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Abstract

Thermoelectric (TE), is a solid-state technology to convert waste heat into useful energy
based on Seebeck effect, which can make significant contributions to solve the global
energy crisis by providing a sustainable energy solution. SnSe, being a lead-free,
environmentally friendly and cheap semiconductor, has been an attractive choice for TE
community. Here, the focus is on its layered structure of the same chalcogenide family,
SnSez, an n-type semiconductor. In this research, we analyzed the potential of SnSe>-rGO
composite as a TE material and the effect of rGO concentration on its TE properties.
SnSe>-rGO composites were synthesized via solvothermal route followed by sintering at
550°C in the presence of Argon. In-situ doping of rGO within SnSe, matrix was
successfully achieved. The resultant composite showed a significant improvement in
electrical conductivity which displayed a peak value of 2479 S/m (Pure SnSe>=750 S/m)
at 300K. This enhancement is due to the electronic structure of SnSe, and the presence of
rGO conductive sheets, which improved the carrier concentration. Introduction of rGO
also resulted in controlling the lattice thermal conductivity due to phonon scattering. The
investigation showed that increasing the rGO concentration had a positive impact on the
overall ZT of the samples, achieving a peak ZT of 0.18 for 4-SG sample at 750K. This
increase can be related to the increasing electrical conductivity due to rGO addition and

the reduction in band gap.
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CHAPTER1 INTRODUCTION

1.1 Background

The technology developments around the globe in the field of energy are drastic and with
each passing day, the focus towards green energy is increasing as green energy harvesting
is the future due to its environmental friendliness. Given the current environmental,
economic and security concerns linked to fossil fuels, it has become vital to move towards
sustainable resources of energy conversion and storage. It has become important now to
improve energy efficiency and reduce the power consumption. The advancements in the
technologies by the civilizations has resulted in increased environmental pollution and as
a consequence of that, it now demands alternative sources of energy. Consequently, the

search for green energy keeps on evolving and growing.

In recent times, fossil fuels’ consumption has affected the global climate. During the last
decade, carbon dioxide footprint has reached record levels and that is alarming for the
world [1-3]. Scientific research has proposed, there is a dire need to develop concerted
policies, in order to prevent the world and its environment from catastrophic
circumstances [8]. One possible way to avoid the catastrophe is to reduce the ever-
increasing energy demand via increased efficiency along with conservation of the
harvested energy. Secondly, to fulfill the energy challenges in the future, development of
a wider range of renewable energy resources is of paramount importance [2]. The existing
revolutionary technologies for renewable energy such as wind, solar, biomass, etc. should
be further enhanced and developed [9].

1.2 World Energy Statistics

According to International Renewable Energy Agency (IRENA), in 2017, energy
consumption around the globe was 13-billion-ton oil equivalent (toe). IRENA forecasted
that by 2035, this figure will reach 18 billion toe.



The report by IRENA also indicates that currently, coal is the most widely used fuel for
energy production. Coal has a giant carbon footprint and that makes it dangerous for the
environment. As a result, the world is moving towards renewable energy resources and
according to IRENA, renewable energy resources will be replacing coal as the most
widely used resource of energy, by 2035 [96]. Figure 1.1 illustrates the comparison of
consumption of different energy resources between 1994-2017 and 2017-2035. The figure
also shows that the consumption of renewable energy resources is increasing as the world

IS moving towards an environmentally friendly future.

Volume growth by fuel (Mtoe per annum)
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Figure 1.1 Volume Growth of Fuel [97]
1.3 Thermoelectric (TE) Materials

Thermoelectric materials, although have been around for many years, are a convenient
source for conversion of waste heat into useful power [6,7]. In recent years, TE materials
are becoming an area of prime focus when it comes to alternate energy resources due to

their quality of interconversion of heat and electricity [10]. Thermoelectric generators



(TEG) are known for their ability to extract electrical energy from waste heat. There are
multiple advantages of TEGs such as: compact structure, direct interconversion in solid
state, noise-free operation, absence of moving parts, absence of perilous working fluids
[11-14]. However, the availability of TEGs is very limited currently, due to their high cost
and lower efficiency compared to the other renewable energy resources [15]. Therefore,
the need for efficiency enhancement of TE materials as well as exploring TE materials
with lower costs is of prime importance. The efficiency of TE materials can be improved
via composite approaches using novel compositions and innovative designs [16].

1.3.1 Application of TE Devices

TE devices are getting increasing attention as alternate and sustainable energy resources.
Also, as the electronic circuits and sensors are getting smaller in size, the issues relating
to heat management are a becoming a challenge and often cause failure, for such case, TE
devices are a suitable solution [17,18]. Second important application of TE materials can
be in power generation where TEGs can be used, as they convert waste heat into electric
power [19]. In the process of combustion, energy in excess of 60% is lost according to the
research. This energy loss is huge and as a result, it causes not only low efficiency but a
negative impact on the environment as well. One of the prime industries that can benefit
from TE devices is the automotive industry as TE materials can be used to extract the heat
that goes as a waste, from the exhaust of an automobile and convert that into useful power.
This extracted power can be used for seat warming, charging the battery of the car or
powering other electronic parts of the automobile [20,21]. This approach will ultimately
not only enhance efficiency, but also, reduce the environmental impact that is resulted

from this waste heat.

TEGs can be used for utilizing the waste heat resulting from human body as well, in order
to power small electronic devices like a wristwatch as it only requires 20-40 uW. Watch
manufacturers like Citizen and Seiko have already installed TEGs on their watches to use
the waste heat for energizing their watches [22]. TEGs also have a utility when it comes
to implants in human body as they can be used for powering medical devices. Around the

globe, many of the industries use heavy duty furnaces which require high temperatures



and as a result, they release the waste heat in the form of exhaust gases through the
chimney. This wasted heat can be recovered through TEGs and can be used for various

other electrical applications and can also reduce the impact on our environment [23].

1.3.2 Advantages of TE Materials

TE materials, although have not gained wide acceptance yet, have the capability of
becoming one of the most widely used renewable energy resource as the major
phenomenon of TE materials is to recover the waste heat. The field of TE materials is not
populated yet and there is a limited number of options that can be considered for TE
applications. Researchers are working on enhancing the TE properties of the existing
materials and are trying to explore new options for TE applications as the future belongs
to renewable energy resources and TE materials are an important part of that. Research
shows us that the ZT or the figure of merit of TE materials has shown improvement over
time, with the advancements in the field of science and with more research, it can reach
an acceptable value where TE materials can then be used for industrial applications, in

recovering the waste heat and in turn, improving the overall efficiency of an industry [28].

TE materials have various advantages compared to conventional renewable energy
resources including, high reliability, compact size, no moving parts, lightweight, powered
by waste heat or direct current, no fluids involved, high scalability, and easy to switch
between heating and cooling modes [28]. Apart from this, TE materials are also
environmentally friendly, as in, they are not hazardous to the environment and are noise-

free as well [28].

1.4 Thermoelectric Effects

The temperature gradient that exists across a thermoelectric material results in generation
of electricity — electrons and holes (charge carriers) diffuse at the hot junction and move
towards the cold junction, resulting in movement of charge and/or electric current. This
behavior can be attributed to the higher energy level across the hot source [24]. As a result

of this charge difference that is built up among the hot side and the cold side, a voltage is



produced and subsequently, electric current. TE effect basically follows the fundamental

phenomena of Physics [10].

1.4.1 Seebeck Effect

Nearly 200 years ago, the phenomenon of thermoelectricity was discovered. Thomas
Seebeck, in 1821, discovered that if there exists a temperature gradient between two
different types of conductors, there will appear a voltage drop across the circuit. This
concept is now known as Seebeck effect and it has great application when it comes to
generating thermal power [1,2].

Mathematically, Seebeck effect can be represented as:

- AV
AT

Where S represents Seebeck coefficient, 47 represents the difference in voltage, and AT
represents the temperature gradient between the two junctions. For an n-type
semiconductor, Seebeck coefficient has a negative value, where the electrons disperse
from the hot source towards the cold source; and for a p-type semiconductor, the
phenomenon reverses, as the holes move from hot source towards the cold and the value

of Seebeck in such case would be positive [24,25].

1.4.2 Peltier Effect

The reverse phenomenon to Seebeck effect was discovered by Jean Peltier. In 1834,
Peltier discovered that when current is allowed to pass through the junction of point of
two dissimilar conductors, a resultant heat may be removed or generated at the junction.

