion on their approach to producing electrical power from the body heat of
human beings while dong their services [60]. Minor mobile thermoelectric coolers
(TECs) are commercialized then it is likely to substitute air conditioners besides
refrigerators through thermoelectric coolers (TECs) to switch the ozone reduction
because of refrigerant gases [61]. The solar-based thermoelectric generators (TEGs)
can be developed in remote areas. These solar types of thermal energy (STE) convert
solar energy into electrical power [62]. Nowadays, It has an important function in
atmosphere protection. These thermal electrical generators (TEGs) are also utilized to
consume wide-open in the workshop of automobiles {63] with gas turbines to convert
waste thermal energy into useful electrical energy [64,60]. Likely, minor electric

applications such as mobile phones, wristwatches, and Laptops are where these
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generators are used [61]. Yet, it is not commercialized due to reason of low power
factor and high price with gives low efficiency of the device and a low thermoelectric

figure of merit.

Figure. 1.9: a) Oil-burning lamp powering a radio using one of the first commercial
thermoelectric generators, made of ZnSb/constantan thermocouples. Built-in USSR at
the beginning of 1948. Reproduced and adapted from [65]. b) New Horizons in the
assembly hall. The black RTG is visible on the left side of the satellite. ¢) Cardiac
peacemaker Medtronic Laurens-Alcatel Model 9000, incorporating a small bar of 238
Pu as the heat source. Reproduced and adapted from [66]. d) Micro thermoelectric
generators from Micro pelit. Reproduced and adapted with permission from Micro pelt.
e) Concept of an organic-based generator design suitable for round surfaces.
Reproduced and adapted with permission from Otego GmbH. f) In-plane embroidered
textile thermoelectric device with 4 n/p elements, comprised of n-type coated PET
yarns (11 yarns per leg), p-type dyed silk yarns (2 yarns per leg), and silver paste for
contacts [67] with an appreciable diminution of the power output of only a few
percentage points over a period of decades.

1.11. Thermoelectric Materials

1.11.1. Bulk Thermoelectric Materials

For macro-level purposes, bulk thermoelectric materials have shown to be
effective. Introducing bulk materials into electronics may be done in two ways. One
way is to prepare each element separately before aligning and bonding them to the
device framework. The second way is to combine the large pieces of TE material and
cut away the excess material. Fig.1.10 depicts the figure of merit for a variety of

common materials across wide temperature ranges.
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Figure 1.10: The thermoelectric Figure of merit of the best representatives of silicate
thermoelectric in comparison with the other thermoelectric, having the highest ZT in
their temperature range [68]

1.11.1.1. Silicon

One of the most commonly used thermoelectric materials is SiGe alloy which
can operate at high temperatures (up to 1275 K). It has been used for space
exploration. Its structure has a face-centred cubic lattice and crystallizes in the Fd3m
space group. Ge and Si can coexist in a continuous solid state [70].

Yu et al. [71] achieved a value of 1.3 ZT in SissGes by modulation doping via
nano-composites containing nano SizGesoP3 particles, as illustrated in Fig. 1.11 (a) in
2012. Due to modulation-doping, the carrier mobility was improved while keeping the
nano-particles low thermal conductivity. As shown in Fig. 1.11(b), a ZT-T plot
summarized some outstanding SiGe alloys. It appears plausible that n-type SiGe

alloys possess superior ZT to p-type forms.
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Figure. 1.11: (a) Band alignment of strained Si on SiGe [7!]. (b)Temperature
dependence of ZT for some excellent SiGe alloys [71-76].
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1.11.1.2. Lead Chalcogenides

At 800 K, Hsu et al. [77] found a 2.2 value of the thermoelectric figure of
merit for the AgPbnSbTen+2 system which was considered to be excellent. Fig. 1.9
depicts the variation of the ZT of AgPbi1sSbTex with temperature, which reveals 2.2
is the ZTmax value at 800K.
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Figure 1.12: Thermoelectric figure of merit of AgPbi1sSbTexq as a function of
temperature [77].

Also, Heremans et al. [78] found that distorting the electronic density of the
state increased the Seebeck coefficient of PbTe. At 773K p-type PbTe obtained
greater than 1.5 value of thermoelectric figure of merit. This is obtained by creating

the impurity in PbTe with the help of thallium.

1.11.1.3. Skutterudites

Composing structure of eight corners shared octahedrons CoSbs creating a
large space at cubic lattice center linked with other octahedrons as shown in fig.
1.13(a) [79, 80]. It is common for some metal atoms to be filled into the void. These
can vibrate to increase the photons scattering. Additionally, electron transport
properties of material can enhance with the doping effect process which is caused by
the filling atoms significantly.

Rare-earth metals [81,82], alkaline-carth metals [83.84], and other metals
[85,86] were filled into CoSbs with the majority of them containing heavy elements.
Pei et al. [87] reported in 2009 that Na-filled CoSbs had a high PF and good mobility.
Following that, Zhang et al. [88, 89] synthesize Li-filled CoSbs under high pressure.
Previously, it was impossible to do using conventional synthesis methods at ambient

pressure. Zhao et al. [90] were able to control both electron transport and phonon by
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putting soft magnetic nano-particles Co into the BagsIno3CosSbi2 matrix in 2017.
scattered electron causes the super paramagnetic fluctuation is multiplying in nano-

Compounds as shown in Fig 1.13 (b). .

Figure. 1.13: (a) Crystal structure of CoSb; (b) HRTEM image indicating Co nano-
particles distributed randomly at the interfaces and boundaries of the matrix [79,90].

1.11.1.4. Bismuth-Antimony Alloys

Using bismuth telluride as a test material, Goldsmith demonstrated excellent
thermoelectric properties in 1954 [91]. These properties were attributed primarily to
the high mean molecular mass, low melting temperature, and partial degeneracy of the

conduction and valence bands of this V-VI chalcogenide's conduction band.

Figure.1.14: The HADDF-STEM and EDS-Mapping images of MgiSb sBios (Mg-
poor) sample ((a) and (b)) and Mg;3 2Sbi sBio s (Mg-rich) sample ((c) and (d)). (e)-(h)
Microstructure of Mgs 1sMno 0sSbi sBio4sTeoor sample indicating sub-micron grains, grain
boundary, Bi-rich precipitates and strain-region [91. ¢2].
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1.11.1.5. Bismuth Telluride

The commercialized thermoelectric refrigeration material Bi;Tes was first
investigated as a thermoelectric candidate in 1954. It crystallizes in a layered structure
(Fig. 1.15) with space group R3~ m.!® The hexagonal unit cell dimensions at room
temperature are a = 3.8 A and ¢ = 30.5 A. The atomic layers stacked along the c-axis
form the sequence Te [1]-Bi-Te [2]-Bi-Te[1]. The tellurium and bismuth layers are
connected by strong ionic-covalent bonds whereas the bonding between neighboring

Te layers is based on weak van der Waals-type forces [ 93].

Figure 1.15: Crystal structure of BizTes Bi: cyan, Te: red [93]

1.11.1.6. Antimony Telluride

Using bulk p-type nanocrystalline BiSbTe alloy at 373 K Poudel et al. [94]
found a peat value of ZT is 1.4 in 2008. Ball milling p-type BiSbTe alloy ingots
yielded the Nano powders which were then consolidated by hot pressing. Fig. 1.16(b-
e) shows an abundance of nanodots, nanograins, and nanostructures, that scatter
phonons strongly. Because of this, the bipolar effect was reduced by the existing
interfacial potential. The concentration of carriers in p-type materials increased as the
amount of nano SiC increased. Fig. 1.16(f) shows that the nano inclusions of SiC also
served as scattering lower energy carriers, and effective energy filters and increased
the Seebeck coefficient [95]. BiosSby sTes having the 1.86 value of ZT was reported in
2015 by Kim et al. [96] using melt spinning-spark plasma sintering and excessive Te
was used as a reaction raw material when it was melted and expelled during spark
plasma sintering, dense dislocation arrays were left at low-energy grain boundaries.
The dense dislocation arrays effectively scattering the mid-frequency phonons led to a

substantially lower lattice thermal conductivity (Fig. 1.16(g and h)).
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In 2019, Kim et al. [97] introduced nanodiamonds into polycrystalline BiSbTe
alloys, forming clustered zones of point defects (Fig. 1.16(i)) and generating a local

strain field that intensified the point defects.

Quintuple
Tez layer

[y ‘Bi
D a2, b ‘Ta e

00 orm

Figure. 1.16: (a) Crystal structure of Bi;Tes compound. (b — €) Microstructure of
Biz(Sb, Te); materials showing nano-grains, nano-size grain boundaries, and nano-
dots. (f) Nano-SiC grains inBix(Sb, Te)s materials. (g) Grain boundaries dislocation
and (h) dense dislocation arrays in Bi2(Sb, Te); materials prepared with excess Te. (i)
The interface between nano-diamond and Biy(Sb, Te)s is indicated by a red-detted line
wherein strain remained around [94-98 ].

1.11.1.7. (Bi, Sb)Te-based Ternary Alloys

Several samples had ZT values in the vicinity of unity which was extremely
high. Additionally, alloying, in addition to creating vacancies is an increasingly
popular method of maximizing thermal energy conversion efficiency [99,100].
Substitutions of “Sn” and “Pb” in the materials are predicted to induce extrinsic p-
type carriers because “Sn” and “Pb” have one fewer valence electrons than Sb and Bi.
Additionally, the disorder caused by random atomic substitution may introduce strain
and mass fluctuations into the material, scattering phonons and lowering thermal

conductivity [101].
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Figure 1.17: Thermoelectric figure-of-merit Z7 of TloBi; [88].

1.12. Literature Review

The "TISbTe:" was stirred up by K. Kurosaki et al. [102] using a hot press
technique and after the formation of compound, they examined that as related to
Sintered Bi>Tes and TAGS “(GeTe)1.(AgSbTes) ” materials, the thermal conductivity
and electrical resistivity of the stirrup material was variate correspondingly. At 666 K,
the Seebeck coefficient of the material was 224 pvk!. Seebeck coefficient for the
material in the total range of temperature was positive (S+) which demonstrates the
performance of the P-type. The current thermoelectric devices have a power factor of
about 1073 Wm™1k™2, but at 576 K they found the “PF” for their material of about
8.9 x 10~ Wm™1k™2. In comparison to current devices, this was low. Also at 715K,
they found a “ZT” rank of 0.87 for the material.

A unique low-valent T16Si;Tes was synthesized and compared to TlsGe:Tes by
Assoud et al. [103]. Crystals, electronic structures, and their electronic possessions
were all equated. They noticed that their substance and the other had similar crystal

structures. The measurable outcomes for their material are a = 9.4325(6)A, b =

9.6606(7)A, ¢ = 10.3889 (DA, a=89.152(2)° B =96.544(2)y =
100.685 (2) 5 V = 923.3(1)A~1 (Z = 2). Because of Si-Si single bond, The crystal

structure of the dimeric [SigTeg]?~ units were tracked due to the Si-Si single bond.
The bond between TI and Tl is weak by nature and it is irregularly coordinated by 5 or
6 atoms of "Te.". For other compounds, notify dark color with a small band gap of

rank 0.5 ev and 0.9 ev for TlsGeaTes and TlsSiaTes, respectively. At temperature 300
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K, they examined Seebeck coefficient and electrical conductivity of their prepared
material electrical conductivity is +65 pvK~'K and 5.5 Q" lem™ .

Kurosaki et al. [104] fixed AgsTiTes models of polycrystalline. They have
used the concentration of %X” as  AgoTITe,  where X =
5.0, 5.05,5.1,5.2,5.3,5.5,5.7 and 6.0) . By heating of AgyTe, Tl,Te, Tl;Ter2 plus
“Te” they made the samples of AgoTITe. They used quartz tube which was closed
and then with an appropriate quantity for the creation of needed samples the ball-
milling plus hot-press procedures were used. The phase relationship was examined
using the X-Ray Diffraction (XRD) method. Except for AgeTITeso sample, the
calculated electrical resistivity was decreased through increase in temperature. They
examined Seebeck coefficient is just about autonomous of temperature aside from
AgoTITesq, PF is the high rank of 0.3 to 0.4 X 1073 Wm™1K~2 while low of the order
of 0.05X 1073 Wm K™% For AgoTITeso He found that the dimensionless
thermoelectric figure of merit is quite low such as 0.08, whereas the X > 5.0 value is
approximately high which is 1, which demonstrated that by altering “Te” content in
AgoTITey, altering entirely physical possessions.

Using the knowledge of the electronic density of states in “PbTe”, Joseph P.
Heremans ef al. [105] raise “ZT”. They improved the Seebeck Coefficient by altering
the electronic density of states which principles to double the “ZT” and they went on
to say that it may provide better results in nanostructured materials.

TluMTes was created by H. Kleinke et al. [106] where “M” is indicated by
“Zr” and “Hf’. They examined the structure of their thermoelectric plus crystal
system. They employed XRD to investigate crystal structure. They establish that
T1sMTes has an octahedral crystal structure with the space group R3. Ti,ZrTe,s has
unit cell dimensions of a = 14.6000(5)A and ¢ = 14.189(1)A whereas TIsHfTes has
a unit cell dimension of a = 14.594(1)A and ¢ = 14.142(3)A. They employed the
LMTO method such as linear muffin-tin orbital to calculate the electric structure. The
indirect band gap of TlsaMTes is 0.3 eV, demonstrating semiconducting capability.
They discovered that when the temperature rose, the thermal conductivity increased
whereas the electrical resistivity and Seebeck Coefficient reduced. The "ZT" of the
compound TlLZrTe, rose from 0.14 to 0.1 while the temperature was between 370K

and 420 K but when the temperature was above 420 K the compound "ZT" decreased.
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From another point of view, the temperature between 370 K to 540 K, the figure of
merit (ZT) varies from 0.05 to 0.09 for the Tl4HfTes compound.

In additional work, T1>ZrTe; was developed by H. Kleinke et al. [107] which
is ternary. For the inspection of different possessions for example structural, physical,
and thermal properties were compared with Tl,SnTes. T1ZrTes is a cubic compound
with lattice constants a = 19.118(1)A (Z = 36) . They studied the electronic
characteristics of TlZrTes, and the electronic properties indicated that it is
semiconducting. Band gap of Tl:ZrTes (Eg=0.7 eV) is greater than that of Tl,SnTes
(Eg=0.4 eV). From room temperature to 450 K, electrical conductivity changes
inversely. When temperature is increased above 450 K, electrical conductivity
decreases spontaneously, The electrical conductivity of TlSnTe; decreases from
22 0" tem™ to 15Q 'cm™! when temperature increases from room to 515 K.
Thermal conductivity for TIZrTe; decreases from 039 Wm™'K™! to
0.30 Wm™1K~! from 373 K to 450 K, whereas thermal conductivity for ThSnTes
reduces from 0.24 Wm™K™! at 420K to 0.20 Wm ™K™' at 450 K . Seebeck
Coefficient is usually matching in rank of 373 K to 450 K for T12ZrTe; counts but
lowers with temperature more than 450K highest measured score of Seebeck
coefficient is 120 pVK™1. The Seebeck coefficient of T1,SnTes increases from room
temperature to 450 K from 240 pVK™! to 330 uVK™!. ThZrTes describes power
factor fluctuation are almost identical, ranging from 0.35pWem K1 to
0.41 pyWcm~K~! .However, with Tl,SnTe; “PF” is cumulative in tandem with
temperature. The Thermoelectric Figure of merit (ZT) value of TlZrTe; is ranging
from 0.18 at 450 K which is somewhat lower than the T1,SnTes "ZT" value.

Bangarigadu-Sanasy et al. [108] discussed the thermoelectric properties of
TIGdQz, where "Q" referred to "SE" and "TE," as well as the properties of TloGdTes.
TIGdQ: has an iso-structural relationship with TISbQ., while TlsGdTes has an iso-
structural relationship with TlsBiTes. TIGdQ: has high Seebeck coefficient values but
poor electrical conductivity values. TIGdTe: has a poor thermal conductivity which is
0.5 Wm'K''at room temperature which was investigated. At 550 K of TlsGdTes
sample because of high electrical conductivity, it is found that the power factor was
the low value which is 850 Q'cm'whereas Seebeck coefficient has a low value27

nVK-!. Throughout the study, it was figured out that at 500 K the thermoelectric
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properties of T1GdTe; are good throughout the entire study, and figure of merit “ZT”
was 0.5.

TlioxLngTes is prepared by S. Bangarigadu-Sanasy et. al. [109]. Pr, Nd, CE,
Sm, Gd, Tb, Dy, Ho, and Er were the elements Ln in the combination while "X" value
ranged between 0.25 to 1.32. The samples were prepared through the Hot press
procedure. During the study, TlioxLn<Tes has iso-structural crystal construction to
TIsBiTes. It was also studied that increases the Seebeck coefficient and volume of unit
cells by raising the quantity of “Lanthanide™ while decreasing the conductivities of
electrical and thermal. Tlz97Ce1 035y Tes, Tlg92Prioss) Tes, and TlgsoSmy o1¢7) Tes, all
have higher electrical and thermal conductivity with a low Seebeck coefficient than
TlsLnTes compounds. This is due to the discontinuity in the band gap. On cold press
pellets, the finest “ZT” value of 0.22 was achieved at 550 K in the stoichio metric
compound on lanthanum content “x” increases in the Tls«<Ln<Tes compound.

Kyung Tae Kim et al. [110] synthesized Bio sSb sTes matrix composites with
alumina nano-particle-dispersion and also improve the properties of thermoelectric for
composit;s. The ball milling procedure was used to prepare the nano-particles which
were then followed by spark plasma sintering way. Through Ball milling technique,
the Nanopowder of bismuth antimony telluride of p-type was prepared by the
mechanical chemical method. Nano-particles of Al20; were added to the nanopowder
at a rate of 1.0, 0.0, and 0.3 vol. per cent. They looked at the size of nano-particles
using surface morphology analysis. As the same range of temperature rises from 293
K to 473 K, electrical resistivity increases from 1.5 x 107> Qm to 2.5 X 1075 Qm,
while the Seebeck coefficient (S) increases from 205 uwVK™! to 210 WK1,
indicating the presence of P-type semiconducting conduct. The 0.3 vol. % Al,Os/BST
Nano composite has the highest Seebeck coefficient (s) 235 uVK~1at 373 K. They
indicated that increasing the volume fraction of Al;Os results in an increase in carrier
density, which affects carrier mobility, electrical resistivity, and Seebeck coefficient
of BST/Al;03; Nanocomposites. At 393 K, 0.3 vol% Al;O:/BST Nanocomposites have
1.7 times the experiential power factor (PF) from actual BST, with 33 uWK=2 cm
versus 22 pWK~2cm for actual BST. The addition of AL,Os; Nanoparticles reduces the
thermal conductivity having 0.8 Wm'K"' for actual BST and 0.7 Wm''K"' for
ALOs3/BST. At 373 K, the figure of merit (ZT) is higher than actual BST which is 1.5
for 0.3 vol. % AlOs/BST composite.
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Thermoelectric properties of nano-structured indium-doped SnTe (InxSnx-1Te)
were examined by Zhang et al. [111]. The hot press and Ball-milling methods were
used to prepare the compound. They examined that the power factor (PF) and Seebeck
coefficient (S) are increased while electrical conductivity, thermal conductivity, and
diffusivity reduction whereas no change occurred practically in specific heat, a little
rise in InxSnx.1Te was observed at the 300 K to 900 K temperature range. They used
ball mill method and the hand mill method to find their comparable result. The result
was similar to what they had previously seen using other procedures. As the carrier
concentration increases, they observe the correlation between carrier concentration
and Seebeck effect demonstrating that “In” doped SnTe shows irregular behavior.
They obtain the images of In,Sn.«.1Te using SEM, TEM, and HRTEM techniques.
These images identify that small and large grain boundaries, as well as a high degree
of crystallinity of the sample, affect the thermal conductivity of the sample. At 873 K,
observed thermal electric figure of merit for Ino 0025Sno 9975Te was better than “1”,

The thermoelectric properties of indium-doped PbTe,,Sey alloys were studied
by Bali et. al. [112] using solid-state method. They revealed that increasing
temperature causes an increase in electrical resistivity as well as carrier concentration
in n-type indium doped PbTe)Sey blends affecting Seebeck coefficient (S) and as a
result, the PF of PbTe;,Sey alloys. High temperatures of about 800 K resulted in a
bipolar effect. 0.66 is the limiting value of “ZT” by using 30 percent content.
Additionally, they define that increasing carrier concentration must be reduced at
higher temperatures improves the quality of thermoelectric properties.

