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General Introduction

The increased world-wide demand for electric power fueled the challenging task to find alternative,
renewable and sustainable power sources. The development of alternative power sources will
accelerate the transition from the use of fossil fuel to sustainable energy production along with a
reduced emissions of carbon dioxide. The most recent energy flow chart (Figure A), developed at
Lawrence Livermore National Laboratory (LLNL), illustrates the constituents of energy sources in
the U.S. in the year 2015 is shown below. At present, the most striking fact is that a considerable
amount of the energy produced is lost as heat and only less than half satisfy the needs of human
society. In this respect, as the existing energy sources have been depleting at a fast pace,
thermoelectric materials have received significant attention in recent years due to its role in

conversion of waste heat into electricity.

5. - 97. M Lawrence Livermore
Estimated U.S. Energy Consumption in 2015: 97.5 Quads =24 Nationai Laboratory

Met  B08

=N =

Figure A: The estimated energy consumption in US in 2015 and different sources of energy
[https://flowcharts.linl.gov/].



Thermoelectrics were studied since early stage of 19t century. The most recognizable discovery in
thermoelectric was made between 1821 and 1850 which included the discovery of three
thermoelectric effects, namely, Seebeck, Peltier and Thomson. Based on such effects, potential
applications of thermoelectric devices were recognized by the researchers from refrigeration to
power generation. The thermoelectric (TE) devices have triggered great attention in viable
technologies including automotive, military equipment, aerospace, medical and industries. Unlike
other devices, they have many advantages, such as, long life, usage without any vibrations or noisy
sound as they have no mechanical moving parts. Additionally they are compact, possess a high level
of scalability/reliability and require less maintenance. However, one of the major challenges in
thermoelectric is to develop material systems that have high thermoelectric figures of merit, ZT, in
the temperature ranges of interest. However, despite such benefits, their applications are restricted
to specific zones due to their low efficiency and high manufacturing cost. Currently, the material
cost of thermoelectrics is around $ 1-2 per Watt, but it is possible to bring down to $0.05-0.1 per
Watt to make it more competitive by exploration of more efficient and high ZT materials. To date,
the conventional TE materials have shown limited energy conversion efficiency. Therefore, the idea
is to develop new materials and to optimize the existing ones in order to improve their yields. In
this respect, the concept of nanostructuring (such as nanowires, nanorods, superlattices,...) and
development of novel TE materials with complex structures (such as clathrates, skutterudites,...)

have opened new avenues to improve significantly the ZT values.

The thesis is structured into six chapters and a brief description of chapters is given below.

The first chapter describes a brief summary of thermoelectricity which enables the reader to
understand the requirement of thermoelectric materials in a better way. Furthermore, we discuss

about the various thermoelectric materials and the class of material used in the context of thesis.

The second chapter presents the synthesis method and the useful experimental techniques used for

structural characterization and transport property measurement.

The third chapter presents a detailed investigation on the synthesis and the structural
characterization of solid solution AgBiSe;-AgBiS. by X-ray diffraction and by thermal analysis using
DSC (Differential scanning calorimeter). Moreover, the experimental results obtained under high

temperature and high pressure XRD study will be presented in this chapter.



The fourth chapter describes the influence of substitution on the Bi site on solid solution in order to
suppress the phase transition by using chemical pressure. A detailed description of synthesis steps

and structural analysis performed on the samples will be presented.

The fifth chapter describes the influence of doping on the substituted solid solutions. The synthesis
method, structural analysis and transport property measurements conducted on few samples will

be presented.

The sixth chapter is a supplementary chapter based on the rock salt material AgPbmSnSez:m. This
chapter will present the details of synthesis process and the results of thermoelectric performance

of AgPbnSnSez.m samples.

Finally, some general conclusions and perspectives within the context of the work in the thesis will

be given.



Chapter 1

Thermoelectric and thermoelectric materials



1.1 Motivation behind this chapter

This theses work deals with the synthesis and characterisation of thermoelectric material. So, for
the better understanding of the reader; the following chapter aims to present relevant background
information about thermoelectricity, a short review on the current status of thermoelectric
materials and their applications. The interested reader can find more detailed explanation in the

references mentioned in the section bibliography.

1.2 Context, history and background of thermoelectric

Over decades, a continuous depletion of existing energy sources due to the huge consumption rate
becomes a serious problem. In addition, major threats to our climatic situation come from the
emission of carbon dioxide. Moreover, scientific evidence has supported the long-term argument
that there is an urgent need to establish some useful measures to get rid of from these catastrophic
situations. So, the biggest challenge for the mankind is to find the alternate sources of energy. For
several years, researchers and industries are putting much effort to overcome such issues. The best
possible way is the development of new technologies which can increase the output power of the
existing fuels, the use of alternative energy sources (renewable sources; wind, solar, biomass and
others) and improvement of the thermal management. On the other side, in everyday life, the
enormous amount of unused waste heat is generated from various sources; home heating,
automotive exhaust, industrial processes, chemical reactions, combustion, nuclear decay, etc. So, it
would be advantageous to develop some techniques which can directly harvest this waste heat into
the useful forms of energy, most favorable would be electricity. Nowadays, electricity becomes an
indispensable component of human life. In this context, thermoelectric emerged as an advanced

way to fulfill such need.

Thermoelectric was studied since the early stage of 19t century. In the early 1800’s, the main
physical principles were studied upon which the modern thermoelectric coolers are based on. The
most recognizable discovery in this field occurred in 1821 due to a German Scientist, Thomas

Seebeck [1]. He observed that a magnetic compass needle was deflected when placed in the vicinity
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of a closed loop formed by two dissimilar metals, with a temperature difference applied between
the junctions. But he was unable to comprehend the scientific reason behind his discovery. He
thought the magnetism (thermo-magnetic effect) was responsible for this kind of phenomena.
Later, Danish physicist Hans Christian Orsted realized that the deflection occurred due to the
induced electric current. In 1834, French watchmakers, Jean Peltier [2], investigated the Seebeck
Effect and discovered the phenomenon opposite to it; heat is absorbed or rejected at the junction of
two dissimilar materials when an electrical current passes through it in a closed circuit. But, he
failed to demonstrate the full implications of his findings. Later, the more clear explanation was
obtained when in 1838, Heinrich Lenz experimentally showed that a water droplet freeze when
placed at the soldered joint of bismuth and antimony wires on application of electric current and
melts with the reversal of polarity. After few years, in 1851, William Thomson (later Lord Kelvin)
established the interdependency of Seebeck and Peltier effects with the thermodynamic relations.
Thompson also discovered that in the presence of a temperature gradient, the cooling or heating of
a uniform conductor can be obtained with the onset of current flow. This is known as the Thomson

effect [3,4].

1.3 Fundamental of thermoelectric effects

Thermoelectric effect is defined as the direct conversion of temperature difference into electrical
energy (or vice-versa). This effect arises because the charge carriers (electrons or holes) in metals
and semiconductors are free to move much like gas molecules, while carrying the charge as well as
heat. So, in the presence of a temperature gradient, the mobile charge carriers can diffuse and
results in a build-up of net charge carriers, thereby producing a voltage and an electric current in a
closed loop. This implies a coupling between the thermal and electrical phenomena. The most
prominent three fundamental effects which are involved in thermoelectric phenomena were
discovered by Seebeck, Peltier and Thomson in the early 1800s. These three effects are classified as
Seebeck effect, Peltier effect and Thompson effect. Apart from such effects, there is another heat
release phenomenon known as joule heating or resistive heating. Here, in this process, heat is also
generated though it is not considered as TE effects. The three TE effects are basically reversible
thermodynamic processes whereas the joule heating is not. Entropy is produced by the irreversible
processes in the thermoelectric devices. If such processes could be eliminated, then entropy
production would be reduced to zero, allowing the TE device efficiency to approach to the Carnot

efficiency.
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1.3.1 Seebeck effect (Thomas Johann Seebeck, 1770-1831)

Seebeck effect is a phenomenon in which a temperature difference between two dissimilar
electrical conductors or semiconductors produces a voltage difference between the two substances
schematically shown in Figure 1-1. The Seebeck effect is the principle behind thermoelectric power
generation. The voltage difference produced is proportional to the thermal gradient, and the
proportionality constant is known as Seebeck coefficient or the thermopower, denoted by S
(volts/Kelvin). The thermopower also measures the entropy per charge carrier in the material. A

detail explanation of Seebeck effect is mentioned below.

T Material A Th
c a) Te Ty b)) T Ty
Material B Material B - <E Qh
A B (Heatapplied) -|
(V)
T1 Tz '\“'/+ /D
EUUt Open circuit Closed  circuit
(a) (b)

Figure 1-1: A schematic diagram illustrating the Seebeck effect of two dissimilar material A & B.

Figure 1-1a denotes the two dissimilar materials named as A and B. The junction temperature at A is
used as a reference and is maintained at a relatively cold temperature (T¢). And the junction
temperature T, at B is used as temperature higher than Tc. Now, with the heat applied Qu to
junction B, an output voltage (V1 and V) will appear across terminals T1 and T; respectively and
hence an electric current would flow continuously in this closed circuit shown in Figure 1-1b.

Therefore, the mathematical relation defines the Seebeck effect expressed as:

AV
SAB—SA—SB—E .............. 1.1

Where, Sa and Sg, denotes the thermopower of material A and material B respectively, AV is the
voltage difference and AT is the temperature differences between the hot and cold side of the
junctions. The sign of the thermopower can determine which charge carriers dominate the electric

transport in both metals and semiconductors. In semiconducting material, Seebeck coefficient
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varies with doping. The value of S is negative for n-type semiconductors, when the electrons
diffuses from the hot end to the cold end; and S is positive for p-type semiconductors, when the
holes diffuses from the hot end to the cold end i.e., electrons moves in the opposite direction. The
voltages produced by Seebeck effect is very small only a few to some hundreds microvolt per kelvin
of temperature difference at the junction. If the temperature difference is large enough, then

Seebeck-effect devices can produce a few millivolts.

1.3.2 Peltier Effect (Jean Peltier-1834)

The Peltier effect is the inverse to the Seebeck effect. This effect has been defined as a heat
absorption or rejection when an electric current passes through a junction of two dissimilar
materials A and B shown in Figure 1-2. The absorption of this heat or its evolution depends on the
direction of the electric current. It is used for thermoelectric devices in cooling applications, as p
and n type materials can be made to exhibit the Peltier effect in very small packages. The detailed

description of this effect is mentioned below.

Peltier Effect
Material A Th
Material B Material B /'J,\:;?E_,:;:'> Qn
B
Tz
Ein

—> Heatreject
Heatabsorb

Figure 1-2: Schematic diagram of Peltier effect between two dissimilar materials A and B.
If a voltage (Ein) is applied to the terminals Ty and T, then an electrical current (I) will flow in the
circuit. As a result of the current flow, a slight cooling effect (Qc) will occur at thermocouple

junction A where heat is absorbed, and a heating effect (Qu) will occur at junction B where heat is

released. This effect can be reversed, whereby a change in the direction of electric current flow will
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reverse the direction of heat flow. The Peltier heat absorbed or rejected at the junction is

mathematically expressed as:

Q=m (1.2a)
and Q=Hapl=(la-TIx)t . (1.2b)

Where, Q is the cooling or heating rate in watts, I is the electric current in amperes, II is the
proportionality constant known as Peltier coefficient, [1a and [Ig are the Peltier coefficients of
material A and B respectively. Peltier coefficient depends on the temperature and materials of a

junction. The value of this coefficient can be positive or negative as shown in Figure 1-3.

