QATAR UNIVERSITY

COLLEGE OF ARTS AND SCIENCES

THERMOELECTRIC BEHAVIOR OF NANOCRYSTALLINE TIN SELENIDE

NANOCOMPOSITES

BY

MARIEM CHAMAKH

A Thesis Submitted to the Faculty of
the College of Arts and Sciences
in Partial Fulfillment
of the Requirements
for the Degree of
Masters of Science
in

Material Science and Technology

June 2018

© 2018. Mariem Chamakh. All Rights Reserved.



COMMITTEE PAGE

The members of the Committee approve the Thesis of Mariem Chamakh

defended on 05/06/2018.

Dr. Khaled Youssef

Thesis/Dissertation Supervisor

Dr. Khalid Al-Saad
Committee Member

Dr. Ahmed Ayesh
Committee Member

Approved:

Dr. Adel Mohamed
Committee Member

Rashid Al-Kuwari, Dean, College of College of Arts and Sciences



ABSTRACT

CHAMAKH, MARIEM, M., Masters : June : 2018, Material Science and Technology

Title: Thermoelectric Behavior of Nanocrystalline Tin Selenide Nanocomposites

Supervisor of Thesis: Khaled, M, Youssef.

Thermoelectric technology converts thermal energy to electricity. Many studies
were conducted on thermoelectric materials such as Bismuth Telluride and Lead Telluride.
And the goal was to achieve an average ZT >2 which is required for waste heat recovery
applications. Recently Tin Selenide (SnSe) showed a promising performance with a ZT of
nearly 2.6 at 923 K for its single crystal structure at the b-axis. However, single crystal
SnSe is very fragile and the production of single crystal SnSe structure is a complicated

and costly process. Therefore, great interest was given to polycrystalline SnSe.

In this work, the thermoelectric performance of polycrystalline SnSe was enhanced
through nanostructuring and nano-composting with graphene via a cost-effective
methodology. Nanocrystalline SnSe composites were successfully prepared by high energy
ball milling and SPS techniques, and the structural characterization by X-ray Diffraction
and Transmission Electron Microscopy revealed that the average grain size of both pristine
SnSe and SnSe with Graphene was approximately (~ 10 nm). The mechanical properties
were evaluated and showed an enhancement with high hardness values. The
nanostructuring contributed in the enhancement of Seebeck coefficient and the highest
reported value so far was obtained for pristine SnSe with 1032 pV/K at 873K. A significant
improvement in ZT value was observed for the pristine nanostructured SnSe with a value

of 0.9 at 873 K, and the addition of Graphene increased the ZT to 1.2 at 873 K due to the



increased power factor and the lower thermal conductivity. Graphene was detected to be
mainly present around the grain boundaries and this finding represents the first ever

reported evidence to identify the location of graphene in a nanocrystalline TE material.
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CHAPTER 1: INTRODUCTION

The world is currently facing numerous issues related to energy and environment.
Energy consumption is rapidly increasing with the technological advancements and
population growth. The U.S Energy Information Administration projected the increasing
trend of world energy consumption by energy source as presented in Figure 1.1 [1]. In
addition to the necessity of providing environment friendly renewable sources to meet this
growing consumption, there is an important issue that must be considered, that is much of
the produced energy is actually lost in vain. In fact, only one third of the produced energy
is used effectively and the two-thirds is being lost in the form of waste heat. In the U.S
alone, an equivalent of 46 billion gallons of gasoline is wasted annually from around 200
million light-duty vehicles exhaust pipes. Also, an equivalent of 1.72 billion barrels of oil
is lost in form of waste heat energy in the manufacturing sector each year [2]. Therefore,
Technology for recovering the waste heat is very essential and it is one of the best energy

saving methods to achieve efficiency and environment security.



World energy consumption by energy source (1990-2040)

T - - -\';--\\'
quadrillion British thermal units 2015 €la
250 history projection petroleum

and other
liquids
200

natural gas

150 /// coal
renewables

nuclear

DI T T T T T T T T T 1
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Figure 1.1 World energy consumption by energy source (1990-2040) [1].

Thermoelectricity represents a promising waste heat recovery technology. It is
based on the direct conversion of heat to electricity by the Seebeck effect. This energy-
conversion phenomenon plays a key role in developing cost effective, pollution-free
alternative energy technologies. Thermoelectric energy converters can be used to transform
heat from many heat sources such as power plants, factories, motor vehicles, and electronic
devices. This solid-state technology provides several advantages, such as the absence of
chemical reactions and toxic residuals, the long-life span of reliable operation with reduced
cost of maintenance. Advantage of simplicity as they produce no vibrations and are highly
scalable, and the lack of moving parts [3][4][5]. This great potential of thermoelectric
materials was a motivation to expand the search for novel materials with higher efficiency,
which is evaluated by the figure of merit ZT. Bismuth Telluride and Lead Telluride have

been the pioneer in the thermoelectric research and a lot of focus was given to increase



their ZT wvalue over the years, with many strategies adapted like doping and
nanostructuring. However, the presence of lead and the use of the costly telluride has

limited their future in domestic applications.

Recently, Tin Selenide SnSe has emerged as an excellent thermoelectric material
for being earth abundant and environmentally friendly, and for its high electrical
conductivity, ultralow thermal conductivity of less than 0.6 W/mK and high Seebeck
coefficient of more than 520 pV/K at room temperature, which is higher than Te-based
inorganic materials, PbTe, and Bi>Tes [6][7]. In 2014, Zhao et al. [8] reported the
exceptional ZT value of 2.6 at 910 K in the b-direction of the single crystal SnSe. Despite
the promising thermoelectric performance of the SnSe single crystal, its poor mechanical
properties are a limitation for device fabrication, in addition to its complex and high-cost
growth technology. So, more attention has been switched to the polycrystalline because of

its good mechanical properties and easily controlled production.

The objective of this work is to enhance the thermoelectric performance of SnSe
through nanostructuring and nano-composting with graphene via a cost-effective
methodology. This report represents the fabrication methodology of pristine SnSe and
Graphene-SnSe nanocomposite via high energy ball milling method followed by powder
consolidation by Spark Plasma Sintering SPS. All the characterization techniques are
described as well, in which the structural properties of the samples were investigated by
XRD and TEM, the mechanical and thermal properties were evaluated by Microhardness
and DSC, thermoelectric properties were measured to calculate the efficiency ZT, and the

elements distribution was performed by STEM. The analysis of the results is presented in



chapter 4 of this report, and it showed the successful fabrication of nanostructured
composite with enhanced and a promising thermoelectric performance with an exceptional

high Seebeck coefficient.



CHAPTER 2: LITERATURE REVIEW

2.1 Thermoelectric effect

Thermoelectric technology is playing an important role for power generation and
cooling devices and it is based on the energy conversion interplay between temperature
gradient and electricity [9]. Thermoelectric effect includes three phenomena which are:
Seebeck effect, Peltier effect, and Thomson effect. And the thermoelectric efficiency is

governed by the figure of merit ZT.

2.1.1 The Seebeck effect
The Seebeck effect phenomenon was discovered in 1821 by the German physicist
Thomas Johann Seebeck [10] . He explained the effect caused by an applied temperature
difference, as the diffusion of the charges carriers in the material (electrons and holes) from
the hot side to the cold side resulting in a built-in electric field. He discovered this
phenomenon when a closed cycle jointed by two different metals with a temperature
difference between junctions caused a nearby compass needle to be deflected [10]. The
magnitude of this effect is gauged by the Seebeck coefficient or thermopower, which is the
thermoelectric voltage developed per unit temperature difference in a conductor, expressed
in units of V/K. This effect can only be exhibited in a thermocouple with two different
materials which have different Seebeck coefficients [4]. This effect can be mathematically
expressed by
AV = S,pAT (2.1)
Where AV is the voltage developed between two dissimilar metals A and B connected by

a junction at the cold point as shown in the Figure 2.1 and S,z is the Seebeck coefficient



of the thermocouple with S,z= Sp - S4, and AT is the temperature difference between the

hot point and the cold point [11][12][13].

A
I Cold
Junction junction
B B

Figure 2.1 Basic Thermocouple.

2.1.2 The Peltier effect

The effect was first discovered by J Peltier in 1834 [11]. Opposite to Seebeck effect
which is self-generated, Peltier effect is generated when a voltage is applied to a
thermoelectric couple. The current that passes through the junction of two dissimilar metals
make the carriers tend to return to the equilibrium by absorbing energy. This energy
absorbed is related to the electrical current by the following equation [14][11][15]

Q = —TapJap (2.2)

Q: The heat absorbed from the ambient.

.- The Peltier coefficient for a junction of materials a and b.



Jap: The current flowing through the junction from material a to b.