This discovery is named after Jean Peltier, known as Peltier effect [1,3].
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Figure 1.2 Demonstration of Peltier Effect [49]
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Figure 1.3 Demonstration of Thomson Effect [50]

The mathematical representation for calculating the Peltier heat at the junction is as
follows:

Q=nl



Where Q represents absorbed heat and is directly related to | and =, which represent
current and Peltier coefficient, respectively [10]. Lentz, in 1838, further explained the
phenomenon of Peltier effect — when electric current passes through a circuit, heat energy
Is either generated or absorbed [5]. Figure 1.2 illustrates the basic working phenomenon

of Peltier effect.

1.4.3 Thomson Effect

Later, Lord Kelvin, in 1851, studied the correlation between the Peltier effect and the
Seebeck effect and it is known as the Thomson effect. He analyzed this relationship by
application of thermodynamic theory to the problem at hand and then suggested that for
a homogenous conductor, there has to exist a third effect — when an electric current pass
through a uniform electrical conductor that has a temperature gradient, the resultant can
be release or absorption of not only irreversible Joule heat but also reversible heat [4,5].
The three effects discussed above, form the theoretical framework that is the basis of

thermoelectricity. Figure 1.3 illustrates the working phenomenon of Thomson Effect.

1.4.4 Figure of Merit
The figure of merit or ZT is used for determining the conversion efficiency of the
thermoelectric materials [26], and it can be represented as follows:

S%a6T
ZT =

In this relation, S represents Seebeck coefficient, ¢ represents electrical conductivity, k
represents thermal conductivity, and T represent temperature. S?> ¢ combined, represents
power factor or PF and a higher value of PF gives rise to higher current and higher voltage
generation which is desired. According to this relation, to maximize ZT value, high value

of electrical conductivity is required, along with high value of Seebeck coefficient but at



the same time, low thermal conductivity. Nonetheless, K has two components, the
electronic thermal conductivity (Ke) and the lattice thermal conductivity (Kiat).
consequently, K = Kel + Kiat. According to recent studies, it is reported that if lattice

thermal conductivity is reduced, the overall value of K reduces and as a result, ZT

improves [10,12,24].
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Figure 1.4 (a) Efficiency of TE devices as a function of AT [47] (b) Power Generation
Efficiency and (c) Refrigeration efficiency as function of ZTavg [48]

For TE materials, it is important that they have a high value of ZT as it is their figure of
merit and determines their efficiency. Figure 1.4 illustrates the relationship between ZT
and different parameters. Figure 1.4 (a) illustrates the relationship between the TE
efficiency and the AT. It can be seen from the figure that the higher ZT results in a higher
efficiency. At the ZT value of 2, the efficiency can surpass 15% which is the efficiency
of a typical engine and that makes it evident that TE materials can become better
performers over time. Figure 1.4 (b) illustrates the relationship between ZT and the
generated efficiency and it portrays that the efficiency increases with the increasing
temperatures. Similarly, the opposite of this can be seen in Figure 1.4 (c) where ZT is
plotted against cooling efficiency and it can be seen that the efficiency increases with the
decreasing temperature. Overall, Figure 1.4 illustrates the effect of different scenarios on
the ZT value.



1.5 n-type and p-type TE Materials

Thermoelectric devices exist in the form of thermocouple, consisting of an n-type material
and a p-type material. Material with negative charge carriers (electrons) as the dominant
charge is referred to as n-type material while the one with positive free charge carriers
(holes) as the dominant charge are termed as p-type materials. Figure 1.5 (a) highlights a
schematic of TEG while Figure 1.5 (b) highlights the schematic for Peltier refrigeration
model. In TEG module, the voltage difference, which is proportional to the temperature
difference, will cause current flow, generating electric power. This electric power is the
product of electrical current and the voltage across the hot side and the cold side [27]. Due
to the resistance of thermoelectric materials, TEGs possess internal resistance. When load
is decreased, this internal resistance, may cause a drop in the voltage. However, when the
load and the internal resistance are almost equated, maximum efficiency can be achieved

as this helps provide the maximum power from the load [27].

In the refrigeration module, load application is through an external source such as a
battery, which then drives the heat via free charge carriers (holes and/or electrons) from
one side to the other side [25,27]. Peltier device’s efficiency is also dependent on the
efficiency of the TE materials as a larger ZT value will result in enhanced efficiency of
the TE materials [27].



(b)
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Figure 1.5 Schematic Illustration of TE devices (a) TEG Module, (b) Refrigeration
Module [27]

1.6 Challenges in Thermoelectric Research

For improved TE properties, it is of prime importance that the ZT value is improved.
During the last decade, the improvement has been marginal [12]. Unfortunately, no single
available material in nature has come out as a good TE candidate. There are always

shortcomings in some area. The major concern or challenge is the three interrelated
properties that are used to quantify ZT, i.e. g, S and k. For a higher value of ZT, it is
important that S and ¢ have a high value while x should have a lower value [24]. Their
dependence on each other has hindered the advancement and has left us with a limited

number of materials that can be considered for TE applications [12]. Figure 1.6 shows the

relationship between the abovementioned interrelated properties.
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It can be seen from Figure 1.6 that metals possess a high ¢ and x but has a low Seebeck

coefficient (S). As a result, the ZT value remains low. Insulators have poor electrical and
thermal conductivity, so they are not suitable for TE applications. In the middle of the

graph, the semiconductors and the semi-metals display a relatively higher ¢ value and

11



lower x and therefore, this class of materials can lead to an enhanced and optimum value

of ZT [12].

Upon integration of TE materials into devices, a set of challenges arise for instance,
coupling of n- and p-type materials with ceramic plates, metallic contacts and the thermal
expansion coefficient of materials. These parameters are of major concern in designing a
TE device [10]. In some cases, packaging too becomes an issue as sometimes, TE
materials are air sensitive and hence, require an inert atmosphere to be operational.
Similarly, the tubular or planar design preference is also a parameter of consideration and
it depends on the desired application [10].

1.7 Objectives of the Study

The prime objective of this research work is to find a TE material that is lead-free and
cheap, and then improve the properties of such TE material. One promising option that
can be analyzed is SnSe-based TE materials. The compound selected for the purpose of
this research is tin diselenide (SnSez). The investigation will be focused on enhancing the
TE properties of SnSe; by introducing graphene into the structure, making it a composite.
Once the SnSe,-rGO composite is obtained, it will then be analyzed for TE properties.

12



CHAPTER 2 LITERATURE REVIEW

2.1 Strategies to Improve TE Properties
Improving the TE properties of SnSe> is of prime concern in this research. There can be
multiple approaches to enhancing the TE properties of SnSe, and some of those

approaches are discussed below:

2.1.1 Enhancing Carrier Concentration

Enhancing the carrier concentration is one of the routes that can be adopted for improving
the ZT of SnSe based TE materials. The optimum value of carrier concentration ranges
between 10'° and 10%! [14]. If the carrier concentration value lies between the said range,
optimum level of power factor can be achieved. To enhance the carrier concentration,
there are generally two ways that are considered which are extrinsic doping and fine-

tuning of intrinsic defects.

2.1.1.1 Extrinsic Doping

This can be achieved through multiple routes, but the most common way is alloying with
neighboring column elements in the periodic table [30,31]. It should be noted that even
though, this technique seems fairly simple, selecting a suitable dopant is not a simple
thing. In some special cases, the optimum value for carrier concentration is not achieved
and the reason is the dopant’s doping efficiency and the solubility limit, and due to this
reason, the theoretically acclaimed efficiency is not achieved practically [32,33].
Furthermore, in semiconductors constituting of 2 or more elements, it becomes difficult

to control the dopant’s solubility due to the presence of a new elemental specie.

2.1.1.2 Tuning Intrinsic Defects
There exist intrinsic defects in the structure of semiconductors which include but are not

limited to, interstitials, antisites and vacancies. These defects lower the efficiency of the

13



TE materials and hence, should be improved in order to attain a better efficiency. The
concentration and types of these point defects are highly dependent on the composition of
the compound and can be controlled through extrinsic doping. As a general example, a
smaller difference of covalent radius and electronegativity between the anion and the
cation will give rise to antisite defects in cation, and if the difference is bigger, it will

result in vacancy formation in the anion [34,35].

2.1.1.3 Carrier Mobility

Along with carrier concentration, it is also of prime importance that the carrier mobility
is also improved as the transport of electron depends upon carrier mobility and in this
way, electrical conductivity of the resultant compound can be improved for better TE

properties [34].