+ <o + >0

”“‘\ = |
TR — EF w

_________ ‘ax B

Cools down
e I

Coolsdown

Heats up

(a) -ve Peltier coefficient (b) +ve Peltier coefficient
Figure 1-3: Schematic diagram of n and p-type semiconductor showing the Peltier effect.

Figure 1-3 describes the Peltier effect for a semiconductor between two pieces of metal. The Figure 1-
3(a) shows an n-type semiconductor in which conduction band electrons are the predominant
charge carriers. This semiconductor is connected to a voltage source by metallic conductors on its
both sides. In this case, electrons flow from right to left in the semiconductor, carrying heat as well,
which results in a flow of electric current in opposite direction. The electrons from the metal enters
the semiconductor after overcoming the energy barrier, which is the difference in energy between
the conduction band edge (Ec)and the Fermi level, (Er), to enter the conduction band. Finally, the
highest-energy or the hottest electrons from the metal were able to cross to the other metal-
semiconductor interface. As a result, the right side is depleted of high energy electrons as shown in
the Figure 1-3a. Now, these electrons can travel through the semiconductor and face no energy
barrier as they enter the metal on the left side and achieve a net gain of high-energy electrons.

Hence, the heat is transported from right to left i.e. an electrical current is accompanied by a
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thermal current. One side heats up above the ambient temperature and the other side cools down
below the ambient temperature. In this case the value of Il is negative. Now secondly we consider a
p-type semiconductor connected to a voltage source to describe the Peltier effect which is shown in
Figure 1-3b. Here, in this case, holes are the majority carriers flowing from left to right in the
semiconductor, carrying heat from the left to the right side of the semiconductor which is in the
same direction as the electric current. The electric current is carried by positive holes travelling
from left to right in the semiconductor valence band. These holes must overcome the energy barrier
between the Fermi level and the valence band edge, Ev, to enter the semiconductor. The left side is
depleted of the highest energy holes resulting in a thermal current from left to right. Hence, the
Peltier coefficient II is positive. In Figure 1-3, Ec, Ev, and Er denote the energies of the conduction

band edge, the valence band edge, and the Fermi energy respectively.

1.3.3 Thompson Effect (Lord Kelvin-1851)

The Thomson effect [3,4] describes either the heating or cooling of a current-carrying conductor
within a temperature gradient. It has a connection with the temperature dependence of Seebeck
coefficient. When an electric current is passed through a conductor having a temperature gradient
over its length, heat will be either absorbed by or expelled from the conductor shown schematically
in Figure 1-4. The absorption or rejection depends on the direction of both the electric current and
the temperature gradient. This phenomenon is known as the Thomson effect. The Thompson

coefficient, t is given as:

dQ _ . drT
=Tl (1.3)

Where, Z—g is the Thompson heat transfer per unit length, Z—Z is the thermal gradient over the length

of the material and I is the applied current. This effect is a reversible thermoelectric phenomenon.
The Thomson effect does not occur in a current-carrying conductor which is initially at uniform

temperature. Thompson coefficient can be positive, negative or zero.

dd
T T+dT
e
I
_________________ =
X
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Figure 1-4: Schematic diagram of Thompson effect in a single material.

1.3.4 Kelvin relations

All the three coefficients stated earlier are related to each other by Kelvin relations [9,10]. Thomson
(Lord Kelvin) found the relations between the three coefficients in 1854. The first Kelvin relation
connects the temperature derivative of Seebeck coefficient and the Thompson coefficient which is

mathematically defined as,
as
T _TE ............. (1.4a)

Where, T is the absolute temperature in Kelvin. The second Kelvin relation connects the Seebeck

coefficient and the Peltier coefficient by the expression:

m=st (1.4b)

1.4 Thermoelectric application in General

Thermoelectric devices have been used in different fields for long time. Such devices are based on
thermoelectric effects and due to this unique feature thermoelectric materials cover a vast area of
application in the field of; medical, defence, scientific laboratories, and industries, in aerospace and
also in thermal management applications. It has been reported that 66% of primary energy is
wasted as heat as shown in Figure 1-5. So, the development of such devices is essential to utilize
this waste heat and convert it into useful electric power. More specifically, the two main

applications are thermoelectric generator and cooling system based on Seebeck and Peltier effects.
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Figure 1-5: Waste heat recovery

In everyday life, enormous amounts of waste heat are generated from various sources and can be
categorised into micro-scale and macro-scale waste heat applications. For e.g., in power plants and
factories as thermoelectric power generator to recover the waste heat, in cars and other
automobiles as automotive thermoelectric generators (ATGs) for increasing fuel efficiency and also
to recover the waste heat originating from the domestic appliances. In addition, micro-scale power
generators made by integrated circuit (IC) technology are used for energy conversion in micro-
systems and wearable electronics. In addition, in space exploration, TE generators acquire a great
attention; RTG (radioisotope thermoelectric generator) have been used by NASA to provide power
to the space probes, where radioisotopes are used as a heat source. RTG (radioisotope
thermoelectric generator) uses the radioactive materials (such as plutonium oxide) which generate
heat as they decay into non-radioactive materials. This heat is converted into electricity to produce
power for the spacecraft. It also supplies energy to remote areas, such as a series of lighthouses
along the coasts. The main advantage of using RTG is that it works as a long-lived power system
without any requirement of fuel. It has been successful to power a number of space missions. NASA
has developed a new generation of such power system called MMRTG (Multimission radioisotope
thermoelectric generator). Another advantage of TE generator is that they operate without any
vibration and noisy sound as they have no mechanical moving parts. They are compact and bear a

high level of scalability and reliability, and require less maintenance. [22-30]

Thermoelectric cooling devices are well-known as the Peltier device, Peltier heat pump, solid state
refrigerator, or thermoelectric cooler (TEC). They can be used either for heating or for cooling. TE
coolers are solid state heat pumps used in applications where temperature stabilization,

temperature cycling, or cooling below ambient are required. The basic applications area of TE
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coolers are in electronics, medicine, scientific and laboratory equipment, temperature controller in
missiles and space systems, telecommunication instruments, consumer goods, in air-conditioning
systems. The use of TE coolers in electrical instrumentation are quite common due to its various
advantages such as; TE module function without any moving parts(no electrical noise and works
silently), they are small in size and lighter in weight. They are also used where a stable operation
temperature is required such as laser diodes and provide small area cooling for infrared detectors,
and computer processor. Moreover, in automobile industry, recently developed cooling system are
considered as a green energy application in heating or cooling of car seats; for e.g., CCS (climate
control seat developed by Gentherm Company). Apart from this, in consumer goods like portable
refrigerators, water coolers, etc, TEC occupy less space compare to vapour compressive

refrigerators and work without any use of harmful refrigerants such as CFCs or HFC. [31-37]

Both of these TE generators and cooling devices provide an environmentally friendly green
technology as there is no outcome of any kind of toxic, gaseous, chemical waste during operation.
Even though, they possess many advantages, their applications are restricted to specific zones due
to their low efficiency and high manufacturing costs. The market in TE generators has been
expanded in recent years but one of the key factors is the cost of thermoelectric module. Yazawa &
Shakouri estimated the cost of materials (in dollars per watt) as a function of heat source power
density for different material properties (ZT) and also as a function of module design [38]. Their
report showed that the design of the module also plays an important role in determining the cost of
waste-heat- recovery thermoelectric devices. The materials cost is around $ 1-2 per watt but
through exploration of more efficient and high ZT materials; it could be possible to bring down to

$0.05-0.1 per watt to make it more competitive with the other current technologies in the market.

1.5 Thermoelectric modules

The Peltier effect is the basis for many modern day TE refrigeration devices and the Seebeck effect
is the basis for TE power generation devices. Both of these devices can be accomplished with a basic
unit known as thermoelectric module. Basically, a thermoelectric module consists of several n and p
type legs connected through the electrical contact pads, sandwiched between two ceramic plates
shown in Figure 1-6(a). The two ceramic plates are used to provide electrical insulation for n-type
and p-type semiconductor thermo-elements as well as mechanical resistance. One pair of n-type
and p-type semiconductors forms a thermocouple. The multiple thermocouples in the resultant

structure are connected in such a way that the electric current flows in series and heat flows in
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parallel. The reason for use of both p and n branches is because their Seebeck and Peltier
coefficients are of opposite sign, such that both branches can contribute to desired thermoelectric
effects. When heat is applied to one surface of the thermoelectric generator, the electrons in the n-
type semiconductor and the holes in the p-type semiconductor will move away from the heat
source. And this movement of electrons and holes gives rise to an electrical current. Thus, by
creating the appropriate electrical connections, current in the generator flows in a closed loop
through the p-type and n-type semiconductors and an external load. Electrical power is obtained
due to the movement of electrical carriers brought on by the flow of heat through the
thermoelectric pellets. When the thermoelectric module is operating as a refrigerator, the bottom
plate is connected to a heat sink. With the application of DC current of proper polarity; heat is
pumped from the top plate to the bottom plate and into the heat sink, where it is dissipated. The
resultant is that the top surface becomes cold. Reversal of the current direction leads to the
warming up of the top plate. Like-wise, both refrigeration and power generation may be
accomplished using the same module shown in Figure 1-6(b).
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Figure 1-6:(a) Schematic diagram of thermoelectric module and (b) diagram illustrates both power

generation (Seebeck effect) and electronic refrigeration (Peltier effect).

1.5.1 Mathematical Modelling

In this section, basically, the fundamental equations are derived which helps in determining the

value of coefficient of performance of a Peltier device and efficiency of a thermoelectric generator.

1.5.1.1 Coefficient of performance of Peltier device (COP)

The performance of a cooling device (Peltier device) can be evaluated with the following
parameters; the coefficient of performance, COP (¢), the heat pumping rate (Qc) from the cold side
and the maximum temperature difference (ATmax) that the device will produce. The COP is defined

by the relation,

Where, P is the input electrical power. The cooling effect is given by sum of the three terms: the
Joule heat of each side per unit time, the heat transfer rate when current is equal to zero between
the two sides and the Peltier heat rate of each side. Here, it is usual to assume that one half of the

Joule heat is transferred to each junction. So, the Q. is:
Qc=S.Te.I- % PR-KAT (1.5b)

Where, S= (Sn + Sp), Su and S;, are the Seebeck coefficients of the semiconductor materials, I is the
current, R is the electric resistance (1) and K is the thermal conductance (W/K) of the

thermoelectric cooling module. Now, the second thing is the input power given as:

P=V.I=S.LAT + I?R = @ ............. (150

Where, AT= (Ty-T¢), Tn and T. are the temperatures of hot and cold sides respectively. V is the

applied voltage. Therefore, the coefficient of performance is expressed as:

¢ = [mT. - % m2 - (g )]/ (mAT+m2) (1.5d)
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Where, m= ? and Z will be defined later.

The current value that maximizes the COP is obtained by taking the derivative of the COP with

respect to m equal to zero and is given by,

SAT

= Re—D e (1.5¢€)
Hence, the maximum COP expressed as,
Th
Tc O~ G
(I)max = E [a)—-l-l ] .............. (1.56)

where, @ = (1+ ZTavg )1/2 Tavg ==

and Z is the figure of merit of the material (mention in

section 1.5.1.3).

For a completely reversible thermoelectric system (with R=0), the COP reaches the Carnot cycle

value.