2.1.3 The Thomson effects

The Thomson effect describes both Seebeck and Peltier effect, it explains the
absorption or release of heat in a homogeneous single conductor that carries an electric
current and subject to a temperature gradient where heat is liberated if an electric current
flow in the same direction as the heat flows, otherwise it is absorbed [16]. The rate of heat
production can be given by the following equation [17]

Q =pJ? - WvT (2.3)

Where p is the resistivity, J is the current density, u is the Thomson coefficient.
Knowing the Thomson coefficient allows for the determination of the Seebeck and Peltier

coefficient of a material independently at a specific temperature from the kelvin relation

[17]
p=To (2.4)
=TS (2.5)

Thomson effect has been used to determine the absolute Seebeck coefficient of lead (Pb),
which serves as a reference for all other materials at temperature up to room temperature
[12].
2.1.4 The efficiency figure of merit ZT

The performance of thermoelectric materials is evaluated by a dimensionless

quantity called the figure of merit which is defined by

K kp  (ketkpp

__ S%0T _ S?T S2T

ZT (2.6)

Where S is the Seebeck coefficient, o is the electrical conductivity, T is the temperature
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difference, p is the electrical resistivity, and k is the thermal conductivity defined by the
summation of the electronic thermal conductivity k. and the lattice thermal conductivity
k; [18][19].

According to the figure of merit equation, high efficiency is achieved with a high
Seebeck coefficient and electrical conductivity to create high voltage output, and a low
thermal conductivity to maintain a significant temperature gradient [20]. The strong
correlation between these parameters as a function of several material factors such as the
band structure and carrier concentration, has hindered the improvement of the ZT quantity.
Some of the traditional commercial thermoelectric such as Bi>Tes and PbTe possess a ZT
value of nearly 1. However, for practical use this value should be higher than 2 [4] [5].

2.2 Thermoelectric parameters

2.2.1 The Seebeck coefficient (Thermopower)

The magnitude of the Seebeck effect is measured by the Seebeck coefficient which
is defined as the thermoelectric voltage developed per unit temperature difference in a
conductor with unit V/K (or uV/K or uV/°C). The Seebeck effect is a bulk property and
only the Seebeck voltage difference can be measured. Different materials have different
coefficients, most metals have a Seebeck coefficient of 10 uV/K or less. For example, iron
has a Seebeck coefficient of 19 uV/°C at 0 °C and constantan (copper-nickel alloy) has a
negative value of -35 pV/°C at 0 °C. Semiconductors have higher coefficient of 100 uV/K
which makes them suitable for the construction of thermocouples. In general, to achieve a
ZT higher than 2, the thermopower should reach a value higher than 225 uV/K [4] [17]

[12].



2.2.2 Thermal conductivity

The thermal conductivity of a material comes from the heat transported by electrons
and holes (Ke) and the from the phonons traveling through the lattice (K)). The lattice
thermal conductivity is determined by the structure, rigidity, atomic masses, and other
characteristics of the lattice. The electronic thermal conductivity is related to the electrical

conductivity by the Wiedemann-Franz law [4] [5]:

Ko p,T 2.7)

g

2
where L, = 2.44 x 1078 ().

2.2.3 Electrical resistivity

This material-dependent property is a function of temperature. Its value at room
temperature characterize the material of being insulator (10% Qm or more) or a conductor
(10® Qm or less) while the resistivity of semiconductors falls in between. For a good
performance thermoelectric material, the optimum resistivity range is from 10 Qm to 10°
2 QOm. The variation of electrical resistivity depends on the carriers’ concentration and their
mean free path. The lattice of a semiconductor should have a nearly infinite conductivity
at low temperatures to achieve a low electrical resistivity, which is not the case due to the
limited number of free electrons [4] [17].
The thermoelectric properties S, o, and « are interdependent as shown in Figure 2.2 which

makes the improvement of merit ZT a great challenge.



4}
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Figure 2.2 Interdependency of thermoelectric properties [4].

2.3 Thermoelectric materials Development

The thermoelectric performance of devices depends greatly on the material used and
its properties. Thermoelectric materials comprise a huge family, there exist a wide variety
of materials ranging from semimetals, semiconductors, to ceramics. These materials have
different structures and crystalline forms, from single crystalline and polycrystalline to
nanocomposites. Metal thermocouples were used in the early applications of the
thermoelectric effect. However, metals have very high electrical and thermal conductivity
which decreases the performance. Interest was switched to semiconductors based
thermoelectric materials back in 1930s, for having a greater ratio of thermal conductivity
to electrical conductivity compared to metals. The thermoelectric scientific basis was well
established in 1950s as the field of thermoelectric started to advance rapidly [21] [16].

The first generation of thermoelectric materials can be categorized to low

10



temperature materials such as Bi>Tes, intermediate temperature materials such as PbTe,
and high temperature materials such as SiGe [22]. Bismuth Telluride is a simple and
commonly available thermoelectric material and it exhibit a ZT value close to 1. It has an
energy gap of 0.13 eV and melting temperature of 585°C. Lead Telluride on the other hand
exhibits a lower ZT value, but it shows better chemical stability at higher temperatures
when compared to Bi>Tes. Its melting point is 923°C with an energy gap of 0.32 eV. SiGe
can yield a large power factor since both elements Silicon and Germanium have high lattice
conductivities and high carrier mobilities [17][16].

The history of thermoelectric materials can be characterized by the progress in
increasing the ZT value as shown in Figure 2.3. The performance of thermoelectric
materials can be controlled by the crystal structure, microstructure, densification, and grain
orientation and size. These parameters can be used to approach the interdependency
challenge between the thermoelectric parameters preventing the enhancement of ZT value
[23] . In 1960s the development of these materials to obtain higher ZT values was mainly
focused on doping and forming solid solutions, such as Bi>Tes—Sh,Tes, PbTe-SnTe, and
Si1xGex. The aim of this approach was to introduce point defect scattering, thus reducing
the lattice thermal conductivity [23][24]. In the later years, more focus was given to find
new approaches for the development of the next generation of thermoelectric materials.
One of the approaches was based on the use of materials with complex crystal structures,
which gave rise to the concept of “‘phonon-glass electron-crystal’’ (PGEC). Phonon-glass
electron-crystal describes the best thermoelectric material that should have a low lattice
thermal conductivity of a glass-like material, and a high electrical conductivity of a

crystalline material. Typical examples of these materials are Skutterudites, Clathrates, and

11



B-ZnsSh3[25] [16]. Another enhancement approach is the synthesis of low dimensional
systems by nano structuring. This technique has revolutionized the field and gained a lot

of focus in recent years [26] [19][27].

4'0: 1 1 1 1 1 I -
3.5FPbSeTe/PbTe quantum dots -
3.0 —
25 Bi,Te,/Sb,Te, superlattices =

K 2.0F AgPb,,SbTe,, ® 3
B filled skutterudites 3
1-05_ Bi,Te, n4SbEf
0.5 PbTe =
0.6 E nSb, | ; g i =
1940 1950 1960 1970 1980 1990 2000 2010

Year

Figure 2.3 ZT of many typical thermoelectric materials as a function of year [4].
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Figure of Merit ZT

1.5 4

ﬂlS 1

MNuPhShTe

N

hTeThs

] T T
[ EP I

Pl 50, Te

¥

= X - — o
__[L_'SlG-l..- -

peSiGe
400 600 800 1000
Temperature (C)

Figure 2.4 ZT Values of TE materials are plotted as a function of temperature [5].

2.4 Nanostructured Thermoelectric Materials

2.4.1 Nano structuring concept

Nano structuring is based on introducing large density of interfaces, where phonon
scattering can happen over a large mean-free path range while maintaining the carrier
mobility values. This will reduce the lattice thermal conductivity in the thermoelectric
material resulting in the enhancement of ZT value [24]. The concept was demonstrated in
the 1980s by Rowe et al., the research team was able to reduce the grain size of Sio.g0Geo.20
to a few microns, and the results showed a reduction in lattice thermal conductivity by 20%

[28]. A theoretical study was conducted which demonstrated the relation between phonon

13



scattering and lattice thermal conductivity as a function of the mean-free path of Si. The
calculations revealed that to achieve a 90% reduction in lattice thermal conductivity, the
grain size should be in the range of 20 nm [29]. These dimensions vary for different

materials but they remain in the nanoscale [24].

2.4.2 Nano structuring techniques

Various synthesis methods were used to produce practical materials with good
control at the nanoscale method. Some of the most common are ball milling, and
solvothermal/hydrothermal reaction. These synthesis methods are usually followed by
consolidation and densification processes such as cold pressing, hot pressing, and spark
plasma sintering. These processes assure to maintain good electrical and mechanical
properties achieved at full theoretical density of a material [24] [5].

Ball milling: It is a mechanical alloying technique, where the elemental powders
are loaded into a vial with a certain ratio of milling balls. These balls are made of either
stainless steel, tungsten carbides, or zirconia. The agitation of the container in the milling
machine causes the collision of balls and powder and the release of high energy resulting
in the fracture of the material and formation of the nanostructure. The milling process is
usually conducted under argon atmosphere to prevent oxidation. This techniques has
attracted much attention due to its simplicity, and was employed on SiGe, FeSi,, PbTe,
(Bi,Sb)2Tes, and skutterudites systems [5][24]. The work conducted on SiGe by using high
energy ball milling yielded an enhancement in ZT value by 20% [28].