2.1.2 Reducing Thermal Conductivity

Reduction of thermal conductivity or K is also an important parameter as it can help
enhance the ZT of the subject TE material. The total thermal conductivity, as discussed
in section 1.4.4, is the sum of lattice thermal conductivity and electronic thermal
conductivity or K = Kel + Kiatt. Wiedemann-Franz law is used for calculating the electronic
thermal conductivity i.e. Kel = LoT, where L is Lorenz parameter, and its value remains
between the range of 1.6 and 2.5 x WQK?[36,37]. According to Wiedemann-Franz law,
with electrical conductivity, the value of ke also increases and the increase is linear in

nature. Therefore, it is important that a suitable carrier concentration is provided, for a
better performing TE material [38,39].

2.1.2.1 Point Defects
Introducing point defects is an effective strategy to introduce lattice imperfections with a

length scale of a unit cell at most, or one interatomic distance. These defects can be
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introduced through vacancies, interstitials, and substitutions [40]. As discussed in section

2.1.1.2, these point defects can affect the overall ZT.

Callaway and Klemens developed a thermal conductivity model and according to that,
MFP (mean free path) phonons are scattered by point defects which is related to either the
local bond strain that is introduced due to the defects or the mass contrast, and this all is

controlled by the scattering parameter or I" [44,45]. The expression for I is as follows:

2
= X(l —X) (A_M>2 + ¢ <adi50rder - apure)
M apuT'e

In the above expression, x represents the doping fraction, adisorder and apure are disordered
and pure alloys’ lattice constants, respectively. AM/M represents the change in atomic

mass and & represents the adjustment parameter related to the elastic property [46].

2.1.2.2 Nanostructuring

Nanostructuring is another way to reduce thermal conductivity and it can be either
achieved through nanoscale particles for a single phase or through embedment of
nanoscale precipitates within the matrix for a solid solution [41]. Through mechanical
methods like ball milling or melt-spinning, one can achieve nanoscale particles [42,43].
However, quenching of an extensively doped solid solution is the preferred technique for
achieving second phase precipitation. It should be noted that for the second phase
precipitate, the solubility in the solid solution should be low or completely absent, but for

liquid state, it should be completely soluble [41].

2.1.2.3 Compromise Between k and

There’s always a compromise between carrier mobility () and thermal conductivity of
the lattice (Kjat). The introduction of nanostructuring, point defects, dislocations, etc.
which are introduced to reduce thermal conductivity, they also in turn reduce the carrier

mobility within the material as it causes scattering among the charge carriers. As a result,
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decreasing the thermal conductivity, can also decrease the carrier mobility and as a result,
affect the overall ZT of the material [40]. However, there still are experimental ways to

increase the overall ratio of thermal conductivity to the carrier mobility.

2.1.3 Improving Seebeck Coefficient

Considering the expression for ZT, it scales with S? and as a result of that, improving the
Seebeck coefficient is more important than working on improving the electrical
conductivity or decreasing the thermal conductivity. For an average semiconductor that
has a parabolic band dispersion, and assuming the dopant has had no effect on the band
structure or the scattering, the expression for Seebeck coefficient can be represented as

follows:

_8112k§ . (11)%

= 3enz ' \3,

In the above expression, mq’, ke, €, and #, represent total DOS (density of states) effective

mass, Boltzmann constant, carrier charge and Planck constant, respectively.

2.1.4 Composite Formation

Composites is yet another route that can prove to be highly efficient when it comes to TE
materials as it can enhance the TE properties of materials drastically. In layered structures,
composites can settle in, in the form of sheets and can help in charge mobility or electron
transport and that in turn can improve the overall ZT of the subject material. These can
exist in the form of nanocomposites as well as in bulk form. Choosing the right
composition is critical in forming a composite and achieving experimental perfection
against the theoretical knowledge is also difficult to achieve, and as a result, the

improvement shown cannot be drastic [29].
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2.2 Bulk Thermoelectric Materials

Based on the optimum operating temperature range, TE materials are divided into 3 ranges

which are as follows:

I. TE materials with operating temperatures below 400K or low-temperature TE
materials. These include Bi,Tes-ySey, Mg2Sni-«Gex, CsBisTes, etc. [52-56].

ii. TE materials with operating temperatures between 600K and 900K or
medium-temperature TE materials. These include SnSe, MgAgSh, BiCuSeO,
CoShg, etc. [57-64].

ii. TE materials with operating temperatures beyond 900K or high-temperature
TE materials. These include Cu.xSe, FeNbSb, etc. [65-67].

Since the discovery of the phenomena by Seebeck in 1821, TE materials have been
through 3 generations with constant improvements. These generations and the
improvement in ZT over time, can be seen in Figure 2.1. During the first period, the
maximum value for ZT achieved was ~1.0 with a conversion efficiency of ~4%-5% as
illustrated in the left section of Figure 2.1 [51]. The second period which is shown in the
middle section of Figure 2.1 was fueled by the size effects and as a result, the ZT nearly
doubled during that period, reaching the values of between 1.3 and 1.7 with an conversion
efficiency ranging between 11-15%. This was achieved through nano-structuring and
introduction of nano-scaled precipitates [51]. The third generation at the right end in the
Figure 2.1 is still undergoing development and a new combination of materials for TE
applications was introduced during this period which are the SnSe-based TE materials.
The ZT value for this generation of TE materials ranges between 1.8 and 2.2, depending
on the AT or the temperature difference, and the conversion efficiency range is
approximately 15-20% [51]. This improvement is the result of multiple cutting-edge
approaches to enhance the ZT which include but are not limited to; improving the Seebeck
coefficient through enhanced carrier mobility, conduction band convergence, and

reducing the lattice thermal conductivity [51].
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As it can be seen from Figure 2.1, SnSe has achieved a relatively higher value of ZT and
therefore, researchers have started to focus on SnSe-based TE materials as it has shown
the potential of introducing TE materials for various applications. Although PbTe-based
TE materials have also shown the potential to show drastic improvement but considering
Pb is not environment-friendly and can be hazardous, the acceptance has not been wide

and with the new ESG policies, the focus now is towards environment-friendly materials.
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Figure 2.1 Evolution of TE materials during the three generations [51]

2.3 SnSe-based TE Materials

Tin selenide (SnSe) is a highly stable compound with simple structure and is also
composes of earth-abundant materials and all these characteristics, make it a favorable TE
candidate. Historically, as evident from Figure 2.1 also, SnSe-based TE materials did not
get much attention and were never explored for TE applications. Later, due to its
anisotropic and layered crystal structure, it became an encouraging candidate for TE

applications, as its carrier transport properties were studied in all the axial directions.
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2.3.1 SnSe Structure

The structure of SnSe is highly disfigured having a polyhedral coordination of Sn through
three short bonds while there are 4 long Sn-Se bonds as well. The three short bonds are
stronger than the long bonds and are attached to the nearest atom in the same bilayer. The
remaining four bonds exist among two bilayers, in a way where two of the four bonds lie
in same bilayer while the remaining two bonds lie in the next one. This leads to lattice

anharmonicity, a phonon-scattering mechanism, in the SnSe-based compounds [79].

2.3.1.1 Anharmonic Bonding

Anharmonicity is a characteristic of lattice vibrations and it affects the heat transport in
the SnSe structure. Sn and Se have anharmonic bonding in between the atoms of the
crystal structure and this is the key reason why SnSe has ultralow thermal conductivity
[79]. Figure 2.2 shows the relation between anharmonicity and harmonicity where ao, r
and ®(r) represent lattice parameter, distance between the adjacent atoms and potential
energy, respectively. Harmonicity displays a stabilized phonon transport.

In harmonicity, during the phonon transport, if an atom is bound to diverge from its stable
or equilibrium position, the force applied is directly related to the displacement of
displaced atom and this relationship is termed as stiffness or the spring constant [79]. On
the contrary, in anharmonicity, the force applied is not proportional to the atom’s
displacement. As a result, in anharmonicity, the phonon transport is imbalanced which
leads to improved phonon scattering and in conclusion, reduced the lattice thermal
conductivity [80]. It should be known that in actual materials, the bonds are always

anharmonic but the extent of anharmonicity keeps on changing [81].

2.3.1.2 Phonon Scattering Effect
As discussed in the previous section, the ultralow thermal conductivity of SnSe is the
resultant of the strong anharmonic bonding and the layered crystal structure [82]. Having

said that, phonon scattering can be a result of other reasons as well like lattice defects, for
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instance, dislocations and point defects, and at the grain boundaries as well. Phonon
scattering shows more prominence in polycrystalline structures. This phenomenon has
been used as a noticeable tool to further strengthen the phonon scattering during charge
transportation and as a result, reduce the overall lattice thermal conductivity [83]. Grain
boundary scatterings have the capacity to introduce high levels of strain fields which result

in higher phonon scatterings [84].