1.5.1.2 Efficiency of a power generator (1)

The efficiency of a power generator, 1 is defined as the ratio of the electrical power output P, to the

thermal power input Qs to the hot junction given as:

P
N Qn

The thermal power input is given by sum of the three terms: the Joule heat of each side per unit
time, the heat transfer rate when current is equal to zero between the two sides and the Peltier heat

rate of each side. It is assumed that one half of the Joule heat is transferred to each junction.
1
Qn =STul + EIZR +KAT (1.6b)
Where, S is the Seebeck coefficient, Ty is the temperature at the hot end, I is the current, R is the

electric resistance, K is the total thermal conductance of the thermoelectric module and AT is the

temperature difference between the hot and cold sides. And, the electric output power is
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Po=I2R(=v1I (1.60)
Where, Ry, is the load resistance. The maximum efficiency value can be expresses as:

) (TA—Z)((A}+1)
= —[w+(;_;)] ...........

1.5.1.3 Figure of merit

The material’s potential depends on the factor called figure of merit, Z. It has the unit of inverse
Kelvin. But generally, the quality and performance of a TE material is determined by the
dimensionless figure of merit (ZT), which was first introduced by Edmund Altenkirch in the early
1900’s [14,15]. This factor ZT is incorporated with physical transport properties and is formulated
as:

S26T _ S2T

ZT= - :p—k ............ (1.7a)

Where, S is the Seebeck coefficient, o is the electrical conductivity, p is the electrical resistivity, and
k is the total thermal conductivity and T is the absolute temperature. The maximum power is
proportional to S2o (or S2/p) known as power factor. For a TE couple consisting of both n-type and

p-type material, the figure of merit value is given by the relation:

(sp—sn )°T

k) ot (opkp ) 2

an

Equations 1.5(f) and 1.6(d) shows that the COP of a Peltier device and the efficiency of a TE power
generator strongly depend on ZT of the materials used in the thermoelements and the dependency

is shown in Figure 1-7.
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Figure 1-7: Dependence of efficiency with ZT. [17]

This plot clearly shows that the largest value of ZT is required to obtain the maximum device
efficiency. The absence of thermal conductivity causes the ZT value to reach infinity and the TE
devices approach the Carnot cycle efficiency. And moreover, it designates two important factors
towards achieving the maximum efficiency: proper selection of materials with high figure of merit
value and appropriate choice of significant temperature difference to design an effective system.
Hence, for the thermoelectric to be more applicable compare to the current technologies, ZT values

are expected to rise above 1.5 for power generation and 2-4 for cooling application respectively
[16,17].

1.6 Challenges in enhancing ZT

Over decades, the primary aim of thermoelectric is to attain improved value of ZT and overcome the
upper limit ZT=1. The value of ZT is related to Seebeck coefficient (S), electrical conductivity (o)
and thermal conductivity (k) as given in equation 1.7(a). In order to obtain high ZT value, S and o
should be high while k should be reduced. But, this is not an easy task, as S, o and «k are
interconnected with each other in such a way that each of them cannot be optimized
independently[16]. It's important to create materials which possess the combination of the good
electronic properties of a crystal and the low thermal conductivity of a glass leading to outstanding
TE performances. And moreover, all depend strongly on the material’s crystal structure, electronic
structure and carrier concentration. Their interdependency become an obstacle in the development
and limits the selection of materials for TE applications. The properties dependency is shown

schematically in Figure 1-8.
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Figure 1-8: (a) The dependence and variation of s , k, 0 and s2c as a function of carrier concentration n
[16]and (b) also ZT variation with carrier concentration[127].

From Figure 1-8, it is clear that, with increase in carrier concentration, thermal conductivity (x)
increases with respect to electrical conductivity (o) due to its electronic part (k.) while the Seebeck
coefficient (S) is decreasing. Therefore, the increased k value lowers the figure of merit and on the
other hand o increases it. So, a compromise must be found between these two situations through
optimisation of figure of merit. The optimisation can be accomplished by either increasing the
power factor (S20) or reducing the thermal conductivity. To do so, some strategies are adapted
towards increasing ZT such as; solid solution alloying, nanostructuring and development of new

materials which can operate over a wide temperature range.

Another important part in thermoelectric is the material selection. Materials can be classified as
metals, semiconductors and insulators depending on the carrier concentration and electronic
structure. They can be distinguished according to their TE properties at 300K which is tabulated
Table 1. Also, the variation of various physical properties as a function of carrier concentration for
this materials is clearly visible in Figure 1-8(a). It shows that insulators are poor thermal and
electrical conductors whereas metals exhibit high value of o and k along with small value of SZc.
However, in comparison with this two, semiconductors possess large thermopower, relatively high
o, and lower value of k which may lead to an optimum ZT value. The optimum value lies in the
narrow band gap semiconductor region. Till now, semiconductors are proved to be the best

candidate for a good TE material. [16,17]
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Table 1: Comparison of TE properties of metals and semiconductors and insulators at 300K [16].

Property Metals Semiconductors Insulators
S (LVK1) ~5 ~ 200 ~ 1000
o (Qlcm) ~ 106 ~ 103 ~ 10-12
Z (K1) ~ 3x10-6 ~ 2x103 ~ 5x10-17

So far, we have seen the dependency of S, o and x with the carrier concentration n graphically, the

mathematical interrelationship between these parameters can be summarised as follows:

1.6.1 Seebeck coefficient and electrical conductivity

The Seebeck coefficient can be defined as entropy per carrier given by the relation Szg , where C is

the specific heat and q is the carrier charge. For metals and semiconductors, this S value is related

to a quantity K?B given approximately in the two equations 1.8(a) and 1.8(b) respectively [5]. These

relations are rough approximations. The quantity ( K?B ~ 87uVk~! ) is a constant and originates

from the energy relation of a classical gas particle as % , where Kz is the Boltzmann constant and
B

e is the electron charge.

C Kp-KgT
Sx 5 X (T)E ............ (1.8a)
Cc Kg. E
and S~ b (TB K—GT ............. (1.8b)
B

Where, Er and Eg is the Fermi energy and the energy gap of the material respectively. Now, coming
to the conflicting part in determining ZT is the carrier concentration (n), as the Seebeck
coefficient(S) and electrical conductivity (o) are related to n in a reverse way. For metals and highly
degenerate semiconductors, the relationship between S and n is represented by a simple electron
transport models defined by Mott-Jones relation [22] as:

S=8712K32
3eh?

mTE) (1.80)
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Where, m*is the effective mass of the carrier and h is the Planck’s constant. This relation indicates
that the S value decreases with increase in n. On the other hand, the interrelationship between

electrical conductivity (o) and carrier concentration (n) shows the increase in o with n determined

as:
o =— =ne —nez‘r 1.8d
= =nep=t e (1.8d)
Where, u:;i ,is the mobility of charge carrier, p is the resistivity and t is the scattering rate.

Moreover, the effective mass m" also appears as a second contradictory part due to its reverse
relation with s and o as mentioned in equation (1.8c) and (1.8d). These equations gives a clear
image that larger effective mass will produce high thermopower whereas electrical conductivity
become lower as heavy carriers will move with lower velocities, which in turn reduce the mobility
of the charge carrier. This fact is satisfied by the relation given in (1.8d). So, the only possibility is to
find a compromise between higher value of effective mass and high mobility. Generally, materials
containing elements with small electronegativity differences possess low effective mass and high
mobility, whereas the opposite characteristic is shown by the narrow band gap materials. A way to
satisfy this compromise is by creating materials with multiple band or multivalleys. Such structures
have the effect of producing large m" without explicitly reducing p. For materials with multiple
electronic bands, the band offset E (i.e., the energy difference between the bands) between the
bands at the top of valence bands (p-type semiconductors) or the bands at the bottom of
conduction bands (n-type semiconductors) should be within few + kgT (ks is the Boltzmann
constant) which means the energy separation is small; this leads to an effective increase in density
of states, thereby increasing the effective mass. This is possible when electronic bands are
effectively converged, named as band convergence, and it is an effective route to improve the power
factor.

Apart from this, for semiconductors, another important relation which combines electrical

conductivity (o) with the band gap energy can be approximated as:

Eg
0 =0oexp (— <) (1.8¢)

Considering the above equation, the best choice of E¢ is preferable depending on the range of

temperature for the applications. It is generally considered that the band gap should be of the order
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of 10 ksT with T being the temperature of the applications. For applications in the range 400-600°C,

the optimum band gap is 0.6-0.8 eV from this estimation.
1.6.2 Thermal conductivity

Another essential factor which plays an important role in determining ZT is the thermal
conductivity (k). It has three contributing parts; the heat transport through electrons (ki) and the
heat transport by lattice vibrations called phonons (k.), and the contribution by the bipolar effect

(kbi), normally expressed as:
K=KL+KE+ Kbi (1.9a)

Moreover, the relation which combines the thermal conductivity originated from electrons (k)

with the electrical conductivity (o) can be expressed through Wiedemann-Franz law [13], as:

Kg= LooT =nepLoeT (1.9b)

2
Where, Lo :% (K?B)Z, known as Lorentz number and its value typically taken as 2.4 x 10-8 J2K-2C-2,

Following this, by considering the presence of both ki and kg in k, a new way to express the figure of
merit value is given by:

2
s/,

................. 1.9c
1+k_L ( )
kg

ZT=

Equation (1.9b) shows that reduction in the kg value will further reduce the o. So, the idea to
decouple ¢ and k in order to obtain maximum ZT value can come through the minimization of the

lattice part of thermal conductivity (k.). However, the ideal situation occurs when the materials

reach the condition :—L<<1 and the Seebeck coefficient alone determines the value of figure of merit.
E

Secondly, the bipolar effects arise due to the presence of two types of carriers and this makes hard
to achieve effective thermoelectric material. It’s originated from the conduction of heat from hot
end to cold end even during the absence of the net current. This bipolar nature also suppresses the
Seebeck coefficient by the presence of both carriers with the opposite signs of electronics charge.

The bipolar thermal conductivity in semiconductors can be expressed as,

Tn0p

Kbi = S, —=8)sr (1.9d)

on+top
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Where, (on, 0p) and (S, ,Sp) are the electrical conductivities and Seebeck coefficients for electrons

and holes respectively.

Thirdly, the reduction of the lattice thermal conductivity can maximize the ZT value, which is the
only parameter not determined by the electronic structure. The lattice thermal conductivity based

on the classical kinetic theory for any heat transport can be expressed as:
1
Klattice= KL= g(CstLph) ......... (1.9¢)

Where, C,is the specific heat at constant volume, vsis the velocity of sound, Lph is the mean free path
of the phonons. Typically in most of the materials, at high temperatures (T>~ 300K), the sound
velocity and the specific heat are basically independent of temperature. Thus, the magnitude and
temperature dependence of ki is completely determined by the mean free path of phonons.
However, at very low temperature (below 40K), ki is determined by Debye T3 law for Cy as (Cy~ T3)
and therefore it increases with temperature. But the phonon scattering is insignificant in this
temperature range because of very less excitation of number of phonons and of their long
wavelengths. However, at high temperatures, i.e., above Debye temperature, (C,~ constant), so ki.is
determined by only phonon mean free path. In addition, at high temperature, k. has inverse
dependency with temperature. Slack defined the minimum thermal conductivity (kmin) as the
thermal conductivity when the phonon mean free path (mfp) is limited by the interatomic distance
between the atoms within the crystals. Typically, the value of kmin is ® 0.25-0.5 Wm-1K-1 estimated

by Slack, depending on the crystal structure.

1.7 Thermoelectric materials

Here, in the following sections, we mainly focus on the history and development in thermoelectric
materials. In addition, we mention the strategies which can tune the ZT value towards maximum

efficiency.