Solvothermal/hydrothermal reaction: In this method a stochiometric ratio of

precursor materials are dissolved in a solvent or an aqueous solution with the presence of
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a reducing agent. The reaction happens in a sealed autoclave at high temperature for a
specific period of time. This method has been effective for many years and been used to
produce nanostructured Bi>Tes and PbTe. It showed a good control of morphology and
particle size distribution unlike the ball milling technique [24].
The following are the consolidation techniques that usually follows the synthesis processes:
Cold-sintering: this process is suitable for low melting materials such as Bi>Tes
and PbTe. It consists of applying hydrostatic pressure of around 5 tons to the materials
loaded into a die. Then the compacted material is heated up to 70% of its theoretical
melting point [5][24].
Hot-pressing: In this technique the heating is applied simultaneously with the
pressure, which can accelerate the densification and fine-grained compact samples can be

obtained. The samples can reach up to 95% to 100% of their theoretical density [5][24].

Spark Plasma Sintering: It is similar to the hot pressing; however, the high
temperature is achieved quickly by conducting a pulsed direct current through the
graphite die while applying hydrostatic uniaxial pressure. It is a very fast process which
gives the advantage of preventing grain growth of the nanoparticles [5][24].

2.5 Thermoelectric SnSe

Tin selenide SnSe is a group (IV-VI) semiconductor with a narrow indirect band gap
of 0.9 eV at room temperature and direct band gap of 1.3 eV at high temperature [30]. This
compound has raised a lot of interest in recent years for being earth abundant and
environmentally friendly, and it has been reported as an alternative for the Lead-Cadmium
based chalcogenides and ternary I-111-V1 group semiconductors such as CulnS;, CulnSez,

and CulnxGaixSe, [31]. This material has exhibited promising results for different
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applications such as solar cells, lithium ion batteries, infrared optoelectronics,
supercapacitors, and memory switching devices [31][6]. It is also a potential candidate for
power generation from waste heat given its high electrical conductivity, ultralow thermal
conductivity of less than 0.6 W/mK and high Seebeck coefficient of more than 520 pV/K
at room temperature, which is higher than Te-based inorganic materials, PbTe, and Bi.Tes
[61L7].
2.5.1 SnSe Single Crystal structure

Tin Selenide SnSe possess an orthorhombic layered structure consisting of two
atoms thick rock salt slabs, resembling a distorted NaCl structure. The two layers form
zigzag projection along the b-axis as shown in Figure 2.5. This double layer (along the b-
c plane) is held by a network of covalent bonds, while the Sn-Se bonding between the
different double layers in the a- direction is held by van der Waals interactions. Due to this
structure SnSe single crystal cleaves easily along the (001) plane leading to poor
mechanical properties. In addition, this structure leads to anisotropy where b and c
directions show better electrical and thermal conductivity than a-axis direction [32].
The structure of SnSe was first described by Okazaki & Ueda (1956) to be from the space
group Pnma with lattice parameters a=11.49° b=4.44° ¢=4.135° at room temperature
[33]. Studies have shown that phase transition occurs at higher temperatures of around
800°C, leading to a more symmetric structure of group Cmcm as described by Wiedemeier
& Schnering (1978) and Wiedemeier & Csillag (1979), and it results in a decrease of the
band gap and increase in the carrier concentration [34][35].

The complex crystal structure and high temperature phase transition raised attention
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to explore the electrical transport properties along all axial directions at different
temperatures. This has demonstrated the possible use of SnSe in thermoelectric
applications after it has been historically ignored. In fact, Zhao et al. reported a record 2.6
ZT value at 923 K along the b- axis direction with an intrinsically ultralow thermal
conductivity of <0.25 W/mK at temperatures above the phase transition of 800 K. This
study also showed a high ZT value of 2.3 along the c- axis while the a- axis ZT was

significantly low with a value less than 0.8 as shown in Figure 2.5 [8].
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ZT values along different axial directions [8].
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More studies to develop the thermoelectric performance have been carried out for
the single crystal structure. A ZT value of almost 2 was reached at 773 K with the
successful hole doping using sodium as an acceptor. Zhang et al. showed that this high
performance is due to the increase in the power factor with the increase of electrical
conductivity and the strongly enhanced Seebeck coefficient. The authors reported a high
device ZTgev 0f 1.34 in temperature range from 300 K to 773 K which outperforms the un-
doped SnSe reported in 2014 at this device temperature range [36] . A recent theoretical
study conducted by Li et al, revealed that a maximum ZT value of 4.35 can be reached at

923 K along the b-axis direction for a carrier concentration of 1.82x10° cm[37].

2.5.2 Thermoelectric properties of Polycrystalline SnSe

Although single crystal SnSe showed promising thermoelectric performance, its
poor mechanical properties are a limitation for device fabrication, in addition to its complex
and high-cost growth technology. Therefore, more attention has been switched to the
polycrystalline materials because of its good mechanical properties and easily controlled
production. Tyagi et al.[38] studied the mechanical properties of polycrystalline SnSe
prepared by vacuum melting technique followed by spark plasma sintering for
consolidation. The results obtained reveal good mechanical behavior that is comparable
with other state of the art thermoelectric materials. In fact, the authors reported measured
fracture toughness of 0.76 MPa, and hardness value of 0.27 GPa, and thermal shock
resistance of nearly 252 W/m [38]. Polycrystalline SnSe however, shows lower
thermoelectric efficiency compared to single crystal because of its low electrical transport

properties, such as the Seebeck coefficient and electronic conductivity, originating from
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the very low intrinsic carrier concentration. The number of carriers is affected by the
defects and minor impurities introduced by the synthesis method. Sassi et al. reported a
maximum ZT value of 0.5 at 823 K for polycrystalline SnSe prepared by a sealed melting
technique followed by SPS [39]. Another shortcoming of polycrystalline SnSe processing
are the inhomogeneous phases causing the frequent segregation of Sn. Y.Li et al. [40]
studied the high temperature oxidation behavior of thermoelectric SnSe, and the results
showed the rapid oxidation to SnO at high temperatures of 600°C and 700°C. They
concluded from their study the need of vacuum or a protective coating for the efficient use
of SnSe [40]. Many studies were conducted to enhance the performance and fabrication of
polycrystalline SnSe, which include nano-structuring and texture modulation, and
elemental doping.
2.5.2.1 Nano-structuring and texture modulation

Nano-structuring has been used recently to enhance the conversion efficiency of
thermoelectric materials. The reduction of grain size increases the phonon scattering thus
decreases the thermal conductivity. Sanchez et al.[41] introduced a straightforward
preparation procedure for highly oriented polycrystalline SnSe. The authors used the arc
melting technique, which allowed the production of a highly textured nanostructure. They
reported an extremely low thermal conductivity of 0.1 W/mK at 395 K, which was
explained by the increase of phonon scattering. The results also showed an increase in
Seebeck coefficient with temperature reaching a record value of 668 pV/K at 380 K, which
is higher than the reported values by Zhao et al [42] [8]. Another nano-structuring
technique is hydrothermal method followed by sintering in an evacuated and encapsulated

ampoules. This technique was used by Chen et al. [43] and they were able to synthesis
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nanostructured SnSe with enhanced electronic transport properties and low thermal
conductivity. These properties were investigated with the change in reaction temperature,
duration, and sintering temperature as shown in Figure 2.6. The results showed that a large
power factor of 2.28 uW/cmK? can be reached at 550 K if the samples are synthesized at a
reaction temperature of 170°C and sintered at 580°C. Also, a significant improvement of
ZT value was observed for samples sintered at 500°C reaching 0.54 at 550 K, which was
explained by the low thermal conductivity achieved by the nano-structuring of the material

[43].
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Figure 2.6 a). Temperature dependence of electronic transport properties for hydrothermally
synthesized SnSe at 150-170 °C for 6-12 h, followed by evacuating-and-encapsulating sintering at
580 °C ; b).Temperature dependence of electronic transport properties for hydrothermally
synthesized SnSe at 170 °C for 12 h, followed by evacuating-and-encapsulating sintering at 450—
580 °C [43].
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Some other studies focused on the effect of texturing on the thermoelectric
properties which are anisotropic and strongly depend on the grains orientation. The
electrical properties are expected to be enhanced if the crystallographic texture is
controlled, to assure the alignment of grains along the favorable transport directions. One
of the proven strategies for grains orientation is the zone-melting (ZM) method, which was
employed by Fu et al. to prepare a highly textured structure of polycrystalline SnSe. The
results revealed a maximum power factor of 9.8 pW/cmK? with a peak ZT value of 0.92 at
873 K. the samples were then prepared by SPS technique and a further enhancement of the
thermoelectric performance was observed with ZT value higher than 1, and it was
explained by the reduction of the lattice thermal conductivity due to the refining of the
grain size [44]. Inspired by the work of Y.Fu and co-authors, Feng et al. studied the effect
of sintering temperature on the texturing degree. They prepared polycrystalline SnSe nano-
powder by hydrothermal reaction and an average ZT value of 0.38 was obtained which is
one of the highest average values for polycrystalline SnSe in the temperature range of 300
K to 800 K. and the highest ZT value is 0.81 at 773 K for the sample sintered at 400°C.
Figure 2.7 shows the microstructure of the prepared sample examined by TEM. The images
reveal the layered structure of SnSe, which caused the significant increase of in-plane
phonons scattering, thus the ultralow lattice thermal conductivity as explained by the

authors [45].
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Figure 2.7 (a) Low magnification TEM image of the 450 oC sintered sample view along the
direction vertical to the press direction; (b) high-resolution TEM image of the 450 oC sintered
sample along the [0 1 1] direction [45].