Thermos-electric properties of telluride quadruple sequence (Tlio.<ySnxBiyTes)
were improved by Kuropatwa ef al. [113). XRD process was used to study the crystal
structure and it was found to be similar to TlsTes type construction, with an increase
in volume due to increase in concentration of “Sn” in “Tlio«.ySnxBiyTes”. According
to the electronic structure. Tls sSnBio sTes and TloSno s Big sTes are p-type intrinsic and
extrinsic semiconductors with narrow band gaps. TleSniyBiyTes, Tlss7Sniy BiyTes
and Tls 338n112BissTes having electrical conductivity are lost with enlargement in the
temperature. Owing to the electron of thermal conductivity «,;, thermal conductivity
of Tlio«ySnxBiyTes types materials exhibits a modest rise of the sequence of 0.4 Wmr
'K to 1.4 Wm™'K"!, while TlsSno :BiosTes thermal conductivity drops as inflation in
temperature due to enlargement in lattice vibration. The temperature also increases the

quantity of (PF), Seebeck coefficient (S), and (ZT). Tlo(Sn, Bi)Tes type materials
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showed the highest value of power factor S0 = 8.1 yWem ™K ™2, They revealed that
concentration of “Sn” decreases (PF) and (S) increases as temperature decreases
power factor (PF) decreases.

Quansheng Guo [114] used a collection of melting and hot-pressing
techniques to produce muitiple crystalline majority substances with the structure
“TlsSbimTes « {(0 <m, n <0.10)}. “Sb” occupies the 4c site of space group [4/mcm
in the TlsTes-type structure, as shown by XRD. From the standpoint of valence band
filling, he interpreted the replacements of “Sn” atoms for “Sb™ to be P-type doping a
analyzed the relationship between increasing electrical and thermal conductivity and
decreasing Seebeck coefficient. He also noted that pristine TlsSbTes and TlsBiTes

still have the best thermoelectric characteristics.
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Chapter # 02

Synthesis Methods and Characterization Technique

2.1 Synthesis Method
2.1.1 SOL-GEL Method

The Sol-Gel method is acting as a bottom-up technique. This method is
utilized for the synthesis of nanoparticles. The aforementioned method is done in
liquid stage. This process is utilized to manufacture nano-materials through
dissimilar procedures for example thin fibers porous formation besides thin films.
The procedure is completed in two steps, firstly a reactant solution is made in an
appropriate liquid, followed by co-fabrication Gel is developed or it’s more likely
treated for the creation of Gel if it is not formed. Consequent creation is comprised of
shape of films or colloidal powder. A precursor establish mixture deposition ways
can as well be utilized for the creation of nano-structure. This technique is valuable
for the reason that one can regulate creation of concluding micro-structure via
directing chemical reaction limits. The shape of sol-gel invention differs by changing
the investigational order for reaction. This technique is not often utilized for the
mixture. For mixture procedures, usually ternary procedures are concerned with sol-
gel technique, namely hydrolysis, alcohol, and water condensation [1]. Sol is a
stabilized suspension of colloidal solid particles keeping diameter of insufficient
centenary nano-meters, typically inorganic metallic salts, inside a liquid stage. For
sol to happen in hard constituent part, thicker than nearby liquid, necessity minor
sufficient for power accountable of spreading to remain superior, aside from gravity
[2]. Diagram beneath clarify fine the well-known sol-gel procedures. It was utilized
via Brok and Arahchige for the arrangement of metal sulfides [3] that technique is
correspondingly able for nano-particle combinations [4]. Nanorods, monoliths

besides thin films in mutually organic and organic-inorganic complex constituents

[5].
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Figure 2.1: Various steps in the sol-gel process to control [6].

2.1.2 Solid State Reaction

The nano-particles like TloSbi.«SnTes are prepared by use of Solid State
Process in an evacuated closed silica tube. There is reaction generated which is
generally divided into dual stages. Reaction product nucleation along with the growth
of the last product polycrystalline powder methods are often used for the fabrication
of bulk thermoelectric materials. However, this reaction is always exceedingly
sluggish and difficult to complete unless it is accustomed to elevated temperature.
Hence that interior atomic construction effortlessly diffuses until the contact grain
surface [7].

Generally, the nucleation procedure is highly difficult due to duplicating
synthesized lattice reactants that form the product nuclei. Firstly, the nucleation
method is complete, and after construction product coatings for rest in reactants for
the diffusion state of ions. The area of contact surface as well as progress reaction
energies from A to B materials, coating C is produced as a result of the interaction
between A and B components. The diffusion atoms or state of ions play an essential
characterization in creation of product region at the element C interface, where the
continuous chemical action results in additional and heavy production surface. The
state of reactivity is gradually decreasing.

Produce coatings thickness degree,

dax

AU e e (2.1)
is relative to reactant ion atoms, at that moment growth rate from equations like

dx _ K

T TN N (2.2)
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In above equation 2, “k” denotes to rate constant, “x” is the resulting production

level “C” and “t” denotes the time.

dax _ k
GE AR weeeee e ettt (2.3)

Stochastic variable in the diffusion atom or ion flux “Ax” such as change
product layers, thus procedure includes among two materials, for example, A and

B correspondingly revealed in Fig.2.2

Original final product

Figure 2.2: Sharing faces between two materials A, and B layers creates
new C product layer [3].

The element included among reactants is quantity and interaction surface area
which reacts less with particles and causes homogeneity in the model due to its high
surface volume ratio. Strong contact between atoms or ions bonding at the lattice site
of crystal construction is difficult to transmit to adjacent sites. It is crucial that solid-
state reactions occur at temperatures over 2000 °C and that sufficient energy is
provided for atoms or ions to permeate across lattice site [9].

The subsequent process comprised of Solid state reaction for conventional

grounding,.

L Obtaining a suitable responding manager who is dehydrated, cleansing and
eliminating unwanted oxidation reactions or hydration in the glove box despite the
presence of inert argon gas.
1L When considering the stoichiometric ratio of components this will also have

done for non-oxide compounds inside the glove box.

111 To obtain a homogeneous reaction mixture, crushing and mixing are
recommended.

IV. Previously beaten into a pellet and subjected to heat treatment.

V. Solid-state reaction is an extremely sluggish procedure.

VL The container carries at very high temperatures throughout the reaction

which will be chemically inert to the reactant.
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Figure 2.3: Schematic diagram of solid state reaction [9].

2.1.2.1 Evacuated Sealed Silica Tubes

Ahead of heating, the product is a resistive furnace in which the silica tubes
are placed in a vacuum line to excrete the argon gas and then closed. For non-oxide
substances, closed in the quartz tubes which are the best mutual superior of solid-
state reaction. Inside quartz tubes, diametric crucibles are utilized for oxide-base
compounds. Proper crucible generally complete of silica tolerated temperature
capable of 1400 °C and extra, for example, alumina as of 1900 °C.

In tubes, reactant or product reacts and graphite is placed in the tube to coat
the interior walls. Due to the fact that the reactant or product is susceptible to water

and air [10].
2.1.2.2. Preparation of TlsSb.xSn,Tes Compounds

The basis of “Sn” doped on thallium telluride model is applied in this
technique to obtain thermoelectric goods of complete compounds. Typically, these
compounds were used to find new types of ternary and quaternary compounds by
starting with TI"!, Sn*3, Sb*3 and Te* components. In the meanwhile, because the
majority of hypotheses opening compounds for solid-state reactions are irritable to
oxygen and moisture where they were evaluating Stoichio-metric chemical
substances and moving them to silica tubes which are in glove boxes containing

Argon gas to create an inert environment.
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]

Figure 2.4: (a) Schlenk vacuum line. (b) Vacuum-sealed quartz tube with graphite
coating (left) and graphite crucible (right). (C) glove box is filled with organ gas.
(d) heating furnace [10].

Earlier pushing these models in resistance furnace to heat them “silica tubes”

were arranged in vacuum line to destitute “argon” and then closed where power was
heated to the 650 °C at a pace of no more than 1 k/mint and held there for 24 hours.
The model was cooled down bound at a very dilatory pace to evade quenching,
dislocations, and crystal deformation. Heating profile for these mixtures is (RT-12h-
650C-6h-650C-60h-560C-70h-400C-RT).

Reactions of the manufactured samples through solid-state reaction are as follows.

_—_ TlsSbi.xSnxTes (unbalanced reaction)
) TlsSbo.9eSno 01Tes (balanced reaction)

(]

Atomic weight ratio of precursor is:
(9) Tl: (x)Sn: (1-x) Sb: (6) Te
For x=0.01
(9) TL: (0.99) Sb: (0.01) Sn: (6) Te
Tl1: Sb: Sn: Te
B1:51:50: 52
9x8l: 0.99x51: 0.01 x50: 6x52
729: 50.49: 0.5: 312
7.29: 0.50: 0.005: 3.12
7.29+0.50+0.005 + 3.12
10.91 gm.
Variation in mass of the sample at x=0.01 roughly 10 gm increased the ratio
of *x” in the sample by 0.025 and 0.05, resulting in an Atomic weight ratio of

precursor values 10.92 and 10.93 correspondingly.
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2.1.3 Ball/ Mechanical Milling Method

The process of ball milling is a simple and widely used process as a

fabrication of nano-structure, which is similarly recognized as “Mechanical Milling”.
It is called the top-down method which has been utilized from the start for Nano-

science and technology because of its low expenditure and simple procedure [11].

“Nano-grains”, “Nano-particles”, “Nano-structures”, “Nano-alloys”, “Nano-
composites™ and *“Nano-quasi crystalline” compounds are often synthesized using this
approach in the lab and industry [12]. A compound is settled in the mechanical mill
by a becoming milling medium which is constructed of “Stainless Steel”. In the
procedure of composing Nano-structures in ball mill, the milling medium balis roll

down in the chamber and readily fall on the compound from which Nano-structures

il
@ Shear band
@ Disfocation structure
Dafoimation Of 1T SMEEP Bands

e Mructure

must be made [13].

Cail gram CHuNe With nana

m Peeled oft

Single cryvtal sanapscticies pealed oft

Y
Ra®

Lryvtal nanoparticies

Figure 2.5: Schematic representation of Ball milling mechanism for the
formation of crystalline nano-particles.
In this procedure, the fabrication of Nano-structures is dependent on energy.
This energy is transferred from the stainless steel balls to the compound. This energy
is used to crush the compound [14. 15]. The amount of energy conveyed is
determined by a number of factors, including the mill type, the powder used to
mechanism the crushing chamber, the size distribution of balls, speed of milling, dry

or wet milling, time of milling, and temperature of milling [16].
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In the ball mill, kinetic energy (K.E) is determined by the ball’s velocity and
mass while generally, steel or tungsten balls provide a better-crushed Nano-powder in
case of crushing of compound or sample other than ceramic balls [17]. The mean free
path for the balls motion reduces as the number of balls in the ball mill increases
resulting in an increase in crushing time. Temperature in the ball mill is affected by a
number of factors, including the kinetic energy (K.E) of the balls, the milling medium,
and properties of the material employed [18]. Higher atomic mobility material is
formed with the high temperature otherwise the amorphous phase [19,20] and a Nano-
crystalline model are formed [21]. During ball mining, these balls have high energy.
Collision of balls with each other increases the energy. Consequently, sample or
compound is breakdown to manufacture Nano-structures [22,23]. This process works
continuously until nano-structure is a descriptor. At that time, the flak-like
configuration or the coagulated powder is defined and at the end, nano-structured
powder or nano-particles are made until the process does not stop [24]. In this
research effort, for the preparation of Nanoparticles, Fritsch Pulverisette 7 Premium

=

Line ball-miller was used.

Surfoctamt nssisted mactiankon) miliing

Figure 2.6: Factors influencing the milling process.

To prevent oxidation, all of the substances [Tl. Sb, Sn, Te] are combined
according to stoichio-metric ratio in an argon gas in the filled glove box and put in a
quartz silica tube, and heated to 900 K using hydrogen-oxygen flame before being
progressively cooled to 600 K in a furnace.

After that, the ingot was put with 2mm diameter ZrO. marble balls in a high-
energy mechanical mill, which was used to crush the sample of TlsSb,..Sn«Teg into fine
powder. This substance is agglomeration with an amoral solvent, which is recognized

as 2-isopropyle ethanol of 99.8% level of purity used for the absorption of heat.
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Then sealed the mechanical mill container and operate for not more than ten minutes
at 1000 rpm to protect the apparatus and material from mechanical mill heat. The
material is ground for 20 minutes followed by a 10 minutes break and another 5
minutes grind. Use the syringe to push out the material and then dried by evaporation
on a hotplate. Normally the powder is about 50-70% softened with ~1 g of each bowl

being balanced.

YRy EITY]

Figure. 2.7: Fritsch Pulverisette 7 Premium Line ball-miller.

2.2 Characterization Technique

2.2.1 X-Ray Diffraction (XRD) Analysis

Wilhelm Roentgen who was a German scientist determined Roentgen rays in
1895 and was given the name X-rays. The X-rays are given of their unknown nature
at the time. They have a shorter wavelength and are electromagnetic in nature. X-rays
are invisible to the naked eye although they have more penetrating strength than
regular light [25]. The discovery of X-rays ushered in a new age of material
characterization in a variety of domains. X-rays have a wavelength of about 1A and
are produced when higher energy electrons are assigned to the atom’s inner shells [26,
27]. XRD is a method for studying material crystal symmetry. The diffraction pattern
will be produced by the interaction of X-rays with crystalline material will generate
the diffraction patterns which help in the identification of various materials. These
identifications are based on their mono or multi-phase structure. Other identification

of various material properties such as stress, stacking faults, impurities in the
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structures, phase transition, degree of crystallinity, particle size, and crystal structures

are all measured using it [28].

Figure. 2.8: Schematic representations of basic principle of X-ray diffraction (XRD)
[29].

“Every substance has possessed their structure and fingerprint, whose can be
compared with the XRD rays as (reference) in a database in JCPDS library”.
Diffraction peaks can be used to identify the purity and impurity levels in a sample.
Fig 2.8 depicts the basic idea of XRD. Materials are made up of repeating atomic
planes. The atomic planes formed the crystal structure of every given material.
Specific tubes are used to create the poly-chromatic cathode rays. These rays are
focused onto materials as monochromatic rays. As a result, material patterns are
produced through diffracted, absorbed, or transmitted rays. At various atomic planes,
the inference of diffracted waves forms a diffraction pattern. Diffraction patterns with
prominent interference peaks are produced by arranged or periodic atoms. Bragg’s

law is followed by XRD [30]

MA=2dSinG ........oooiiiiiiiiiii 2.4)

where “d” denotes “the distance of lattice planes”, “m” denotes “the order of
diffraction peak” and “A” denotes “the wavelength of incident rays”. Fig 2.9 depicts a

geometrical representation of Bragg’s law,
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Figure. 2.9: Bragg’s [aw geometrical representations with crystal planes [30].

The following stages are involved in the production of XRD pattern:
» Produce the high-energy electron beam.
» Bombardment of the high-energy electron beam at the target.
» Inter-action of compounds with X-rays.
» Diffracted beams are produced.

Electrons are formed at the cathode node of an X rays tube. These electrons
are moved towards the target (anode). They are moved by applying an accelerating
voltage between the electrodes. The inner shell transition converts the energy into X-
rays because of the aggregation of these electrons. At atomic level, Special
information may be collected in the form of diffraction patterns due to the wavelength
of X-rays. In case of visible and ultraviolet ranges with long wavelengths are unable
to get such kind of information. When monochromatic X-rays having wavelength “A”
impact the substances at an angle “0”, constructive interference occurs only when the

distance travelled by the rays reflected from consecutive planes is multifaceted by

[T 1]

number of wavelengths “n
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Figure. 2.10: Components of modern X-ray diffraction machine and production of X-
rays from X-rays diffractometer [31].
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Fig 2.10 depicts the ingredient of a contemporary X-ray diffraction machine as
well as the assembly of X-rays from XRD. The spectra of nano-composite materials
acquired by XRD are analyzed and indexed using the Computer programmer MDI-
jade and Chekcell. Debye Scherer’s formula is used to calculate the average crystal

size as shown in equation (2.5)

as “t” denotes “Crystallite size”, “K” shows “Shape factor dependent on
material’s shape”, “B” “indicates Full width at half maximum of material’s peak” and
“0” defines “diffraction or Bragg angle” [30,33]. It is utilized in a variety of
disciplines to measure various structures. Fig 2.11 shows many applications of XRD

in the nano-composite, material science, and medical fields.
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Figure. 2.11: The illustration of different applications of XRD in various fields [31].
2.2.2 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is the surface probing method. This
method is used an intense beam of electrons to analyse the morphology of the
prepared material. Instead of using light. The wave nature of electrons is utilized in
SEM to enhance image of materials. SEM contains magnetic lenses to focus the

electron beam on specimens instead of spherical mirrors in an optical microscope. For
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the purpose of material characterization, choose SEM since it has a greater
magnification than an optical microscope. Major components of SEM are an anode,
electron gun, electron detectors, scanning coils, stage, and magnetic lenses. Fig 2.12
shows a formal SEM. With the use of an electron gun and negative charge beam,

material specimens are used to generate the different electrons.
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Figure. 2.12: SEM schematic illustration with its different parts [34].

Y

With a beam of electrons, “primary back-scattered electron”, “auger electrons”,
“secondary electrons” and “X-rays” are released from specimen. These emission
signals can be used to gather information about chemical compositions and surface
morphology created by electron guns from samples. Fig 2.13 shows the electron's
Interaction with materials and different types of the electron as well as X-rays
emission. The electrons in a scanning electron microscope have a lot of kinetic energy
so when they are accelerated they produce a lot of different signals owing to electron
interaction with sample. X-rays of a certain kind are produced. The electron removes
from the surface when electron beam collides with inner core electrons of materials
from the surface. The major sources of information on topography and morphology of
the material are characteristic X-rays and secondary negative charge carriers

(electrons) [35, 36].
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Figure. 2.13: Interaction of incident beam with sample and emission of electrons
from surface [33].

A vacuum pump is used in SEM to reduce the disruption and interference
caused by electrons with their surroundings. In a sample, various elements of material
are assigned allocation through the primary electrons whereas secondary electrons
detection provides a greatly enhanced image of around 10 to 500 times the original.
There are two basic types of environmental and regular SEMs. These are used in a
variety of fields and materials. Environmental SEM is used to examine non-
conducting materials, while conductive materials are analyzed through the regular
SEM. So, environmental SEM has been done to analyze the materials without
conductive coating. The primary goal of applying a coating to non-metallic substances
throughout the electron irradiation process is to prevent charge buildup on the plane.
As a result, quality and resolution of the image are improved through the coating for
the substantial {37].

2.2.3 Energy Dispersive X-rays (EDX) Analysis

Elemental arrangement of the compounds is deliberate by EDX and is used to
study the elemental composition of material. It depends on the physical phenomenon
between matter and beam of electrons. Its configuration is generally in conjunction
with the “SEM” or “TEM X-rays” that originate make the substantial when intense
beam of electrons particles collides with substance. During an “EDX” analysis intense
amount of beam of electrons is bombarded across the material in a SEM. During that
time, high-power electron produces vacancies due to eliminating several electrons
from interior shell. Outer shell electrons occupy these vacancies, emitting X-ray

photons known as characteristics X-rays. The samples are emitting these X-rays due
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to unique energy found in each element according to its characteristic X-ray. Every
level of energy in EDX has a unique distinctive spectrum in an atom that reveals the
material’s elemental analysis. The energy level of each spectrum in EDX reveals
essential information about elements with the highest X-rays detected. Every signal
sent by an element is analogous to a single peak in an atom. Higher concentration of
an element indicates the high intensity of an element of sample in the spectrum. Fig

2.14 shows the EDX’s working principle.
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Figure. 2.14: Illustrative diagram of EDX inner shell transitions from an element.

2.2.4 Seebeck Coefficient Measurements

The Seebeck-100 controller constructed by “MMR Technologies Inc.” is
utilized to measure the Seebeck coefficient. At the constant temperature, [5*1*1 or
6*1*1mm] hot-pressed pellets are utilized as ZEM. Matching is the overall concept
for Seebeck measurement, despite its experimental procedure and configuration being
slightly different from other measuring device. A thermocouple (Cu:Ni=
55:45wt-%) is used as a position thermocouple in Fig.2.15 SB-100 Seebeck
controller to identify the “Seebeck Coefficient” and “Silver” {**(Leitsilber 200 paint)”,
“(Ted Pella Inc.)”} guides is also used {38,39 ].
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Figure 2.15: Sb-100 Seebeck controller (left) and its Schematic diagram (right).

It is made up of a specimen substantial with silver leads that are settled in the
Sb-100 Seebeck controller. A heater is producing the temperature gradient (AT)
between unidentified along with identified sample of two ends (top along with bottom)
as well as a voltages gradient (AV) with the assistance of a computer-controlled
power function (P). The heater is placed on surface.

Mathematically, the voltage relationship is written as

AVsample = SsampleAT(P) ........................................ (26)
AV yer = SrofBT(P) cooeeeeieiieiiieiiee s 2.7)

while the total Seebeck coefficient is

AVsample
Ssample = S"”’W ............................................... (2.8)

The power function produces the resultant potential difference is rather modest.
The measurement of a single point or the thermo-voltage participation (AVperm) by
the wires and connections might expose a large experimental failure. The

measurement is done at two different temperatures AT and power settings which

reduces AV p.rm by subtracting the combined powers %1- leading in a [42] more
2

difficult equation (2.6).