1.7.1 Historical background

The preliminary ideas (mentioned in section 1.2) developed by Seebeck, Peltier and Thompson
become an essence concern for the upbringing of the TE materials [1-4]. At the beginning of
research, the theoretical investigation for TE devices done by Edmund Altenkrich shows that metals

are inefficient for thermoelectric applications [14,15]. He was the first who derive the maximum
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efficiency of a thermoelectric generator in 1909 as well as the performance of a cooler by using a
constant property model. Later, the actual relationship was developed into the figure of merit ZT. In
1904, several attempts were carried out to study the change of quality of thermoelectric power by
magnetization with iron, cobalt, and nickel. During this period, measurement made by A Eucken
gave a new strategy of reduction of thermal conductivity due to the presence of defects. However,
in 1930, research interest turned towards the semiconductor based TE materials. The frontiersman
behind the development of the modern theory of thermoelectricity based on semiconductors was
Abram loffe [12]. According to his analysis, narrow gap semiconductors of post transition elements
of the 5t and 6t period should be efficient for TE applications. Also, in 1954, Goldsmid and Wright
find one of the best semiconductors such as Bi,Tes; for TE devices and identified as first generation
TEs [11]. Along with these inventions, several ideas were proposed by the researchers to attain
peak value of efficiency. In 1956, loffe [12] and his co-workers demonstrated that the ratio of
thermal conductivity to the electrical conductivity could be decreased by alloying the material.
Further, in 1980, Rowe and his co-workers proposed that phonon scattering at the grain boundary
may improve the device efficiency [7]. In 1990’s, two leading ideas emerged for increasing the ZT of
TE material: PGEC concept proposed by Slack [18] and the idea of quantum confinement through
nanostructuring by Dresselhaus and Hicks [136-142]. This discovery gave birth to second
generation TEs in the form of complex (such as clathrates, half-Heuslers, LAST, and skutterudite
compounds) and low dimension TE materials (such as, super lattices, quantum dot super-lattices,
nanocomposites, and others). An overview of the whole illustration of the TE materials is shown in
Figure 1-9. Now, at present, the prime idea is to develop third generation materials of higher ZT

value with efficiency above 3 compare to the current value 1.5 to 2 [17,23].
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Figure 1-9: Schematic illustration of the current state of the TE materials.

1.7.2 State-of -the-art TE materials and their Figure- of -merit value

To understand the current progress in TE materials, a clear knowledge of the established state-of-

the-art materials should be considered first.

1.7.2.1 Conventional materials

The traditional materials found its novel application in power generation and refrigeration over
decades. But, in spite of their potential application, such contemporary TE materials exhibit rather
low efficiency. So, for researchers, the key factor is to develop high performance TE materials,
either by making completely new materials or through improving the properties of the existing one.
Normally, TE materials are categorized on the basis of their application temperature range. A
limited number of TE materials operate at low temperatures while other materials function at
intermediate and high temperatures. The materials which are suitable at low temperature range
can be classified as cryogenic temperature range materials. Figure 1-10 displays the ZT values of

different class of TE materials with respect to their suitable temperature range for TE applications.
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Figure 1-10: Plot of ZT versus temperature for TE materials (a) p-type and (b) n-type [17].
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Most of the early TE works were based on semiconductors. The first well known paradigms that
provided the basis for TE materials were Bismuth telluride (Bi»Te3) and lead telluride (PbTe) [39].
The compound Bi;Tes has a considerable range of homogeneity, and possesses different types of
conduction, namely, p or n types. It is a narrow band gap semiconductor with indirect gap of energy
0.15eV, suitable for room temperature applications. It crystallizes in a layer structure with
rhombohedral-hexagonal symmetry. The maximum ZT of p-type and n-type Bi,Tes; crystalline
materials at room temperature are about 0.75 and 0.86 and the thermal conductivity is ~ 1.9 Wm-
1K-1[40-43]. Further investigation by loffe suggested that alloying allows fine tuning of the carrier
concentration along with reduction of thermal conductivity. First realization of this fact was done
by alloying Bi,Tes; with Sb,Tes. The ultimate compositions obtained by taking the solid solution of
Bi»Tez and Sb;Tes; are BixTez7Seos (n-type) and BigsSbisTes (p-type) with ZT = 1 near room
temperature and they possess low value of k. All this quality makes this Bi,Tes alloy suitable for TE
application near room temperature such as refrigeration and waste recovery up to 200°C. Also, in
the low temperature range up to 300K, Bi;Te; and Sb,Tez alloys have shown very descent
performances [43-46]. On the other hand, for the temperature above 450K, one issue which limits

the use of Bi,Tes originates from its chemical instability in this temperature range.[39]

The group IV tellurides such as PbTe, GeTe, SnTe are the premiere TE materials used at mid
temperature range applications (600 - 800K)[39,40,52,47]. They crystallize in a cubic rock-salt
type structure. The PbTe contains lead which is one of the most useful elements in good TE
materials, due to its great abundance in the Earth’s crust and can be easily processed. This material
has played a dominating role in TE power generation for more than 50 years. The TE properties of
PbTe are of no special interest, while doping with either n- and p-type dopants can improve the TE
properties. The ZT of bulk PbTe were underestimated for long time due to difficulty of measuring
precisely its thermal conductivity at high temperature. After, Synder and co-workers [48]
performed the measurements using advanced laser flash technique and corrected the ZT of p-type
Na-doped PbTe and n-type I-doped PbTe from 0.8 and 0.7 to 1.5 and 1.4 at 750K respectively [48-
50]. The solid solution was also considered as a way to obtain lower value of thermal conductivity.
For instance, the formation of solid solution compositions (PbTe-SnTe) resulted in a decrease in
thermal conductivity and reached the maximum ZT of 0.75 at 700K, which in turn makes PbTe a
promising candidate for power generation in this temperature range [41]. Moreover, when Tl was
substituted in PbTe, the large ZT value of 1.5 at 773K was obtained and increase in Seebeck
coefficient compared to that of PbTe [41]. Another way of enhancement of Seebeck coefficient was

obtained by tuning the energy offsets between the light and heavy valence bands in PbTe. The
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valence band structure of PbTe consists of a second valence band () which lies energetically below
the upper light hole band (L)[50-52], shown in Figure 1-11. The energy offset between L and X band
is about 0.15 eV in PbTe system. If the L and X band edges move closer in energy, then there is a
redistribution of carriers between these two bands with different effective masses. The overall
effective mass can be enhanced by the carrier injections from X band to L band. It has been studied
that the compositional alloying in the matrix could reduce the energy offsets between the L and X
bands. Two such examples are Mn and Mg alloyed PbTe, where with increasing the solute fraction
of M (i.e, Mn,Mg), both L and X bands lower their energies, but the L band decreases faster than the
¥ band, thus the two bands get closer shown in Figure 1-11. This type of M solid solution alloying
helps to raise the Seebeck coefficients value. By this alloying, high ZT of 1.6 at 700K and 2.0 at 873K
was achieved for Mn and Mg alloying PbTe respectively [53,54]. Further research work has focused
on improving the TE properties of PbTe by nanostructuring. At first, the formation of superlattices
of alternating materials acquires interest to obtain high ZT value with reduction in phonon thermal
conductivity. Harman et al. reported ZT value of 3.0 at 550K for PbTe/PbTeSe quantum dot
superlattices [122], but this value has never been reproduced. Another advance work was made on
PbTe through nano-inclusions to reduce the thermal conductivity [59-61].The nano-inclusions are
of two types; coherent precipitates which are slightly mismatched with the matrix and the
incoherent precipitates that show a clear boundary with the host. Both of them help to reduce
thermal conductivity in PbTe-based materials but they follow different mechanisms. The coherent
nano-inclusions act as point defects and scatter short wavelength phonons due to their slight
mismatch with the matrix. While the incoherent ones act as nanoparticles and shows a large
mismatch with the matix, results in scattering of mid to long wavelength phonons. A ZT of 1.7-1.8
for both n-type and p-type PbTe was obtained with the use of coherent nano-inclusions of AgSbTe;
[62 ], NaSbTe; [63 ], and SrTe [64 ]. On the other hand, with incoherent nano inclusions of Sb and
Ag,Te, ZT value of 1.4-1.5 has been achieved in n-type PbTe [60,61]. Biswas et al. [65] reported the
ZT of 2.2 at 915K in p-type PbTe doped with 4% SrTe. They achieved the maximum reduction in
lattice thermal conductivity by improving the phonon scattering on all relevant length in a
hierarchical system. Besides all this work, another route was applied in order to get low thermal
conductivity, i.e., chemical doping. By doping Se into PbTe, Biswas et al. [64] found ZT of 1.8 in
Nag.02PbogsTeossSeo1s. This doping helps in increasing the carrier mobility without lowering the
carrier concentration due to convergence of electronic bands. Further, interesting result for PbTe
nanocomposites were observed by applying wet chemical synthesis approach. For example, a

synthesized core-shell [66] PbTe@PbS nanoparticle in organic solvent shows ZT value of 1.07 at
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700K. But there are other chalcogenides apart from PbTe such as PbSe and PbS which possess the
similar structure as PbTe. As Se and S is not very expensive in comparison to Te, so there are more
opportunities to work with such materials. It was considered that the p-type PbSe would be a good
TE material [67]. Some reports are there which shows ZT of 1.2 at 850 K obtained by Na doping in
PbSe [58] and also with Al doping in n-type PbSe [68], ZT reached 1.3 at 850K. However, the
toxicity of lead (Pb), presence of scarce and expensive elements such as tellurium, leads to the

development of new materials [55].
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Figure 1-11: Schematic diagram showing the relative energy of the valence bands in PbTe system, with rising
solid solution fraction M.[17]

The next material of interest is Si-Ge alloy. Individually, Si and Ge are not favourable as a good TE
material, as they possess very high lattice thermal conductivity values; (150 Wm-1K-1) for Si and
(63Wm-1K-1) for Ge. The only way to overcome this barrier is by forming a solid solution of SixGe1x.
The best alloy composition is Sio7Geo s as its thermal conductivity is about 10Wm-1K-1. Such a large
reduction provides ZT~0.6-0.7 at the elevated temperature [71,73]. Moreover, high temperature TE
generators (>900K) use Si-Ge alloys for both n- and p-type legs. But, the ZT value of these materials
is generally low, particularly for p-type. However, this alloy occupies a special place of interest to
NASA for use in RTGs in deep -space probes due to its extraordinary characteristic of chemical

stability at high temperature (~1200K).

However, in the conventional materials, the cost of Germanium, toxicity of lead (Pb), presence of
scarce elements such as tellurium is a limiting factor for the application. Such drawbacks put much

emphasis on development of new material to solve such issues. [39]

1.7.2.2 Search for new TE materials: Novel approaches to enhance ZT
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The idea behind the improvement of ZT along with the invention of new materials is described in
the following paragraphs. One of the most outstanding ideas to achieve high ZT value was
suggested by Slack in 1995[18]. According to him, candidates must be narrow band gap
semiconductors with high mobility carriers. Slack suggested that the best TE material is the one
which possesses high electronic conductivity due to its highly periodic crystal structure but low
thermal conductivity which appears from the complex structural features of the crystal lattice. This
approach is known as phonon-glass/electron-crystal (PGEC), more clearly as electrical properties
of crystalline material and thermal properties of a glass like material. So, outstanding
thermoelectric performances could be achieved by creating material using PGEC concept. The main
attempts are made to reduce the thermal conductivity value to its minimum. Based on this concept,

materials which are developed are explained briefly in the section below.