Table 2.1 represents thermoelectric properties and preparation methods investigated in

literature for polycrystalline SnSe.
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Table 2.1 Thermoelectric properties of Polycrystalline SnSe

Reference

[46]

[47]

(48]

[49]

[43]
[50]

[51]

[52]

[45]

[44]
[53]
[54]

[55]

[30]

[56]
[57]
[58]

[59]

[60]

Preparation method

Milling and Hot pressing
Mechanical alloying and
SPS
Hydrothermal method
and SPS
Melting synthesis and
HPS
Hydrothermal method
Melting and Hot pressing
Annealing
Zone melting (annealing)
and SPS
Hydrothermal reaction
and SPS
Zone melting and SPS
Annealing
Annealing
Melting and Hot pressing
Solvothermal reaction
and SPS
Annealing
Annealing and SPS
Melting and annealing
Melting and annealing
Mechanical alloying and

SPS

K
(W/mK)

0.2

0.37

0.85

0.69

0.18
0.75

0.81

0.45

0.25

0.7
0.25
0.61

0.66

0.45

0.5
0.73
0.37

0.55

0.46

S
(MVIK)

180

300

-149

340

350
300

320

430

310

410
260
310

305

340

420
525
350

325

310

PF
(MW/mK?)

207

120

300

390

180
540

115

200

240

840
280
430

570

350

350
920
270

264

370

ZT

0.15

0.27

0.28

0.46

0.54

0.64

0.11

0.35

0.80

1.05

1.10

0.60

0.78

0.60

0.60

1.10

0.62

0.37

0.71

T (K)

750

823

793

823

550
873

772

773

773

873
873
800

910

773

823
873
823

773

873
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Mechanical alloying and

[61] 0.48 -250 45 0.09 773
SPS
Mechanical alloying and
[61] 0.21 260 170 0.65 773
SPS
Mechanical alloying and
[61] 0.48 -500 88 0.15 773
SPS
[62] Hydrothermal method 14 160 260 0.06 300
[63] Melting and SPS 0.4 400 420 0.80 773
[64] Annealing and SPS 0.62 400 280 0.37 773
[42] Arc melting 0.1 668 70 0.27 380
[65] Melting and annealing 0.35 370 250 0.56 790
[66] Annealing and SPS 0.6 440 275 0.30 750
[39] Annealing and SPS <0.5 370 300 0.50 820

2.5.2.2 Elemental doping

Tin Selenide (SnSe) has low intrinsic defect concentration, which motivated
researchers to use doping as a means to increase the concentration of free carriers in order
to enhance electronic transport properties and reduce the thermal conductivity by the
introduction of defects. In 2014, Chen et al. [66] reported a record high ZT value of 0.6 at
750 K for polycrystalline SnSe doped with Ag. The samples were prepared by melting and
hot pressing. Ag was chosen by the authors as dopant due to its high stability compared to
Na when subjected to repeated heating and cooling. Ag proved also to be able to increase
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the carriers’ density to concentrations suitable to achieve good thermoelectric performance.
In fact, this study showed the increase of carriers’ number to 9x10'cm. As for Na-doping
reported by Chere et al., [67] the carriers’ concentration reached nearly 2.7x10'° cm,
resulting in the increase of electrical conductivity and power factor, thus a high ZT value
of 0.8 at 773 K was obtained. Tang et al. [53] aimed to enhance two essential factors for
thermoelectric performance which are the power factor and the low thermal conductivity.
The authors introduced nanoscale precipitate of PbSe, and they were able to achieve a
remarkably high ZT of 1.7 at 873 K. The work of Li et al. gave a ZT value of 0.54 at 793
K. The authors introduced n-type dopant of PbBr, to optimize the thermoelectric
properties. They explained the enhanced performance by the role of Br in converting p-
type SnSe to n-type, and the effect of Pb in decreasing the thermal conductivity since it has
a heavier relative atomic mass [48]. Another effect of doping is the change in band-
structure and the band-gap energy which helps in the enhancement of Seebeck coefficient.
This effect was reported by Gharsallah et al. [68] where they aimed to enhance the
thermoelectric performance of their previous nanostructured SnSe prepared by arc melting.
The authors added Ge to their samples and the results showed an extraordinary Seebeck
coefficient of 1000 pV/K at low doping concentrations. A very recent study published in
2018 by Gong et al. [69] revealed the effect of Cu doping on thermoelectric efficiency of
polycrystalline SnSe. The Cu dopant introduces atomic point defect scattering, that is the
cause of the extremely low thermal conductivity which in turn results in ZT value of 1.2 at

873 K.

Table 2.2 introduces the thermoelectric properties of SnSe with different elemental dopants.
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Table 2.2 Thermoelectric properties of Doped SnSe

Reference

[70]

[46]

[69]

[47]

[71]

[48]

[72]

[49]

[73]

[50]
[52]

[52]

[67]

[68]

[53]

Material

PbTe-SnSe

LaCls-SnSe

Cu-SnSe

Cu-SnSe

Sm-SnSe

PbBr2-SnSe

Na-K-SnSe

Ge-SnSe

Ti-Pb-SnSe

Zn-SnSe
Br-SnSe

Pb-SnSe

Na-SnSe

Ge-SnSe

Sn-PbSe

Preparation method

Milling and Hot
pressing
Mechanical alloying
and SPS
Hydrothermal method
and SPS
Melting synthesis and
HPS
Melting synthesis and
HPS
Melting and Hot
pressing
Mechanical alloying
and SPS
Zone melting
(annealing) and SPS
Mechanical alloying
and SPS
Annealing
Annealing
Annealing
Melting and Hot
pressing
Arc melting

Hydrothermal Synthesis

K

(W/mK)

0.65

0.3

0.24

0.39

0.3

0.73

0.32

0.67

0.58

0.8
0.36

0.35

0.4

0.5

0.24

S

(UVIK)

275

350

320

320

250

-363

375

379

380

330
-370

-350

250

850

330

PF

(WW/mK?)

920

200

340

378

214

480

492

511

300

830
510

600

430

900

460

ZT

1.25

0.55

1.20

0.79

0.55

0.54

1.20

0.60

0.40

0.96

1.10

1.20

0.80

0.7

1.70

T (K)

880

750

873

823

823

793

773

823

773

873

773

773

773

390

873
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[54]
[54]
[54]
[55]
[56]
[56]
[74]
[75]
[59]
[59]
[59]
[59]

[76]

[63]

[64]

[66]

[77]

Na-SnSe
K-SnSe
Li-SnSe
C-SnSe

Na-SnSe
In-SnSe
SnTe-Se

Ge-SnSe

Cu-SnSe
Al-SnSe
In-SnSe
Pb-SnSe

SnS-Se

1-SnSe

Na-Te-

SnSe

Ag-SnSe

Te-SnSe

Melting and annealing
Melting and annealing
Melting and annealing
Annealing
Melting and SPS
Direct melting and SPS
Melting and annealing
Melting and SPS
Annealing and SPS
Annealing and SPS
Annealing and SPS
Annealing and SPS
Melting
Melting and hot
pressing
Mechanical alloying
and SPS
Melting and hot
pressing

Tube melting reaction

0.51

0.44

0.53

0.72

0.56

0.35

0.57

0.44

<0.24

<0.38

0.68

<0.45

0.3

0.3

0.52

0.74

2.2

253

350

255

330

350

350

325

375

<230

<300

375

<310

475

-640

280

352

170

570

460

380

920

480

75

1050

430

<120

<170

80

<200

300

400

500

560

2000

0.87

0.80

0.55

1.20

0.75

0.20

1.60

0.77

0.7

0.6

0.08

0.55

0.82

1.00

0.72

0.60

0.80

800

800

800

910

823

823

875

800

773

773

773

773

823

773

773

750

860

2.6  Graphene for thermoelectric applications

Graphene is a two-dimensional material composed of a single sheet of carbon atoms

arranged in a hexagonal structure, and it is the building block for graphite. It has emerged

as a material of enormous interest due to its unique properties. This single layer of material
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is well known for being the lightest and strongest material discovered so far. It is
characterized by a large surface area, good mechanical properties, exceptional electron
transport behavior, high thermal conductivity, and optical transparency. Some of the novel
applications of graphene are in the field of optoelectronics, nanoelectronics, energy

conversion, and energy storage devices [78][79].

2.6.1 Graphene thermoelectric properties

The study of 2-D systems in the field of thermoelectric was initiated in 1990s, when
Hicks and Dresselhaus suggested that low dimensional systems should have a higher ZT
value (more than 1) than bulk materials [80]. This enhanced performance comes from the
size quantization which increases the Seebeck coefficient, and the interface effects which
reduce the thermal conductivity [81].