AVsample(Pl)"AVsample (P2)

Ssample = Sref gy by e 2.9)

We can easily and properly analyze the Seebeck values at ordered temperature
intervals when the thermal participation is removed and Seebeck rate is measured

against a known reference Seebeck value.
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2.2.5 Four Probe Method

The electrical conductivity or resistivity of every substance is measured using
a four-probe or four-point approach. This approach is shown in Fig. 2.16. ‘I’ shows an
electrical current, which moves in an irregular way, and ‘V’ is a voltage, which works
as the activity of electrical resistivity or conductivity, determined to the other side of
flat probe. Maintains constant level "I" Done the pellet’s region. ” V” is measured
across physical length between the terminals ¥; and ¥ and resistance of material is
evaluated as a result. Using the subsequent equality, the electrical conductivity may
easily be found. For resistivity in materials, the major source of electron scattering is
lattice vibration and electron-electron vibrations [43].

4.3 (a) Ohm's Law (b) Specific conductivity

(a)R-—--:: (b)a:R-1-§

Where V= Potential drop, A= Area of pellets, I= Current, and L= length of pellets.
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Figure 2.16: Four Probe Resistivity setup.
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Figure. 2.17: Schematic diagram of R-T measurements of nanoparticles-

superconductor composite by four-probe technique.

54



Svnthesis Methods and Characterization Technique

Figure. 2.18: Experimental setup of modern quantum design PPMS [43].
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Chapter # 03

Optimization of Power Factor in Sn Doped Tl;o.xSnxTes
Thermoelectric Chalcogenide Nano-materials

INTRODUCTION

In recent years, the lead (Pb) doped chalcogenides have gotten a lot of interest
due to PbTe’s high-temperature thermoelectric performance [1]. Thermoelectric
materials work to convert the heat into electricity and electricity to heat [2] and have
essential uses in waste heat recovery such as industrial processes, as well as “green”
energy [3].

At the target operating temperature, greater than 2 values of ZT are required
for the widespread application [4]. Biswas et al. lately obtained breakthrough
ZT measured as 2.2 by significantly decreasing the intrinsic lattice thermal
conductivities of PbX materials by nanostructuring [5]. The chalcogenides also show
unique electrical characteristics such as high-temperature band occurrence that wipes
extinct rise in the electronic gap with increasing temperature [6-8]. Bandgap such as
the electronic structure by in-inebriate (e.g. with Tl) [9] can increase electrical
qualities further, whereas chalcogenides alloys, e.g., PbTeiSex can improve
electrical properties and lowering lattice thermal conductivity [7,10]. Many studies
have been done to understand these distinctive properties at an essential level in order
to increase performance and find a similar better thermoelectric. Various studies of
experiments indicate that the lead chalcogenides show high harmonic lattice dynamics
[11-13] which is suggested to be a factor in their poor lattice conductivity.

In molecular dynamics measurement [15] thermally induced distortions have
been reported to the atomic positions experimentally [11, 13, 14] which would lead to
strong phonon-scattering process. Similarly, even at low temperatures, substantial the
“Pb” cation will be off-centred in the rock salt lattice observed [11, 13] while the
amount of the off-site relocation is still being debated [14].

In this chapter, we will measure the different properties of Sn (Tin) doped
thallium telluride (TlsSni«Teg) nano-structured scheme. It is synthesized by the ball
milling method or mechanical milling. The XRD shows the crystal structure
information and phase. The EDX shows the percentage composition in the compound,
while SEM shows the morphology of the nanoparticles. Lastly, fixed with “Sn”

dopants at dissimilar absorptions and the explanations display that electrical and
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thermal possessions are pretentious. Four probe resistivity measurement techniques
were calculated for the electrical conductivity and Seebeck effect which had four and
two standard probe computation schemes, respectively. Power factor (PF) was
calculated from “The Seebeck coefficient” (SB) and “electrical conductivity” (EC).
Lastly, the Seebeck (SB) coefficient is raised as the temperature of different

concentrations of the compound is increased which is shown in table and figure.
3. Results and Discussions:

3.1 X-Ray Diffraction

Most important technique for measuring the structure of crystals of different
materials is X-rays diffraction. Crystallinity, particle size, plane orientation, lattice
constant, miller indices, etc. have been determined through this technique. In order to
check the purity of the compound, peaks in XRD data are compared with literature
and JCPDS cards to evaluate the purity of the chemical, as shown in x-ray diffraction
graphs. Fig 3.1 depicts the XRD pattern of sample (TlsSn;Tes). as well as the
-literature data given by Kurosaki et al [16]. The XRD spectra XRD Tlio«Sn.Tes
(x=1.00, 1.25, 1.50, 1.75, 2.00) of the nano-particles were analyzed by X 'pert High
Score Software with Reference card: 01-084-2449. For XRD Tlio.xSn«Tes (x=1.00,
1.25, 1.50, 1.75, 2.00) nano-particles, the diffraction peak at 23.3° (121), 29° (120),
319 (212), 32° (130), 34° (024), 40° (224), 42° (006), 46° (240), 47° (413), 50° (044)
énd 539%(136) planes recognized the tetragonal crystal structure. The sample
corroborated that the XRD structure is well homogeneous with the literature data. The
crystal formation of TlsSn;Tes with TlsBiTes described in the published data [16] is
shown in fig 3.1. The crystal structure system has been determined to be isostructural
using reference data from TloGdTes and TIsBiTes These compounds make the
tetragonal structure with space group of i4mcm and a replacement edition of TlhoTes
(TlsTes) [16, 17]. TlioxSnsTes has a complicated crystal structure with unit cell
volumes ranging from V =1005.5056 for TlsSn|Tes to V = 1022.7177 for
TlsSn;Tes.

Fig 3.1 shows Tlio«SnTes "x = 1.00 2.00" XRD patterns. The XRD pattern

has been clearly found to differ with altering Sn content. When “Sn” is changing from

x =1 to x = 2 the peak intensity also changes. Sample TloSn Tes has found highest

intensity at 26 = 30.69° and it decreased as “Sn” concentration increased. While

Sample Tlg25Sni15Tes showed a lower peak in 213,213 and 130 planes. On the
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opposite side, when “Sn” concentration decreases the peaks increase other than for
T1sSniTes at {20 = 31.89 °and 20 = 30.47 %. It was also analyzed that the peak point
varied depending on the “Sn” concentration, ranging from 26 = 30.47° to 26 =
30.69 °for 213 planes and ranging from 26 = 31.89 °and 20 = 32.15 *for 130 planes.
The intensity peak in between the ranging of 20 = 23.59° and 26 = 53.52° of

remaining planes increases as the “Sn” concentration decreases. The peaks in the

XRD pattern fluctuate erratically with modifying “Sn” concentration in Tlio.xSnxTes.
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Figure 3.1 XRD Tl10.Sn,Tes (x=1.00, 1.25, 1.50, 1.75, 2.00).

Table 3.1 XRD Tlio.Sn,Tes (x=1.00, 1.25, 1.50, 1.75, 2.00).

3=k= 8493
¢=130052

.48 31755 a=t= 884510 1323925

c=1307515

1004321

g 3158 a=b= 882510 1343228
¢ *5320010

¥ 31333 ax= 851010 169091
=121

15 a=b= BBIBY 122712
c213-8215

Although signified through different colors in Fig. 3.1 of compounds in which
the compound has different concentrations, different peaks show fluctuating

absorptions for Tin (Sn) in model Tlio«SnyxTes.
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3.2 Energy Dispersive X-ray Analysis Energy
The spectrum of “Sr”" nano-particles doped in ThoTes with Sn= {1, 1.25, 1.50,
1.75 and 2} are shown in Fig 3.2. According to the spectrum, the sample contains

27.26% Te, 65.75% T1, and 6.99% Sn in TlsSnz2Tes (Fig. 3.2).

»
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Figure 3.2: Energy Dispersive X-Ray analysis screenshot of (TloSn;Tes).
Table 3.2: Energy Dispersive X-Ray analysis screenshot of (TlsSniTes).

3 Ay

3.3 Electrical Conductivity Measurements

The sample studied in these experiments belongs to general family of “Sn”
doped TloTes, which we have investigated to identify the impact of “Sn” doping in a
host composition on electrical and thermal characteristics.

In this study, it has been observed that the outcomes of “Sn” are inebriated in
the pure compound on a semiconductor and metallic boundary. A commercial oxford
instrument cryostat was used for the experiment that helped to control and improved
the temperature by 0.5 K. Modern 4-probe was used to construct with good quality
silver points. At room temperature, the resistance of the connection was evaluated and
studies were only carried out if it was found to be acceptable. The normal current used

was 0.1 mA.

The conductivity in Fig. 3.3 diminishes with temperature rise, displaying the

degenerate semiconductor doings due to positive temperature co-efficient caused by
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charge carrier phones scattering and grain boundary effects [18]. It is hypothesized
that increasing the “x” value, which represents the increasing the “Sn” dopants will
increase the number of holes, which has been observed experimentally. More gain
boundary scattering might explain the lower temperature dependency. The fluctuation
of electrical resistivity for Tlo-xSnxTes (x=1.00, 1.25, 1.50, 1.75, 2.00) with “Sn”
concentration showed no consistent pattern. The grain boundary of oxide phase and
causes to reduce the electrical conductivity by the grain boundary which has less
pressure sintered sample [18-22]. According to band simulation [23], T1sSn:Tes was
severely inebriated p-type semi-conductor with a mostly empty valence band,
whereas the “Fermi-level” in TlgSn:2Tes is positioned in the band gap [23]. The less
sintered compound shows the low electrical conductivity [18-22] may be caused by
the oxide impurity phase in the grain boundary and the number of the grain boundary.
The band structure computation for TlySbTes and T1gSn2Tes proposes that TlsSnzTes
is a to a great extent inebriate p-type semiconductor with a partly empty valence band,
while the “Fermi-level™ in TlsSnzTes is situated in the band gap {23]. In concordance
with these computations, both thermal and electrical conductivity are acceptable

showing that increasing “Sn” contents result in taking down calculation.
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Figure 3.3: Electrical conductivity of TlsSbiSn«Tes at 300 K, 400 K, and 550 K.
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Table 3.3: Electrical conductivity of TloSbixSnxTes at 300 K, 400 K, and 550 K.

O |

The sample with x=1.00 i.e. TlsSbTe¢ displays the highest value of electrical
conductivity i.e. 1711 (Q-cm)! at 295 K, and TlsSb.Tes reveals the lowest with 445
(Q-cm)! and the samples with x= 1.25 and 1.50 almost have very close values of
about 1315 (Q-cm)! and 1325 (Q-cm)™! respectively. The conductivity differences at
room temperature between the hot pressed pellet and the ingot were observed to a
little change from 1315 (Q-cm)! to 1355 (Q-cm)! respectively for the TlssSbi sTes
compound.

3.4 Seebeck Coefficient (S) Measurements
The temperature fluctuation for the TloxSniTes (x=1.00, 1.25, 1.50, 1.75,

2.00) compounds as a function of the Seebeck coefficient (S) is given in Fig. 3.4. it
was calculated in the temperature varied by the 1K. The increase in temperature from
300-500 K, indicates the positive Seebeck coefficient. The rising temperature is due
to the high charge carrier which shows a high Seebeck Coefficient. All of the samples
have a positive Seebeck coefficient contains all of the samples have p-type
semiconductors, which leads the thermoelectric transport. The carrier’s density rises
when increased the quality of ‘Sn’ is from 1.00 to 2.00. However. Sn doping
produces smaller grains having the ability to enhance the scattering of electrons,
resulting in an alteration of the Seebeck coefficient and effective mass [24-28]. It was
analyzed that Seebeck coefficient increases with the little quality of “Sn” doping in
this particular system. It means that the doping reduces the Seebeck co-efticient from
the optimum “Sn” concentration. Another enhancement could be taken by (i) using
the melting spinning as a rapid fabrication method to decrease the size of grain in a

large amount, (ii) adjusting the doping elements and their corresponding quantities to
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improve charge mobility and carrier density at the same time in order to improve the

Seebeck co-efficient at same time [27).
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Figure 3.4: Seebeck Coefficient of Tlio.aSn«Tes at 300 K, 400 K, and 550 K.
Table 3.4: Seebeck Coefficient of TlioxSniTes at 300 K, 400 K, and 550 K.

3.5 Power Factor

The power factor (PF) increases with temperature, as seen by the rising
behavior of the Seebeck coefficient. As we know the power factor which is described
in the first chapter is shown as directly proportional to the Seebeck coefficient square,
while the electrical conductivity is also directly related to temperature. The lowest
power factor at the temperature of 300 K of Sn=1 was 1.9 uWem™2K~% while the
highest S=1 power factor was 7.579 uWcm™~2K~2 observed while in case of “Sn" = 2
the power factor increases with respect to temperature which s
3.639 uWem™2K™2 this low power factor was investigated because of TlsSn;Tes
exceptionally, which played a key role in the power factor analysis.

For enhancement of PF in “Tlio«SnTes (x=1, 1.25, 1.5, 1.75 and 2)
compound, electrical conductivity and Seebeck coefficient product is strongly

recommended. Seebeck coefficient hold a deep effect upon PF. We capability “o”
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besides with Seebeck coefficient “S” for determination of proving the enhancement
of power factor “PF” and data was organized in Fig. 3.5. Power factor is increasing
concerning temperature [29]. The experimental data have given extremely informed
about the power factor where in “ThoxSniTes (x=1, 1.25, 1.5, 1.75 and 2) doping
absorption of “Sn” in compound.

The TlsSn;Tes compound displayed the highest value of 9.56 pWit-cm-K-2
of PF at 550 K and 7.25 pWtt-cm'-K-? at 290 K. The lowest PF factors were
observed for TlsSbiTes compound which has values of 4.13 pWtt-cm™'-K-? at 550 K
and 1.75 pWtt-em'-K2 at 290 K. As discussed before, a rising “Sn” conductor is

rising the number of holes, the contrelling charges carrier.
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Figure 3.5: Power Factor of Tlio«<S.«Teg at 300 K, 400 K, and 550 K.
Table 3.5: Power Factor of Tljo«Sn«Tes at 300 K, 400 K, and 550 K.

3.6 Conclusion

It is analyzed that Tlio. «Sn«Tes is a single phase, there are no superfluous

peaks and all peaks match their respective elements. This demonstrates that our
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design materials have the required structure and that the sample is free of impurities

and dislocations. EDS study confirms the percentage of elements present in the
sample. The parent compounds have electrical characterization demonstrated as a
semiconductor, but as the “Sn” concentration increases, the nano-materials begin to
take on metallic properties indicating that as the temperature rises the electrical
conductivity falls.

The thermo-power is positive across the temperature range tested and it
increases as the temperature rises, indicating that the nano-particles under research are
dominated by hole conduction. The Seebeck coefficient of the doped tellurium
telluride decreases as the “Sn” concentration increases owing to increased hole
concentration, which will cause the rising electron scattering. On the other hand, the
smaller grain will be increasing the scattering of electrons resulting in thermos-power
which is increasing. Consequently, the highest 10.3 pWtt-cm#-K-? was found for
Tls25Sn1 75Tes. with high “Sn” denseness risen to {Sn=1.75}. The thermoelectric
efficiency will be increased as a result of this improved power factor and results from

good thermo-electric implementation which is the main purpose of this research work.
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Chapter # 04
Enhancement of Power Factor by Sb Doped Tl,o.xSbxTes in
Chalcogenide System
INTRODUCTION

Recent issues on rising temperature due to global warming emphasize the
inhibition of carbon discharge and change in energy direction which determines the
better effects of climate [1-2]. Therefore, research on renewable energy sources such
as wind, solar and geothermal has pulled much attention for the last two decades.
Especially, geothermal energy is the internal heat generated in the Earth’s interior
near-room-temperature regime (150-400°C), which can be widely used to recover
waste heat and utilize it for power generation [3-4]. However, the extensive use of
thermoelectric materials is limited by low conversion thermoelectric efficiency. It is
related to dimensionless quantity i.e. ZT = Ss’c where S, o, x and T are the Seebeck
CoefTicient, electrical conductivity, thermal conductivity, and absolute temperature,
respectively [5].

Interestingly, the efficient way to increase the ZT value is determined by a
combination of two major factors; electrical transport should be high, characterized by
power factor (S and glass-like thermal transport. Some of the compounds (Sy%c)
which demonstrate high ZT at mid-range temperature have been achieved in lead
chalcogenide, which not only contains toxic lead (Pb) but also encompasses less
abundant tellurium (Te) [6]. The scarcity of Te implies to search for new earth-
abundant elements that could lead to large ZT [7], near-room-temperature through
innovative approaches such as defect structure engineering [8], band convergence [9],
nano-structuring [10}, and phonon glass electron-crystal [11].

In this chapter, we will measure the different properties of Sn (Tin) doped
thallium Telluride (Tli0xSbxTes) nanostructured scheme. It is synthesized by the ball
milling method or mechanical milling. The XRD shows the crystal construction
information and phase origin. The EDX shows the percentage components in the
compound. The SEM shows the morphology of the nanoparticles of the compounds.
Lastly, fixed with “Sn” dopants at dissimilar absorptions and the explanations display
that electrical and thermal possessions are pretentious. Seebeck coefficient and
electrical conductivity were measured from the four probes resistivity investigational

method which had two standard probe computation schemes, respectively. Power
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factor (PF) was calculated from Seebeck coefficient and electrical conductivity. So

that the Seebeck coefficient is raised as the temperature of different concentrations of

the compound is increased which is shown in table and figure.

4. Results and Discussions:

4.1 X-Ray Diffraction

Most valuable method for characterizing structural features such as size of
particle, the interatomic distance, and inter-planer spacing. XRD data used through

Debye Scherrer’s formula determined the size of particle of Tl1o.«SbxTes nano-particle.

Where, size of particle or crystalline size is represented by “D”, shape factor is
represented by k = 0.9, L shows the incoming X-ray wavelength {(A=1.54056 A)},
denotes the angle of peak in radian is represented by 8 and f represents full width at
half maximum (FWHM) of the primary peak. The following mathematical formula
may be used to compute FWHM:

B = (20, — 26;)

As a result, the crystallite size was observed between 25 nm and 19 nm. 8.84
A shows the value of the lattice constant. The average particle size was found to be 21
nm, with various diffraction angles as indicated in Table 4.1. The XRD spectra XRD
TlioxSbxTes (x=1.00, 1.25, 1.50, 1.75, 2.00) of the nano-particles were analyzed by
X'pert High Score Software with Reference card: 01-084-2449. For XRD Tl-
«Sb(Tes (x=1.00, 1.25, 1.50, 1.75, 2.00) nano-particles, the diffraction peak at 23.3°
(121), 29° (120), 31° (212), 32° (130), 34° (024), 40° (224), 42° (006). 46° (240), 47°
(413), 50° (044) and 53°(136) planes recognized the tetragonal crystal structure.

TlioxSbiTes nano-particles were integrated in the following ratios: (x= 1, 1.25,
1.50, 1.75, 2). The crystallite size reduces as the ratio ‘x’ grows owing to the
contraction of radii (TI")e Sb**(Te?)s. The x-ray diffraction patterns of TlioSbxTes are
shown in Fig 4.1. These patterns show that each of the peaks is comparable to those of
TlioxBixTes, with no other impurity diffraction peaks found [12]. As a result, all peaks
are measured in accordance with other materials’ intensities. That is, dependent on

input elements, the volume of the unit cell reveals appropriate shifts. These data
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reveal a satisfactory reaction outcome and do not show any impurity in sample

therefore no additional peaks are visible.
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Figure 4.1: XRD Tly,.,Sb.Tes (x=1.00, 1.25, 1.50, 1.75, 2.00).

Table 4.1: XRD ThoxShiTes (x=1.00, 1.25, 1.50, 1.75, 2.00).

Axbw8.8931 1004521,
©=33.0052

21.795 A=b=8 84510 1023.525
C=13 07515

21.180 N AubyeB 82510 1013.425
C=13.0010

21128 A=b=8.81010 1009.091
€=13.0010

20455 Axb=8 84814 1022.712
C=13.16215

4.2 Scanning Electron Microscope

This tool is studying the shapes and surfaces of nano-materials and bulk
materials. It’s also utilized to figure out how to determine nano-particles “surface
morphology™, “size of particle” and “shape”. SEM operates primarily in the reflection
mode with resolution ranging from ~100 nm to ~1000 nm [13]. SEM images of
TlsSbTes bulk compound are shown in Fig 4.2. The average size of particle decreases
with increasing “Sb™ content as seen by the SEM image in which the structure is

crystal has a size of 20 pm.
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Figure 4.2: SEM image of TloSbiTes compound at 20 pm scale and 220X
magnification.

4.3 Energy Dispersive X-Ray Analysis

This technique is incapable of determining the precise ratio of components in
the last product individually, any encouraging elemental investigation is performed to
supplement the diffraction determination methods. When it comes to determining
composition in solid state material. This technique is a useful method that performs
similarly to scanning electron microscopy. In general, it is an elemental analysis
technique for elaborating a compound composition that provides an exact
measurement. It may also provide quantitative, percentages or ratios of the elements
included within those elements in compounds. The TlySbTes sample contains an
unidentified thallium rich (25.8 % Te, 69.9 % TI, and 4.2 % Sb). The atomic percent
at various places of numerous crystals for a particular specimen has been normal and
linked to the nominated atomic percent of the relevant compound for every element.