The novel material which is interesting to work with is clathrates. They exhibit cage like structure,
thus allowing for a rattling mechanism which can reduce the thermal conductivity. This generally
forms an open framework composed of tetrahedrally coordinated atoms (Al, Ga, Si, Ge, Sn) forming
cages that enclose relatively large metal atoms [82]. The special features of clathrates crystal
structures are their low thermal conductivity comparable with that of glasses. Here, the guest
atoms trapped in the large cavities are capable of rattling and scatter the lattice phonons thus
suppressing the lattice thermal conductivity. There are two main types of structures; Type [ (shown
in Figure 1-12) and Type II. Several compositions with these two structures are possible. They are
of fundamental interest from the perspective of bonding and their physical properties. The Type I
structure is represented by the general formula X;YsEss, where X and Y are alkali metal or rare
earth metal often known as guest atoms that are encapsulated in two different polyhedral cages and
E represents the group 14 elements such as Si, Ge or Sn [40,75,81]. On the other hand, the Type II
structure is represented by the formula XgYicE136. It is composed of Ep and Ezs cages. At the
beginning of the research with this class of material, ZT values for the Type I clathrates were
predicted based on DFT calculation. It has been reported that ZT values of optimised compositions
SrgGaisGeso and BaglnieSnzg reach 0.5 at room temperature and 1.7 at 800K [76,80]. Further study
of Type I clathrates resulted in ZT =0.7 at 700K for BagGai1sGezo and ZT=0.87 at 870K for BagGa1sSizo
respectively [78,79,80,83]. Recently, optimizing the TE properties of Type I clathrates above room
temperature yielded promising results. By Czochralski methods, BagGaisGeso clathrates showed
larger electrical conductivity 1500 to 1600S/cm at 300 to 900K and in addition thermopower of -45
to -150uVK-L. The decrease in thermal conductivity from 1.8Wm-K-!1 at 300K to 1.25Wm-1K-1 at
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900K gives ZT of 1.35 at 900K. Moreover, repeated experiments show a maximum of ZT=0.9 at
1000K and make these clathrates promising candidates for high temperature TE applications. Only
Type I clathrates were extensively studied while Type II clathrates are generally of less interest due
to the difficulty to synthesize it as pure phase with defined components and in a reproducible
manner. However, Type I clathrates sound more interesting compared to Type Il clathrates in terms
of thermal conductivity especially. But, the high cost of gallium and germanium puts a limitation for

commercial application of this material.[40]

Figure 1-12: Crystal structure of the Type I clathrate. Framework atoms are shoen in blue, guest atoms inside
the tetrakaidecahedra are orange, and guest atoms inside the pentagonal dodecahedra are in purple [5].

The second class of compounds which are highly promising is Skutterudites. They are mainly useful
for the medium temperature applications (600K-900K). Skutterudites family is composed of binary
semiconducting compounds with general formula XY3, where X is a transition metal element Ir, Co
or Rh, and Y is pnictogen element such as P, As and Sb. This family of compounds is designated with
the chemical composition CoAss. The skutterudite CoSbs has a very high power factor but its lattice
thermal conductivity is too high. Skutterudites can also be represented as AT4E12, where A is an
alkali, alkaline-earth or rare earth metal, T is a transition metal and E is P, As or Sb. They are
traditionally called filled skutterudites. In the context of doping, the general crystal structure of
these materials can be best described by the formula O,CosSbzs/ D2XsY24. The open square O
indicates the presence of two voids in the structure which can be filled by the rare earth atoms to
help in the reduction of thermal conductivity. The other metal and pnictide sites are doped to
charge compensate for the additional electrons contributed by the rare earth doping and to

enhance the electronic properties. The main idea of introducing guest’s atoms into the voids is to
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act as strong phonon scattering centres, thus reducing the lattice thermal conductivity of these
compounds, hence leading to the improvement in TE properties of skutterudites. For e.g,
skutterudite antimonides possess the largest voids and are of great interest for TE application. Here
are some examples of compounds which shows good value of ZT. Two compounds such as
LaFe3;CoSbi; and CeFe3CoSbiz which shows ZT value 1.4 above 900K, indicate successful
optimization for TE power conversion applications [84,87,89]. Another e.g, is Yb partially filled
skutterudites has ZT value >1 at 600K [85,91]. Recently, higher ZT values of partially filled
skutterudites with small amount of Ni doping for Co such as Bao.30Nio.05€03.955b12 (ZT=1.25 at 900K)
and Cao.18Nio03C0397Sbi24 (ZTx 1 at 800K) were reported [86,87,89]. All these observations

motivate to do much work with this system. [39]

Figure 1-13: The unit cell skutterudite structure of CoSbs; the transition metals (Co) are at the centre of
octahedral formed by pnicogen atoms (Sb), the void cages are filled with blue spheres for clarity [41].

Apart from the materials mentioned above, other emerging materials are mentioned in the
following paragraphs. Half -Heusler (HH) intermetallic alloys become profound as potential TE
materials for high temperature applications owing to their high temperature stability. They can be
formulated as MNiSn (M=Ti, Zr, Hf). They possess the MgAgAs type crystal structure which consists
of three interpenetrating fcc sublattices and one vacant sub-lattice [92]. One of the structural
examples of half-Heusler material is shown Figure 1-14. The general formula of HH alloys is
denoted by XYZ, where X and Y are transition metals and Z is a main group element. The rock salt
structure is formed by X and Z and filled with element Y at one of the two body diagonal positions,
leaving the other one unoccupied. The absence of part Y provides the semiconducting properties.
Heusler alloys differ from HH alloys and exhibit interesting magnetic properties and behave as
metallic or half-metallic. On the other hand, HH alloys are small band gap semiconductors with a
gap of (E¢ =0.1-0.5eV). The narrow band gap leads to high thermopower ~100uVK- at room
temperature and moderate electrical resistivities of ~1-10puQdm. They also exhibit both positive and

negative thermopower value depending on doping which are necessary for potential thermoelectric
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materials [40]. For e.g., Sb doped on Sn site leads to large power factor of 70uWm-1K-1 at 650K [99].
But unfortunately, the thermal conductivity is relatively high on the order of 10-20Wm-1K-1 and
results ZT of only 0.45 at 650K. The advantage of HH alloy is that they exhibit high melting points of
1100-1300°C and zero sublimation at temperatures near 1000°C. According to the present reports,
ZT =0.7 at T=700-800K is achieved in n-type Sb-doped ZrNiSn alloys [92]. However, the
considerable number of substitutions and / or possible doping to improve TE properties has been

studied in several HH alloys [94,95,96].
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Figure 1-14: Crystal structure of Half-Heusler, TiNiSn, in a unit cell of cubic structure [41].

The next promising TE material that emerged recently for very high temperature operations is an
intermetallic compound Yb14MnSbj;, the structure is shown in Figure 1-15. It is characterised by its
high chemical stability. This compound belongs to the Zintl family, A1sMPn11, where A is an alkaline
earth or rare earth metal, M is a transition or main group metal, and Pn is a pnicogen. A Zintl phase
compounds contains a valence-balanced combination of both ionically and covalently bonded
atoms, Yb1sMnSbi1 is one such example. The Yb analogue proves to be an excellent p-type TE
material [100,101,102,104,105]. It crystallizes in a complex structure which in results gives low
thermal conductivity and also there is flexibility in the chemical composition. Generally, this
material exhibits weakly metallic or semi-metallic behaviour as a function of temperature.
However, this material possesses low power factor value, but on the other hand the low thermal
conductivity (0.7-0.9Wm-1K-1) in the temperature between 200-1275K gives the remarkable ZT.
The ZT value increased from 0.2 at room temperature to the maximum ZT =1.3 at 1223K [103]. To
the present date, Yb1sMnSbi1 has the highest figure of merit value at high temperature (above
900K). In comparison with p-type Si-Ge based material whose (ZT=0.6 at 873K), Yb12MnSbiihas
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nearly twice ZT value at much higher temperature (975-1275K). So, in future, Yb1sMnSbiiand its
alloys will be a good replacement for Si-Ge alloy in RTG for deep space probes [41]. But, again a

question of limitation comes due to the high cost of the raw materials (ytterbium).
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Figure 1-15: The cubic crystal structure of Yb14MnSb1; consists of one [MnSb4]°- tetrahedral unit (yellow),
one [Sb3]7- ion (centres linked by black lines), four Sb3- ions situated between the [MnSb4]°- and [Sb3]7- units,
and 14Yb? ions per formula [41].

Apart from this, a new class of compounds in the field of thermoelectric is the class of metal oxides.
The prime advantage of these oxides is their high thermal and chemical stability in air; making
them a potential candidate for the thermoelectric power generation at elevated temperature over
the existing ones. Another advantage is that they are easy to synthesize compared to the
conventional materials. Despite of all these positive sides, oxides acquire very little attention due to
their strong ionic character, and low carrier mobility due to narrow conduction band width.
Moreover, their development was limited in a long run because of their very low power factor.
However, this situation changed with the introduction of new concept of nanoblock assembling of
crystalline structures, capable of transforming mixed oxides into potential TEs. According to this
concept, blocks responsible for either high electrical conductivity or the low thermal conductivity
alternate along one of the lattice directions. This approach was first demonstrated in a strongly
correlated layered oxide NaCo;04 (type of metal cobaltites) [106,107,108], the crystal structure is
shown in Figure 1-16. The layered NaCo,04 has large thermo-power and low thermal conductivity.
The thermopower and conductivity of NaCo,04 single crystals reach the value 100uVK-1 and 5000
Scm! at 300K, so in results power factor is 50uWcm-1K-2. Further, it has been reported that
thermoelectric performances of polycrystalline sample is lower compare to the single crystal, for
e.g, ZT =~0.8 at 1000K [108] for polycrystalline sample and ZT>1 at 800K for single crystal.

However, the limiting factor comes from its instability in air. Further study of mixed cobalt oxides
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gives promising compounds including CazC0409 [109] and Bi,Sr,CaCo20s [113] which crystallize in
misfit layered structures. There are other several derivatives including the bismuth doped Ca3Co409
which shows good p-type TE performance [110]. Efforts have been made to discover oxides with
good n-type TE properties. Some of the n-type oxides to date are SrTiO3[111,112,113], doped with
Nb and La shows ZT 0.3 and 0.26 at 1000K, Al-doped Zn0[114,115,116], shows ZT value 0.3 at
1000K, n-type composite phase , Ca doped (Zn0)3(Inz03)[117] shows the ZT~0.31 at 1053K. But
currently, the major disadvantages of using oxide materials in constructing modules are the high
contact resistance at the junction of oxide/metal electrode and cracking/exfoliation during

operation cycles.[41,119,120]

Figure 1-16: The crystal structure of NaCo,04 is composed of [CoO] ionic layers and Na- ions which occupy
half of the interlayer atomic sites. The Co ions [CoO:]  in the layers have an octahedral coordination
environment and adopt the CdlI; structure type [41].

1.7.2.3 Nanostructure materials
Introduction

So far, we have seen that due to strong interdependence of materials properties, it is hard to
engineer bulk materials with high figure of merit value. Therefore, the nanostructures were
developed in order to improve the overall efficiency of TE materials; due to their ability to tune
material properties by reducing their size and dimensionality. The idea of selectively improving the
materials properties using lower dimensional structures was pioneered by Hicks and Dresselhaus
in 1993[122]. There are two prime ideas lying behind this low dimension approach. Firstly, the
introduction of nanoscale constituents would further introduce the quantum confinement effects to
increase the power factor, and secondly, building up of many internal interfaces which enhance the
phonon scattering would be designed to reduce the thermal conductivity. Moreover, the reduction

in size could introduce new physical phenomena which help the S, o and « to vary independently
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and lead to the development of nanostructured materials with enhanced ZT. Indeed, it is believed
that, if dimensionality of the material is decreased and approaches to nanometer length, then this
new variable of length scale will come forward to control the material properties and thus, it is
possible to cause dramatic differences in the density of electronic states as shown in Figure 1-17.