Graphene has recently attracted significant attention as a potential thermoelectric
material because of its electrical and mechanical properties. However, the main obstacle to
utilize Graphene as a thermoelectric material is its high thermal conductivity that can reach
up to 5000 W/MK. And since it is gapless semiconductor, its Seebeck coefficient is very
low ranging from 30-60 uV/K. Therefore, strategies to tune better thermoelectric properties
were studied like band engineering [80]. In fact, Dragoman et al. predicted a giant
thermoelectric effect in graphene in 2007. The work consisted of calculating the Seebeck
coefficient of a graphene-based interface consisting of metallic electrodes periodically
patterned over graphene and deposited on a silicon dioxide substrate. The results showed
the largest reported Seebeck coefficient with value reaching 30 mV/K [82]. Zeuv et al.

conducted thermoelectric properties measurements on a single-layer graphene sheet
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exfoliated onto a 300 nm-thick SiO> layer grown on degenerately doped Si substrate. The
authors obtained a peak value of thermopower of 80 uV/K at room temperature [83].
Another theoretical study was conducted by Ouyang and Guo on graphene nanoribbons.
The results showed the effect of the low-dimensional geometry on the thermoelectric
properties, where there was an increase in thermopower but decrease in ZT value because
of the important reduction in electronic conductivity of the quasi-one-dimensional
geometry [84]. Another report about the effect of graphene geometry was conducted by
Sevincli et al. [85] Edge-disordered zigzag graphene nanoribbons were investigated, and
the results showed the possibility of a PGEC behavior which makes this material promising

for thermoelectric applications.

2.6.2 Graphene-based composites thermoelectric materials

Graphene has been recently used for the enhancement of thermoelectric
performance of materials with low electrical conductivity and low Seebeck coefficient. Du
et al. aimed to develop a low cost thermoelectric material by using Polyaniline benefiting
from its low thermal conductivity. To increase its electrical transport properties, Graphene
nanosheets were added. The power factor of the nanocomposite was increased from 0.64
to 5.6 uV/K due to the increase in carrier mobility [86]. Graphene has been used as well
with some sate-of-the-art thermoelectric materials such as Bi.Tes. Liang et al. [87] used
hydrothermal method and SPS to prepare Graphene/Bi2Te3 composite material. The
authors investigated the effect of graphene on the thermoelectric properties. According to
their results the performance was increased 31% compared to the pure BiTe2 when 0.2

vol% of graphene was added at 475 K. Rahman et al. fabricated a thermoelectric device
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from n-type and p-type graphene-doped BizTes-glycerol hybrid film. The thermoelectric
properties were studied and the optimum results were obtained at 0.08 wt% for both n-type
and p-type hybrid films with enhanced Seebeck coefficient and electrical conductivity. The
results of the fabricated thermocouple device showed an equivalent output power of 24.2
nW [88]. Another study on adding graphene with Bismuth Telluride was conducted by Ju
et al. [89]. They prepared nanostructured graphene/Bi>Tes beads composites with ball
milling process and graphene/Bi>Tez nanowires with solution-phase synthesis route. As
shown in Figure 2.8, the maximum values of the Seebeck coefficient and power factor are
obtained at graphene concentration of 0.5 wt% at room temperature. The addition of
graphene up to 3 wt% reduce the thermal conductivity because the presence of effective
phonon scattering centers. Suh et al. [90] conducted a study on BiosSbisTes-expanded
graphene composites. The authors aimed to enhance both the phonon scattering and
electrical conductivity of the material by using the solution-based synthesis method and
adding graphene. At a concentration of 0.1 vol% of graphene, the carrier concentration was
increased and the power factor was enhanced. A maximum ZT value of 1.13 at 360 K was
obtained, which shows a 45 % enhancement compared to the pristine sample. A recent
study on graphene/CuSnSes composite was performed by Zhao et al. [91] Ball milling
technique was used in the synthesis of the composite material followed by SPS. The
graphene sheets acted as phonon scattering interfaces resulting in a reduction of thermal
conductivity. This property keeps decreasing up to a certain optimum value of graphene

content. The maximum ZT value was 0.44 at 700 K with graphene content of 0.35 vol%.
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CHAPTER 3: EXPERIMENTAL WORK

The experimental work chapter introduces the materials used in this work and the
preparation procedure of the nanocrystalline SnSe and the Graphene nanocomposite. It
explains the high energy ball milling technique and the spark plasma sintering and the
conditions used to prepare the samples. In a second part, all the characterization techniques
used to evaluate the structure, mechanical properties, thermal properties and thermoelectric
properties of the material are described.

3.1 Materials

The raw materials used are purchased from Alfa Aesar, and consist of high purity
Tin powder Sn (99.995 %) of ~100 mesh, high purity Selenium powder Se (99.5 %) of
~325 mesh, and Graphene nanoplatelets.

3.2 Sample preparation

3.2.1 High energy Ball milling

High energy ball milling is a mechanical alloying technique where a mixture of
powder particles is subjected to heavy plastic deformation to produce a homogeneous
material with reduced particle size. It is a well-established, economic, simple process to
produce nano-structured materials with particle size range of 2 to 20 nm. However, some
of its disadvantages are the ununiform particle size distribution, and the introduction of
defects and contamination. The process consists of loading the powder mixture in
stochiometric proportions into the milling container with the grinding medium, the motion
of the mill causes the increase of velocity of grinding balls generating the necessary impact

force to fracture the powder which is trapped between them as shown in Figure 3.1. During
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the process several parameters are controlled and optimized to achieve the desired product
and structure. Some of these parameters are the milling time and speed, the grinding
medium type and size, the ball-to-weight ratio, and the milling atmosphere and temperature

[93][94].

Figure 3.1 Schematic representation of A) The rotation of material inside the milling vial, B) The
crushing of materials as a result of balls collisions [94].

There are several types of mills used in the mechanical alloying process, and one
of the most commonly used for laboratory investigations is the SPEX shaker mill. The vial
containing the powder mixture and the grinding balls is attached by a clamp and swung
back-and-forth in a shaking motion. The motion of clamps in this equipment is generally

of 1200 rpm allowing the balls to reach a high velocity and collide with high energy to the
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powder sample. Generally, the higher the motion speed the higher is the impact energy
released on the powder. However, there is a critical speed above which the balls will be
pinned to the inner wall of the container and do not fall and collide with the powder. Also,
reaching very high speed will cause a high increase in temperature that can affect the
structure of the sample or generate a contamination. The time of milling is also critical to
reach the desired microstructure which is also related to the other process parameters. Some
reports that with increasing milling times the level of contamination increases [94].

This process is highly affected by the grinding medium. The milling balls are
generally made of steel and their density is high enough to create the enough collision
energy on the powder. Generally, the greater size of the balls generates higher impact force,
and some reports predicted that different balls diameters can bring even higher collision
energy. The use of a combination of balls with different sizes has been reported to help in
reducing the amount of powder coated in the container walls and create shearing forces
that detach the powder from the surface of the balls. In addition to the size the balls
proportion is an important variable in the milling process. The ball-to-powder weight ratio
which is also referred as the charge ratio, has been investigated and varied and it ranged
from 1:1 to 220:1. For the SPEX mill, a ratio of 10:1 is generally used. This ratio affects
the milling duration, where a higher ratio allows for a faster process. The increase in the
weight proportions of the balls causes an increase in collisions per unit time, thus higher
energy is transferred to the particles [94].

Another important parameter in the milling process is the atmosphere which highly
controls the contamination and oxidation of the powder and its final phase. The milling

vials are evacuated and filled with an inert gas, and the most common gas used is high-
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purity argon [94].

In this work SPEX SamplePrep 8000M Mixer/Mil shown in Figure 3.2 was used to prepare
nanostructured Tin Selenide (SnSe) nanocomposites. According to the phase diagram
shown in Figure 3.3, the intermetallic SnSe composition is 50:50. Accordingly, to prepare
5 g of sample, 3.0027 g of Sn and 1.9973 g of Se were weighed to prepare the pristine
SnSe. And for the nanocomposite sample a 0.5 wt% of graphene was added. The amounts
were weighed in a glove box (MBRAUN) under high purity Argon atmosphere (02<0.5
ppm), and sealed in a stainless steel (440c) vial with milling balls of two different sizes
(5/16 inches and ¥4 inches) at a ball to powder ratio of 10:1. The powder mixture was milled

for different milling times of 5, 15, 30 minutes, and 1,2,4,8,12 hours.

Figure 3.2 a) Stainless steel milling balls and vial, b) SPEX SamplePrep 8000M Mixer/Mil.
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Figure 3.3 SnSe Phase diagram [40].

3.2.2 Spark Plasma Sintering

Spark Plasma Sintering (SPS) is a consolidation technique similar to hot pressing.
It is characterized by the high rate of heating by conducting a pulsed direct current through
a graphite die while applying hydrostatic uniaxial pressure. It is a very fast process which
gives the advantage of preventing grain growth of the nanoparticles and achieving high
densification and fewer defects [5][24][95].