It is noted that “Sb” concentration with the TI: Te ratio appears to be slightly
similar in the spectra (by a few percent) as shown in Fig. 4.3. Another set of spectra
can be visible in this region, which demonstrates the collection from scan region of
other information in the sample which can be pieces of glass or the carbon tape.
T1sSbTes has lately been studied using a full-changing vacuum created by an
extremist bladed polymer window with carbon. For peak fitting, in order to analyze
the spectrum, the computer software (EDAX) generation along with a modular less
ZAF fit purpose. The electron beam is in the energy scope of 20 to 25 eV and the
mean collection collected time is 30 seconds within the specific region of compound
and at least three scan points per sample. The EDX system used by the University of

Waterloo is an EDAX Pegasus 120 detector in an advanced dynamic vacuum.
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Each sample is subjected to a minimum of one afloat region scan and up to six
incomplete area or elemental scans using an electron beam with an energy
between 20 and 25 eV during the analysis process and on average

data is collected in 30-second intervals.

10 2.0 20 60 10 B0 S0 100

Figure 4.3: Energy Dispersive X-Ray analysis screenshot of (TlioxSbxTes).
Table 4.2: Energy Dispersive X-Ray analysis screenshot of (Tli0xSbxTes)
s ) % - e : ihi”.\;ﬁ .

4.4 Thermal analysis of TloSbTes

TlsSbTes has been amalgamate in axenic phase for thermal investigation.
Differential Scanning Calorimeter (DSC) measurement has been carried out at slower
rate of 2 °%min (instead of the usual 10°min) from 300 K to 673 K in an effort to
determine whether the has any developmental deficiencies as the temperature rises.

The DSC result of TlsSbTes shows that is a large exothermic peak at 500 K
which indicates that the bismuth did not show phase transition in the existing solid
state. Fig. 4.4 shows a very small peak for TloBiTes type compound observed in DSC
studies by the Kleinke research group. Examples included TlsoSnosBiisTes a 533 K
showed an exothermic peak less than 10% as intense as its melting peak at 553 K and
around TlBiTes at (593 K) indicating a minor fluctuation. This is same thing that
happens in certain TloLnTes experiments. According to previous research, a solid-
solid phase transition is a reasonable hypothesis and has been found in other ternary

system such as TISbTe; at low temperatures [14].
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Figure 4.4: Thermal analysis of TlsBiTes
T1sSbTes compound has a peak in both heating and cooling cycles. It was
found at 510 k with 1/ 4 intensity in the heating cycle and the change appears to be

fully reversible as shown in Fig. 4.5. Peak is caused by excess noise from the furnace
and oxidation of the sample, but no additional data could be generated. Quenching
experiments are currently being carried out to freeze the samples in order to

demonstrate that the “Sb” compound has high-temperature phase.
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Figure 4.5: Thermal analysns of TlngTes

4.5 Electrical Conductivity Measurements

The sample studied in these experiments belongs to the general family of “Sb”
doped TlioTes, which we have investigated from the point of determining the
consequence of “Sb” doping in a parent compound which determines the electrical

and thermal properties.

As a part of this study, we investigated the outcomes of “Sb” doping in parent
samples on the semiconductor and metallic boundary. The experiment was carried out

in a commercial oxford instrument cryostat capable of temperature control to

75



f

]

Research Paper # 02

within 0.5 K. Silver points were used to make the standard 4-probe contacts that were

tested at room temperature and only experiments were conducted only when the
resistance was low enough. The typical current used was 0.1 mA . A four-probe
resistivity method was used to analyze the electrical properties of tin-doped thallium
telluride nano structural system low the influence of temperature variations ranging
from 300 K to 650 K. The electrical conductivity “6” for Tlio«SbyTes samples (1.0 <
X < 2.0) between 300 K and 550 K as shown in Fig. 4.6. TlioxSbxTes samples and
TlBixTes system demonstrated the similar trend were decreasing the electrical
conductivity with increasing temperature. Similarly, the activity of “*Sb” doped system
is accurate both for intrinsic semiconductors with x= 1 up to 2 such as the sample Tl
xSncTes and ThoxBivTes [15-17). The p-type conductivity is indicated by electrical
conductivity decreasing with temperature. According to Fig. 4.6 at 300 K the
electrical conductivity of TloSb;Tes reaches its maximum value of 700 Q-'cm!. It then
gradually lower, until it reaches 500 K temperature, where it is 661 Q-'cm™. The
electrical conductivity of TlioxSb«Tes decreases as x concentration increases. At a
temperature of 300K, the electrical conductivity dropped from 700 Q'cm' to 656 Q
'em! as x concentrations varied from 1 to 2. It reduced from 661 Qlem™ withx = [ to

615 Q'cm™! with x = 2 in the identical way at 550 K.

o em’)

o0 b

1 Ly
30 350 400 450 B ] 350

Temperature (K}

Figure 4.6: Electrical conductivity of Tlo.<SbsTeg at 300 K, 400 K, and 550 K.

76



l"

q

Research Paper # 02

Table 4.3: Electrical conductivity of TlioxSbyTes at 300 K, 400 K, and 550 K.

4.6 Seebeck Coefficient (S) Measurements

The Seebeck coefficient is a critical method for determining the absolute
properties of two materials. Seebeck coefficient expresses the relationship between an
applied temperature gradient and the resulting electric field gradient. In another way,
the temperature fluctuated constantly which helped to Seebeck coefficient curve [18]
can be derived from the slope of the voltage vs. temperature difference. However, the
Seebeck coefficient always rises with temperature in presence- of nano inclusion
radius. The results of Tlo«SbxTes nanomaterial were compared to those of other
thermoelectric materials using a different ratio of ‘x’.

Thermoelectric properties of Tlio«SbyTes nanoparticles at various Sb
concentrations (x=1, 1.25, 1.50, 1.75, 2) are depicted in Fig. 4.6. Temperature range
from 315 K to 550 K and doping concentration (Ti: Sb) both in(;rease the Seebeck
coefficient. All the same, TlsSb,Tes sample exhibited the highest Seebeck coefficient,
S = 80.95 uVK! at 300 K, indicating that sample contains intermediate carriers.
Additionally, the “Sb” deficiency and the number of P-type charge carriers increase,
leading to an overall decrease in the Seebeck coefficient ( 81 pVK'! when x =2 down
to 67 pVK'! for x = 1). Even with a 3 % of margin of error, the Seebeck values are
different from the other sample x = 1 & 1.25 (at 82 vs 82.9 pVK!). Overall
composition, temperature has a linear effect on the Seebeck coefficient. Because of a
lack of the P-type such heavy metal tellurides, as well as Tljo«Ln(Tes series and
TIsBiTes, have a lot of charge carriers (> 10! cm™). Seebeck coefficient of Tlo.
xLn\Tee series (Ln = La, Ce, Pr, Nd, Sm, Gd, Tb) is about the same as Tl;o.xSb.Tes
[19], which increases with temperature due to this activity of smaller energy band

gaps (Ey), which form it simple for electrons to move from the valance band to the
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conduction band, which is beneficial for increasing electrical conductivity (c) {20]. In

this case, the Seebeck has same kind of gap.

Generally, higher electrical conductivity samples have a lower Seebeck
coefficient. All samples of TlioxSbxTes are analyzed to improve the thermoelectric
properties. Using the dominant carrier in the holes or compound has resulted in a
positive ‘S’ value for all samples. So that the Seebeck coefficient (S) increases as the

temperature rises.
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Figure 4.7: Seebeck coefficient of Tlio..SbyTes with x varying between 1 and 2.
Table 4.4: Seebeck Coefficient of Tlio-«SbTes at 300 K, 400 K, and 550 K.

4.7 Power Factor

A power factor reveals that it rises due to the Seebeck coefficient rising with
temperature. As discussed in chapter 1, the power factor is directly related to the
square of the Seebeck coefficient; in addition, the electrical conductivity also changes
with temperature. The lowest power factor is 1.9 pWcem 2K =2 was found for “Sn" =
1 and the highest power factor 7.579 yWem™2K =% was found for “Sh" = 1.75 at
temperature 300 K, whereas the power factor for “Sb" = 2 is 3.639 uWcm=2K~2

which improves with temperature. This low power factor is due to TlsSbyTes
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extremely low electrical conductivity which is important in power factor research.
Material that contains “Sb” indicates a clear high value between 1.29 pW-cm'K-? and
9.78 uW-cm K2 respectively than un-doped sample at 300 K and 550 K. As shown in
Fig 4.8, the specimen with x = 1.0,1.25 and 1.50 exhibit an infinitesimal increase as
decreasing the temperature dependence and collective at same point at 4.2 pW-cm™'K-
2. All “Sb” samples examined in this study demonstrated improved power factor
performance. The TlsLnTes series has been reported to show a range of power factor
values between 2.9 and 4.7 pWemK-4at 550K due to the doping of various elements
namely (Ce, Pr). The power factor at “x”= 2.05 for ternary group (Tli¢SbTes)
substitute of “Sb” is 3.8-4.97 pWem'K2 at 320 K to 685 K respectively [21] whither,
it is a relatively small value which differentiates to the one reported in the current

research, i.e. for TlsSb2Tes power factor is 8.98 pWem'K-2 at 550 K.

Powor factor [pW-cm'1K'2}

T T = T T L T L T
300 350 400 $50 500 550
Temperature (K}

Figure 4.8: Power Factor of Tlio.xSbyTes at 300 K, 400 K and 550 K.
Table 4.5: Power Factor of Tl1o.xSbxTes at 300 K, 400 K and 550 K.
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4.8 Conclusion

TlioxSbxTes compound, doped with p-type antimony (Sb) constituent on binary
Thallium Telluride group was studied for thermoelectric properties. Ball milling
techniques were used to prepare Thallium Antimony Telluride nano-crystals, which is
then hot-pressed to make a dense pellet to determine its thermoelectric property at
various concentration of x = 1, 1.25, 1.50, 1.75, 2. Scanning electron microscopy
(SEM), X-Rays diffraction (XRD), and energy Dispersive X-rays Spectroscope are
used to characterize the structure of (TlioxSbxTes), with the beat results obtained for
the ‘Sb’ sample. XRD pattern shows tetragonal structure of thallium antimony
telluride nano-crystal with space group (/4/mcm).

As shown by XRD peaks, it is observed that the particle size decreases as the
ratio ‘x’ is increased. SEM image results resemble crystal structure and the weight
and atomic percent of Tlio«Sb<Tes are shown in EDX result. Differential scanning
calorimeter (DSC) whether a compound has any developmental deficiency as 300 K
to 673 K. ;

The “Sb’ system on the cold-pressed and hot-pressed TlioxSb«Tes, i.e. at 300
K has achieved a significant increase in the Seebeck coefficient (S). TlsSb2Teg had an
'S’ value of 81 pVK! while 126 uVK! at 500 K was observed for it at the same
temperature. As a result, as the ‘Sb’ value increases, the electrical conductivity
decreases, and Seebeck coefficient rises. All of these compounds indicate a positive
Seebeck coefficient due to the p-type behavior. We have noticed that the value of *S’
in ‘Sb’ based compounds rise. The amount of ‘Sb’ contents in the parent compound
increases. We have concluded that a high efficiency thermoelectric generator could be
made with the help of “Sb” based compounds because their values were higher than

those of other compounds.
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Chapter # 05

Effect of Pb Doping on Seebeck co-efficient and Transport Properties
OF Tls.67PbxSb1.33.xTes Chalcogenide System

INTRODUCTION

At the moment, entropy engineering has emerged as innovative and creative
management to decrease thermal conductivity through manipulating configurational
entropies. When multiple components share the same atomic sites in the crystal,
increases the configuration entropy. Multicomponent chalcogenide like (SnTe)i-
2(SnSe)(SnS)x, (GeTe)1-2x(GeSe)(GeS)x and (PbTe)1.2x(PbSe)(PbS)« are very well
renowned pseudo ternary systems which exhibit low lattice thermal conductivity. It
occurs because its increases in the entropy arise from point defect phonon scattering,
mass fluctuation of different elements and strain-induced resulting from atomic size
mismatch [1-5]. Additionally, the large atomic size is different between the essential
atoms that can be locally synthesised in every laboratory easily. Moreover, the large
size mismatch of Te and S atoms would generate an off-centring of S atoms which
introduces dipole moment and soft phonon modes in the crystal. As a result, the soft
phonons effectively scatter heat-carrying acoustics phonons and reduces the lattice
thermal conductivity significantly [6]. Along with entropy engineering, the Rashba
effect has an additional effect in the fields of thermoelectricity through the spin-orbit
coupling (SOC) mechanism in the charge carrier transport phenomenon [7]. The
Rashba spin splitting leads to a distinctive feature in the electronic density of states
(DOS) due to the unique Fermi surface topology [8]. Consequently, the power factor
is found (S%c) to be large because of the sharp peak in DOS [9]. Thus, the Rashba spin
splitting can potentially be a very effective mechanism for thermoelectricity.
Chalcogenide families such as PbTe and its solid solution with PbSe and PbS are
well-known semiconductors to show excellent thermoelectric efficiency [10].

In this chapter, we will analyze different properties of Pb (Lead) doped
thallium telluride (Tlz 67 PbySbi33+Tes) nano-structured scheme, synthesized by ball
milling techniques. The XRD data depicts the crystal structure and phase of the
understudy nano-system. The EDX data shows the percentage composition as well as
the elemental analysis of the sample, whereas the SEM depicts the morphology of the
nanoparticles. Lastly, fixed with “Pb” dopants at dissimilar absorptions and the

explanations display that electrical and thermal possessions are pretentious. Electrical
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conductivity was calculated from the four probe resistivity investigational method.
Seebeck was calculated by the two probe resistivity method. Seebeck coefficient and
electrical conductivity can help to measure the power factor. As a result, the Seebeck

coefficient is increased as the temperature increases for different compositions.

5. Results and Discussions:

5.1 X-Ray Diffraction

Most valuable tool to look at the structural properties of a material. It can be
used for determining the phase structure, crystallite size, plane orientation, and more.
It details the grain's sizes, their position, and the miller indices in detail. Additionally,
it also shows atomic spacing, This entire set of information is vital when studying the
structure of the materials [11]. By using Debye Scherer’s formula is used to figure
out crystallite size of Tlg7PbxSb1 33.xTes compound as follows:

D = KA/BCOSOG et e (5.1)

Where ““D”’ indicates the crystallite size, 'k’ indicates a constant with a 0.91
value,"A" indicates the wavelength and “8" indicates Bragg’s angle and ‘B’ indicates
measuring the full width half maximum (FWHM). The particle Crystallite size is
approximately 63 nm on average for the compound studied. Tlgs7Pb<SbissxTes
nanoparticles have a concentration ratio of X=0.61, 0.63, 0.65, 0.67, 0.68, 0.70.

The pattern of peaks in the XRD can be used to confirm the purity of samples
that appear exactly like the peaks in the XRD graph (121, 220,213,130,024). The
material appears to be single crystalline with tetragonal shape.

The physical properties of the “Pb” doped Tlss7PbySbi33.xTes compounds
series were analyzed for x=0.61, 0.63, 0.65, 0.67, 0.68, 0.70 for the variety of
concentration. The powder x-rays diffraction pattern for all these compounds obtained
at room temperature is illustrated in Fig. 5.1. The present study obtains the tetragonal
single phase Tls¢7Pb«Sby33«Tes. At room temperature, observed tetragonal lattice
parameters are a = 0.866 nm and c¢= 1.305 nm and have the same space group 14/mcm

as the literature data [12].
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Figure 5.1 XRD Tlg 67 PbSb) 33.4Tes (x=1.00, 1.25, 1.50, 1.75, 2.00)
At room temperature, the EDX data collected for Tlge7Pboe3Sbo70Tes, are
shown in Fig.5.2 to analyze the elemental and compositional in the “Pb” doped
chalcogenide system, with same stoichiometric ratio as designed to all other

compounds.

R AW T R IR T R

Figure 5.2: Energy Dispersive X-Ray analysis screenshot of
(Tlg 67 PbxSby 33 Tes).
5.2 Electrical Conductivity Measurements
In this study, overall sample has electrical conductivity decreases with
temperature rises. This is because the positive coefficient of temperature demonstrates
the degenerate semiconductor behavior, caused by charge carrier phonons scattering

and grains boundaries effects [13].
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Particularly, there is no systematic trend found of electrical conductivity

variation in “Pb” doped chalcogenide system for the Tlss7PbxSby33«Tes with “Pb”
concentration. The impurity in phase by oxide in the grain boundary may be
responsible for decreasing the electrical conductivity in the pressure-less sintered
chalcogenide system [13-16]. The electrical conductivity of the chalcogenide system
is influenced by the concentration of lead doping and the grain boundary mechanism
in the system.

Tls 67PbxSbi 33xTes compounds with 0.61<x<0.70 electrical conductivity “¢” is
decreasing with a change in temperature across the total temperature reach as shown
in Fig 5.3. These results are declarative of metallic conduct, indicating a high carrier
concentration. As expected, an increase in doping concentration also increases the
Seebeck counterpart whereas decrease in o. At 290 K, the Tlse7Pbo70SbosoTes has
highest value of 1650 (Q-cm)! whereas Tls¢7Pbo6sSbossTes has the lowest with 545
(Q-cm)!. The samples having x=0.61 and 0.63 have values close to 850 and 900 (Q-
cm)! respectively. For the Tlss7Pbos3Sbo70Tes compound, variations of conductivity
between the hot pressed pellet and the ingot were slightly different ranging from 850

to 855 (Q-cm)! respectively at room temperature.
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Figure 5.3: Electrical conductivity of Tls¢7 PbxSby13.xTesat 300 K, 400 K,
and 550 K.
5.3 Seebeck Coefficient (S) Measurements
The temperature variation with the Seebeck coefficient (S) for the
Tls67PbxSb133xTes X=0.61, 0.63, 0.65, 0.67, 0.68, 0.70 compounds showing in Fig.
5.4. for each element in compounds especially for p-type semiconductors, enhance in
the positive Seebeck coefficient smoothly as the temperature increases from 300-500

K. These semiconductors have high concentration of carrier charges. The positive
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thermos power of this chalcogenide system across the entire temperature range
indicates that the p-type (hole) carrier’s conduction dominates the thermoelectric
transport in these compounds. When the amount of “Pb” increased from 0.61 to 0.65
concentration of “Pb” electron scattering is decreasing with increasing the effect of
hole concentration. As a result, the thermos power is reduced. However, electron
scattering in chalcogenides is enhanced due to the smaller grains created by Pb
doping which increases thermos power and effective mass in the system [17, 18].
Seebeck coefficient, temperature, and injected charge carrier concentration can be
correlated to the temperature and doping concentration “x” as shown below [19]:

_8nlkim*

S 3ehl

(G K TR (5.2)

Where “kg” denotes Boltzmann constant, “e” donates electronic charge, “h”
denotes the Plank’s constant, “m*” denotes effective mass, and “»” denotes charge
carrier concentration. The Seebeck coefficient is affected by two parameters such as
effective mass and carrier concentration. As a result, the lower concentration of the
samples (small x, and high n), will show a linear increase in thermos power as the
temperature rises. Increasing the temperature of small # and large x, causes Seebeck
coefficient to drop down when enough charge carriers can cross the band gap of the
compound being studied. Using Egap=2€SmaxTmax [24], a gap of 0.23 eV has to figure
out for Tls 67Pbo 70Sbo 63Tes system.

In this research, it is found that Seebeck coefficient could bé improved
musing the high concentration of “Pb” in this system. Temperature affects the
Seebeck coefficient which ranges from 80 to 130 xV/K. in this case, the decreasing
carrier density causes a lower Fermi energy level which causes the Seebeck co-

efficient to increase [20].
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Figure 5.4: Seebeck Coefficient of Tlse7 Pb«Sbi 33.«Tesat 300 K, 400 K, and 550 K.
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5.4 Power Factor
The electrical conductivity and Seebeck coefficient play an important role for

improving the power factor (PF= $%) in Tlss7 Pb«Sbi 33xTes (x=061, 0.63, 0.65, 0.67,
0.68 and 0.70) compound. The power factor exhibits highly irregular behavior in the
presence of doping of “Pb” concentrations.

Dis connectivity between electrical conductivity and Seebeck coefticient is
directly affected to improve the power factor of these compounds which defines the
inversely proportional each other of these two factors. The Seebeck coefficient S can
have a significant impact on power factor. Thus we must increase Seebeck S for
improving the power factor (PF). We calculated the power factor using electrical
conductivity and the Seebeck coefficient and the results are shown in Fig. 5.5. The
power factor rises as the temperature rises. So a very complicated relationship is
observed between the power factor and doping concentration of Pb. So it observed
that Tls 67PbosoSbo 0Tes has the highest value at 8.56 pW-cm”'K* at 550 K and 3.525
uW-cm'K2 at 290 K whereas Tl s7Pbo 70Sbo soTes has fhe lowest values at 1.66 pW-
em K2, 56 pW-cm™'K-2 at 550 K and 1.0156 pW-cm K values at 290 K among all
the compounds. As previously stated, it is analyzed that lead concentration rise,
resulting in the number of holes also increasing. This is supported by the current
experimental trend. The Seebeck coefficient decreases and increases as the
concentration x increases until the lead concentration reaches an ideal level. Seebeck
coefficient rises as a result of this. The Tlse7Pbo70SbosoTes compound is slightly
temperature dependent due to large number of grain boundary scattering. The power
factor increase for various dopant Agents. The following table illustrates the variation
in power factor, indicating that 0.61 is 3.7 pW-cm-1-K? dopant concentration is
increased the power factor and that 0.65 is 1.27 uW-cm'!-K*> dopant concentrations
are decreased due to grain boundaries scattering phenomena and increase hole
conduction. Lead concentration and power factor optimization have increased the
complicated behavior of power factor in comparison to Temperature. The lead dopant
concentration is increased the thermoelectric properties of the sample which is
dependent on high Seebeck coefficient and high electrical conductivity and low
thermal conductivity. The power factor PF is determined by the relationship between
the Seebeck coefficient and electrical conductivity, both of which are interdependent.