[123,125].
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Figure 1-17: Electron density of states of a bulk semiconductor (3D), a quantum well (2D), a quantum wire
(1D) and a quantum dot (0D). [125]

Earlier, Hicks and Dresselhaus theoretically showed that by using two, one or even zero-
dimensional structures, one could achieve significant increase in electronic properties, in
comparison to what obtained for the bulk materials [122]. Motivated by these prediction,
researchers fabricated nanostructures such as 2D structures (superlattices), 1D structures
(nanowires), 0D structures (quantum dots), thin film and nanocomposites materials for which the

TE properties could be measured.
2D Nanostructuring: Quantum well and superlattices

The development of superlattices based on known TE materials is a promising trend in a search for
the new TE materials. The formation of superlattices of alternating materials is rather simple and
the impact of such structure on TE properties have been studied in various systems including
Bi;Te3/Sb2Te3[130] , PbTe/PbSeTe1«[131] Si/Si1xyGexCy [132,133], GaAs/AliGaixAs [134], InGai-
«As/AlyIniGaiy--As [135], and layered WSe; crystals [136]. At first, Hicks and Dresselhaus pioneered
the idea that in 2D Bi,Te; quantum well structures, ZT could be increased due to confinement of
electronic wave function, thereby enhancing the thermopower through an increase in DOS (density
of electronic states) near the Fermi level. And further, they showed that ZT in the 2D system could
be tuned by varying the Bi,Tes layer thickness as shown in Figure 1-18 [122]. Here, the interfaces
between layers would effectively scatter phonons if the Bi,Te; layer thickness was less than the

phonon mfp (mean free path), which results in reduction of thermal conductivity [122,128].
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Figure 1-18: Calculated ZT as a function of layer thickness (a) in a quantum well structure for layers parallel
to the a-b plane (1) and layers parallel to the a-c plane (2). The dashed line corresponds to the ZT for bulk
Bi;Tes. [122]

Venkatasubramanian et al. obtained the highest ZT of 2.4 for the Bi;Tes- SbyTe; quantum well
superlattices with a periodicity of 6nm [130]. Also, the lattice thermal conductivity value has been
believed to be well below the alloy limit, for example a remarkably low value of 0.22 Wm-1K-! was
estimated for the Bi;Tes- Sb,Tez system. This was observed by using 3w method. Another example
of high ZT was reported by Harman et al. by producing a quantum dot superlattice structure
(QDSL), namely PbTe-PbSeTe system [129,137]. Using Bi as an n-type dopant for this QDSL, ZT of
1.6 and 3.5 were obtained at 300K and 570K, respectively [138]. This large value of ZT shows that
in QDSL, it is possible to have the increase thermopower and lower thermal conductivity at the
same time. Moreover, enhanced TE performances were reported in 2D thin films, multiple quantum
well PbTe/PbixEusTe [139], and n-PbTe/p-SnTe/n-PbTe quantum well [140], AlAs/GaAs
superlattice structures [134]. Earlier, these investigation were stimulated by the idea that the
quantum confinement of in-plane transport could eventually enhanced the thermo power over that
of the homogeneous materials, and thus leading to ten-fold increases in ZT [122]. According to
Shakouri, this enhancement occurred due to the sharp characteristic observed in the DOS of
quantum confined structures enabling a doping-level-tunable increase in the asymmetry between
the hot and cold electron transport [141]. This results in high value of seebeck coefficient and
electrical conductivity. These two dimensional TE materials could be used in small scale
applications, and for electrical and optical devices [142]. But, the high cost and low scalability of
thin films limits their use in large-scale power generation and heating/cooling applications. Some

additional challenge may come due to parasitic heat loss from thermal conduction in the electrically
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insulating layers, which may affect the efficiency of the whole quantum well devices. Also, these
structures could not be used in medium or high temperature applications due to poor stability. Last,

most of the highest ZT values have never been reproduced.
1D Nanostructuring: Nanowires

The second research towards low dimensionality begins with the study of quantum wires. So far,
theoretical studies predict that the large ZT inside quantum wires appeared due to an additional
electron confinement. Also, it is believed that an enhanced TE performance could be attained in 1D-
systems due to strong confinement and phonon scattering [124]. However, some of the nanowire
materials showed TE properties lower than the corresponding bulk materials. The exact reason is
not well understood, but it may probably due to the limited inability to control dopant and impurity
concentrations in nanowires. Further, it has also been proposed that nanotubes may possess
thermal conductivity lower than nanowires due to additional phonon scattering on the inner and
outer surfaces. Till date, there are many reports based on 1D material. Hochbaum et al.[143]
showed ZT value of 0.60 at room temperature for 50 nm diameter rough silicon nanowires which
represents a 60 fold increase in ZT compare to the bulk. Such enhancement in ZT value comes from
the effective phonon scattering on the surface of nanowires. Boukai et al.[144] also reported a large
ZT value of 1 at 200K for silicon nanowires with 20nm diameter due to reduction in thermal
conductivity and further contribution of phonon drag to the power factor. At present, development
of low cost techniques to easily integrate the nanowire arrays into TE devices is required. In these
studies, the TE measurements were done using a suspended microheater platform which
overcomes the difficulties in property measurement of single nanowires, nanoribbons, nanotubes
and other nano-structures. In many practical applications however, arrays of nanowires are
required to build up and embedded in a matrix but to have good electrical contact to all wires in the
array is quite hard, having high packing densities and minimum matrix heat leakage have

prevented measuring any significant enhancement in nanowire composites[145].
0D Nanostructuring : Nanodots

The next approach towards low dimension nanostructure materials is nanodots. The main idea
which supports all the nanodots systems in the enhancement of TE performance is the strong
decrease in lattice thermal conductivity, rather than increase in electrical power factor. Up to date,
there have been many reports on nanodots including PbTe/PbSe nanodots superlattices (NDSLs),

LAST-m, NaPbnSbTez.m (SALT-m), ErAs:InGaAs, PbSnTe-PdS and Si/Ge [41]. Almost, in all of them,
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the values of lattice thermal conductivity are below the alloy limit. It is interesting to note that the
LAST-m system form spontaneous nanostructures from the melt during cooling. Indeed, the
formation of nanoscale inclusions of minor phases was observed for the LAST system through TEM
image. Similar response was shown by SALT-m system by creating Na-Sb rich clusters in the lattice.
High ZT value of 1.6 at 675 K was obtained for SALT-20 system with p-type behavior [25,41]. The
InGaAs:ErAs system shows a reduction in thermal conductivity value by a factor of 3 as compared
to the bulk alloy. This can be clearly understood on the basis of Rayleigh scattering (d¢/A*), where d
is the nanodot diameter and A is the phonon wavelength. Hence, the short wavelength phonons are
scattered effectively in alloys but the mid- and long- wavelength phonons travels without much
scattering and while propagating they carry heat as well. But, by inclusion of nanoparticles, there is
an additional scattering of mid- and long- wavelength phonons by the nanoparticles, which further
helps to reduce the thermal conductivity. A schematic diagram of phonon scattering is shown in

Figure 1-19 [145].
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Figure 1-19: Schematic diagram illustrating various phonon scattering mechanisms within a TE material,
along with electronic transport of hot and cold electrons. Atomic defects are effective at scattering the short
wavelength phonons, but larger embedded nanoparticles are required to scatter mid- and long-wavelength
phonons effectively. Grain boundaries can also play an effective role in scattering longer wavelength
phonons.[145]

Nanocomposite Materials
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The development of nanocomposites [153] is one of the potential cheap alternatives to the
expensive superlattices. Nanostructured composites have been proposed to enhance ZT, by phonon
scattering. Here, preferential scattering is possible, because the phonons mfps typically ranges from
the single nanometers up to several micrometers, whereas the value is just a few nanometers for
the carrier mfp [126]. Therefore, it is believed that the lifetime of a wide distribution of phonons
could be reduced by incorporating the nanostructures covering a variety of length scales while
keeping the charge transport unchanged. In this approach, nanostructuring has been made through
the formation of nanometer sized polycrystalline samples, by using the various techniques such as
hot pressing or spark plasma sintering of fine powders formed by grinding and milling or wet
chemistry processing. Also, here the material is prepared into nanosized particles and then further
hot pressed into monoliths. The main goal of designing such materials is to introduce many
interfaces which will reduce the thermal conductivity. Also, they possess some advantages over
other techniques which create very large grain or single crystal material, such as increased power
factor due to electron filtering at grain boundaries, lower value of thermal conductivity, better
mechanical properties and improved isotropy [145]. Moreover, the nanocomposites materials can
easily be handled from the view point of property measurements and they can be made into desired
shapes and scaled up for commercial purpose. In this system, the bulk materials acting as a host
material and the nanomaterials are assembled together as nanocomposites containing assembly of
nanoclusters as shown in Figure 1-20. Some examples of nanocomposite materials which have been
reported with enhanced ZT are Bi,Tes-based nanocomposites, PbTe-based nanocomposites and
SiGe nanocomposites. BiTez and their nanocomposites are the best TE material at room
temperature and suitable for thermo-cooling applications. A noticeable enhanced value of ZT was
observed in a polycrystalline p-type BiosSb1sTes bulk alloy fabricated by hot pressing of ball-milled
nanopowders. It exhibit ZT of 1.2 at room temperature and ZT of 1.4 at 373K with low value of
thermal conductivity 1.0 Wm-1K-1[147]. Further research made on p-type Bi.Tes based composites
shows ZT about 1.3 between 75 and 375K [154] and for n-type, the value reaches 1.04 at 398K
[156]. Another report on p-type (Bi,Sb).Tes nanocomposite fabricated by melt spinning method
shows ZT of 1.56 at 300K [157]. Cao et al[158] obtained a high ZT of 1.47 at 438K by applying
hydrothermal synthesis process. Biswas et al. [159] has reported a high record value of ZT 2.2 at
915K obtained for p-type PbTe-SrTe system by nanostructuring via grain boundary phonon
scattering. A significant increase in ZT was obtained in p-type SiGe nanocomposites with a peak
value of 0.95 at 1173-1223K through a ball milling and hot pressing method [160]. Further, a peak
ZT of 1.3 at 1173K was achieved for n-type SiGe nanocomposites [161].
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Figure 1-20: Nanocomposite thermoelectric material.[39]

It is interesting to note that the lowest thermal conductivity occurs for an amorphous material with
lattice constant of the order of 0.2-0.5nm. So, far we have seen that through nanostructuring, the
lowest thermal conductivity was estimated as low as 0.25Wm-K-1. Also, a recent report in
superlattices of WSe,/W layers shows cross plane lattice thermal conductivity values as low as 0.02
Wm-1K-1. [162,163] But the exact reason behind this is not well understood. Moreover, till date, it
seems difficult to achieve ZT values of 3 or greater, as it needs a dramatic enhancement in power
factor and huge reduction in thermal conductivity. So, a new physical understanding needs to be
urgently developed to attain lower value of thermal conductivity. This opens a new area to do
thorough investigation of TE materials. One should finally note some important points regarding
the nanostructure TE materials: 1) it should be scalable, less expensive and high quality, 2) high
thermal stability over an extended period of time at the temperature of the desired applications, 3)
must be able to form dense compacts for device integration, 4) and finally should demonstrate

enhanced ZT value in comparison to the bulk material.

1.8 Advanced Chalcogenide Compounds

Since the early stage of thermoelectric research, the materials which occupy a prominent place in
the TE field are Chalcogenides. A large class of compounds categorised predominantly as
semiconductors comprises of chalcogenide compounds. Some of the compounds are not ionic, but

the bonding is largely covalent, an important characteristic of high mobility semiconductors.
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Usually, they are air stable, melt congruently and possess high melting points. These compounds do
have many promising characteristics suitable for thermoelectric applications. They show good
versatility in combination with other elements. Moreover, the small variation in electronegativity
between sulphur, selenium, and tellurium results in semiconductors with unable energy gap (e.g.
0.1-0.8eV) required for thermoelectric applications over a wide range of temperature (typically

100-1400K). This gap can be tuneable by alloying.