2.3.2 Mechanical Properties

Overall, mechanical properties of SnSe, including bending strength, fracture strength,
fracture toughness, hardness, thermal shock resistance, and compressive strength, exhibit
values that can be compared to other competing TE materials. The bending strength and
the compressive strength of the polycrystalline SnSe were found out to be 40.6 MPa and
74.7 MPa, respectively [85]. SnSe is brittle in nature and that’s why, the hardness value
obtained through Vickers indentation test was 0.27 under a load of 0.98 N and a time of

10 seconds. These values are comparable to other TE materials like Bi>Tez and PbTe [86].

2.4 SnSe; Structural Characteristics
Tin diselenide (SnSe>) is an inorganic semiconductor compound and its molar mass is
276.63g/mol. In comparison to SnSe, SnSe; has a lower melting point at 650 °C [68]. The

structural characteristics of SnSe, will be studied in this section in detail.

2.4.1 Generic Structure

SnSe; is a member of layered semiconductors’ family and can be generally represented
as MXz, where M represents a metal and X represents a chalcogen. [70-72]. SnSe>
possesses distinctive chemical and physical properties due to its layered structure and as
a result, it offers a broad area of opportunities where it can be utilized as an electrode
material in lithium-ion battery packs, electric keys, memory elements, hetero-structures
of SnS,-SnSe,-SnS; that are created as a result of van der Waals epitaxy [69]. Studying

the electronic structure of SnSe; is of prime importance as it can help us in deriving its
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physical properties and as a result, the field of electronic devices can then be enriched

with SnSe-based devices.

2.4.2 Electronic Structure

Numerous studies have been carried out to analyze the electronic structure of SnSez in its
simplest form as 2H-polytype. Multiple calculation methods have been used like local
empirical pseudopotential method, empirical pseudopotential method, tight binding
method, priori pseudopotential method, etc. [73-78]. Although, through these methods,
qualitative reproducibility of the important features of the electronic structure of 2H-
polytype SnSe> was achieved, but quantitative reproducibility could not be achieved.
There existed differences in values of band gaps, both direct and indirect; overall breadth
of valence bands; characteristics of the density of states; topology and sequence of the
energy bands; and most importantly, localization of the conduction band bottom and
valence band top, consequently, differences in indirect and direct band gaps. As a result,

it becomes difficult to compare the results.

2.4.3 Crystal Structure

Polytype 2H-SnSe> is a three-layered structure and is characterized by brucite type
structure due to this reason. The layers exist in the form of sandwiches and the formation
adopted is -Se-Sn-Se- packets. These layers lie parallel to the (001) plane. The three-layer
sandwich consists of 2 monolayered selenium (Se) atoms which enclose a monolayer of
tin (Sn) atoms. The spacing between the atomic monolayers within a sandwich, comes in
at 1.53 A while that between the sandwiches is almost double, coming in at 3.08 A. The
2H-SnSey, in its crystal structure, has Sn atoms that are centered in the octahedrons while
Se atoms are placed at the vertices. The octahedra are attached to each other on the
common edges, forming the three-layered packets. The bonding among the layers is van
der Waals forces while that between the packets is covalent and as a result, wider array of
anisotropy when it comes to the physical properties [69]. SnSe: is a layered chalcogenide
structure with the tunability of electronic transport properties like electrical conductivity

and Seebeck, via careful control of the number of layers and morphology. Therefore,
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SnSe, and other similar compounds are expected to perform better as a thermoelectric

material, if its thermal and electronic transport properties are properly engineered.

Figure 2.2 (a) 3D Crystal Structure of SnSe> and (b) Crystal Structure of SnSe> on XY
plane [69]

2.5 Characteristics of GO

Because of its unique 2D structure, graphene has excellent thermal and electrical
properties. At standard room temperature, the carrier mobility, thermal conductivity,
electrical conductivity and carrier mobility of graphene are 5x10° W.m™.K, 1x108 S/m,
and 2x10° cm2.V1.s?, respectively. Meanwhile, the graphene carrier with 0 bandgap can
switch between electron and hold continuously, and that can aid with electronic transport
and can enhance the electrical conductivity as a result of that. This characteristic of
graphene oxide helps at the p—n interfacial region in prominence.

In order to generate GO, exfoliation of graphite oxide can be performed with any organic
solvent, resulting in multiple forms of exfoliated layers with varying single-layer
thickness and the stability of the structure as well. NMP, THF, DMF, and ethylene glycol
are among the kinds of organic solvents that are or can be used to obtain a single exfoliated
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layer of GO sheet, just like water [88]. Electrical conductivity of GO can be increased

once the oxygen functional group is removed [91].
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CHAPTER 3 EXPERIMENTAL WORK

3.1 Material Selection

311 GO
e Graphite Powder
e Phosphoric Acid (H3POs)
e Sulfuric Acid (H2S04)
e Potassium Permanganate (KMnQOa)
e Hydrogen Peroxide (H202)
e Ethanol (C2HsO)

3.1.2 SnSex-rGO
e Tin Chloride (SnCl,.2H.0)
e Selenium dioxide (SeO»)
e Polyvinylpyrrolidone (PVP)
e Benzyl Alcohol (CéHsCH20H)
e Ethanol (C2H¢O)
e Graphene Oxide (GO)

3.2 Synthesis of GO

Graphene oxide (GO) was synthesized using pure graphite powder through modified
hummers method in a conventional procedure. In this approach, sulfuric acid (H.SO4) and
phosphoric acid (H3POs) in the amount of 27ml and 3ml, respectively, were mixed and
agitated for many minutes (volume ratio 9:1). This gave a pale-colored solution. Then,
while stirring, graphite powder was added to the mixed solution in the amount of 0.225g.
After that, 1.32g of potassium permanganate (KMnQO4) was progressively added to the
solution. The solution was swirled for 6 hours till it turned dark green. 0.675ml hydrogen
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peroxide (H20.) was added progressively and agitated for 10 minutes to remove excess
KMnOs. The exothermic reaction took place, and it was allowed to then cool down.
Ethanol (C2HsO) was then added to the resultant solution and was mixed. Then the
solution was centrifuged at 4500rpm until the powder settled at the bottom. After that, the
excess liquid was drained and ethanol was added again to the settled powder and mixed
together in order to wash off the contaminants. Once it became a suspension, it was again
centrifuged at 4500rpm for 10 minutes. This process was repeated 3 times when clear

water-like liquid was obtained.

In order to obtain the desired GO powder, the excess ethanol was drained with a
concentrated suspension left at the bottom. This suspension was then placed in an oven at
90°C for 24 hours until the ethanol was completely dried. The powder that remained at

the bottom was collected and stored safely for the next experiments.

The schematic diagram of the process can be seen in Figure 3.1 and the experimentation

schematic can be seen in Figure 3.2.

3.3 Synthesis of SnSe>

For synthesizing SnSez, 40ml Benzyl Alcohol which was used as a solvent, was poured
in a beaker that was put on hot plate at room temperature. 6g PVP was added to the beaker.
PVP acts as a growth modifier, surface stabilizer and as a reducing agent. After the
addition of PVP magnetic stirring was started. The stirring was allowed to go on for 10
mins and as a result PVP was dissolved in Benzyl Alcohol and a clear liquid was obtained.
Once a clear solution was obtained, 1.32g of SnCl,.2H>0 was added to the solution as the
first reactant. The magnetic stirring continued for 15 minutes and as a result, a light

yellowish solution was obtained after the complete dissolving of the first reactant.

Once the first reactant was dissolved, SeO, was added as the second reactant. The amount
by weight was 0.9g. After the addition, the solution quickly turned into light orange
colored solution. The magnetic stirring continued for 30 minutes and as a result, a dark

orange solution was obtained. This solution was then put in autoclave, in an exothermic
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reactor for heat treatment at 180°C. The solution was left in the reactor for 16 hours and

was then retrieved on the next day in a falcon tube.

Figure 3.1 Schematic Diagram of Modified Hummers Method for GO Synthesis
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The obtained solution was then centrifuged at 4500rpm for 30 minutes until a black
powder settled at the bottom. The excess liquid was drained and ethanol was added to the
settled black powder and the powder was again mixed in ethanol and put in the centrifuge
under same conditions. This process was repeated 3 times and as a result, clear ethanol
was obtained. The excess ethanol was drained and the remaining black powder with traces
of ethanol was dried in an oven at 90°C for 24 hours. As a result, a black powder was

obtained, which was stored for further experimentation.

The schematic diagram is shown in Figure 3.3 and the experimental design can be seen in

Figure 3.4.