Because of analyzable action of power factor verse temperature, it is difficult to
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determine the effective property of the thermo-electric characterizations within total

system. As a result, these system exhibits random solid state phenology and show
imperfectness in the crystalline materials. According to various levels of temperature
of semiconductor materials, electronic behavior is another factor are various energy
band gaps.

The highest value of power factor was 8.56 pW-cm'-K-? of PF at 550 K and
3.5256 pWitt-cm!'-K at 290 K for Tls 7Pbo 60Sbo 70Tes compound. Tls 7Pbo70Sbo soTes
compound had the lowest power factor with values of 1.66 56 pW-cm™'-K-? at 550 K
and 100 56 pW-cm'-K? at 290 K. The Ilow-temperature dependence
Tls67Pbo70SbosoTes compound is caused by a high number of grain boundary

scattering [21].

L R T Ll 4 R R
s
. =061
%
. Phg
5
% .
©
™ 4 Pb-0.65 o
o rs=068
5 3 o
w
- aee b
57 e o7 e A
o g owep e
14 TN P
. ¢4 . P
268 338 350 - 480 4150 E <[ ] 550
LK)

Figure 5.5: Power Factor of Tlse7 PbySbi 33, Tes at 300 K, 400 K, and 550 K.

5.5 Conclusion

We synthesized various concentrations and studied the physical properties of
“Pb” doped Tls«7Pb«Sbi33.4Tes compound series with x=0.61, 0.63, 0.65, 0.67, 0.68,
0.70. The crystal structure of TlzSb;Tes investigated by XRD confirmed that these
materials are single phase which was observed with the data-based and having the
identical space group the 14/mcm same asTlsTes.

The thermoelectric properties were calculated between room temperature and
about 550 K of polycrystalline Tlge7Pb«Sbi3:ixTes compounds. Increased hole
concentration also increases the electron scattering by the Pb doped in chalcogenide
system but the Seebeck coefficient is decreased by the doped tellurium telluride for

higher concentrations of “Pb”. However, the carrier’s density will increase by the
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value found above 0.65. On the other hand, the smaller grains will improve the

electron scattering with high Pb concentrations. As a result, the thermos power
increases. PbTe has shown that further improvements can be made to the best

materials on both the micro and nano scales in different studies [21, 22].
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Chapter # 06
Enhancement of Power Factor by Sn Doping IN TlsSb:.
xSnxTes Nano-Chalcogenide System

INTRODUCTION

PbTe and its solid solution having PbSe and PbS are well-known
thermoelectric semiconductors [1]. However, due to the presence of Pb, PbTe-based
materials are not eco-friendly because of the presence of “Pb” and as a result, the use
of PbTe remains unsuitable for mass-market applications.

Various other thermoelectric materials such as SiGe [2], skutterudites [3],
half-Heusler compounds [4], colusites [5], SnSe [6], SnS [7], CuaSe 8], exhibit high
ZT (1.5-2.5) values exclusively above 500 K. Interestingly, none of the above
materials show ZT above 1.0 at room temperature except the only compound Bi,Tes
[ZT~1.3-1.7]. Although the performance of BiTes has been strategically improved
via various mechanisms, it is indeed coming out to be p-type [7]. In Contrast, the n-
type BixTe; remains below ZT~1.0 at room temperature [8]. Meanwhile, it has
become imperative to explore new n-type thermoelectric materials that exhibit ZT
above unity near room temperature as maximum energy wastage in line with
geothermal power generation occurs approximately in this temperature range [9].

The current materials with high TE performance working in near-room-
temperature range mainly include Bi>Tes-based systems, MgsSh,, MgAgSb, Mg, (Si,
Sn), AgSbTe; and B-Ag:Q (Q=Se, Te) [10]. Recently, there has been numerous
research for a long time where S-Ag,Q has been studied extensively for
thermoelectric materials because of its intrinsic metal-like electrical conductivity and
inherently glass-like thermal conductivity at room temperature [11]. Experimentally,
Silver selenide specimens were prepared by a direct reaction of the source elements
(6N purity) in evacuated (=10* Torr) quartz tubes, and X-ray diffraction analysis
confirmed the formation of B-Ag:Se [12]. However, this material shows discrepancies
in ZT at the temperature range of 300-400K, which have been reported in the
literature [13]. Subsequent efforts were attempted towards increasing the figure of
merits of thermoelectric materials [14]. Finally, the achievement of a high ZT > 1.0 at
temperature range (300-375 K) is demonstrated by improving charge carrier mobility

along with tuning the carrier concentration via the addition of minute anion excess
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[14]. In due course, the synthesis of solid solution AgxSexTex has been confirmed by
X-ray diffraction data and Rietveld refinement [15]. Drymiotis et. al. showed Ag>Se-
As:Te phase diagram at different compositions doped the Sulphur atom in the ternary
phase and examine the thermoelectric performance of the pseudo termary phase,
AgoSe-Ag;Te-Ag:S. Furthermore, we will also discuss an increment of power factor
due to the Rashba type of spin splitting and as a result, we achieve a very high value
of ZT~ 2.1 at 400 K in Ag,Seo sTeo 2550 25.

In this research chapter, we will analyze the different properties of Sn (Tin)
doped thallium Telluride (Tls Sn«Sb2«Tes) nano-structured scheme. It is synthesized
by the ball milling method or mechanical milling. The XRD shows the crystal
construction information and phase origin. The EDX shows the percentage
components in the compound. The SEM shows the morphology of the nano-particles
of the compounds. Lastly, fixed with “Sn” dopants at dissimilar absorptions and the
explanations display that electrical and thermal possessions are pretentious. The two
measurements such as electrical conductivity (o) and Seebeck coefficient (S) with
their physical properties have been measured with four probe resistivity setups. We
used Seebeck coefficient and electrical conductivity to calculate Power factor (PF).
As a result, the Seebeck coefficient is raised as the temperature of different

concentrations of the compound is increased.
6. Results and Discussions:

6.1 X-Ray Diffraction

X-ray diffraction is a helpful method for examining the structural analysis of
material. It can show the phase structure, crystallite size, and full width half maximum
(FWHM). 1t also provides information on grains sizes, their position, atomic spacing,
and the miller indices in detail. This entire set in the analysis of construction of the
substantial [16]. Debye Scherer’s formula is used to figure out the crystallite size of
Tls Sba.x PbxTes material as given below,

D=kA/BcosOp...c.ccccviiiiiiiiiiiiiiiiin, (6.1)

stands for the crystallite size, 'k’ shows a constant with value

"e

where ** D
“0.91”, "A" stands for wavelength and “8" stands for Bragg’s angle and ‘B’ stands for
the value of full width half maximum (FWHM). The average compound crystallite
size is around 63.50 nm. TlsSb,«SnTes nano-particles have a concentration ratio of
X=1.96, 1.97, 1.98, 1.99, 2.00.
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The XRD pattern has been shifted vertically as shown. The purity of sample
can be confirmed using XRD peaks pattern, which is similar to the JCPDS#84-2449

(Joint Committee on Powder Diffraction Standards) cards. The XRD peaks have hkl
values of (121, 220,213,130,024). One can have observed that the material appears to
be single crystalline and has a tetragonal shape.

Fig. 6.1 shows the XRD pattern for the samples at the temperature of 650 °C
of the thallium antimony tin telluride’s nano-particles, TlgSb2xSnxTes whose doping
concentration is (x = 1.96, 1.97, 1.98, 1.99, 2.00) and calculated the crystal structure
of the TlsSba.SnTes. The highest intensity peak is at 31.800 with (213) plane
orientation. The crystallographic planes are observed at (130), (121), (220), 024),
(006), (240), (413), (044) and (136) orientations. The XRD diffractometer result

shows that the nano-particle TlsSb2xSnxTes is a single phase.
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Figure 6.1 XRD (Tls Sn\Sba.«Teg) (x=1.96, 1.97, 1.98, 1.99, 2.00).
Table 6.1 XRD (Tls SnxSba«Teg) (x=1.96, 1.97, 1.98, 1.99, 2.00).

PoAdyr. L 1 e A NIRRT R 5 RBRRE IR L% o PRI At s

Thy s4Sb.aeSnyyeTeg 3048 a=b= §8931 1004 52
o= 130030

TlyssSby 4150y ,-Te, 21754 a=b= §8452 1423 97
¢=120756

Tly 545by 6250 59T ey 2in a=b= 88243 JUIREY
c=13 a0

Ty 15 5by 5,3, o Te, 2 ite a=b= 2801 1009 07
¢=130012

Tl 145b5n; Tey 21336 a=b= § 8483 103273
c=13 1627

95



1

f

Research Paper # 04

6.2 Energy Dispersive X-ray Analysis

The EDX spectroscopy shows the ratio or quantitative percentage of the
elements present in the nanoparticles. In Fig. 6.2 for nano-particles, TlsSbo 0c4Sni osTes
has a single phase that is highly rich in thallium (69.9 % TI, 25.8 % Te, 3 % Sn, and
1.2% Sb) for every element in the nano-particles. The atomic percent (% At) of nano-
particles at numerous points have different crystals. The nominated atomic percent of

the corresponding nano-particles has been related and average.

- - . - » w x 2] w !.ﬂ
TSI DNE e TR YR BN e £33

Figure 6.2: Energy Dispersive X-Ray analysis screenshot of XRD (715 Sn:Sh..Tes).
Table 6.2: Energy Dispersive X-Ray analysis screenshot of XRD (775 Sn.Shz.<Tes).
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6.3 Scanning Electron Microscopy

SEM is used to examine the TloSb)Tes morphology and its properties. With
the help of a scanning electron microscope, images with nanometer-level resolution
can be obtained (SEM). By increasing the concentration of “Pb” doped with TlsSbo.
xPb:Tes compounds, miner-sized grains are produced and provided a large scattering
electron path. The material is examined under the micron and nanometer scale for
better results. “Pb” concentrations increase in the grains will also increase the electron
scattering which leads to an increase in thermos-power [19]. The nanostructure of

TlsSba.« SncTes, is x=1.96, 1.97, and 1.98 at 100nm scale are shown in the image. In
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Fig. 6.3 spectra show the morphology of nanoparticles of TlgSb,xSnxTes which are in

the range of 100 nm.

Figure 6.3 SEM (713 Sn.Sb2.Tes) (x=1.96, 1.97, 1.98, 1.99)

6.4 Electrical Conductivity Measurement

The thermal dependence of electrical conductivity for the Nano-particles Tlg
SnxSbaxTes for composition (where x=1.96-1.99) has been studied in the range of
300-550 K. We have observed that electrical conductivity “¢” decreases as
temperature increases, behave like metal doped semiconducting system as expected.
The behavior of “Sn” doped in Tls SnxSba..Tes system is true in case of intrinsic
semiconductors with concentration of x=7.96 as well as for doped semiconductors
with x up to 1.99. Fig. 6.4 shows that the nano-particles of TlsSbo0sSni 9sTes has the
highest value of electrical conductivity i.e. 755.05 Q'cm™! at 300 K, which decreases
as increasing the temperature, till to 454.61 Qlcm! at 550 K. The electrical
conductivity of Tls SnxSba.«Tes also decreases with increasing doping concentration of
x. For example, the concentration of the nano-particle changed from x=1.96 to 1.99,
and the electrical conductivity of the nano-particle decreased from 755.05 Q'cm™! to
566.06 Q'cm' at 300 K. Similarly, at 550 K, it decreased from 454.61 Q'cm™ to
303.75Qem
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Figure 6.4: Electrical conductivity of XRD (T/s Sn.Sb2xTeg) at 300 K, 400 K,
and 550 K.

Table 6.3: Electrical conductivity of XRD (Ti3Sn.Shz..Tes) at 300 K, 400 K,
and 550 K.

403.30
628,51 570.25° 520.36 460.25 497.32 348.32

566.06 510.65 460.32 410.65 362.47 303.75

6.5 Seebeck Coefficient Measurements

The thermal dependency of the Seebeck coefficient calculated the Tls SnxSb,.
»Tes nano-systems have various concentrations of Sn (x=1.96, 1.97, 1.98, 1.99) has
been shown in Fig. 6.5. In a previous study, heavy metals which show the deficiency
in the p-type semiconductor, is determined in Tellurides system, this is also same as in
TlioLn«Tes series and TlsBiTes, which is rising the number of carrier charges (> 10'°
cm3). Due to this, the trend is same as ThoxLn«Tes series [17]. We have observed that
the temperature increase and the Seebeck coefficient is increasing. The values of
Seebeck co-efficient for TlsSbo0sSni 96 Tes increased from S = 297.18 pVK ! at 300 K
to S = 566.06 pnVK! at 550 K, similarly for TIsSboo:Sn| o7 Tes the values of “S” vary
as 347.58 uVK™' to 628.51 pVK'' at 300-550 K. For TlgSbo 02Sni ssTes the Seebeck
coefficient is increased from S = 395.64 pnVK' to 681.22 uVK-' at 300-550 K and for
T1sSbooi1Sn; 9oTes, 433.28 pVK ! at 300 K to 725.76 uVK™! at 550 K. It shows that the
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Seebeck Coefficient gradually increased as “Sn” concentration increases in Tlg
SnxSba«Tes nano-system. The Seebeck is increase at 300 K, it is increased from
297.18 pVK! at x = 1.96 to 433.28 uVK' at x =1.99. Likewise, by concentration of
“Sn” from x = 1.96 to 1.99, S increased from 566.06 pVK-! to 725.76 uVK-! at 550 K.
The Seebeck coefficient depends on the temperature. The doping of the P-type
materials in the nano-materials increases the Seebeck coefficient. This implies that the

major carrier in the nano-materials is the holes.
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Figure 6.5: Seebeck Coefficient of TloSbi«Sn,Tes at 300 K, 400 K, and 550 K.
Table 6.4: Seebeck Coefficient of TleSbi-«SnxTes at 300 K, 400 K, and 550 K.

6.6 Power Factor

The power factor (S* o) demonstrates overall thermoelectric performance of
thallium tin-antimony telluride Tls Sn«Sb2.xTes nano-particles. The “Sn” doped system
shows power factor values ranging from 2.21 to 8.9 pW-cm''K? at 300 K and 550 K
respectively. As shown in fig 6.6 the samples with (x =1.96, 1.97, 1.98, and 1.99)
show a slight increase with less dependence on temperature and summation at same

significance at 4.0 pW-cm'K-2. According to previous studies, the value of power

99



q

Research Paper # 04

factor at “x”=1.96 for ternary group (TlioSnTes) substitute of “Sn” is 3.6-4.9 pWem'
K2 at temperature range from 320- 550 K respectively [18-19] whither is relatively
reduced the value when compared to the one i.e. for Nano-particles. The power factor
of TlsSbo0aSni9sTes system is 8.9 pWem K2 at 550 K. This was the destination of

this research project to amend the power factor.
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Figure 6.6: Power Factor of TlsSb1..SnxTes at 300 K, 400 K, and 550 K.

Table 6.5: Power Factor of TloSb;.«<SnyTes at 300 K, 400 K, and 550 K.

6.7 Conclusion

Various concentrations of “*Sn” and “Pb” doped in TlsSb:.«A.Tes had a series
of compounds were produced and investigated their physical properties for x has
different concentrations in the compound.

These nano-materials are single phase as confirmed by x-rays diffractometry
and the crystal structure of Tlg Sba..AxTes was observed with the data-based, which has

the same space group 14/mem as Tl Tes. The thermoelectric properties of polycrystalline
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T1sSbh2-.AxTes compounds were calculated from 300-500 K. When the amount of A
(Sn, Pb) doping is more the “A” doping will increase the carrier’s density. In contrast,
when "A" concentrations are high enough the smaller grains increase electron
scattering which leads to an increase in thermos-power. The micro- and nano-
optimization of materials appear to hold the promise of even more advancements.
Because of the increasing hole concentration in this "A" doped chalcogenide nano-
system, the Seebeck coefficient of the doped tellurium telluride decreases with
increasing "A" concentration. This decrease in Seebeck coefficient is due to the
increased electron scattering. However, the smaller grains present in high "A"
concentrations will increase electron scattering, as a result, the thermos-power will
also increase. It appears that further improvements are achievable by optimal and
physical on both the micro and nano scales as revealed in various research works on
PbTe [20].
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Chapter # 07
Enhancement of the Figure of Merit by the Quaternary Compound
TIsSb.Pb1xTes by Doping of Pb & Sb Co-Doped Nanostructured
INTRODUCTION

As a future generation, the actual global energy deficiency and the
environmental pollution issues that lie leading pose a serious threat. The deterioration
of the ozone layer as a result of global warming and pollution has had far-reaching
consequences. In order to meet the enormous demand for energy in both the domestic
and industrial sectors, it is necessary to conduct extensive research in the energy
sector using a variety of nano-scale materials and technologies [1]. A significant
amount of effort has also been put forth in order to achieve control over the energy
crisis and temperature of global is increasing due to losses of different energy sources
in several industrial sectors. There are two problems with energy firstly energy
sources problems and secondly, management of wasted energy are two of the most
pressing issues facing the world in the twenty-first century [2]. Bio-fuel, wind, solar,
etc. are just some of the sources of energy. People and businesses use heat energy to
do things and make things. At that point, any wasted heat energy has been used up
and there has been no change in energy [3].

The first thermoelectric effect was discovered more than a century ago by
Thomas Johanne Seebeck [4, 5] and Jean Charles Athanase Peltier [6, 7]. This effect
is based on the principle of producing electrical energy through the use of a
temperature gradient. Bi»Tes has demonstrated notable performance as an efficient
thermoelectric (TE) material. It is worth noting that high-temperature thermodynamic
ally stable materials are preferred for thermoelectric applications [3, 8]. As a result of
their thermal stability and good thermoelectric properties, such materials are
promising for new next-generation engineering science that utilizes waste heat and
converts it into useful electrical energy [9]. Approximately, 40% of energy is used
and consumed in industrial processes with the rest discarded as waste heat. Possibly,
Thermal power conversion (thermoelectric generators) can capture a portion of this
waste heat and turn it into recyclable electricity [11]. The electronic and
thermoelectric characterization of pure and doped bulk TlsTe; crystal structures
(designated as TlioyPb.SbyTes with x= [0:2] and y= [0:2]) were studying by using
the DFT method [12] with Plane-Wave (PW) basis enforced in the Quantum Espresso
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(QE) code [13]. For the electronic exchange-correlation energy functional, we used
the Perdew, Burke, and Emzerh (PBE) generalize gradient approximation (GGA) [14,
15]. The ultra-soft pseudo potential of A. Dal Corso inside the PBE signifier was
used [16], in which only the outer-most electrons were considered.

Various measurement devices owned by the three participating evaluation
laboratories were used to determine the transport properties of the pressed pellets. To
ensure the reliability and reproducibility of the data obtained, a standardization and
round-robin testing program has been initiated to test self-built measurement facilities.
The theoretical portion of this article is devoted to predicting the best Te, Sb, and
combined Te-Pb doping levels based on the power factor. The electronic figure of
merit ZT is used to estimate the resulting improvement in the total figure of merit. In
the constant relaxation time approximation, electronic transport properties are
calculated using semi-classical Boltzmann transport theory. According to this theory,
the electronic transport properties of a material are derived solely from its electronic
structure which is calculated using ab-initio electronic structure calculations using the
density functional theory DFT Approach.

In this chapter, we will measure different properties of the “Pb” (Lead) doped
thallium Telluride (TlgSbiPbi.yTes) nanostructured scheme. It is synthesized by the
ball milling method or mechanical milling. The XRD shows the crystal construction
information and phase origin. The EDX shows the percentage components in the
sample. The SEM shows the morphology of the nanoparticles of the sample. Lastly,
fixed with “Sb” dopants at dissimilar absorptions and the explanations display that
electrical and thermal possessions are pretentious. Electrical conductivity and Seebeck
coefficient were calculated from the four probes resistivity investigational methods
which had two standard probe computation schemes, respectively. Power factor (PF)
was calculated from Seebeck coefficient and electrical conductivity. As a result, the
Seebeck coefficient is enhanced as the temperature of the nano-system increases,

which is explained in the section below.