Recent research interests to obtain high performance bulk TE materials mainly focus on ternary
and quaternary chalcogenides containing heavy atoms with low dimensional or isotropic complex
structure to take advantage of large carrier effective masses and low lattice thermal conductivity
associated with such systems. The attractive materials of this group which become a milestone for
TE applications are Bi;Tesz and PbTe. Today’s thermoelectric cooling technology uses for e.g., Bi>Tes
and its solid solutions both p-type and n-type, and PbTe for power generation at intermediate
temperature. In the following, we give a short overview of the properties of ternary and quaternary

chalcogenides with good TE properties.

Thallium compounds: These compounds possess low thermal conductivity and high Seebeck
coefficient but relatively low electrical conductivity. Since thallium (TI) is a heavy metal,
introduction of Tl into the semiconductors like Bi,Te; and PbTe, decreases the thermal conductivity
[165]. The promising TE materials of this group are TIsBiTes, Tl.SnTes, and AgeTITes
[164,165,166,167]. Such compounds belong to large group of ternary compounds. The crystal
structure of compounds Tl9BiTes and Tl.SnTes belonging to this group is shown in Figure 1-21.
TloBiTes exhibit ZT = 1.2 at 500°C with k. value of ~0.39Wm-1K-1 at 300K. And, T1,SnTes can be
optimized to get ZT =1 at 500K, with k.~0.5Wm-1K-1, whereas AgoT1Tes possess ki value (~0.22Wm-
1K-1) even lower than T1;SnTes and have very low value of electrical resistivity too, which gives ZT
=1.23 at 700K. Despite of having interesting TE properties due to very low thermal conductivity, TI-
containing compounds are not well accepted for practical use. The main reason behind this
rejection is because of its toxic nature and environmental issues. But they acquire a point of interest
from a scientific background, to give better understanding of how to reduce thermal conductivity

and optimize the ZT value.
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Figure 1-21: The crystal structure of TloBiTes; the heavy-atom site disordered being occupied by Bi and TI.
There are two alternating cages of Tl atoms (yellow and blue). (b) The crystal structure of Tl,SnTes is
composed of tetrahedral [SnTe4] units bridged by Te atoms in square-planar geometry. [41].

Alkali metal bismuth chalcogenides: Bismuth chalcogenides acquire much attention over last
decades due to their potential properties in TE. In addition, there is a possible place to discover new
compounds in this area. Some of the new compounds are CsBisTes, K2BigS13, BaBiTes, Cd2Bi.S4 and
many others [41]. This type of compounds shows low thermal conductivity, high thermopower, and
high electrical conductivity. The common feature of these materials is their high structural
anisotropy. They possess characteristic features which can generate chemical and structural
complexity, diversity and disorder, mostly desirable for good TE materials. Among this class of
compounds, B-K;BigS1z (structure shown in Figure 1-22a) is a promising one and shows low
thermal conductivity (~ 1.3 Wm-K-1) and relatively high power factor (= 10 yWcm-1K-2) at room
temperature, giving ZT =0.22. CsBisTes is another good TE material for low temperature TE
applications. The crystal structure is shown in Figure 1-22 b. It can be obtained as both n-type and
p-type with appropriate doping. It is sensitive to the type and level of doping element. The
narrower band gap and large anisotropy in the effective mass is the main factor for the maximum
ZT of this compound. For e.g., ZT value of 0.8 at 225K was reported for p-type doping of CsBisTes
with Sbls or Sb, this is the highest value ever seen below room temperature. But, there is no report

about the reproducibility of this value. [168,169]
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Figure 1-22: (a) Crystal structure of -K;BigSi3 viewed down to the b-axis. It consists of two Bi/Se building
blocks connected at the K/Bi mixed site (blue), the K atoms are in the channels and (b) crystal structure of
CsBisTes viewed down to b-axis. Cs atoms are located between NaCl-type Bi/Te layers which are composed of
[BisTes] building units interconnected by Bi-Bi bonds (red) [41].

TAGS and LAST are other promising TE materials are described in the following section.

1.8.1 Chalcogenide of Type I-V-VI;

1.8.1.1 Introduction

Ternary chalcogenide materials have drawn tremendous attention in recent years because of
potential applications in photovoltaic, TE and photo-thermal areas. They have been studied in a
large scale due to their optical phase-change and photovoltaic applications [170,171,172]. My Phd
work is based on the solid solution of AgBiSe;-AgBiS: belonging to this class of ternary chalcogenide

materials.

1.8.1.2 Structural background

The Ternary Chalcogenide materials of type (I-V-VI,) are based on the Ternary semiconducting
compounds with general formula ABX;. A denotes the group I element which can be Cu, Ag or Au or
alternatively an alkali metal, B denotes the group V element can be P, As, Sb or Bi, and the X

represents the group VI element can be S, Se, or Te. They derive from PbX by replacing Pb2+ by
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equal amounts of A* and B* leading to ABX,. They exhibit sodium chloride or rocksalt type
structure. The most common examples belonging to this class of compounds are AgSbSe,, AgSbTe;,

AgSbS,, AgBiS;, AgBiSe; [173,174,175,176].

1.8.1.3 Paradigm of materials under this category of I-V-VI;

Firstly, this paragraph focuses on commonly known Ag-Sb based materials namely AgSbTe;
[178,180,183,184] and AgSbSe; [191,192]. Both AgSbTe; and AgSbSe; were synthesized in the late
1950s and believed to have a rocksalt NaCl type (Fm-3m) structure shown in Figure 1-23 with
random distribution of Ag and Sb cations occupying the Na site whereas Te or Se is located at the Cl
position [177,189,190]. They are isostructural compounds and known as a narrow-gap
semiconductor. Alloys of both compounds received interest due to their TE, optical and electronic
properties. In addition, they are phase change materials, so can be used as a switching medium in

rewritable optical memories.

Figure 1-23: Crystal structure of 1-V-VI2 compound AgSbSe2 [174].

AgSbTe; is a good TE material and constituent for a number of high-temperature high-performance
thermoelectric. The cubic AgSbTe; is a very promising p-type TE material for the thermal energy
conversion at the 500-800K temperature range. This compound is meta-stable at low
temperatures; but due to the thermodynamic instability below 3600°C, it slowly decomposes into
secondary phases Ag;Te and Sb,Tes, and this issues limits its application area. So, most of the
samples of AgSbTe; may contains three-phase mixtures. So, to stabilize the NaCl structure, alloying
of AgSbTe; with other compounds (for ex., TAGS alloys) is considered. This class of compounds are

well-known owing to their very low lattice thermal conductivity <1W/mK. For ex., AgSbTe; has a
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value of the order of x ~0.63W/mk and similarly low values were measured on other [-V-VI;
compounds. The low k value leads to high ZT values of 1.6 and 0.4 at 700K for AgSbTe, and AgSbSe;
respectively. In the rocksalt I-V-VI; semiconductors, the external s electrons and part of the p
electrons are non-bonding and are believed to form a shell of relatively large radius. This is the
fundamental reason for the large anharmonicity of the bonds in this group of materials and that
leads to low lattice thermal conductivity. For example, the valence electronic configuration of Sb in
AgSbSe; is 5s25p3, where only 5p3 electrons take part in bond formation with the Se valence
electrons while the 5s2 electrons of Sb form a lone pair. The origin of anharmonicity in Sb-Se bond
is the electrostatic repulsion between the stereochemically active lone pair of Sb and the valence
bonding charge of Se. The schematic representation of harmonicity and anharmonicity is shown in
Figure 1-24. At first, the perfect harmonic bonds in one-dimension are shown in Figure 1-24a. In
this case, the force to which the atom is subjected is proportional to its displacement from
equilibrium position, and the proportionality constant is the spring constant or stiffness. While in
Figure 1-24b, for the anharmonic system, the spring constant does not remain constant with
increasing atom displacements, which has a strong effect when two phonons run into each other.
The first phonon changes the value of spring constant seen by the second one. Thus, the second one
runs into a medium with modified elastic properties. The anharmonicity results in enhanced
phonon-phonon scattering which reduces the ki, value. The strength of anharmonicity is measured
by the factor known as Gruneisen parameter y expressed as y= 3fBVwn/Cy, where f3 is the volume
thermal expansion coefficient, B is the isothermal bulk modulus, Cy is the isochoric specific heat per
mole, and Vy, is the molar volume. The larger the value of y, the stronger is the phonon scattering.
The low thermal conductivity value of AgSbTe, and AgSbSe; are expected to originate from strong
anharmonicity of their chemical bonds express by large Gruneisen parameters (2.05 and 3.5) for

AgSbTe;and AgSbSe; respectively.
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Figure 1-24: The schematic representation of (a) harmonicity, (b) anharmonicity and (c) shows the balance
phonon transport in harmonicity and an imbalance phonon transport in anharmonicity [17].

Recent studies have been made to enhance the thermoelectric performance of AgSbTe; and AgSbSe;
materials by tuning their electrical and thermal properties though doping or substitution [193].
Some of the examples are given here: For AgSbTe;, the TE performance is greatly improved by Na
doping on p-type AgSbTe;, ZT of 1.50 is reached at 570K for Agog99Nao01SbTez02 sample [194]; the
effect of Bi (bismuth) doping on p-type AgSbTe; leads to ZT value ~1.0 at 570K and low
k~0.48W/mK is obtained for AgBioosSboosTe; material, suitable for mid-temperature range TE
applications [195]; Se (selenium) doping on p-type AgSbTe, with large electrical conductivity and
low value of x give ZT of 1.37 at 565K [196]; with Mn-doped p-type AgSbTe, compounds, ZT of 1.2
at 573K is attained for the sample Ago9SbMng1Tez0s [197]; Sn doped AgSbTe;, was reported to
achieved high ZT~1.1 at 600K ; In p-type doping results in enhanced power factor and highest
ZT=1.35 is obtained for Ag(Sboo7Inees)Te; compound at 650K, good for the applications in the
intermediate temperature range[199]. The best bulk nanocomposite material based on p-type
AgSbTe; is one of the TE materials which form spontaneously nanostructures without the need for
artificial nanostructuring [186,187]. Moreover, there are reports on effect of natural formation of
nanoscale impurities on matrix, and their influence on the improvement of ZT in bulk
nanostructured AgSbTe; come from the very large reduction in thermal conductivity. In addition,
here are some examples of doping for AgSbSe,. Na doping in AgSbSe, improves the power factor
and decreases the thermal conductivity to a lower value. The ZT of 0.92 is achieved for
AgSbo.goNago1Se2 composition [203]. Recently, a small amount of metal ion doping (Pb2+, Cd?*, Zn2+

or Bi3+) in single phase p-type AgSbSe; enhanced the electrical transport properties, leading to a ZT
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value above unity [204,205,206]. Even with Tin doping, highest ZT value of 1.21 at 660K is obtained
for AgSbog9Snoo1Se, material [207]. Moreover, (Mg2+ and Ba?+) doping on p-type AgSbSe; leads
ZT~1 at 673K for AgSbo.9sMgo.02Se2 and AgSbo.gsBao.o2Se; samples, making the AgSbSe; suitable for
medium-temperature power generation applications [208]. Further, with carrier engineering and
nanostructuring in AgSbSe;, maximum ZT of ~1.1 at 635K is obtained in AgSbSe-ZnSe, higher than
the value obtained for the pristine AgSbSe; [205]. Moreover, the nanostructure of the composites
SnTe-AgSbTe; prepared by the zone melting method also give relatively high value ZT of 0.92 at
820K with low lattice thermal conductivity ~0.6 W/mK at 820K due to the intense scattering of
phonon [201]. Here, most of the results are based on p-type compounds and the n-type ones are

rather scarce in this family.