3.4 Synthesis of SnSe>-GO Composite

For synthesizing SnSe»>-GO composite, the same methodology was used as the one
explained in Section 3.3. The process involved starting with Benzyl Alcohol (40ml), then
addition of PVP (6g) and then the beaker was placed on a hot plate at room temperature.
Once the PVP was dissolved, 1.32g of SnCl,.2H.0 was added to the solution and stirred
for 15 minutes. After that, SeO> was added and the stirring continued for 30 more minutes.
A dark orange solution was obtained. Once dark orange solution was obtained, the GO
powder obtained from experiment explained in Section 3.2 was used in 3 different
amounts by weight. For the first experiment, the amount used was 0.01g or 0.4%, for
second experiment, the amount was 0.125¢g or 5.7% and for the third experiment, the

amount was 0.25g or 11.7%. The stirring continued after that for 10 more minutes.

After that, the obtained solution was transferred to an Autoclave and was put in an
exothermic reactor at 180°C for 16 hours. After that, the solution was put in a falcon tube
and centrifuged at 4500rpm for 30 minutes. The powder settled at the bottom as a result
of that. Excess liquid was drained and the powder was then washed with ethanol thrice
and centrifuged every time for 30 minutes at 4500rpm. Finally, SnSe»>-GO powder was
obtained with traces of ethanol which was dried in an oven at 90°C for 24 hours and the

dried powder was then stored for proceeding experimentation.

The schematic diagram can be seen in Figure 3.5.
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Figure 3.3 Schematic Diagram of SnSe, Synthesis
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Figure 3.5 Schematic diagram of SnSe>-GO Synthesis
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3.5 Synthesis of SnSe,-rGO Composite

After the powders of GO, SnSez and SnSe>-GO were obtained from the experimental
work, these powder specimens were processed for pellet formation. For this purpose, a
custom die was designed, with a diameter of 8mm and it was used to make pellets in a
hydraulic press. The die was manufactured by a fabrication specialist on a lathe machine,
under supervision. Once the die was created, it was thoroughly cleaned using ethanol to
remove all the contaminants, if any. After cleaning the die, it was filled with SnSe; powder
and the die was placed in a hydraulic press. The sample was pressed in the hydraulic press
under a pressure of 7.5psi for 15 seconds. After that, the die was released and a solid pellet
was retrieved. The first pellet that was made from pure SnSe, powder was the first sample,

named 1-S.

After that, the die was thoroughly cleaned again, with ethanol and this time, SnSe>-GO
powder with 0.4% GO concentration was used in the die to obtain another pellet which
was the second sample and was named, 2-SG. The die was cleaned with ethanol and the
process was repeated again for SnSe>-GO with 5.7% GO concentration and SnSe>-GO
with 11.7% GO concentration, in order to obtain the remaining 2 samples namely, 3-SG
and 4-SG, respectively.

Once the pellet samples, 1-S, 2-SG, 3-SG and 4-SG were obtained using custom die and
hydraulic press, these samples were then sintered. For sintering, Protherm Tube Furnace
was used. In order to start the process, all the samples were placed in a ceramic boat at a
distance from each other. The ceramic boat was then wrapped in an aluminum foil and
small holes were made in the file to allow volatile gases to escape in order to avoid
contamination. After that, the foil-covered ceramic boat was placed in a transparent quartz
tube which was 12 inches in length. The tube was sealed from both the sides and an inlet
was provided for introduction of Argon gas in order to provide an inert media for the

sintering.

The packed quartz tube was placed in the tube furnace and the temperature was set to
550°C and sintering was performed for 4-hrs at 550°C. The step increment used was 5°C
rise in temperature per minute. The sintering helped in reduction of GO to form rGO,

resulting in SnSe2-rGO composite. Once the samples were sintered at 550°C for 4-hrs, the
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samples were allowed to cool down in normalizing way. Once the samples reached the
room temperature, they were removed from the furnace and stored in separate tubes to

avoid contact and contamination and for further process of analysis.

Figure 3.6 Schematic Diagram of SnSe,-rGO Composite Synthesis

33



Powder
Poured in
8mm Die
for Pellets

Hydraulic
Press
(7.5psi, 15
Secs)

SnSe,-rGO;
1-S, 2-SG, 3-
SG, 4-SG
Obtained

Pellets
Formed

Sintering in
Protherm
Tube
Frunace
(550°C, 4-
hrs)

Figure 3.7 Experimental Design of SnSe,-rGO Composite Synthesis

The schematic diagram can be seen in Figure 3.6 and experimental design can be seen in

Figure 3.7.
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3.6 Characterization Techniques
There are multiple techniques that can be used for characterization of SnSe, and SnSe.-

rGO pellets but in accordance to the required results, we chose the following techniques:

e XRD

e SEM

e UV-Visible Spectrophotometry
e Hall Measurement

e Laser Flash Analysis

e Thermoelectric Characterization Apparatus

3.6.1 X-ray Diffraction (XRD)

X-ray diffractometer or XRD is used to investigate crystal structure as well as identify the
various elements and compounds that are present in a sample under observation. The
technique involves striking X-rays on the outer surface of a sample material. The incident
X-rays follow a certain angle of incidence. The incident rays are then diffracted after
striking the crystal lattice and interfere with each other in negative or positive way. As a
next step to that, constructive interference gives us the information about the crystal
structure. This information can include atom Kkinds, atomic arrangement, atomic
positioning, interatomic distances, etc. This interference is actually based on Bragg’s
Law. In essence, Bragg’s Law asserts that X-rays, that have a path difference that is equal
to an integral multiple of wavelength, will encounter constructive interference, given that

following conditions are fulfilled:
Nni = 2dsin@

where n represents order of diffraction, A is the wavelength, d means interplanar spacing,
and 6 represents incident wave angle. The incident and reflected X-rays from a crystal

lattice, while satisfying Bragg's law, are shown in Figure 3.8.
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Figure 3.8 X-ray Diffraction and Bragg’s Law Interpretation [98]

After X-ray diffraction, the intensity versus angle or 26 plot is obtained which shows the
distinct peaks for crystalline sample materials while hump for amorphous sample
materials. The positioning of the peak is dependent on the Interatomic distances while the
positioning and kind of atom determines the strength of the peaks. It should also be noted
that the sharpness or gradual increase in the peak is also dependent on the subject material
that is under observation. Also, the width of the diffracted peak is dependent on the
microstructure of the sample material. Once the results are obtained, the XRD patterns
can be confirmed by comparing them to a reference card that is deemed as standard. A

software can also be used for doing this. One famous software is X pert HighScore Plus.

3.6.2 Scanning Electron Microscope (SEM)

Scanning Electron Microscope or SEM is a very valuable characterization tool in the
world of Material Science and Engineering. It is used for determining morphology, size,
chemical content, microstructure, surface topography, form and phase differences. The
operation phenomenon includes condenser and objective lenses which concentrate and

converge an electron beam that is generated by a hot filament source or an electron gun,
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onto the outer surface of the subject sample. This electron beam then interacts with the
surface of the sample. This interaction can be both elastic or inelastic, however, both

interactions are desired.

1 | : I .
o % N

Figure 3.9 Scanning Electron Microscope (SEM) [99]

As stated, elastic interaction is the desired interaction as it produces the back-scattered
electrons and this set of electrons is responsible for providing the required information
about the subject sample. This information includes but is not limited to, compositional
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variation, as the darkness or the brightness of the phases depend upon the lower or higher
atomic numbers, respectively. As a result of inelastic interactions, secondary electrons
come into existence and these electrons provide the desired information about the
topography or the outer surface of the subject sample. These electron-based signals are
detected and then are amplified by the available amplifier. SEM has the capacity to help
us observe a sample of the size of 1 cm to 5 microns and the magnification can be in the
range of 20X to 30,000X.

To examine our sample, we employed a Scanning Electron Microscope (SEM, Model
JEOL JSM-64900). Figure 3.9 shows a working model of SEM.

3.6.3 UV-Visible Spectrophotometry

UV-visible spectrophotometry or UV-Vis is a technique that is used for determining the
light that is absorbed in the visible and ultraviolet wavelength ranges of the
electromagnetic spectrum. Incident light can be reflected, transmitted or absorbed when
it strikes materials. When the UV-Vis radiations are absorbed by the subject material, it
leads to atomic excitation which then results in molecules moving from low-energy state

to higher energy state or excited state.