7. Results and Discussions:

7.1 X-ray Diffraction
XRD shows the crystalline scheme through which demonstrated the lattice

constant, miller indices, arrangement of grain, inter planner, and interatomic size [17].
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Pure phase of TlsSbyPb,. (Tes of the nano-particles by showing the XRD spectra. The
XRD spectra of TlgSbxPbi.«Tes (x=1.96, 1.97, 1.98, and 1.99) the nano-particles were
analyzed with Reference card: 01-084-2449. For XRD TlsSbyPbxTes (x=1.96, 1.97,
1.98, and 1.99). nano-particies, the diffraction peak at 23.3° (121),29° (120),31°
(212),32° (130),34° (024),40° (224),42° (006),46° (240),47° (413),50° (044) and
53°(136) planes recognized the tetragonal crystal structure.

These peaks show XRD information and are compared with the previous study
with JCPDS (Joint Committee on Powder Diffraction Standards) cards with Reference
card: 01-084-2449 as shown in x-ray diffraction diagrams. At room temperature, we
used the main source such as the Intel powder diffractometer equipped with a
positional-sensitive detector and CuKa. At last, we had expanded forty-eight (48)
peaks in XRD diagram, originating in model. X-ray powder diffraction showed that
our compound is the single-phase with a different concentration. Ourselves introduce
XRD pattern got for TlsSbyPb1.xTes and associate it with that of TIsSb«Pbi.xTes as

shown below in Fig. 7.1.
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Figure 7.1: XRD T1sSbiPbi<Tes (x=1.96, 1.97, 1.98, and 1.99).

7.1.1 Crystal Structure
The structural characterizations of TlsTes in Fig. 7.2 before discussing
substitutional doping in the crystal structure. There are 20 Tl-atoms and 12 Te-atoms

in a primitive unit cell depicted in Fig. 7.2(a)«(b). each occupying one of four
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different crystal positions. There are two T1 atoms in the crystallographic positions 4¢
and 161, and two Te atoms in the crystallographic positions 4a and 8h (Wyckoff
positions 4a and 8h). Because of the space group I4/mcm, the crystal structure of
TlsTes equilibrium crystals is tetragonal, similar to that of BriCrs. Fig. 7.2(b) shows
the TlsTes crystal structure's PBE-GGA optimized volume of (1080.9A%°. Bond
length “b” TI-Te is calculated to be 2.44 Angstroms which is larger than the
experimentally measured bond length of 2.51 Angstroms (a=8.92 and 12.62) [17]. In
most cases, this is because GGA overestimates the optimized volume or lattice
parameters [18]. In spite of this, previous research on TisTes [19, 20] found these
results to be consistent. To investigate the electronic and thermoelectric
characterizations of the TlsTes with sub-situational doping and co-doping “Pb” and

*“Sb” atoms at the Tl-sites were introduced.

Figure 7.2: (a) Schematic side view, (b) top view of unit cell of the TlsTes crystal
structure used for DFT Calculation. The green ball represents Tl and the red
ball represents the Te atoms.

7.2 Energy Dispersive X-ray

This method is incapable of determining the precise ratio of elements in the
last compounds individually, any encouraging elemental investigation is performed to
supplement the diffraction determination method. When it comes to determining
composition in solid-state materials by the EDX. It is a useful method that performs
similarly to SEM. Mostly elemental investigation is a method for elaborating on a
specimen's constitution by providing an exact value. It may also provide quantitative,
percentages or ratios of the elements included within those samples.

EDX spectrums of “Pb” nano-particles doped in the TlsSb.Pbi.<Tes (x=1.96,
1.97, 1.98, and 1.99). From the above spectrum in EDX Model, it has given
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information that the compound is consist of wt% of 14.38% Pb, 25.53% Te, 27.78%
Sb, and 57.69% TI content in T1gSbxPbi.xTes.
In Fig. 7.3, the EDX shows the weight percentages (wt%) which helped the

precise stoichio metric amount of every element which is present within compound.
Ourselves get to establish that “Pb” doped with dissimilar absorptions variations the
degree of top shown through EDX Fig.7.3. Consequently, Atomic percentages (At%)
of elements are 14.51% Pb, 27.22% Te, 0.12% Sb, and 58.13% Tl in TlsSbxPbi1-«Tes.
It is noted that the “Sb” concentration with the Tl: Te ratio appears to be slightly
similar in the spectra (by a few percent) as shown in Fig 7.3. Another set of spectra
can be visible in this region, which demonstrates the collection of the data. Each
sample is subjected to a minimum area using an electron beam with an energy
between 20 and 25 eV during the analysis process and on average, data is collected in

30-second intervals.
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Figure 7.3: Energy Dispersive X-Ray analysis screenshot of TlsSbsPbi.xTes
(x=1.96, 1.97, 1.98, and 1.99).
7.3 Scanning Electron Microscope

An electron microscope (SEM) and an x-ray spectrometer (EDX) have been
used to look at the nano-structured TlySbiTes morphology and composition. By
increasing the concentration of “Pb” doped with T1sSb2«PbsTes compounds, miner-
sized grains are produced and provided a large scattering electron path. “Pb”
concentrations increase in the grains will also increase the electron scattering which
leads to an increase in thermos-power [21]. The nanostructure of TlgSba« Sn<Tes, at

100nm scale is shown in the image.

108



i

2

Research Paper # 05

EDX was used to analyze the composition qualitatively and quantitatively. Fig

7.2 illustrates the EDX of TlsPbi ¢7Sbo03Tes nanoparticle. Pb, Sb, Te, and TI are

identified in this method and their weight percentages (14.38 percent for Pb, 0.13
percent for Sb, 27.78 percent for Te, and 57.69 percent for Tl) are calculated. This
percentage indicates the concentration of all substances in the method. While “Pb”
(14.51%), Sb (0.12%), Te (27.22%), Tl (58.13%) are all at percentage rang. It
demonstrated no additional peak investigated in the chemical composition. The

thallium (T1) concentration is highest at the peak than others.

7.4 Electronic Band Structure Calculation

We will examine the most critical case in terms of interpreting the PDOS. P
DOS-based conductance analysis doesn't appear to have well-established roots
because MO is arbitrarily identified. At Fermi energy, the most significant PDOS
was precisely the one associated with the MO exhibiting the highest degree of
localization on the molecule bond MLWF (i.e., the LUMO). Without the latter, we
would have missed this critical MO from the zero-bias conductance analysis.

The electronic structure of TlsTes is computed by the electronic band structure
and Partial density of states as shown in Fig 7.4(a)—(d) at optimized lattice parameters.
As shown in Fig. 7.4 (a), the behavior of TlsTes; is non-magnetic and metallic in
accordance with the early abstraction and research resullts [22].

Further examination of the structure of electronic reveals an idea of narrow
band gap which is from higher than Fermi energy, accordant with the consequence
obtained by Nor-dell et al. In the TlsTes structure shown in Fig 7.4 (a)«(d)). Pb
substitutional doping led to a 0.25eV rise in the Fermi level. This confirmed that
TlsTes has a concentration-dependent semiconducting nature. The crystal structure of
“Bi or Sb” doped TlsTes was previously predicted to be semiconducting [23]. Its
tunable semiconducting nature makes it suitable for doping with other heavy elements
to improve its electronic properties [24].

The orbital characteristics of the PDOS as shown in Fig. 7.4 (b)~(d). It
displayed that in axenic TIsTes nano-particle. valance band maximum (VBM)
primarily contributed by TI2 atoms-orbitals and Tel atom p-orbitals, which partially
interbred with d-orbital of Tl atoms Fig. 7.4 (d). Additionally, as a result of strong

hybridization, the conduction band minimum is predominately populated by T1 orbital
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states with a minor contribution from Te orbital states (P orbitals). The PDOS

calculation was performed on “Pb” doped at Tl-site in TlsTes crystal composition, as
illustrated in Fig. 7.4 (b)(d). It reveals that “Pb” doping generates pureness
conditions in the conduction band and cut down the repulsion in bonding and anti-
bonding states. As a result, the pseudo-band gap in the conduction band decreases by
0.12 eV. This means that p-orbital states of the dopant “Pb” atoms in Fig. 7.4 (b)}~(d)
contribute most of CBM.
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Figure 7.4: (a) Band structure (b) PDOS s-Orbital (c) PDOS p-Orbital (d) PDOS d-
Orbital of respective compound.

Thermoelectric properties were studied using both experimental and DFT
measurements on axenic, “Pb” or “Sb” treated and co-doped nano-structured TlsTes.
The efficient and effective method was doping to attain the desired electrical and
thermal properties [25]. The TDOS shown in black line in Fig 7.4(a), demonstrates
the performance of conducting and non-magnetic TlsTes crystal structure. The TDOS
(see Fig. 7.4 (a)) confirmed these findings, showing that the band-gap in “Pb’ doped
CBM is moved down than in the pure TlsTes crystal structure. According to Fig. 7.5,
TDOS has two valance bands and one conduction band at Fermi level. In the TlsTes
crystal structure, the pointed TDOS peaks near Fermi behave like p-type doping. But
it also controls n-type doping in TlsTe; crystal composition, a pointed peak above the
EF in conduction bands. With “Pb and Sb” doping or co-doping at Tl-site, the TDOS
of pure TlsTes; nano-particles decreases. The pure TlsTe; nano-particle has a highest
TDOS at EF, With "Pb and Sb” doping or co-doping at Tl-site, the TDOS of pure
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TisTes nano-particles decreases of all the compounds studied. The lowering of TDOS

at EF may improve the Seebeck coefficient. The Seebeck coefficient and electronic
conductivity are both proportional to the total density of states and they serve as

important tests for the materials' electronic and thermoelectric properties.
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Figure 7.5: The black, blue, pink, and green lines indicate the total density of states
(TDOS) crystal structure of equilibrium lattice constant. The Fermi Level is denoted
by dashed line.

7.5 Thermoelectric Properties

7.5.1 Experimental Data

A decrease in electrical conductivity as temperature rises can be seen in Fig.
7.6(a) for all the compositions studied in this study. TlsPbi 9SboosTes nano-particle
has produced a slightly flat line. The valance p states of “Pb” or “Sb” atoms have one
or two electrons than the valance p states of “T1” atoms. Dopants increased electrical
conductivity by supplying extra electrons to charge carriers.

Fig. 7.6(b) represents the Seebeck coefficient as it changes with temperature
or concentration, with a rising or downing way for all total mixtures. The
concentration of “Pb” and “Sb” doping is critical in order to improve electrical
conductivity. The electrical conductivity decreases as the dopant concentration
increases as a result of electron scattering with defective states. Power factor of n-type
nano-materials is greatly improved by increasing electrical conductivity and Seebeck
coefficient. At temperature 550 K, the perfect PF (738.84 pWK?>m™) for

TIsPbi 96Sbo 04 Tes nano-structure was calculated. All the nano-particles in Fig. 7.5(c)
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show a linear increase in PF with increasing temperature, in a manner similar to the
Seebeck coefficient.

The final strategy was to reduce thermal conductivity (kK=Ket+ Xiatice) Of
TlsPbxSbz-xTes nano-structure to increase ZT. Each of these considerable samples
exhibits the performance of metal. The thermal and electrical conductivity with
degenerate semiconductors are linked by the Weidman Franz Law, which is expressed
as xe=LoT, where ‘L’ stands for Lorentz number, which has a value of 2.45x1078
WQK 2 and T stands for temperature. As shown in fig. 7.6(c), the amount of x rises
when temperature rises and decreases when the “Sb” dopants concentration increases.
At temperature of 300 K, the lowest value of The TlsSbo 04Pb1 9sTes nano-particles is
1.13 Wm™'K"2 at 300 K, which increases to 1.35 Wm'! K2 at 550 K.

At a temperature of 500 K (300 K), TisPbi1sSboosTes nano-particle has
maximum and minimum PF quantity is 861.39 pWK2m™' (205.50 pWK™2m™).
According to A. F. loffe [26], maximum thermoelectric efficiency and low thermal
conductivity are projected in narrow electronic band gap semiconductors which are
proched through the 5p and 6p electrons, predicted in the middle nineteenth century.
Because the heavy elements in their crystal structures make up their composition.

The first thermoelectric material with a value of 0.8 of thermoelectric figure of
merit at 300 K was composed using Pb (lead), Sb (antimony), doped Bi (Bismuth),
and Te (telluride). Fig. 7.6(e) shows the indirect relationship between the Pb and ZT
but directly proportional ZT and Sb, where increase in Pb dopant concentration,
decreases the ZT but increases the ZT with enhanced Sb co-dopant distribution.
Variation of concentration of Sb co dopant with the nano-particles of
TlsPbi.96Sbo 04Tes compound has a ZT value of 0.05 at 300 K and a ZT value of 0.35
at 550 K.
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Figure 7.6: Experimentally measured (a) Electrical conductivity (b)Seebeck
Coefficient (¢) Thermal conductivity (d) Power factor (¢)Figure of Merit.

7.5.2 Theoretical Measurement

As shown in Fig. 7.7(a), the electrical conductivity (o) increases initially with
Pb-doping before decreasing with addition of “Pb” atoms or “Sb™ as a co-dopant
replacement. The ¢ exhibits a similar pattern throughout the entire temperature range.

Fig. 7.7(a) depicts that the ¢ of the un-doped TIsTes and doped TlosPbosTes
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compounds, having electrical conductivity are extremely high at the normal

temperature with the values of 160x10° Q' m ! and 158x103 Q! m' 1, respectively.

The electrical conductivity is inversely proportional to the temperature where
temperature increases of temperature, electrical conductivity decreases. It is indicated
the performance of metal in accordance with the calculated electronic band structure
in this study. In case of un-doped crystal, the electrical conductivity (c) shows the
highest values as compared to the small value of Seebeck except at the high
concentration of “Pb”. The experimental results show, the electrical conductivity
decreased as enlarge the Sb co-dopants distribution, and also increase the Seebeck. In
the sample Tl sSbosTes shows that the electrical conductivity is slightly decreased
while the Seebeck coefficient increased significantly, resulting in a high PF in the 0-
800 K temperature reach. It is clear that crystal structure depends on the electron and
holes are doping in the TlsTes crystal structure as shown by the variations in electrical
conductivity reason by “Pb” and “Sb” dopants. Similarly, donor-doped and acceptor-
doped SrTiO; support this conclusion [19]. Furthermore, the valance band would be
filled with a hole (electron) created by substitutional dopants as evidenced by the
positive sign. However, in our study, every dopant act as a hole in the TlsTes crystal
structure, and their thermoelectric properties are equal to Fermi energy. As a result,
holes are the dominant transfer in all of the substances examined using DFT.

However, increases the temperature of the given sample the Seebeck
coefticient shows a positive value, with the exception of the axenic and intemperately
“Pb” doped TlsTes crystal structure, which remained constant throughout shown in
Fig. 7.7(b). The Seebeck coefficient is measured as positive in all cases, which allows
for an excitable examination of substantial-close nearness to the Fermi energy to be
performed. Seebeck coefficient required large values for the operation of efficient
thermoelectric devices. Seebeck coefficient tuning is shown in Fig. 7.7(b) as a result
of the “Pb” and “Sb” atoms.

At 800 K, TissSbosTes and TlgoPbosSbosTes compounds had increased
Seebeck 60 uV/K. Further study reveals that the Seebeck coefficient decreases
beyond these concentration values, as demonstrated by the theTls oPb2 ¢Tes compound.
As a result, at mediate distribution values, such as “Pb” and “Sb” co-doping (x=0.5
and y=0.5), we can expect a good thermoelectric response of the TlsTes crystal
structure. As shown in Fig. 7.7(b), substitutional doping concentration has a similar

effect on theoretical and experimental Seebeck values. The variation in the value of
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theoretically calculated and experimentally measured values is found due to these
compounds with the improvement at their lowest state in DFT at 0 K but
thermoelectric properties are not obtained from the ground state experimentally [24].
As aresult, The DFT method has both advantages and disadvantages [25, 26].

Heat is carried by lattice vibrations and electrons in materials. In
semiconductors, heat is mostly conducted by lattice vibration, while in metals, it is
mostly conducted by free electrons. The lattice thermal conductivity is safe to ignore
in conductors it is less than 2% of whole thermal conductivity. It is desirable to use
good thermoelectric materials with low thermal conductivity are preferred in
thermoelectric generators to carry the changing of temperature in compounds as in Fig.
7.7(d)). The interaction of different electrical properties determines thermoelectric PF.
[f a TE generator has a high Seebeck coefficient, high electrical conductivity, and low
thermal conductivity, its figure of merit (ZT) will be large. Both Fig. 7.6(e) and 7.7(e)
observed that the figure of merit increases due to measuring the data of experimental
and theoretical, respectively. The doping of Pb and co-doping of the “Sb” crystal
structure have the highest value of ZT by experimental is 0.35 and theoretical ZT is
0.12 values of all the studied crystal structures, as can be seen from the graphs. Fig.
7.7 (b) shows that the Seebeck coefficient increases due to co-doping such as Sb in
the sample. It gives same result as the experimental data. so that the increases of
Seebeck coefficient by the Sb so that value of the figure of Merit is also high. So
experimental and theoretical show that the Figure of Merit increases as the dopant of
“Sb” increases. The value of ZT is high so it is of good use for thermoelectric
materials. For the high value of ZT, we will be increasing the value of phonon for
reducing the thermal conductivity by the doping of “Sb” or “Pb” [26] there is large
number of phonon scattering is produced which causes the production of the mean
free path. Our experimental and theoretical data shows doping of “Sb” causes the
increases in ZT, which is interesting. A previous study found that bulk silicon had a
ZT of 0.003, but that nano-structured *“Si” with an increased ZT of two orders of

magnitude [26, 27] is in line with this new finding.
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Figure 7.7: Theoretically calculated (a) Electrical conductivity (b)Seebeck
Coefficient (c) Thermal conductivity (d) Power factor (e)Figure of Merit

7.6 Conclusion

The quaternary nano-particles TIsPbySb,—<Tes was fabricated by the co-

precipitation method and had different concentration of “Pb” and “Sb” dopants

(x=1.96, 1.97, 1.98, 1.99). . The experimental formula was used to determine the

TlsSb2-«SnyTes crystal structure with 14/mcm space group same as TisTes and x-rays

diffractometer method proved its single phase. XRD analysis of the TlsTes nano-

particles revealed that they were in an iso-structural phase. The DFT calculations
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predict the same thing as well. In this study, the results show that concentration of

“Pb” increases, when high electrical conductivity than the Seebeck coefficient is low
over the temperature range. As a result, the “Pb” concentration has a negative result
on the power factor, indicating that an increase in electrical conductivity does not
compensate for a drop-off in the Seebeck coefficient across all compositions. Nano-
particles of TlgPbi19SboosTes exhibits the lowest electrical conductivity (602.9 W
Im!). TIsPbxSby-<Tes nano-structured semiconductor is a degenerative semiconductor,
as confirmed by electrical conductivity determination. The electrical conductivity of
the entire composition decreases as the temperature range expands. At different
temperatures, it shows the positive characteristic of the Seebeck coefficient that holes
conduction is the most important contributor. The decrease in the Seebeck coefficient
is caused by increase in the concentration of “Pb" because of increase in electron
scattering behavior. Nonetheless, a power factor of 738.85 pWm K2 was achieved
by improving electrical conductivity and Seebeck coefficient carefully contained “Sb”
concentration doping. When the concentration of dopants “Pb” and “Sb” was
increased in the TlsTes, the DFT calculations proved that there was a sudden decrease
in the electronic thermal conductivity was reduced dramatically, which was
accompanied by a rise in the Seebeck coefficient and electrical conductivity. TlsTes
energy dispersion calculations based on ab-initio electronic structure results
overestimate electrical conductivity while underestimating thermopower at room
temperature. This is due to the fact that the temperature dependence of density of
states cannot be taken into account when computing the chemical potential in ab-initio
electronic structure results. For a given “n” and temperature “T” this raises the
chemical potential values. This has the effect of increasing electrical conductivity
while simultaneously decreasing thermopower. Consequently, the ab-initio density
functional theory (DFT) cannot correctly describe the transport properties of TlsTes at
zero temperature, even though it is known that ma and E; are highly dependent on
temperature. The thermoelectric efficiency of TlsTes nano-particles has increased the
concentration of dopants “Pb or Sb”. The compounds containing the dopants like
“Pb” is doping and “Sb” is co-doping to ZT=0.35 experimentally and ZT=0.18 as
theoretically. As a result, TlsTes nano-particles with improved thermoelectric
properties have been revealed in a contained mode and this has the possible to be used

in the design and makes sufficient thermoelectric products for use in harvesting of
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energy with a new dimension of nano-structured compounds as demonstrated in this

study.
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Chapter #08
Effects of doping in Tliox ATes (A= Pb & Sb)
INTRODUCTION

The needs of the time is to develop large thermoelectric efficient systems with
low-cost materials that are compatible with modern technology. Alternative energy
ways particularly those based on thermoelectric materials are becoming increasingly
important as fossil fuels are depleted. These compounds can change heat energy from
a change in temperature converted into electrical energy or electrical energy is exploit
a temperature gradient called Seebeck effect. (Effect of Peltier) it has piqued interest
as a potential application in the automotive industry, where the waste thermal energy
can be regenerated into electrical energy. The dimensionless figure of merit ZT [1]
determines the performance of a material in thermoelectric applications. In compound
electrical properties should be large e.g. Seebeck coefficient, and electrical
conductivity, while the thermal conductivity is small possible and capable of keeping
in the temperature variance between the hot and cold junctions. It can't be done to
improve each of the three quantities on its own, because they are all interconnected
with each other. The enhancement of Seebeck coefficient and electrical conductivity
of compounds that are good for thermo-electrics, while decreases the thermal
conductivity in arrangement to keep heat at junction and decreases the amount of heat
lost. ThLSnTes {2], AgoTITes [3], Tl-filled skutterudite {4, 5], and TISbTe; are
examples of Thallium Telluride or Thallium Antimony with complex crystalline
structures. Tlo(Bi/Sb) Tes [6, 71, Tlo(Sn/Pb) Tes [8, 9], and Tl«(Sn/Pb) Tes {10, 11] are
some of the more useful ternary groups of TlsTes that have enhanced thermoelectric
characterization.