In this work, the samples were sent to Fraunhofer Institute for Ceramic
Technologies and Systems in Germany for consolidation in a Hybrid-Heated Fast/SPS
(HHPD25). Around 9.1 g of sample powder was fed into a cylindrical die lined with
graphite sheet, the mold set used is shown in Figure 3.4. This assembly was put into the

SPS chamber under vacuum atmosphere, then is was heated at a rate of 100°C/min with
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simultaneous application of pressure. The maximum temperature reached was 435°C and
the maximum pressure was 500 MPa. Figure 3.5 shows the graphite sheet used and the 20

mm in diameter compacted sample with the lower and upper punches.

]

Upper Hole for
die Thermocouple
Punches

Mold

Figure 3.2 a) Schematic diagram of the mold set design, b) The fabricated mold set.
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Figure 3.3 Consolidated sample by SPS with the graphite sheet die and the pressing punches.

3.3 Characterization Techniques

3.3.1 X-Ray Diffraction XRD

X-Ray Diffraction (XRD) is one of the most widely used characterization
techniques for crystalline matter. It is a non-destructive technique that serves in identifying
phases, determining crystal structure and its quality, also it is utilized in lattice parameter
measurements, and grain size and strain calculations [96].

The short wavelength of the hard X-rays (i.e. with wavelengths below 0.1-0.2 nm)
makes it possible to probe small structures. The crystal structure planes represent a grating
that can diffract the incident X-ray beam. Diffraction can only happen if the wavelength of
the incident electromagnetic radiation is of the same order as the interatomic distance in
the crystal, which should be of the order 1A°=0.1 nm [96][97]. Bragg explained the
occurrence of the characteristic diffraction pattern in 1912 by the constructive interference
described in Figure 3.6, and which follows the Bragg’s law [97]:

nA = 2dyy,;Sinf (3.2)
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Figure 3.4 Derivation of Bragg’s law for a family of (hkl) lattice planes [97].

In this work, powder samples were characterized in a PANalytical Empreon
diffractometer system shown in Figure 3.7. The voltage applied was of 45 KV, the target
material used was Cu with a wavelength A=1.54 nm. The measured scattering angle range
was 20° to 100° at a step size of 0.013 and scan rate of 0.044°s.

From the diffraction peaks obtained, the grain size and strain of all sample were
calculated using the Averbach method [98]. This method is based on using the Full width
at half maxima FWHM of the XRD peak which was obtained from the Gaussian fit of the

peaks using OriginPro analysis software. The Averbach formula used was

Bz _ 2 B 2
tan?6  d (tan@sin@) +25e (32)

Where £ is the FWHM, 6 is the peak’s diffraction angle, A is the X-ray wavelength of 0.154

nm, d is the grain size, and e is the strain.
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Figure 3.5 PANalytical Empreon diffractometer system

3.3.2 Transmission Electron Microscopy TEM

Transmission Electron Microscopy TEM is an imaging technique widely used in
nanotechnology. It is based on the interaction of an electron beam with an ultrathin sample
(less than 100 nm). The De Broglie short wavelength of the electron gives high resolution
images that allows the investigation of defects and interfaces at the atomic scale, also
provides information about the grain size distribution in the sample. The images produced
by TEM comes in in two modes which are the dark field and the bright field. The contrast
depends on the thickness and type of material, the heavier the atoms, the stronger the
scattering and, as a result, the brighter the signal [99].

TEM was used in this work to measure the grain size and validate the results

obtained from XRD of the pristine SnSe and Graphene-SnSe nanocomposite prepared at 4
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hours of milling. The powder samples were first compacted into a 3 mm diameter disks by
uniaxial cold pressing at 1 GPa pressure in a tungsten carbide mold. Then the samples
were prepared by Focused lon Beam (FIB) methodology[100] using a FEI Quanta 3D field
emission gun on a Dual Beam instrument. The disks were thinned first by mechanical
dimpling to around 200 nm to reduce the ion beam thinning time, then placed into the FBI
in which Argon ions bombard the sample and sputtering takes place until the material
becomes electron transparent. These preparation steps are shown in Figure 3.8. A JEOL
2000FX Scanning Transmission Electron Microscope (STEM) operated at 200 Kv, shown

in Figure 3.9, was used to obtain the dark field and bright field images for the samples.

Imm
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Figure 3.6 Sample preparation steps for TEM by ion milling technique.
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Figure 3.7 FIB FEI Quanta 3D field emission gun.

3.3.3 Scanning Tunneling Electron Microscopy (STEM)

Scanning Tunneling Electron Microscopy (STEM) is a high-resolution imaging
technique used to characterize the nanoscale and atomic scale structures of the material. In
this technique the electron beam is focused to a fine spot where each point is parallel to the
optical axis. There are two imaging modes: High-Annular Angle Dark Field (HAADF) and
Bright Field (BF). In HAADF mode, the images are formed by the incident scattered
electrons from the annular detector. The high-resolution images obtained from this mode
are directly related to the atomic number of the elements, this imaging is called the Z-
contrast [101].

STEM was used in this work to study the elements distribution and Graphene
position in the nanocomposite sample. The Graphene-SnSe composite powder sample

prepared at 4 hours of milling was compacted into a 3 mm in diameter disc by uniaxial
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cold pressing at 1 GPa pressure in a tungsten carbide mold. The sample was then prepared
by focused lon Beam methodology using a FEI Helios NanoLab G4 with 30 kV Gallium
ions, it was followed by a 1-5 kV milling to minimize damaged surface layers. FEI Titan
G2 60-300 STEM operated at 200 keV was used for the characterization in this work. The
Convergence semi angle was 24 mrad, the High-angle annular dark-field (HAADF)
detector angles were at 50-200 mrad. And for the EDX mapping, the screen current was at

150-200 pA.

3.3.4 Differential scanning calorimetry DSC

Differential scanning calorimetry (DSC) provides information about the phase
changes exhibited by a sample such as the thermal critical points like melting point,
enthalpy, specific heat or glass transition and crystallinity which is determined by
measuring the heat associated with fusion of polymer. This technique consists of measuring
the heat flow difference as a function of time between a sample and a reference which has
a well-defined heat capacity [102]. Differential Scanning Calorimetry (DSC 8500 Perkin
Elmer), shown in Figure 3.10, was used to investigate the phases changes and grain growth
of the SnSe sample to determine the suitable temperature for SPS. The temperature range

was from room temperature to 550 °C at a rate of 10°C/min.
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Figure 3.8 Differential Scanning Calorimetry (DSC 8500 Perkin Elmer).

3.3.5 Vickers micro-hardness test

Vickers micro-hardness is a non-destructive characterization technique to evaluate
the mechanical properties of a sample. The hardness values obtained from this test reflect the
resistance of the material to localized plastic deformation. For small particles samples Vickers
Micro-Indentation provide a symmetrical configuration that is most suitable for small
particles at very small loads [103]

All the samples at different milling times were compacted into 10 mm disks by
uniaxial cold pressing at 2GPa pressure in a tungsten carbide mold. Vickers micro-hardness
tester FM ARS 9000, shown in Figure 3.11, was used to measure the hardness. The test
was carried out under a 10-gf diamond indenter load. Five indentations were made along
the surface of the sample and the indents diagonals were measured by using the microscope

to obtain the HV hardness value.
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Figure 3.9 Vickers micro-hardness tester FM ARS 9000.

3.3.6 Thermoelectric properties characterization

The samples prepared by SPS were used for thermoelectric properties
characterization. Seebeck coefficient and electrical conductivity were both measured
simultaneously in SBA 458 Nemesis system, shown in Figure 3.12, at 100°C, 300 °C, 500
°C, and 600 °C. The setup shown in Figure 3.13 used the 4-point method for measurement.
Current pins and thermocouples are placed on the lower surface of the sample. At the two
bottom edges micro heaters are placed to create temperature gradient in both directions,
and the developed voltage is measured by the thermocouple wires. For electrical
conductivity measurement, different current values were applied and the resulting voltage
was measured. And by simple division of voltage by electrical current, the electrical
resistivity value is obtained. The relation between the resulting voltage and the temperature

gradient gives the Seebeck coefficient value.

_Av
TAT

S (3.3)

46



-
.{

Figure 3.10 SBA 458 Nemesis system.
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Figure 3.11 Measurement setup of the SBA 458 Nemesis for the temperature range between RT
and 800°C.
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To determine thermal conductivity, Light Flash Apparatus LFA 467 HyperFlash as
shown in Figure 3.14, was used. The light flash technique is a fast, non-destructive, non-
contact method used to determine thermophysical properties. The sample front surface is
heated by a short energy light pulse. An infrared detector (IR), at the back surface of the
sample, measures the resulting temperature excursion from which thermal diffusivity and
specific heat are determined. Thermal conductivity can thus be calculated from the
equation

AT) = a(T) - Cp(T) - p(T) (3.4)
Where A is the thermal conductivity [W/(m-K)], a is thermal diffusivity [mm?/s], Cp is the

specific heat [J/(g-K)], and p is bulk density [g/cm®]. Figure 3.15 the measuring setup.