For an atom to change its excitation state, it is important that it should absorb sufficient
amount of radiation, so that the electrons can move towards higher-energy molecular
orbits. If a sample material absorbs light of shorter wavelength, it means that it has a
shorter bandgap and vice versa. As can be interpreted from the previous statement, the
required energy for molecules to make this transition is electrochemically very specific.
UV-Vis uses this approach to quantify test samples depending upon their absorption
quality. The data obtained from this technique can be used for both quantitative analysis

as well as qualitative analysis of a subject material.
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Figure 3.10 UV-Visible Spectrophotometer [95]

During the process of analysis, it is absolutely critical to use a reference cuvette which
contains the solvent liquid, in order to calibrate the equipment. Once the equipment is
calibrated, solvent along with sample, in the form of solution, can be placed in the
equipment to study the absorption. In this case, the solvent liquid used was Ethanol. Figure

3.11 shows the model of a UV-Visible Spectrophotometer.

3.6.4 Hall Effect Measurement System

Hall effect is governed by Lorentz Force which is one of the fundamental principles of
Physics. When the movement of an electron is perpendicular to the magnetic field, an
encountering force is experienced by this electron which is normal to both the directions
and moves against this force along with electric field’s force within. The Lorentz Force

can be calculated using the following equation:

Eorentz = G‘[ﬂ'l' {E x ﬁ}]
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where,

FLorentz = Lorentz Force
q = electric charge

E = external electric field
v = velocity

B = magnetic field

Hall Measurement Systems are basically used to determine carrier mobility, carrier
concentration and semiconductor resistivity. The measurements obtained from Hall
measurement system can be used for the characterization of both compound

semiconductors as well as semiconductors.

A filter or a dryer, a vacuum chamber, a thermal stage, gas lines, refined high-pressure
gas, magnet structure, spring loaded probes, a vacuum pump and a computer are all part

of Hall Measurement System.

The process starts with a sample that is connected to a battery, completing a circuit. The
current is allowed to flow through the circuit. As a result of the flowing current, the charge
carrier flow from one end to the other, following a linear path. As a result of the movement
of the charge carriers, a magnetic field is produced. There is a magnet placed near the
sample and when the magnetic field produced due to charge carriers comes in contact
with the magnetic field of the magnet placed near the sample, there is an interference and
as a result, a distortion is produced. This distortion results in a force which is termed as
Lorentz Force. This force distorts the charge carriers and interferes with their direction as
well.

As a result of this interference, the electrons in the circuit start to flow towards one side

while the holes start flowing towards the other.
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Figure 3.11 Hall Effect Measurement System [96]
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The potential difference created as a result of the movement of electrons and holes is

termed as Hall VVoltage and it is given by;

qnd

where,

Vh = Hall voltage

| = current that flows through the circuit
B = magnetic field

g = charge in the circuit

n = no. of charge carriers

d = thickness

Figure 3.12 shows an image of Hall Effect Measurement System.

3.6.5 Laser Flash Analysis (LFA)

The Laser Flash or Light Flash method or LFA is used to determine the thermal diffusivity
of different materials. A sample is placed in a tubelike structure, as shown in Figure 3.5
and one side of the sample is heated with a light pulse or laser flash. As a result, the
temperature on the front face of the sample rises and the same rise, due to the law of
diffusion, passes on to the rear front of the sample. This is noted by the infrared detectors
present within the apparatus. It should be noted that the time it takes for the heat to reach
the rear end is dependent on the diffusivity. Higher the diffusivity, lower will be the time

taken by the heat to reach the rear end.

Thermal diffusivity is a property which varies from one material to another and it is used
for characterization of unsteady conduction of heat in different materials. The value of

thermal diffusivity determines how rapidly a material responds to a temperature change.
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Thermal diffusivity is used to calculate the thermal conductivity of a sample material

through the following mathematical expression:

A=axpx Cps
where,
A = Thermal conductivity
a = Thermal diffusivity
p = Density
Cps = Specific heat capacity
detector
® ® protective
@ ® tube
@ @
sample g
: ( ) &
zzay: N— sample
&) ' 8]
@ ©
- heating
@ - element/
© spource @ furnace

Flash Technique

Figure 3.12 LFA Working Phenomenon [94]
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NETZSCH

Figure 3.13 NETZSCH LFA-457 MicroFlash [94]
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For this research, NETZSCH LFA-457 MicroFlash (University of Oslo, Norway) was
used. It can be used to measure thermal diffusivity and specific heat. This data is then

used for calculating the thermal conductivity as is evident from the above expression.

Figure 3.13 displays the working phenomenon of LFA while Figure 3.14 shows an image
of NETZSCH LFA-457 MicroFlash.

3.6.6 Thermoelectric Characterization Apparatus

A custom designed thermoelectric characterization apparatus was used for studying the
TE properties of the samples. This apparatus was designed by researchers of University
of Oslo, Norway and is now used as fully functional apparatus for TE research students.
In this apparatus, a measurement cell exists in a tubular shaped vertical furnace that has a
temperature controller as well. The sample is mounted in this cell and once it is mounted,
the cell is sealed tightly in a quartz tube. It is then placed in the aforementioned tubular
vertical furnace and chosen gas is used to flush into the furnace body to provide inert
media. The pressure in this chamber is 1 atm. A total of 3 thermocouples (TCs), with thin
wires (d=0.2mm), are used in the apparatus in order to act as both voltage and temperature
probe. By doing so, no corrections are needed once the reading is taken and the values

registered can be used as error-free final values [92].

These TCs are fixed in place using spring load mechanism. These springs are located at
the lower end of the chamber in order to avoid exposure to high temperatures as it is
optimum to keep them at room temperature. TC-1 is placed in close contact to the bottom
of the sample, TC-2 is placed on the top of the sample while TC-3 is also on top but at a
horizontal distance of 10mm from TC-2. Two Pt10Rh-coils are also used as a part of this
apparatus, with 5 ohm as room temperature resistance and are located behind TC-2, next
to TC-1, below the sample. Finally, 4 platinum wires are kept in contact with the sample
and are held in place by the spring-load mechanism. These wires act as voltage and
temperature probes and are used for measuring the resistivity which then leads to
calculating electrical conductivity. This phenomenon is a practical representation of van
der Pauw method [92].
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This apparatus was used to determine the in-plane conductivity. The apparatus is suitable
for disk and bar shaped samples. However, for bar shaped samples, 2 additional platinum
wires are required. Figure 3.15 is a schematic representation of the TE Characterization
Apparatus [92].

(a) Vertical tube furnace  (b)

PC + Measurement electronics =

@ =l TC3 TC2
A N

) Pt electrodes

m m Springload system i *>

06 06 00 e

B it Meas. cell

- ' TC1
(c) - | § \ AlL,O, support plate
S e — — .' T -
Heater | = =
Welding-free I
thermocouple

Figure 3.14 (a) Apparatus mounted inside the cell while connected to PC for
measurement, (b) a close-up of sample (disk-shaped) placed in the heating area of the
tubular furnace, and (c) a design of weld-free TC [92]

For Seebeck measurement, the same setup is used. This apparatus is capable of measuring
Seebeck and Resistivity simultaneously. The phenomenon for determining the Seebeck
revolves around the open-circuit voltage or AU that is created as a result of AT. For
Seebeck, temperature is changed within a certain range and the change in voltage is
recorded. The temperature is controlled by increasing the heating power of the heater that
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is present inside as shown in Figure 3.15. Temperature and voltage of the TC’s platinum
leads are noted down using a voltmeter, one after the other. This creates thermal drift as
a result and to avoid that erroneous result, the temperatures are measured both before as
well as after the voltage is noted down. The Seebeck in essence, is measured from the
applied voltage’s slope versus the temperature difference that is induced by the operator

[92].
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Structural Analysis (XRD)
The structural analysis of the samples was performed using XRD technique. Figure 4.1
illustrates the resultant peaks of all the 5 samples that were obtained in order to identify

the composition.
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Figure 4.1 XRD Patterns of rGO, 1-S (SnSey), 2-SG (0.4% rGO), 3-SG (5.7% rGO) and
4-SG (11.7% rGO)

In Figure 4.1, starting from the bottom, we can see the characteristic (002) peak of rGO
lies at 26=26°. The XRD analysis of rGO sample shows presence of graphene oxide in
the sample which is the desired composition. It can also be confirmed with JCPDS 75-

48



2078. After the desired rGO was obtained, the further experimentation was resumed as it
was the primary requirement in order to achieve the required composite. The XRD
patterns for 1-S, pure SnSe, which can be seen represented by a red line, shows the peaks
for pure SnSe». The patterns show narrow sharp peaks at 26 angles of 14°, 30°, 40°, 43°,
47°,50°, 51°, 57°, 60°, 64°, 71° and 78° with reflections from (001), (011), (012), (003),
(110), (111), (103), (201), (004), (202), (023), and (121) planes, respectively. It should be
noted that 1-S sample shows a small peak of unreacted Selenium (Se) at 26=23°. All the
XRD peaks match closely with the standard JCPDS Card No. 089-2939.