In this work, we have investigated Thallium Antimony Telluride, Tl10.xSbxTes,
which is a type of nano-material that have similar properties to TlsZrTes [12],
T12ZrTe; [13] with good thermoelectric properties to TlsSnTes and TloBiTes systems.
The same phenomenon occurs in the [4/mcm group as well as in the iso-structural to
TlsTes = ThoTes with different ratios in the Sb and T1 [14]. The nano-material of Tlo.
«SbyTeeo power factor is 4.4-8.9 puWem 'K 2which is compatible to that of TL4PbTe; -
TloPbTee which is 5.2 to 6.2 yWem K2 at temperature 685 K [9, 15]. This research
helps to better understand how the effects of temperature and the thermoelectric

effects on the “Sn” doped in Tellurium Telluride TlioSb.Tes over an entire range of
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temperature, the power generator can also measure their thermo-electrical properties.
The goal and significance of this research are to see the concentrations of charge
carriers affect the Seebeck coefficient, electrical conductivity, and power factor of
different dopants on thallium telluride nano-system. We studied thallium nano-
particles because of their low thermal conductivity and moderate electrical
performance in the investigation of superior nano-thermoelectric compounds [16].

Using varied dopant concentrations, we investigated the influence of charge
carrier induction/reduction on thermal and transport properties. The concentration of
charge carriers influences the electron-hole ratio, which rises the electron scattering
and thus affects electrical conductivity and thermos power. Since we have studied
(Tl10+ATes) compound properties which have low thermal and high electrical
conductivity as well as the possibility of using it as an enhanced showing nano-
thermoelectric properties.

In this chapter, we will measure different properties of the “Sn & Pb” (Tin,
Lead) doped Thallium Telluride (TlioxATes) nano-structured scheme. It is
synthesized by the ball milli;lg method or mechanical milling. The XRD shows the
crystal construction information and phase origin. The EDX shows the percentage
components in the compound. The SEM shows the morphology of the nano-particles
of the compounds. Lastly, fixed with “Sn, Pb” dopants at dissimilar absorptions and
the explanations display that electrical and thermal possessions are pretentious. The
four probe methods can be calculated as the Seebeck coefficient and electrical
conductivity which had two standard probe computation schemes, respectively. The
electrical conductivity and Seebeck coefficient help us to measure the Power factor
(PF). As a result, the Seebeck coefficient is raised as the temperature of different

concentrations of the compound is increased which is shown in table and figure.
8. Results and Discussions:

8.1 X-Ray diffraction

It is greatest multipurpose besides precise deflection method owing to
structural study of crystalline scheme. By adopting mentioned method, lattice constant,
miller indices, grain bigness arrangement, inter-atomic extent besides inter planner
array can be strong-minded [17]. We inspected the cleanliness of the composite by
examining peaks in XRD information that were far ahead and co-ordinate with

situation in literature along with JCPDS cards, as shown in diagrams. An Intel powder
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diffractometer equipment is used with a position-sensitive detector and a CuKa source

that operates it. Afterwards carefully examining Forty-eight (48) peaks in XRD
diagram, we are directed to accomplish that no contamination was originating in
model. XRD sequence authorizes the single-phase arrangement of mixtures.
Ourselves introduce XRD pattern got for TlioxATes and associate it with that of Tlyo-
XATes as shown below in Fig. 8.1.

The structural analysis of the materials is done using X-ray diffraction. It aids
in the analysis of crystal structure and particle size. There are several TlioxATes with
doped “Pb” and “Sn”. The A stands for a doped element that is different from the rest.
“Pb” and “Sn” are represented by A, respectively. It has a variety of concentrations.
Fig. 8.1 shows the X-ray diffraction of Tlio.<ATes with various “Pb” and “Sn” doping
concentrations. Their peaks differ due to the different concentrations, as shown in Fig.

8.1.
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Table 8.1: XRD Tliox ATes (x=1.00, 1.25, 1.50, 1.75, 2.00).

a=b= 8.8931 1004.521
c=13.0052

a=b= 884510 1023.925
¢=13.07515

a=b= 882510 1013.429
¢ = 13.00010

a=b= 881010 1009.093
c=13.0010

a=h= 8.84814 1022.722
c=13.16215

Table (A)

'1004.521

31.795 a=b= 8.84510 1023.925
c=13.07515

i 31.580 a=b= 8.82510 1013.425
¢ =13,00010

31.328 a=b= 8.81010 1009.091
¢=13.0010 '

31.455 ) a=b= 584814 1022.712
¢ = 13.16215

Table (8)

8.2 Energy Dispersive X-ray Analysis

This technique has been accustomed to going into a qualitative and
computable examination of numerous models. Elemental details are examined
through mentioned method for every composite existing in the model. Together with
percentage of uniqueness in model. EDX spectrum of Sn or Pb nano-particles doped
in TlioxATes with Sn or Pb=1.00, 1.25, 1.50, 1.75, 2.00. From the spectrum, it has
been specified that the sample is comprised of wt% of 1.10% Sn, 25.53% Te, 25.53%
Sb, and 69.46% TI content in Tlio.<ATes

The weight percentages (wt. %) display the precise stoichiometric amount of
every element which is present within composite. Qurselves get to establish that “Sn
or Pb” doped with dissimilar absorptions variations the degree of top shown through
EDX figure. Consequently, Atomic percentages (At %) of elements are of 1.59% Sn,
34.41% Te, 5.53% Sb and 58.47% Tl in Tl;0«ATes
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For every component, Atomic percentages (At%) at numerous degrees of

dissimilar crystals of a specific model have been averaged as well as associated with
the quantified atomic percentage of comparable composite.

Spectral investigation was completed by exploring by the computer used the
software (EDAX) along with origin software besides typical ZAF fitting act owing to
little peak fitting. Electron rays were used in the range of 20 to 25eV, and average
data was compiled for thirty (30) seconds, with each model retaining at least four spot
scans and one full area. EDX is done with a high-vacuum EDAX Pegasus 120
detector and a thin polymer window to make sure disclosure in addition to carbon
presence. EDAX Genesis was used to compare minor ZAF fitting ranges to a
standardized peak fitting. The ray of electron utilized in the process is between 2.580
K eV and averages data assembled during 30-second intermissions with a maximum
of one filled area examine.

The EDX of the TlioxATes is shown in Fig. 8.2 with different concentrations
of Pb and Sn doping in it. The composition of the compounds is shown by the EDX. It

shows that it contains “Pb” and “Sn”.
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Figure (A)
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Figure 8.2: Energy Dispersive X-Ray analysis screenshot of Tliox ATes (x= 1.00,
1.25, 1.50, 1.75, 2.00).

8.3 Electrical Conductivity Measurement

The electrical conductivity of these ternary models was examined and found
to decrease with increasing temperature representing a positive temperature
coefficient which is indicative of a degenerate characteristic. This is caused by charge
carriers' phonon scattering and grain boundary effects [18].

We've seen an increase in hole concentration when the concentration of "Sn
or Pb" is raised. The sample temperature contingent is reduced by grain boundary
scattering, but only slightly.

There appears to be no discernible trend in the relationship between "Sn or
Pb" absorptions and electrical conductivity for a chalcogenide scheme such as Tliox
ATes. In some cases, it might be said that the presence of oxide contamination. The
electrical conductivity of the chalcogenide system decreases because it changes the
phase of the boundary grain by the sinter at very low pressure [19]. One thing it says
is that two causes could play a function in the electric abilities of a chalcogenide

system. One is "Tin" doping, and the other is the phase of the grain boundary.

We investigated the electrical conductivity of Tho.ATes at various
temperatures (x= 1.00, 1.25, 1.50, 1.75, 2.00). We know that as temperature rises,
electrical conductivity decreases across the temperature spectrum, as shown in Fig.
8.3. The above-mentioned results support the existence of metallic conduct. It is
possible to argue that similarity is an indication of relatively high carrier absorption.

As evidenced by detection, a significant decrease in electrical conductivity has
been observed as a result of an increase in doping absorption. The following are
examples of dissimilar experiences for dissimilar absorptions at 295 K, the maximum
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value is 403.42 (Q-cm)! and minimum value is 184.16 (Q-cm)! at 550 K of

Tliox ATes compound. Additional mixtures with absorptions (x= 1.00, 1.25, 1.50,
1.75, 2.00). Tliox ATes allotment keeps extremely near low values of 195.43 besides
205.79 (Q-cm)! correspondingly.

Ourselves get detected a negligible alteration from 230.21 to 230.13 (Q-cm)!
in electrical conductivity for Tliox ATes compound at room temperatures of 445 K
and 450 K on account of hot pressed pellets besides ingot. Above mentioned

outcomes are shown beneath in table 8.2.
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Figure 8.3: Electrical conductivity of Tlio« ATes at 300K, 400 K, and 550K.
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Table 8.2: Electrical conductivity of TleSbi.«SnxTes at 300 K, 400 K, and 500 K.

Table (A)

Table (B)

8.4 Seebeck Coefficient Measurement

To study, the impact of decreased charge carriers on thermal and transport
properties “Sn” content of TlsSbi.xSnsTes (x=1.00, 1.25, 1.50, 1.75. 2.00) was
increased by replacing “Sb” atoms in the formula with "Sn" atoms. Fig. 8.4 illustrates
the Seebeck coefficient at temperature difference for TlsSbi.SncTes (x=1.00, 1.25,
1.50, 1.75, 2.00) compounds. For all compounds, the positive Seebeck coefficient
rises quickly as the temperature rises from 295 K to 550 K especially, since there are
high charge carrier concentrations in p-type semiconductors. It is determined that all
of the different temperatures cause the Seebeck coefficient, indicating that the
thermoelectric transport in these compounds is governed by the conduction of the p-
type (hole) carrier. The doping "Sn" is assumed to develop carrier density as the
amount increases from "0.01 to 0.05". However, the small grains of "Sn" doping are
thought to improve electron diffusion, resulting in an increase in the Seebeck

coefficient as well as effective mass [20, 21]. It demonstrates that only a sufficient
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amount of "Sn" doping is capable of increasing the Seebeck coefficient in this
particular system. In other words, doping reduces the Seebeck coefficient significantly,
when the "Sn" concentration is increased above its optimal value. Improved charge
mobility and carrier density can be achieved simultaneously with improved Seebeck
coefficient by (i) using a fast fabrication process such as melting rotation to reduce
grain size in an abundantly better way, (ii) by improving doping elements and their
consistent extent. [21]

Positive “S” is observed in all TlsSbi.xSniTe¢ models. It rises with
concentration (x=1.00,1.25,1.50,1.75,2.00) smoothly with increasing the temperature.
The trend shows that there is a high charge carrier which is due to the p-type
semiconductor as shown in Fig.8.4. With “x” = 2.00 Seebeck coefficient arc has a
distinct maximum of S=+105.32 uVK' at 300 K and S=+193.63 uVK! at 550 K at a
concentration of “x”=1.96. The Smallest Seebeck coefficient has a value of S=+75.54
uVK-! at 295 K which rises to S=+145.65 puVK™ at 550 K. It is recognized that the
Seebeck coefficient increase with increase in the concentration of *“Sn” within host
illustration. For example, for “x”=2.00 concentration, the value of Seebeck coefficient

is S=+88.12 uVK'! at 300 K which rises to S=+173.88 uVK-! at 500 K respectively.

T(K)

Figure (A}
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Figure 8.4: Seebeck Coefficient of Tljox ATes at 300K, 400 K, and 550K.

Table 8.3: Seebeck Coefficient of Tlio.x ATes at 300K, 400 K, and 550K

80

Table (A}

Table (B)
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8.5 Power Factor

In the above-mentioned compounds, Electrical conductivity decoupling, rather
than Seebeck coefficient, is strongly suggested for enhancing the power factor (PF= $%).
We similarly distinguish that have found an inverted association on account of these
binary terms in these schemes. Seebeck coefficient holds a deep influence on power
factor. Accordingly, ourselves essential to improve “S” owing to power factor
improvement. We experienced that power factor is measured by knowing of electrical
conductivity and Seebeck coefficient and information take strategic in Fig. 8.5.
Power factor is increasing with rising of temperature. Ourselves get experimented
with extremely complicated conduct of power factor about doping absorption of “Sn”.

The power factor inquiries display the aforementioned rising as well as
because of developing conduct in Seebeck coefficient along with temperature.
Moreover, there is a direct relationship among power factor toward square of Seebeck
coefficient, as clarified circumstantially inside introduction section, along with
electrical conductivity is as well declines purposely beside temperature. For
“Sn”=].96, smallest power factor has the value of 2.00 pWm™'K™ at 295 K while at
550 K, power factor rises to7.7 uyWm™'K2 for “Sn”=2.00 in case of “Sn & Pb” =1.98,
power factor starts at 2.63 uWm 'K, and increases with increasing temperature,
whereas in case of “Sn & Pb”=1.96 starting point of power factor is 2.00 pWm'K™
and it increases with increasing temperature. Already stated power factor (PF) get
detected because of tremendously less electrical conductivity of TleSboseSngoi1Tes

which act main character in power factor study.

Thermoelectric properties are optimised due to the Tin (Sn) dopant absorption
in model, which is depending on high Seebeck coefficient (S) and high electrical
conductivity while over low thermal conductivity. Because complicated conduct of
power factor (PF) verse temperature is by no means explained real constancy of
thermoelectric possessions enclosed by entire scheme. that is why this system is
arbitrary locations of solid-state phenology while displaying faultiness on top of
crystalline materials. Extra agent is electronic conduct because of unlike temperature

choice of semiconductor materials, include gaps of disparate energy band.
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Figure 8.5: Power Factor of Tliox ATes at 300K, 400 K, and 550K.
Table 8.4: Power Factor of Tlio.x ATes at 300K, 400 K, and 550K.

Table (A}
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Power Facton

{uWem 1K) at 550

8.6 Conclusion

We had doped “Sn & Pb” in “Tlio.x ATes” Substance by way of different
absorptions. The different concentration of the doped “Sn and Pb” in the TljoxATes
nano-particles is synthesized by the solid state reaction within an evacuated silica
sealed tube with the-pellet size is 5*1*1 mm? in the rectangular dimension. The pellets
were cut into roughly 5x1x1 mm® rectangular shapes for the electrical transport
measurements using a 4-probe resistivity technique. In addition, inspect the physical
possessions of these compounds with x=1.96, 1.97, 1.98, 1.99, 2.00. The structural,
and thermo-electrical properties of samples and determined using the Ball-Milling
method. According to the results of the structural analysis, “Tlip.x ATes” is structurally
and space group which is 14/mcm is equivalent to TlsTes. The relative elements in
the compounds show reliable peaks. And there are no more peaks in the compounds.
This shows that we obtain crystal structure according to synthesized compound
samples and demonstration that the sample is free of impurities and displacement. An
EDX method is used for elemental analysis of a sample and confirms that the
percentage of elements present in the sample is correct.

Although the electrical properties and characterization displayed that the pure
materials behave like a semiconductor, enhancing the “Sn™ & “Pb” concentration,
these materials exhibit metallic properties demonstrating that as temperature increases,
the electrical conductivity decreases.

All of the samples show the positive Seebeck coefficient value was positive.
The Seebeck coefficient increased as the "Sn & Pb" concentration increased owing to

an enhancement in the metallic performance of the material and a lower in its thermal
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conductivity. When the temperature was increased, the Seebeck coefficient increased

as well reaching its maximum value for “Tliox ATes”. S=+160.63 pVK'!

The results showed an improved quality of the power factor (PF). It increases
with increasing the concentration of “Sn” up to “Sn” & “Pb” =2.00. So, “Tliox ATes”
has a lower power factor due to the rate of electrical conductivity. Highest value of
“Tliox ATes” power factor was 10.2 pWm™K™ observed. The essential aim of this
research is to better the thermoelectric efficiency and as a result, the quality of
thermoelectric applications.

The Seebeck coefficient of Tlio.xATes nanoparticles increases due to “Pb” and
“Sn” doping. Both nanoparticles' phases are changing as well. It also shows that as the
temperature rises, the electrical conductivity of the Tlio.xATes nanoparticles decreases
due to “Pb” and “Sn” doping. Because the enhancement of Seebeck coefficient

increases then the power factor of compounds increases as well.
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9.1 Summary and Conclusion

This dissertation summarizes key strategies for improving the thermoelectric
materials for practical use and increase efficiency of the device environmentally
friendly T1Te which has been thoroughly examined. There are a number of methods
for decreasing the lattice thermal conductivity, such as point defects, grain boundary,
harmonicas, and nanostructuring, as well as optimizing the figure of merit through
carrier improvement, resonance energy level, band convergence, and band gap tuning.
The thermoelectric properties of TITe can be significantly improved through the use
of synergistic band engineering and structural engineering techniques. We have
conducted numerous experimental and theoretical studies, which include synthesis,
electronic microscopy characterization of analyze and sintered nanostructure samples,
thermoelectric property calculations, density of states, and band structure calculations.
Maximum power factor at room temperature is caused by the resonance energy level
in TlTe, which is caused by “Sn™ doping. The results show that co-doping “Sn/Pd”
with excess Te resulted in a higher figure of merit in TlTe. TITe's thermoelectric
properties can be improved by adjusting the ratio of “Sn” and “Pb”. Using phonon
modelling studies, it is possible to create phonon scattering sources at multiple scales,
such as point defects, nano-precipitates, and grain boundaries. The results of this
thesis provide a clear roadmap for the evolution of high performance thermoelectric
compounds through the use of doping, nano-structuring, and band engineering.
Specifically,
(i) Ball milling has been used to create “Sn” doped TlioTes particles. The pristine
Seebeck of TlyoTes is increased from ~ 80 uV K- to ~ 158 uV K-'due to the damage
of density of states in the valence band by "Sn". An extensive TEM analysis of
TliwTes nano-precipitate revealed a tetragonal crystal structure. In TlioTes, a small
change in the lattice parameters leads to lattice dislocations in the matrix, which

reduce the system's thermal conductivity using scatter heat-carrying phonons.

(ii) A lot of research has gone into co-doping “Sb™ with “Te”. The Seebeck
coefficient of the Sb co-doped TlioTes scheme was importantly higher than the
pristine TlioTes system with Pisarenko plot. This comparison is founded on an
individual parabolic band model. We believe that “Sb” significantly reduced the size

TlioTes-retated valence band at outset. So that heavy holes in TlioTes could participate
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in the electron-hole transport system. In addition, there is also a large amount of
Nano-particles forming in the Tl oTes matrix. The presence of point defects, Nano
precipitates, and grain boundaries importantly increased system's whole power factor
from ~ 1.02 pWem'K? to ~ 10.2 pWem'K™2, resulting in an increase in high

thermoelectric performance.

(iii) Band engineering and structure engineering were both used to improve the
electronic and thermal properties of the co-doped TlioTes system. This system was
improved by using the 1:2 dopant ratio between “Sn” and “Sb”. The phonon
scattering is aided by the large atomic mass difference between the guest (Pb) and
host (Sb) atoms. Theoretical calculations indicate that “Sn/Sb” co-doping modifies the
pristine TligTes band structure. The electrical transport properties were improved by
the presence of both resonance energy level and valence band convergence. Strain
defects in Nano-precipitates containing numerous “Sn” and “Sb” lead to an increase

in the total power factor from ~ 1.66 pWem™'K2 to ~ 8.56 pWem K.

(iv) The co-precipitation method was used to successfully achieve co-doping in
ThoTes. According to the results of extensive theoretical calculations, there has been
important for valence band convergence and principal band gap expansion, which has
resulted in an increase in PF from ~5.01 pWem™'K- to ~8.25 pWem™'K- in the pristine
ThoTes. Point defects, strain field dislocations, and grain boundaries all contribute

necessary.

(v) 1:2 dopant ratio was used between “Sb” and “Pb” to decrease the thermal while
electrical properties of the “Sn/Sb” co-doped TITe system are enhanced. This
enhancement occurred through the exploitation of band engineering and structural
engineering. Phonon scattering is aided by the sizeable atomic mass difference
between the guest (Sb) and host (Sn) atoms. Theoretical calculations indicate that
Pb/Sb co-doping modifies the pristine TlioTes band structure the electrical transport
properties were improved by the presence of both resonance energy leve!l and valence
band convergence. Resulting in a high ZT, strain defects in Nano-precipitates
containing numerous Sn and Sb which help to increase the scattering of phonon and
decrease the lattice thermal conductivity increasing the value of ZT. We calculated

that average ZT was used to figure out device and found that it is achievable.
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(vi) Ball milling has been used to create “Sn” doped ThioTes particles. The pristine
Seebeck of TloTes is increased from ~ 4.7 pyWem K2 to ~ 10.2 pWem K2 due to the
deformation of density of states in the valence band by "Sn. An extensive TEM
analysis of Tl oTes Nano-precipitate revealed a tetragonal crystal structure. In TlicTes,
a small change in the lattice parameters leads to lattice dislocations in the matrix,
which reduce the system's thermal conductivity. The Seebeck coefficient of the Sb co-
doped TlioTes system was increased by the pure TlTe system with Pisarenko plot.