Figure 3.12 Light Flash Apparatus LFA 467 HyperFlash.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Structural Characterization

4.1.1 X-Ray Diffraction analysis

Figure 4.1 exhibits the XRD patterns of the prepared SnSe at different milling
times. The evolution of the peaks and the formation of the intermetallic compound is clear
with increasing milling time. Starting from 1 hour of milling, the patterns show the
disappearance of Sn and Se separate elements and the formation of SnSe intermetallic
compound phase. For longer times of milling the characteristic peaks are consistent with
the standard peaks of orthorhombic SnSe (JCPDS No. 48-1224). The diffraction patterns
show an increase in peak broadening, which indicates a refinement in grain size with
increasing milling time. This was further analyzed by estimating the grain size and strain
using the Averbach method that considers the FWHM of the peaks as explained in chapter

3 section 3.2.1. The Averbach formula is

B> _ 2 B 2
tan26 ~ d (tanBsinG) + 25e (4'1)
2
Figure 4.2 shows an example of the linear fit of '32 versus —b— for the
tan?6 tanfsin6

measured peaks at 2 hours of milling, the slope and the intercept were used to calculate the
grain size and strain. Figure 3.4 shows the variation of grain size and strain with milling
time for all samples. It is noted from Figure 4.3 that grain size decreased gradually with
milling time and reached to a value of 11 nm after 4 hours of milling. No further decrease
was observed beyond 4 hours, see Figure 4.3. The lattice strain decreased with milling

time and reached a value of 0.283 % after 1 hour of milling. A further decrease was

50



observed after 8 hours of milling as shown in Figure 4.3. According to this finding, we

adapted the 4 hours to be the maximum milling time on the studied material.
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Figure 4.1 XRD patterns of SnSe at different milling times.
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Figure 4.3 Grain size and Lattice strain of SnSe as function of milling time.

Figure 4.4 shows the XRD patterns of the Graphene-SnSe composite. The evolution
of peaks shows a similar behavior as the one described for the pristine SnSe, and there is
no shift or additional peaks observed which is expected, as only a small amount of 0.5 wt%
of Graphene was added. The absence of graphene diffraction peaks was also reported when
Graphene was added to Bismuth Telluride Bi>Tes [87][91]. The Averbach method was

used to estimate the grain size and strain of the prepared nanocomposites. Figure 4.5 shows
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the calculated grain size and lattice strain of SnSe-Graphene as a function of milling time.
After 30 minutes of milling, only a small change in grain size and strain is observed for
longer times of milling, however at 4 hours there is further decrease in grain size
accompanied by an increase in strain, which may be caused by the presence of defects at
the grain boundaries that create an excess volume which induces short-range stress field,
this is the dominant factor leading to the lattice strain in nanocrystalline materials [104].
These results are in agreement to the results obtained for the pristine SnSe and it indicates
that Graphene-SnSe nanocomposite was successfully synthesized at 4 hours of milling with

an average grain size of about 8 nm and strain of 0.346%.
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Figure 4.4 XRD patterns of Graphene-SnSe at different milling times
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4.1.2 Transmission Electron Microscopy of pristine SnSe and SnSe nanocomposite

For further investigation of structure and grain size, TEM was performed on the
pristine SnSe and the Graphene-SnSe nanocomposite prepared at 4 hours of milling time.
Figure 4.6 and Figure 4.7 show the bright-field and dark-field TEM image of SnSe and
Graphene-SnSe respectively. It can be seen from the bright-field images that the nano
grains are equiaxed with high angle grain boundaries. Dark field images were used to
calculate the average grain size. Figure 4.6.c and Figure 4.7.c show the statistical
distribution of the grain size for both samples. For the pristine SnSe a total of 165 grains
were measured and the average grain size was found to be 10 nm, with an upper limit of
grain size distribution of 25 nm. For the nanocomposite an average grain size of 11 nm was
obtained from the 525 grains measured with very narrow grain size distribution. These
results are consistent with the grain size value obtained from the XRD analysis and small
differences might be due to the fitting of the Averbach method or the non-perfect circularity
of the grains appearing in the TEM images. These results confirm the success of the nano-
structuring of SnSe by using the high energy ball milling technique. Shuai Lv et al. [105]
prepared polycrystalline SnSe by mechanical alloying using a planetary ball mill and
obtained a grain size ranging from 100 nm to 300 nm. The smaller grain size obtained in
our study could be related to the higher energy of the SPEX ball milling in comparison to
the planetary ball milling. Tyagi et al. [38] used vacuum melting technique and reached a
grain size between 40 to 50 nm. Sanchez et al. [42] were able to obtain a fine nanostructure
of SnSe platelets with layers thickness ranging from 15 to 30 nm by using the arc melting

technique.
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Figure 4.7 a) A bright-field TEM image, b) A dark-field TEM image, c) Grain size distribution of

Graphene-SnSe nanocomposite prepared at 4 hours milling.
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4.2 Hardness Characterization of pristine and SnSe nanocomposite
The selection of good thermoelectric materials is not only related to the high ZT
value, but it is also highly dependent on the mechanical properties of the material.
Thermoelectric devices are exposed to thermal and mechanical stresses, therefore, good
mechanical properties are critical design criteria [106].
Vickers microhardness test was performed on all prepared samples of the pristine
SnSe and Graphene-SnSe nanocomposites. The hardness values with respect to milling
time are presented in Figure 4.8. It can be seen that in both materials, hardness increased
gradually with milling time and reached to a maximum value and a plateau trend after 2
hours of milling time. It is shown that all the prepared samples have high hardness values,
more than 0.27 GPa obtained by Tyagi et al. [38], and it increases with increasing the
milling time. This behavior is due to the strong nanostructuring, since grain refinement is
a strengthening mechanism in which grain boundaries act as barriers to prevent dislocation
motion. After around 2 hours of milling the hardness values are almost constant, this comes
in agreement with the XRD results showing that the slight change in grain size after 2 hours
of milling. The hardness of the Graphene-SnSe nanocomposites is less than the pristine
SnSe, this softening can be explained by the sliding at the grain boundaries that happen at
very small grain sizes of less than 20 nm. At this small scale, the deformation is governed
by the large fraction of atoms at grain boundaries [107] [108]. At 4 hours of milling the
hardness value of pristine SnSe is 1.725+0.002 GPa, and for the Graphene-SnSe
nanocomposite it is 1.496+0.051 GPa. These hardness values are considered to be the

highest reported for this structure so far.
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Figure 4.8 Hardness values as function of milling time of pristine SnSe and Graphene-SnSe
nanocomposite.

4.3 Thermal behavior of pristine SnSe
In order to investigate the possibility of grain growth and to identify the consolidation
temperature of the milled powder, the stability and the thermal behavior of the prepared

samples was investigated by DSC analysis. A Heating followed by cooling cycle was
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performed on the pristine SnSe and no peak was observed from RT to 550°C as shown in
Figure 4.9. This indicates that no phase transition or grain growth occured in this
temperature range. In fact, Sanchez et al. [41] performed DSC analysis on polycrystalline
SnSe and the measurements suggested a transition occurring at 750 °C. These results
confirm the possibility of performing SPS at lower temperature than 750 °C for samples

consolidation without significant grain growth.
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Figure 4.9 DSC curve of pristine SnSe prepared at 4 hours of milling.
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4.4 Thermoelectric transport measurements

The temperature dependence of Electrical resistivity p, Seebeck coefficient S,
Power factor PF, and Thermal conductivity k are presented in Figure 4.10 for both
samples pristine SnSe and Graphene-SnSe nanocomposite, prepared at 4 hours of milling

and consolidated by SPS.

4.4.1 Thermoelectric properties of pristine SnSe

Figure 4.10.a shows the variation of electrical resistivity of both SnSe and
Graphene-SnSe samples as a function of temperature. It can be seen that there is a decrease
in resistivity with increasing temperature which is consistent with a semiconductor
behavior, where the increase in temperature increases the number of free charge carriers
therefore increases the conductivity according to the equation

o = nqu (4.2)

where o is conductivity, n is the charge carriers number, g is the charge, and p is the
mobility. However, the resistivity increased after 773 K, this can be explained by the
increase of charge carrier scattering at high temperatures and the high density of grain
boundaries acting as barriers due to the strong nanostructuring. For the pristine SnSe the
resistivity decreases from 2.52 mQ.m at 373 K to 1.53 mQ.m at 773 K, then it increases to
2.1 mQ.m. These values are lower than the ones obtained from previous studies conducted
on SnSe. The electrical resistivity of single crystal SnSe prepared by Zhao et al. is in the
range of 5 mQ.m to 10 mQ.m in the a-direction at the temperature range from 300 to 400
K. while Sassi et al. reported a value around 11 mQ.m between 300 and 400 K.