For 2-SG sample, SnSe,-rGO, with 0.4% rGO introduced, the XRD pattern can be seen
in the Figure 4.1. The third peak from the bottom, marked 2-SG, in blue, shows the XRD
patterns of 2-SG. It can be seen that the peaks from 1-S are replicated here with the
exception of the peak of unreacted Se, which in this case, does not appear, meaning, no
traces of unreacted Se were found. The XRD peaks again show sharp patterns at 26 angles
of 14°, 28°, 30°, 40°, 43°, 47°, 50°, 51°, 57°, 60°, 64°, 71° and 78° with reflections from
(001), (100), (011), (012), (003), (110), (111), (103), (201), (004), (202), (023), and (121)
planes, respectively. Considering the concentration of rGO is too less in this composite,
XRD peak for rGO cannot be seen as XRD requires at least 6% concentration of a

constituent, in order to be detected.

For 3-SG, the composite is again SnSe2-rGO but this time, with 5.7% rGO concentration.
The peaks in this case again are the same as 2-SG with no traces of unreacted Se. And
again, as the concentration of rGO is below 6%, no peak can be seen to identify the
presence of rGO in the composite sample 3-SG. The rest of the peaks and the planes are

the same as 2-SG.

Finally, when it comes to 4-SG, the SnSe,-rGO composite, this time has an rGO
concentration of 11.7% which is sufficiently high. The rest of the peaks match as those of
2-SG and 3-SG, appearing at the same angles and reflections of the same planes. However,
in this case, a peak appears at 26=26° and has reflection from (002) plane, which shows
the presence of rGO in this sample as it has a concentration which is higher than minimum
threshold required for XRD i.e. 6%. 4-SG confirms the formation of SnSe;-rGO
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composite with no impurities. For 2-SG and 3-SG, the presence of rGO can be confirmed

through SEM images in the next section.

4.2 Morphological Analysis (SEM)

The morphological study of the samples was carried out using a Scanning Electron
Microscope (SCME, NUST) for all the samples. The SEM images of the samples can be
seen in Figure 4.2 in this section.
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Figure 4.2 SEM Images of the samples (a) rGO, (b) 1-S, (c) 2-SG, (d) 3-SG and (e) 4-
SG
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It should be noted that for SEM analysis, the pellet samples were cut in the middle in
order to be able to observe the cross-section for analyzing the internal structure of the

sample and ensure the observation of the presence of rGO and the composite formation.

As can be seen from Figure 4.2(a), which is the SEM image of GO, it shows a thin
membrane or curtain-like structure which is shows a spread structure. This image was
taken at the resolution of 1 um. Figure 4.2(b) shows a SEM image of 1-S or pure SnSe;
at a resolution of 2 um. The structure, as can be seen from the image, shows rod-like
structure with some traces of flower-like structure as well, as if the rods have come
together and gotten attached to each other. Figure 4.3 (c) shows the SEM image of 2-SG
or SnSex-rGO (rGO = 0.4%) and it can be seen from the image that there is a presence of
rGO in the composite while the SnSe., rods and particles have grown into the rGO
particles, ensuring the formation of SnSe,-rGO composite. In Figure 4.2 (d), we can see
that SEM image for 3-SG or SnSe,>-rGO (rGO =5.7%) at a resolution of 2 um. The image
displays that the particle size of rGO is comparatively bigger with more growth of SnSe>
into the rGO particles. The resolution for this image was again 2 um. Finally, Figure 4.2
(e) shows an image of 4-SG or SnSe,-rGO (rGO = 11.7%) at a resolution of 2 um. It can
be seen that the rod-like particles of SnSe> have grown into the rGO particles and the

composite formation can be seen here more clearly.

4.3 UV-Visible Spectrophotometry

UV-Vis analysis was conducted for 4 samples which were the subject of the research and
were designed for studying the thermoelectric properties. The samples used were pure
SnSez and SnSex-rGO composites, in the form of 1-S, 2-SG, 3-SG and 4-SG. As can be
seen from Figure 4.4, it shows the graph for all 4 samples. According to Figure 4.4, it can
be seen that the absorption peak for 1-S lies at a wavelength of 1341 nm. Similarly, it can
be seen that the absorption peak for 2-SG lies at 1348 nm which is a bit further than 1-S,
portraying a narrower bandgap. As we move to sample 3-SG, the absorption peak lies at
the wavelength of 1356 nm. Finally, the absorption peak for 4-SG lies at 1369 nm and is

the highest on the wavelength scale.
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Figure 4.3 UV-Vis Spectra of pellet samples 1-S, 2-SG, 3-SG and 4-SG

4.3.1 Bandgap Analysis

Using the data from the UV-Vis Spectrophotometry, bandgap of the samples was
calculated. The bandgap can be calculated by using the absorption and wavelength from
the UV-Vis spectra. Wavelength is used to calculate the energy (hv). Absorption can be
used to calculate the absorbance coefficient or a. After calculating both these, square root
of their product (a x hv) was taken. Finally, a graph was then plotted with (a.hv)? on y-

axis and hv on x-axis.
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Figure 4.4 Bandgap Analysis of pellet samples 1-S, 2-SG, 3-SG and 4-SG

Figure 4.5 shows a combined image of bandgaps of all 4 samples i.e. 1-S, 2-SG, 3-SG and
4-SG. It can be seen from the figure that 1-S, which is pure SnSe, has a bandgap of
0.931eV. As we go to 2-SG, where 0.4% rGO is added to SnSe>, the bandgap shows a
considerable improvement and gets narrower, reaching a value of 0.918eV. When we
come to 3-SG, the concentration of rGO in SnSe is even higher, at 5.7% but the impact
on bandgap is not so drastic in comparison as it comes down to 0.914eV which is a minor

improvement. Finally, when we calculate the bandgap for 4-SG, where rGO is 11.7%, the

54



improvement again is not so noteworthy and it brings the bandgap down to 0.91eV, which

again, is not a notable improvement when compared to improvement shown in 2-SG.

From this analysis, it can be asserted that the increasing concentration of rGO in SnSe;
had an effect on the bandgap and it helped in narrowing it down. However, when we
analyze in detail, we can see that the as the concentration of rGO is increased, the trend
of improvement in bandgap starts to scale down. As can be seen, in 2-SG, 0.4% rGO
improved the bandgap from 0.931eV to 0.918eV which is a drastic change but as we move
on to 3-SG and 4-SG, although the concentration of rGO is improved by big multiples in
comparison to 2-SG, the improvement in bandgap is not proportional to that. This gives
us information that at one point, the addition of rGO will no longer help improve the

bandgap of SnSe> and may start having adverse impact on the properties.

4.4 Hall Effect Measurement

Hall measurement of the samples 1-S, 2-SG, 3-SG and 4-SG was taken at room

temperature i.e. 300K. The results of the measurement can be seen in Table 4.1.

It has been reported by Pham et. al. that a maximum value of carrier concentration
achieved was 2.26 x10' cm? at 300K [93]. This resulted in a lower electrical
conductivity. As a result of the addition of graphene, the maximum value for carrier
concentration achieved at room temperature (300K) was 2.94 x10* cm™ which is a

considerable improvement.

Table 4.1 Hall Carrier Concentration and Mobility of the pellet samples 1-S, 2-SG, 3-Sg
and 4-SG, at room temperature i.e. 300K

Sample | Temperature | Carrier Concentration n Carrier Mobility

# (K) (cm3) (cm?.vis?

1-S 300 2.1 x10'8 31.6
2-SG 300 2.5 x10'8 30.71
3-SG 300 2.73 x10'® 30.05
4-SG 300 2.94 x10'8 29.41
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It can be seen from the table that with increasing concentration of rGO in SnSe, the Hall
carrier concentration keeps on increasing while the hall mobility decreases as a result of
that. It can be further noticed that the effect of the increasing concentration of rGO on the
improvement in carrier concentration, displays a downwards trend. The measurement
asserts that the increasing concentration of rGO will have a negligible or no effect at one

point in time and might even affect the properties in a negative way.

4.5 Thermoelectric Properties

The thermoelectric properties were measured for all 4 samples to see the improvement
after introduction of graphene in SnSe,. Pham et. al. performed a study in 2020, which
has been used as a reference in this research to analyze our results against. Electrical
conductivity, Seebeck, Thermal conductivity and ZT were obtained as a result of the

analysis. These properties are discussed below.