This comparison is based on a single parabolic band model.
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9.2 Recommendations

It is possible to make notes of the suggestions and recommendations made below

for future reference.

» The crystals synthesized in this study are several nanometers in size. It would
be interesting to synthesize nanometer-sized particles and study their effect on
T1Te thermoelectric properties when doped with a suitable dopant. In this
regard, During the synthesis process, it is possible to regulate the
concentration and the amount of sodium hydroxide used. It may be necessary
to enhance the sintering parameters in order to obtain solid bulk sintered
samples that are free of cracks

» Additionally, phonon density of states calculations are necessary to understand
the system's phonon behavior. As a result ,the matrix's phonon propagation
and scattering can be better understood.

» Until now ,all thermoelectric materials based on TITe have been reported to be
P-type. As a result, there is considerable scope for research into n-type TiTe
materials as well.

Additionally, it is strongly advised to manufacture an exemplary device for
application physically. The device efficiency should be compared to the ZT obtained

from the bulk sample.
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EFFECTS OF Pb DOPING ON THE SEEBECK CO-EFFICIENT AND
ELECTRICAL PROPERTIES OF TlgsPbSbyis:Tes CHALCOGENIDE SYSTEM

W.H. SHAH', A KHAN. M. WAQAS. WA SYED
Departmient of Physics, Faculty of Basic and Appiied Sciences, International
Ilamic Universin,H-10, Isiamabad, Pakstan

We present the effects of Pb doping on the electrical and thernwelectnic properties of
Telluprum Tellunde T 6-Pb Sby 13, Teg (x=0.61, 0.63. 0 65. 0.6, 0 63, 0.70). prepared by
solid state reactions m an evacuated sealed silica mbes. Additonally crystal structure data
were used to model the data and support the findings Structurally. all these compounds
were found 1o be phase pue as contimed by the x-rays diffiactometery (XRD) and energy
dispersive x-rays spectioscopy (EDS) analysis. The Seebeck co-efficient (thermopower)
i5) was measured for all these componnds winch show rhat § tacreases with increasmg
temperatre from 295 1o 530 K. The Seebeck coefficient s positive for the whole
temperature 1ange. showing p-type semiconductor characteristics. Complex behavior of
Seebeck coetlicient for Pb doped comspounds has been ebserved thar at room temperanire,
the values of S for Pb based compounds have complex bebavior. firsr § decreasing with
increase in Ph concennation . x=0.65. aud then § increases with wcrease in Pb contents
upto x=0.70. Sinularly the electrical condnctivity {5} and the power factors have also
complex behavior with P concentratons. The power factor (PF=S’0) observed for
Tlg 67PbsSby 33, Tes compounds are mcreaseswith increase m the whole terperatwre range
{290 K-550 K) studied here. Tellunde's are narrow band-gap senuconductors. with all
elements m common oxidation states. accordmg to {TIM{SH* ) Te™),. Phases 10nge were
investigated and determmed with dJifferent concenuation of Ph with consequents effects
on electrical and thermal properues.

tReceived December 30. 2016: Accepted February 21. 2617)

Kevwords.: Pb dopmg. Thermoelecttic properties of Tellurmum Telluride.
Secbeck co-efficient. Elecuicat conductiviry. Effects on power factor

1. Introduction

Thermoelectries (TE's). as one of the most promising appioaches for solid-state energy
conversion between heat and electricity. is becomme increasingly nnportant withm the Iast decade
as the avalability and pegatrve wmpact of fossil fuels draw incieasmg attention. Vanous TE’s
materials with a wide working temperature 1ange (from 10 te 1000 K) for different applications m
ceolmrg and power generation have been extensively studied [1-3]. Tellunum telluide ((T1Tes)) 18
one of the most studied and used intermediate temperature TE materials with goed thermoelecttie
properties , suitable for power generation applications such as waste heat recovery [1] and
potentially m solar energy conversion [2]. Tellurum telliride based afloys me very athactive
thermoelectie (TE) matenals due to their lugh energy consersion efficiency at ambient
temperatue without tequismg any driving patts or cooling system m elecrrome devices [3-7].

The duuensionless figiue of ment. ZT=S*6T «. where 6 s the electneal conductivity. & 15
the thermal conductivity. 5 is the Seebeck coefficient. and T1s the absolute temperature Jeteiniine
the effectiveness of a matertal for thermoelectric apphications {8). The theimnal and electrical
propertes are deternnned by the power factor, defined as $°c. The power factor can be optimized
as a function of the cartier concentration; with the help of different dopmg concentration and
wyjections of fiee electrous m the chalvogenide system.
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OPTIMIZATION OF POWER FACTOR IN SNDOPED Tlyo.,Sn,Teg
THERMOELECTRIC CHALCOGENIDENANO-MATERIALS

W. H. SHAH". W. M. KHAN, S. TAJUDIN. M. TUFAIL, W. A, SYED
Department of Plnsics. Faculn of Basic and Applied Sciences, International
Isiamic Universin,

H-10. Islamabad, Pakistan

The electncal and thermal propemnes of the doped Tellunum Tellunde (ThTeq)
chalcogenide nano-particles are mamly charactenzed by a competition berween metaliic
hole doped concennation) and semi-conducting state. We have studied the effects of Sn
doping on the electrical and thermoelectie properties of Tl SneTes 1.00 Oxz 2.00).
nano-partcies. prepared by sohd state reactions in ~ealed wlica tubes and ball millng
method. Smuctwally. all these compoaimds were fonnd to be phase pue as confinued by
the x-rays diffractometery (XRD) and energy disperstve NX-ray spectioscopy (EDS)
analysis. Addinenally crystal structie data were used to model the data and support the
findings. The particles size was calculated from the XRD data by Scherrer's formula. The
EDS was used for an elemental analysis of the sample and declares the percentage of
clements present in the systent. The thermo-power or Seebeck co-efficient () was
measwed for all these cowmpounds which show that 5 mecreases with increasing
temperature from 295 to S50 K. The Seebeck coefficient 15 postave for the whole
remperatre  1ange. showing p-type semuconductor chawucrenstics  The  electrical
conductviry was wvestigated by four probe resstivity techmaques 1evealed that the
¢lectncal conductivity decieases with mcreasing temperature, and also sumultaneously
with increasing Sn concenmation While for Seebeck coefficient the trend is opposite
which 15 mcreases with mcieasing temperature. These mcieasmg behavior of Seebeck
coefficient leads to high power factor which are micreases with increasing femperatue and
Sn concennation except For TlSn,Te; because of lowest electiical conductivity but 1ts
power factor increases well with increasing temperatue.

(Recerved February 10. 2017, Accepted May 15. 2017)

Kevwords: S dopmg in Tefluriun Telhutde nano-materials. Electron holes compention.
Seebeck co-efficient, etfects of Su doping on electrical conductivty.
Effects on Power factor.

1. Introduction

The incieasing awareness of declining global energy 1esomices alternative method of
power generation for example the thermoelectric energy conversion becomes i}lCl‘E?lSingl}'
important [ 1] Thermoelectiic (TE's) materials with a wide working temperature range for different
applications in cooling and power generation have been extensively studied [1-3]. Tvelluluvun
telluride (T1Tes) is one of the most shudied and used wtermediate temperatue TE materials with
zood thermoelectric properties, suitable far power generation applications.

The effectiveness of thermoelectric generator 15 deternuned by the investigation of power
tactor. which 15 measured by the square of Seebeck coeffictent multiplied by electncal
conductivity at particular temperahue, ie. PF=$"6 The power factor depends substantially on
detatls of the elechonic band structure and canier scatterme wechamsm. The important condition
for achieving a large power facter 15 by maximizing the Sevbeck co-efficient 5” and mumimizing
electiical conductivity 5. These conditions can be achieved m watermals. having complex band
structure. lugh degree of degenetacy with several co-existing bonding types and scatrermg
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INCREASING THE POWER FACTOR BY Sb DOPED Tl,0,Sb.Teg
IN CHALCOGENIDE SYSTEM

W. M. KHAN, W. H. SHAH’. S. SHAH’. S. KHAN, W. A SYED".

N. AHMAD’. A. SAFEEN’ K. SAFEEN’

“Deparnment of Plnsics, Faculne of Basic and Appfied Sciences, Internatianal
Lslupuc University, Isiamabad, Pakisian

*Department of Phvsics. Abdul Wali Khan Univeran:. Mardan. Pakisian

The nano-parncles svstem wiuch 1 Thallium anhmony tellurde T1. Sb Tes with
cifferent dopmg wath concentranen of Sb (x =100, 1 250. 1300. 1 7%0. 2 00) were
synrhesized by solid state reaction methed and then the nano-particles from the ingot
by ball nulling techniques N-rav~ diffiaction analysis has defined the phase purity of
the svstenr as there 15 no exira peaks were observed. EDX specuoscopy result
confirmed the elemental composiion of Tl SbyTe,. It 15 mereasing thermal
piopeties as the Sb 1y doping m the nano-system. Wiale tlie electual cenduenvity (o)
decieased m nano system otherwise the Seebeck coefficrent Sy 1y mcreased. The
different behavior of See-beck co-efficient and electrical conductiviry which cause to
mciease the power factor. Ow present study to show that the use of Tl Sb,Tey 15
best nano-particles tor thermos-electric generator

t{Received March 21, 2019: Accepted July 16, 2019)

Kevwords Tellurum Telluride Nano-Particles. Sb dopmg, See-beck co-cfficient.
Elecmcal conducnvity. Power factor

1. Introduction

1t is statistical results show that up to 60%6 of energy 1s losing m vain woildwide. most m
the form of waste heat. High value of performance which is  thermoelecinie (TE) matenals that is
directly and inversely change heat energy to electrical energy have thus draw growing attentions of
governments and research mstitutes {I] Thermoelectric svstem 1s an enviromnent-tiiendly energy
conversion technology with the advantages of small size. high reliability. no pollutants and
feasibility in a wide temperature range. However, the efficiency of thermoelectric devices is not
high enough to 1ival the Camot efficiency {2. 3]

Many new themmeelectiic matenials or new matenal with which have high peiformance
have been found such as skutterudites with high scatrering rates of phonons [4.5]. silicon
nanowires [6.7]. TE thm films [8]. and nanostructured bismuth antimony tellunide bulk alloys [9].
It was thmkmg that lugh barriets and extiemely degeneratelv doped supeil-attices must achieve
significant mcieases in thermos-electric power factor over bulk matetials [10] It was 1evised that
electron transport which are perpendicular fo the barmer and wvestigated that large number of
degenerate doped senucenductor or metal super-lattices could achieve which shows the power
factors higher than the bulk and determined that non-mamrtenance of transverse momentum can
have a large effect {especially m the case of metal super-lattices) by mereasing the number of
electrons contributiug to conduction by thermiome eission [11].

The See-beck co-efficient for different metals and largely doped semiconductors 1s
determined. The equation 15 related by the power factor. which is dnectly proportional to the See-
beck coefficient squared. we Jeterinined that incieasing the See-beck coefficient by havmg then
high etfective mass and low canter concentration, which 1s mn the senuconducting region. is need
11 a thermoelectiic material. Ionic compounds will give us high effective mass with low mobihty.
while semiconductors with small electio-negativity difterences have hizh mobility and low
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ENHANCEMENT OF POWER FACTOR BY Sn DOPING
IN T15Sby ,Sn;Tes NANO-CHALCOGENIDE SYSTEM

W.M KHAN' W H SHAH. M. TUFAIL. S. KHAN. W. A SYED. N. AHMAD
Deparnment of Plysics. Faculty of Basic and Applied Sciences
Internarional Islamic University. Islamabad, Pakistan

We have prepared the quaternary thermoelectric nancparticles. thallum tin antimony
telluride TigSbha. SuyTes where the concentration of the Snis ¢1.96. 1.97. 1.98, 1.99. 2.004
using the solid state reactions techmques. The nanoparticles have been prepated by the ball
mung method. The Sn 15 doping in the quaternary compotnd which have changes thewr
elecurcal and thermal properfies. The crystal structure hias been analyzed by the x-rays
difftactometery (XRD). to determune the phase structure. The XRD data shows no extra
peak: confirn the purity of the sample. The energy dispersive spectioscopy (EDX) shows
the stoichiometric elemental rane of the componnd snidied here Wrh the mcieasing
concentration of the Sn in the componnd. the electrical conducuvity 15 decreases as
teperature is increases winle the Seebeck coefficient 15 1ncreased as remperanure is
incleases. At last, both elecmical conductivity and Seebeck coetficient 15 increased. So that
the powe factor 15 also increased in the range of 300-330 K. The compound which has Sn
concentration is 0.61. has the highest power factor at 350 K wiich 15 the 8 9 pWem 'K,

{Recerved Aprtl 24. 2019: Accepted August 11, 2019)

Kevwords: Quaternary thermoelectric. Nanoparticles. Seebeck coefficient. Electuical
Conductivity

1. Introduction

The chalcogenide compounds which are doped the metallic like properties become the
semiconductors have the different applications in the thenmoelectric appliauces [1-7] solar volte’s
[8-11] different 1adiations detectors [12-14] and super capacitors [13-17]. Basically. there 15
insulators nature so there are different rypes of the chalcogenide matenals found it {18-22]. Due to
heavy atomic weight it has the marvelous properties like the low electrical conductivity for
determining the detectors [19] and the low thenmal and high electnical conductivity properties for
the thermwelectric matenials {20]. Our mayor amm is to change the chenustry of the chalcogenide
matenal for benefits of the hunan beings. The thermoelectric materials is used to convert thermal
energy into electrical energy [21. 23, and 24]. n a reliable way [25] The most common example 15
exhausted of gases from the cars. So that there are some thermoelectric materials are found like
skutterides [26] lead telluride [27] half Haussler™s compound [28].

The motivation of thallium based compounds ae. 1) due to the heavy atomic weight so
that it is reducing the thenmal conductivity and 1i) creating the complex behavior due to their lona
pair of it winch helps to create the different propertses of compounds e.g.. TI;SbTes [29] TlBiTes
[30] Tlis.SnyTes [31] TIBiTe, [32] TISbTe, [33] and ThAgTe; [34].

The prune 1eason of this ptoject is to design and fabiicate such nano-mateials svstem
which are mote efficient. i.e. have high power factor and environment fiiendly. The effectiveness
of the matetial can be evaluated by the figure of mert ZT=TS'or where S 1s the Seebeck
coefficient, ¢ 15 the electiieal conductivity, k15 the thernal conductinity and T 1s the ditference of
the temperature [36] If the figure-of-ment i1s high. it has ugh efficiency that of converting the
thermal enetgy mto electiical energy The fizure of merit 1s depend on the lugh Seebeck and
electnical conduchivity while low thermal conductivity. So the nanow band gap Jdoped
seiiconducting nano-system will be the best option [35].
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Abstract

Here, the structure-dependent electronic, thermal, and transport properties of nanostructured
thallium telluride (TixPb Sb;  Teo) through controlled vanation in Pband Sb(x — 1,96, 1.97,1.98,
1.99) concentrations have been investigated. In the temperature and concentration-dependent
electrical conductivity measurements, the highest electrical conductivity 131,96 » 10° 0~ at
300 K was measured for x = 1.99 and the maximum observed Seebeck value for the optimized
TixPby 96Sbons Te, nanoparticles was 110.7 1V /K at 550 K. Such an increased value otthe Seebeck
coefficient led to the achievement ofa significantly improved high - power factor, which was found to
be increasing with temperature and decreasing with the increase of Pb concentration, The density
functional theory cakeulations performed for Pb and Sb co-doped TisTe; resulted in the enhanced 7,
and S with asignificant reduction in electronic thermal conductivity (#,) and s found consistent with
experimentaily measured »,. The highest ZT' = 0.35 and 0.18 were recorded experimentally and
theoretically for Pb and Sb co-doped in TL Te, nanoparticles.

L Introduction

't he current global energy deficit and the environmental challenges ahead is an alarming situation for upcaming
generations. Therise in the average temperature of Earth and worldw ide pollution has produced tar-resching
implications and damage to the vzone. The extraordinary demand and production and conversion ot energy for
domesticand mdustrial usage motn ate rigorous investigation in the energy sector to explore numerous
resources employing adifferent kind of nanoscale matenals and technologies [1]. Also, considerable etforts have
been devoted to achieving a possible control aver the energy crisis and global warming throogh the
minimization of energy losses in various industrial sectors. L the 215t contury, the energy crisis and unrelated
waste encrgy management are two key problems [ [ Various sources of energy are wind, solar, tidal, botuel,
genthermal and nuclear encrgy. Heatenergy is unfized inhuman actions and industry procedures: at that instant
wasted thermal energy has vanished without used cnergy change [3].

Historically, more than a century ago, the first-ever thermoelectric efiect was discovered by fhomas Johanne
Seebeck {4, 7] and Jean Chatles Athanase Pelder {t, 7). This etfect is based on the principle o the productinn of
clectriwcal enengy using a temperature gradient. Notable performance has been reponted for 3, Te  tor heng an
efficient thermoelectne t Th) material. [tis worth mentioning here that for thermaoelectric applicatsn ahigh
temperature thermodvnamically stable materials are desirable | -, % Theretore. thermal stabilitv and good
thermoelectric propertics make such materials prognosticating tor next generation technologies utilwing waste
heatand to convert it into useful clectrical encrgy | 2} On averaze, industniad processes eftectivelveonsume and
utllize only about 40" of the total energy and the balance is rejected 1 the torm ot waste heat. 1t is possible w
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Effects on the seebeck co-efficient and electrical properties of
Thor ATes (A= Pb & Sn) in chalcogenide system

W. M. Khan'. W. H. Shah. N. Khan. M. Tufail. S. Khan, W. A. Sved
Department of PInsics. Faculty of Basic and Applied Science. Interneanonal
Isiamic University H-10, Islamabad, Pakistan

The different elements are doping in the tellunum reflunide to determune the different
properties like clectrical and thermal properuies vof namoparticles. The chalcogenwde
nanoparticles can be charactenstics by the dopmg of the different metals which are like the
holes. We present the effects of Pb and Sn dopmg on the electical and thenmoelectric
propetties of Teflumun Telluide Tl (PUTes and ThosSucTes(z=1.00. 1 23. 1 50. L.75.
2.00) respectively. which were prepared by solid state reacttons in an evacuated sealed
sitica mbes. Strucaually. all these compounds were found to be phase pute as confinned
by the x-1ays diffractometery (NRD) and energy dispersive Xaay spectioscopy (EDS)
analysss. The thenno-power or Seebeck co-efficient 15) was measwed for all these
compounds which show that § increases with mereasing temperature fiom 295 to 550 K.
The Seebeck coefficient 15 posiive for the whole temperature range. showmg p-type
senuconductor characterstics. Simulaly. the electrical conductivity (6) and the power
factors have also complex behavior with Pb and S concennanons The power factor
(PF=S ) observed for Tl Pb.Tes and Tl ,Sn Tes compounds are mcreases with
urease in the whole temperature range (290 K-550 Ky studied here Tellunde's are
naow bmd--a;) scnnwnducron wnth al}l elcmcms m cotumon oxidation states. according
o (T1) 9 (Pb )(T-: l6 and (Tl 1(Sn HTe )6 Phases range were vestigated and

determumed with different concennation of Pb and Sn with consequents effects on
electrical and thermal properties

{Received August 31. 2020. Accepted Apnl 8. 2021)

Kevnords. Pb and Sn doping. Seebeck coefficient. Elecuical conducuiviry. Power factor

1. Introduction

The thermo-electro-materials are now used as the renewable energy 1t is used as the place
of the coal. water tdes. solar cells etc. The thermo electro-matenals have more efficiency and
reliable. Thermoelectric 15 one of the most important approaches in the solhid state physies which
can be converted the heat energy in the electical energy. help to mcrease the efficiency.
effectiveness and  competency. It's miportance is mcrease smee last twenty vears when the ease
of use of fossil fuel is decrease. So there are ditferent thetmoelectiic matenals are used for the
different temperatures from 10K to the 1000 K which are nsed in the different applications for the
cooling and heating [1-5). Tellurium tellunide 1s one important compound of the thermoelectric
waterial which is studied, modified and increases the efficiency for the more and more
applicanons for generation of pawer [1] and solar cells [2]. Tellwium telluride is a basically alloy
that 1s used for thie increases the energy comvetsion efficiency at the any temperature of the heating
and cooling in the electrical cireuit [3-7].

The figure of ment 15

52aT
k

T=

where 15 ¢ 15 the electmcal conductivity, k 1y the thermal conductivity. S 15 the see-beck
coefficient. and T s the absolute temperature which is determined the efficiency of the thermo
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