The change in Seebeck coefficient with temperature is presented in figure 4.10.b.
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This figure shows a gradual increase of Seebeck coefficient with increasing temperature.
The increment of Seebeck coefficient with increasing temperature despite the increase in
electrical conductivity can be often noticed in some thermoelectric materials. The
nanostructured SnSe prepared by Sanchez et al. [42] exhibited similar behavior and the
authors explained this behavior by the strong nanostructuring of the samples that caused
the formation of more grain boundaries that act as scattering barriers for the charge carriers.
Chen et al.[66] attributed this behavior in their Ag doped samples to the presence of deep
level defects that increases the scattering factor. However, at the higher temperature of 873
K, the Seebeck coefficient increase with the decrease in conductivity. This behavior is
observed in many studies on thermoelectric SnSe. In fact, the Seebeck coefficient is related

to both carrier concentration and the scattering factor by the equation [60]

_ kp
- kp(y+C—Iinn)

(4.3)

where kg is the Boltzmann constant, y is the scattering factor, C is a material constant, and
n is the carrier concentration. Very high Seebeck coefficients where attained from this
work, a high value of 723 uV/K at 373 was reached for pristine SnSe and it increased to
1032 pV/K at 873K. These values are the highest so far for SnSe according to the literature,
Sanchez et al. [42] attained a value of 668 uV/K at 380 K, and Popuri et al. [57] reported

a Seebeck coefficient of 525 pV/K at 873K.

The relation between the resistivity and Seebeck coefficient is expressed by the
power factor as
PF = — (4.4)
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The power factor is presented in Figure 4.10.c as function of temperature. The PF increases
with increasing temperature, and it slightly decreases at 873 K for pristine SnSe due to the
increase of electrical resistivity observed at the same temperature. The PF has a highest
value of 527 uW/mK?2at 773 K for the pristine SnSe.

The dependence of thermal conductivity on temperature is presented in Figure
4.10.d. A decrease in k is observed with increasing temperature. For pristine SnSe, thermal
conductivity has a value of 0.7 W/m.K at 373 K, and it decreases to reach around 0.5
W/m.K at 873 K. These values are considered high compared to the ones obtained in
literature for polycrystalline SnSe, Sanchez et al. [42] were able to reach an extremely low

thermal conductivity of less than 0.1 W/m.K around room temperature.

4.4.2 Thermoelectric properties of Graphene-SnSe nanocomposite

To further enhance the thermoelectric properties of the nanostructured SnSe, 0.5
wit% of Graphene was added. From Figure 4.10.a, the temperature dependence of electrical
resistivity of the graphene-SnSe nanocomposite is similar to the pristine SnSe. The
enhancement in conductivity is noted as the nanocomposite sample exhibits lower
resistivity due to the presence of graphene which increases the charge density and provide
extra transmission channels for the electrons. The resistivity decreases from 2.13 m{Q.m at

373 K to 1.07 mQ.m at 773 K, then it increases to 1.4 mQ.m at 873 K.

The Seebeck coefficient presented in Figure 4.10.b shows the same trend as the
pristine SnSe. However, the values are slightly lower due to the increase in the charge
concentration upon the addition of graphene. At 873 K, the Seebeck coefficient of the

nanocomposite is larger than the pristine SnSe and reaches a high value of 1140 pV/K.

65



This increase corresponds to the decrease in electrical conductivity at this high temperature
causing the decrease in mobility as well as the presence of extra scattering boundaries

created by the addition of graphene.

The power factor of the SnSe nanocomposite is higher than the pristine SnSe due
to lower electrical resistivity at the whole temperature range. PF keeps increasing with
temperature as shown in Figure 4.10.b. The highest value of 896 pW/mK?was reached at
873 K, and it is of 243 uW/mK? at 373 K. The power factor of Bi,Tes/Graphene composite
prepared by Ju et al. [92] reached a high of 700 uW/mK?at 300 K with the same Graphene

content of 0.5 wt%.

The thermal conductivity of Graphene-SnSe nanocomposite is much lower than the
pure SnSe. This can be explained by the role of Graphene in creating extra phonon
scattering centers by forming heterointerfaces and defects. The thermal conductivity

reaches a low value of 0.4 at 773 K, however, it increases to around 0.6 at 873 K.
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Figure 4.10 Temperature dependence of a) Electrical resistivity, b) Seebeck coefficient, c)
Thermal conductivity, d) Power factor for SnSe and SnSe-Graphene nanocomposite.
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4.4.3 Figure of merit pristine SnSe and SnSe nanocomposite

Figure 4.11 presents the figure of merit for the prepared nanostructured SnSe and
Graphene-SnSe nanocomposite in comparison with ZT values of previous studies on SnSe.
The ZT value of the pristine SnSe increase from 0.1 at 373 K to 0.9 at 873 K, this
enhancement compared to the previous reports is due to the strong nanostructuring effect.
And for the nanocomposite the ZT reaches a high value of 1.2 at 873 K. This enhanced ZT
is due to the higher power factor upon the addition of graphene. The results obtained from

this work are very promising since further improvement of efficiency can be expected with

doping.
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Figure 4.11 Comparison of figure of merit ZT between the prepared pristine SnSe and Graphene-
SnSe nanocomposite and previous studies.
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4.5 Scanning Tunneling Electron Microscopy of Graphene-SnSe nanocomposite
To prove the effect of the Graphene and explain the enhancement of the
thermoelectric performance. A scanning tunneling electron microscopy was conducted on
the composite sample to study the elements present and show the exact position of
graphene in the material. Figure 4.12.a shows the grains distributed in the sample and
Figure 4.12.b shows at a higher magnification of the grain boundaries with the presence of

some voids due to compacting conditions conducted on the sample.

Figure 4.12 STEM Bright Field images of Graphene-SnSe nanocomposite sample.
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Figure 4.13 presents the bright field and high-angle annular dark field images of
the grain boundary at high magnifications. The images show the presence of some lines in
a layered structure at the boundary. The calculated spacing between these layers is about

0.65 nm which is similar to the graphite double interlayer spacing.

Figure 4.13 a) Bright field images, b) HAADF images of Graphene-SnSe nanocomposite at
different magnifications.
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Energy Dispersive X-ray (EDX) mapping was performed to confirm the elements
present in the composite sample and their distribution. A uniform even distribution all over
the sample is observed for both Selenium and Tin elements as shown in Figures 4.14.b and
4.14.c respectively, with some dark spots representing the grain boundaries. The Oxygen
distribution is shown in Figure 4.14.d, the presence of oxygen in the sample might be due
to the analysis conditions and environment. In Figure 4.14.e, the red color represents the
carbon signals, which reveals that graphene is segregated around the boundaries. This
observation is further confirmed by the overlaid map in Figure 4.14.f. Higher magnification
images of the grain boundary are presented in Figure 4.15. This mapping confirms the
segregation of graphene at the grain boundary by the high intensity carbon signals in Figure
4.15.e and in Figure 4.15.f that shows the overlaid mapping of all elements.

This is the first ever reported evidence to identify the location of graphene in a
nanocrystalline thermoelectric material. And the results confirm the presence of Graphene
at the grain boundaries which acts as an electron transport channel that explains the
enhanced electrical conductivity and the high Seebeck coefficient. The Graphene at the
boundaries acts as an additional scattering center for the phonons, which is an explanation
for the lower thermal conductivity obtained in the thermoelectric results. In addition, at this

location, graphene acts as a softening agent giving lower hardness values.
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Figure 4.14 EDX mapping for Graphene-SnSe nanocomposite HAAFD images.

Figure 4.15 EDX mapping for Graphene-SnSe nanocomposite HAAFD images at high
magnification.

72



CHAPTER5: CONCLUSION

In summary, nanocrystalline SnSe composites were successfully prepared by high

energy ball milling under Argon atmosphere. The produced powder was consolidated using

Spark Plasma Sintering SPS at maximum temperature of 435°C and pressure of 500 MPa.

The structural, mechanical, and thermal properties of the samples were evaluated, and the

thermoelectric properties were measured at four different temperatures.

The following are the conclusions obtained from the results analyzed in this thesis:
The average grain size value of both pristine SnSe and SnSe with Graphene was
approximately the same (~ 10 nm) with narrow grain size distribution.

Both pristine SnSe and SnSe with Graphene show an enhancement in mechanical
properties with hardness values of 1.725+0.002 GPa and 1.496+0.051 GPa
respectively, compared to 0.27 GPa obtained in previous study.

It appears from the electrical resistivity data that the addition of Graphene increased
the charge density which enhanced the electrical conductivity of SnSe.

The nanostructuring of SnSe contributed in scattering charge carriers and a high
Seebeck coefficient of 723 nV/K at 373 and 1032 pV/K at 873K was achieved. these
values are the highest reported so far according to our literature search.

The addition of Graphene to the pristine SnSe contributed to lowering the thermal
conductivity by 21% in average by creating additional phonon scattering centers.

The nanostructuring in pristine SnSe appeared to enhance the thermoelectric properties

that results in a significant improvement of the ZT value to 0.9 at 873 K.
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e The addition of 0.5 wt% of Graphene increased the ZT by around 33% to 1.2 at 873 K.

The enhanced ZT value could be related to the increase in power factor.
e Graphene is mainly present around the grain boundaries and it is the first ever reported

evidence to identify the location of graphene in a nanocrystalline TE material.

These extraordinarily results are obtained without any doping of the base SnSe material

and it is expected for the ZT to further improve with doping.
Future Work

The goal is to reach a ZT value more than 2, the following is the future plan for this

work.
e Graphene composition optimization
e Elemental doping

e Device fabrication
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