4.5.1 Electrical Conductivity

Pham et. al. reported a maximum value of 750 S/m along the c-axis for SnSe, single
crystal, in its pure form [93]. As a result of this lower thermal conductivity, ZT of SnSe>
was compromised. It can be seen here that the addition of graphene enhanced the electrical
conductivity by a very considerable margin as it reached a maximum value of 2479 S/m

for 4-SG, which is the desired outcome.

The effect of rGO on electrical conductivity of SnSe: is very noticeable as can be seen in
Figure 4.6. It can be seen that for 4-SG, the electrical conductivity is the highest at room
temperature, coming in at 2479 S/m. and reaches a minimum value of 1188 S/m with
increasing temperature. For 3-SG, the maximum value recorded was 1705 S/m at room
temperature while the minimum was at 1061 S/m, at 750K. 2-SG, having the minimum
rGO concentration of 0.4%, displayed a maximum value 1204 S/m at 300K and kept on
decreasing, reaching 740 S/m at 750K. When it comes to pure SnSe», 1-S, the maximum
value recorded was at 300K of 465 S/m and at 750K, it went down to 385 S/m.
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The above data provides us with information about the behavior of SnSe, as the
concentration of rGO increases and also tells us about the effect of temperature on
electrical conductivity of all the samples. The overall trend when it comes to temperature
increase, is downward as the electrical conductivity for all 4 samples keeps on decreasing
with increasing temperature. However, it’s effect on pure SnSez is minimum compared to
other 3 samples with rGO involved.
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Figure 4.5 Effect of rGO and increasing Temperature on electrical conductivity of
SnSe;

It can be further noted that the addition of graphene brings a drastic change in electrical
conductivity. We can see from the figure that the introduction of 0.4% rGO had a major
effect on the electrical conductivity of SnSe,, however, when the concentration of rGO
was increased, this effect kept on reducing in magnitude. This gives us an idea that higher
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concentrations of graphene will have a negligible effect on the electrical conductivity of

SnSe; and can affect the properties as well.

4.5.2 Seebeck Coefficient

Seebeck coefficient has an inverse relationship with electrical conductivity and as a result,
with increasing electrical conductivity, Seebeck reduces. This is because Seebeck is
inversely related to charge carrier concentration while it is directly related to carrier
mobility, hence, it has an inverse relationship with electrical conductivity as well. Figure
4.7 depicts the same as can be seen. The trend in this case is reversed as it can be seen that
with increasing temperature, the Seebeck coefficient keeps on increasing but with
increasing concentration of rGO, the Seebeck reduces. At the same time, 1-S shows a
decline in Seebeck after 675K as after this point, the sample displays a thermally activated

transport behavior.

Pham et. al. reported the same trend in their research stating that till 500K, the sample
displays a metallic transport behavior and as a result of that, it shows an increase in the
Seebeck value as we move along the x-axis. Once we reach 500K, the transport behavior
becomes thermally activated which causes a fall in the Seebeck [93]. The maximum value
reported by Pham et. al. is -350 pV/K (n-type) [93].

Addition of rGO increases the conduction and metallic behavior limit and that’s why, the
same trend is not seen in the rest of the samples. The addition of rGO in smaller
concentration has a major effect but this time, in a negative way and as the concentration
of rGO is increased in 3-SG and 4-SG, the impact is not so drastic. The drop in Seebeck
is due to increasing carrier concentration as it affects the carrier mobility and that in turn
impacts the Seebeck overall. The increasing trend in regards to the temperature is for the
same reason, as higher temperatures provide energy to the charges and as a result, the

mobility somehow improves.

It should be noted that the negative sign in Figure 4.7 depicts that the analysis was
conducted for n-type semiconductors. The maximum value of Seebeck coefficient is

achieved by 1-S, of -420 pV/K at a temperature of 675K while the minimum value at
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highest temperature is that of 4-SG which was recorded at -239 uV/K. Although the drop
in Seebeck value does affect the overall ZT, this drop is not as effective compared to the
increased in electrical conductivity and as a result, the overall power factor is enhanced
with the introduction of rGO.
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Figure 4.6 Effect of rGO and increasing Temperature on Seebeck coefficient of SnSe;

4.5.3 Thermal Conductivity
The behavior of thermal conductivity is illustrated in Figure 4.8 which shows a decreasing

trend with increasing temperature.

Being in the denominator, the lower the value of thermal conductivity, the better it is for
overall ZT. Although the increasing concentration of rGO increases the thermal
conductivity of SnSey, it can still be seen that 2-SG and 3-SG reach lower values than

pure SnSe; at temperatures beyond 700K.
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Thermal conductivity for pure SnSe> has been reported by Pham et. al. and according to
that research, along c-axis, the thermal conductivity stood at 1 W/m.K as its maximum
value [93]. In our research, the thermal conductivity of SnSe. stood at 1.05 W/m.K and it
kept on increasing with the addition of rGO reaching a maximum value of 1.63 W/m.K.

It should be noted that the overall increase in thermal conductivity of the samples is lower
in comparison to the increase caused by introduction of rGO in electrical conductivity.
This is due to phonon scattering, as was explained in Chapter 2. Total thermal
conductivity is the sum of lattice thermal conductivity and electronic thermal
conductivity. The introduction of graphene causes phonon scattering and as a result, the
lattice thermal conductivity of SnSe, decreases which in turn controls the total thermal

conductivity, making this introduction favorable for the desired purpose of research.
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Figure 4.7 Effect of rGO and increasing Temperature on thermal conductivity of SnSe;
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4.5.4 Figure of Merit (ZT)

Finally, coming to the ZT or the overall efficiency of the designed samples, we can see
the trend and the overall behavior of ZT with increasing temperature and increasing
concentration of rGO in Figure 4.9.
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Figure 4.8 Effect of rGO and increasing Temperature on the ZT of SnSe>

A ZT value of 0.15 has been achieved for pure SnSe> according to a research carried out
by Pham et. al [93]. This shows that SnSe> is a promising contender among TE materials
and its TE properties can be enhanced through various methods. As discussed in this
thesis, rGO was used as one method to enhance its TE properties by making a composite.
The results achieved were promising and showed a significant improvement, reaching a

maximum ZT value of 0.18.
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The overall trend with respect to temperature portrays that with increasing temperature,
ZT of the sample keeps on increasing but the slope of the curve decreases when the
temperature reaches 750K, showing that further increase in temperature will have a minor
effect on the ZT and might even cause the ZT value to drop. At the same time, it can also
be seen that the increasing concentration of rGO enhances the overall ZT which means

that introduction of rGO had a positive impact on the TE properties of SnSex.

It can be seen from the figure below, that the maximum ZT value achieved for pure SnSe>
is 0.11 at 750K. For 2-SG, the maximum value achieved is 0.15 which is considerably
higher than that of pure SnSe,. For 3-SG, the maximum ZT achieved is 0.17 while the
same for 4-SG is 0.18. It can be observed that the overall enhancement is impressive and
hence, can be deduced that the addition of rGO has a positive impact on the TE properties
of SnSe>. However, at the same time, another important thing to note is that the increasing
concentration of rGO does not reflect the same increase in the ZT value but rather, the
increase is minor compared to the increase shown by 2-SG at rGO = 0.4%, which is 0.04.
The change in ZT of 2-SG and 3-SG is 0.02 while that between 3-SG and 4-SG is only
0.01. It can be further noticed that in 4-SG, the curve shows a different behavior and has
a slower increase in ZT compared to the other 3 samples. This gives us an idea that the
increasing concentration of rGO has a declining impact on the overall ZT properties of
SnSey.
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CHAPTERS5 CONCLUSION

Considering the cost-effectiveness and environmental friendliness of SnSey, this
compound was chosen for the research. And after material selection, we were able to
synthesize SnSe; and SnSe>-rGO in a cost-effective way. After the synthesis, the material
was then characterized, morphological studies were carried out and the TE properties of
the sample were studied. The results thereby have shown that the maximum ZT value
achieved, stood at 0.18 which is an improvement from the ZT value of 0.11 that is
possessed by pure SnSe;. It was also observed that addition of rGO enhanced the electrical
conductivity in an impressive way. However, it should be noted that the increasing
concentration of rGO, even though had a positive impact, still, as the concentration was
increased stepwise, the impact on TE properties was not proportional to the increase in
concentration. The results obtained through this research show that the ZT of SnSe> can
be improved by introduction of rGO and it can be used in the future for TE applications,

with other enhancements.
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