Secondly, here in we describe about the alloying approach which is expected as one of the way to
achieve high thermoelectric performance. Two such pseudo-binary alloys LAST and TAGS are
described here. AgSbTe; is the main constituent of this two high-performance class of TE materials
known as (AgSbTez)1x(GeTe)x (TAGS) and (AgSbTe;)1x(PbTe)x (LAST). The ZT value can be

controlled by changing the x (concentration of GeTe or PbTe). They have been studied since 1950s.

The solid solutions of GeTe with AgSbTe; give alloys of the form (AgSbTez):1x(GeTe)x known as
TAGS. The TAGS system undergoes a polymorphic transformation in the structure from low-
temperature rhombohedral to a high temperature NaCl-type cubic structure (Fm-3m)
[210,211,212]. The transport properties vary smoothly, with the variation in composition from
AgSbTe; to GeTe in the solid solution. This material system possess combination of high electrical
conductivity, Seebeck coefficient and extremely low lattice thermal conductivity (k~0.3W/mK) on
GeTe-rich side, especially for TAGS-80 and TAGS-85; this contributes to high thermoelectric
performance. Before, lattice strain was considered to be the only reason of low k value but recent
work suggests that the presence of twin-boundary defects could be the reason for this minimum
value. TAGS is one of the first TE material which possesses ZT>1 at high temperature. Only the p-
type alloy (GeTe)o.ss(AgSbTez)o.15, commonly referred as TAGS-m, (m represents the mole percent
of GeTe), has ZT greater than 1.2 around 400K; and it has been successfully used in long -life TEG.
Further, optimization resulted in high ZT value of approximately 1.4 and 1.5 at 750K for m=80 and
m=85 respectively, which further triggered the studies on GeTe-rich compositions. Even though,
TAGS-80 compositions [213, 214] possess high ZT value 1.7, but due to its stability problem TAGS-
85 was preferred for space applications. Since 1970s, TAGS-85 has been used in NASA missions.

However, again due to high temperature stability issues, these compositions are not currently
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favoured in TE devices. Also, its application areas are limited due to their high sublimation rate,
high cost of germanium and the presence of a low temperature phase transition; this is an issue in

case of thermal cycling but not a problem for space applications.

LAST is a solid solution between NaCl based isostructural compounds PbTe and AgSbT, This alloy
AgPbnSbTem:2 or LAST-m material is the first system which achieve ZT>1 from the combination of
PbTe and AgSbTe; with p-type properties [217]. A large number of possible compositions can be
developed by changing m. It exhibits a very low thermal conductivity leading to high ZT value. The
LAST-m system; (LAST-10) gives ZT~1.2 and (m=18-22) system shows high power factor with
ZT=1.7 at approximately 700K. At present, the highest reported ZTmax is 2.2 at 800K. Interesting
feature of this material is that they are thermally stable up to their melting point >1200K. The
LAST-m system is an interesting bulk-grown material that spontaneously forms nanostructures
during cooling from the melt. Moreover, recent studies shows the presence of nanoclusions in LAST
material which lead to the net enhancement of ZT. But, due to the complex nature of phase
diagram, TE properties of these materials are highly sensitive to the synthesis conditions and small
changes in chemical compositions. Moreover, applications are limited due to the inhomogeneity

and thermodynamic instability; as a result they lose excellent TE properties at high temperatures.

To summarise, only p-type compounds are found in these two families, and severe issues limit their

potential for wide scale applications [217,218,219].

Thirdly, we describe about the research works on Ag-Bi based materials such as AgBiSe,, AgBiS;. In
the early 1960s, the phase diagram of AgBiSe,/AgBiS [230] was first mentioned by Wernick shown
in Figure 1-25. But the published results were not very precise and also contained made with very

few data sets.
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Figure 1-25: The AgBiS,-AgBiSe; system [230].

Later, in 1965, Geller and Wernick showed that AgBiSe; undergoes a transformation from
hexagonal to rhombohedral upon heating and again further heating transforms into the NaCl
structure. In addition, they also proved that the high temperature state of AgBiSe, and AgBiS; forms
a disordered NaCl type structure in which Ag and Bi atoms are randomly distributed on Na sites
and the Se or S atoms are present on Cl sites. The temperature dependent structural evolution of
AgBiSe; is shown in Figure 1-26; at room temperature, it crystallizes in the hexagonal phase, then to
rhombohedral phase around 460K and finally to cubic phase at 580K. The similar phase changing
behaviour of AgBiSe, was also reported by other research groups which are in agreement with
previously reported structural phase transition. Previous work made on AgBiSe; nanoplatelet
prepared by chemical synthesis shows that it exhibits very low lattice thermal conductivity with p-

type semiconducting behavior.
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Figure 1-26: Temperature dependent crystal structure evolution of AgBiSe;. [220]
Moreover, very high ZT value 1.5 at 700K and reversible p-n-p semiconducting switching were
achieved in chalcogenide AgBiSe;, during the continuous phase transition [223]. Here, in this
report, unexpected properties were obtained due to the potential bimetal atoms exchange during
the phase transition. The high ZT value was reached due to the full disordering of Ag/Bi atoms in
high temperature cubic lattice; as it was supposed to cause a strong anharmonicity of chemical
bond which results in low lattice thermal conductivity, and simultaneous rise in electrical
conductivity. The Ag-Bi atoms exchange during the phase transition allowed AgBiSe; to switch
reversibly between p- and n- type conduction. At first, the AgBiSe; nanocrystals were synthesized
through colloidal method and structural characterization was done using XRD, Raman

spectroscopy, TGA and DSC. The structural study obeys the continuous phase transition property of

53



this compound. The thermoelectric properties of AgBiSe; nanocrystals samples were measured,
shown in Figure 1-27. In this figure, a profound peak in the seebeck coefficient with two changes in
the sign of the value was observed, indicating both p- and n-type conduction. Moreover, the

increase in o value and decrease in k value with increasing temperature around 583K clearly reflect

the phase transition behavior and increases the ZT value.
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Figure 1-27: Temperature dependence of S, o, x, and ZT [223].

However, the results obtained in the laboratory before the beginning of this thesis were not
consistent with these reports, as pristine AgBiSe; prepared by solid-state synthesis was found to be
n-type. Also, it was shown that the type of carriers can be tuned from intrinsic n-type to p-type by
Pb doping and the TE properties of n-type AgBiSe, were improved by Nb doping due to increased
carrier concentration [222]. Here, in this report, all the samples were synthesized using solid state
method and were characterized using XRD and DSC. The PXRD results obtained is shown in

Figure 1-28, is in agreement with the results obtained in earlier reports.

54



(b) Q g; @ AgBi \"hiu—i ‘—\
= S - %_, O Se & I\'
S s 8 - = =8 [ — I—,
ol & | wac§l 5%
R 3 T
> T sa —s
S ST 523K [ 0k
- .
Sl@ & AgBiSe, (=[]
O - 55 @8t T" ®
= RT igL zSes S
20 30 40 50 60 70|
20 (degree)

Figure 1-28: PXRD patterns of pristine AgBiSe;; showing the structural phase transition from hexagonal to
rhombohedral to cubic [222].

The temperature dependence of p and S for the Pb-doped and Nb-doped AgBiSe, samples and
finally the A and ZT for Nb doped sample are shown in Figure 1-29. This figure firstly shows that
Pb2+ doping at Bi3* sites in n-type pristine AgBiSe; results in decrease in electron concentration and
increase in both p and ISl. Further, when Pb2* concentration increased above the intrinsic electron
concentration, the compounds switch from n-type to p-type. And, further increase in Pb2+ results in
increasing hole concentration, thereby decreasing the p and S value. So, this shows a clear switching
from n-type to p-type conduction of AgBiSe; through Pb doping. This switching of carrier type was
also verified with Hall effect measurements. Secondly, in regards to the Nb fraction dependence of
the transport properties, p and IS| both decreases monotonically with increasing Nb concentration
for the entire temperature range. And the value of thermal conductivity also increases with
increasing Nb percentage due to the increase in electronic contribution. This properties leads to a
very low thermal conductivity (0.7W/mK) and peak ZT value 1 at 773 K for the composition

AgoocNbo04BiSez, makes it a promising n-type TE material for mid-temperature applications.
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Figure 1-29: Temperature dependence of p and S for (I) AgBii-«PbSe; from 20-300K, (II)Agi«NbxBiSe; from
20-773K, and (III) A and ZT for Ag:.xNb,BiSe; from 300-773K [222].

Further research was carried out on improving the TE performance of AgBiSe; through doping. The
aliovalent halide ion doping (Cl/Br/I) on n-type bulk AgBiSe, prove to be beneficial [220]; as the
bond anharmonicity and effective phonon scattering results in low value of lattice thermal
conductivity ~0.27 W/ mk at 810 K and a high ZT value of ~0.9 at ~810 K was obtained for the
AgBiSe198Cloo2 sample. Here, the materials were synthesized using simple solid state method and
were characterized using PXRD. This also shows the similar structural phase transition of AgBiSe:
as mentioned earlier, and n-type behavior in pristine AgBiSe;. Temperature dependent
thermoelectric properties of pristine AgBiSe, and doped samples were shown in Figure 1-30. From
this Figure 1-30, it is evidenced that metal to semiconductor type transition occurred during
rhombohedral to cubic phase transformation in halogen doped AgBiSe,. The halogen dopants
effectively enhanced the electrical conductivity of AgBiSe; by doping electrons in the conduction
band. Moreover, the combination of high value of S and o results in increase in power factor at high
temperature 810K, as shown in the figure. All such factors along with low xi.c value obtained for the
sample AgBiSei19sCloo2 make it a promising n-type TE material suitable for mid-temperature

applications.
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Figure 1-30: Temperature dependent (a) electrical conductivity (o), (b) Seebeck coefficient (S), and (c) Power
factor (0S2), (d) lattice thermal conductivity (kiac) and finally ZT of AgBiSe; and doped samples [220].

AgBiS; is one of the less explored member of the [-V-VI, family, but it acquires important
applications in the field of non-linear optoelectronic, TE and in optical media. So far, there were few
reports on AgBiS; based on different synthesis techniques, whereas, the structural characteristic
was given by Wernick in 1960s. At room temperature, AgBiS, crystallizes in hexagonal phase and
with increase in temperature, it transforms to the cubic rocksalt structure (shown in Figure 1-31)
but no other attempt was made to prove the existence of intermediate phase similarly to AgBiSe;.
Recently made study on AgBiS; nanocrystal shows a extremely low value of k ~ 0.4-0.5 W/mK in
300-850K range and ZT value of ~0.2 at 810K. The low x value occurs due to strong anharmonicity
of Bi-S bonds and effective phonon scattering. Till date, no doping study was made on this

compound [224]
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Figure 1-31: Crystal structure of high temperature cubic phase of AgBiS, [224]

Other I-V-VI; compound were also synthesized and investigated, but there are not many reports till
date. For example, AgSbS; is used for technical and device applications. It is considered to be an
excellent candidate for photovoltaic, solar cells and optical frequency converters in solid-state laser
systems. A detail study of electronic and optical properties of this material was reported recently.
Alloy with AgBiTe; and SnTe attained low k value of ~0.7W/mk at ~750K. Consequently, high ZT
vale of ~1.1 at 775 K is achieved for AgSnyBiTex.2 (x=15), which makes it a Pb free material for TE
power generation.[225,226]

1.9 Conclusion

So far, we have seen a strong literature background indicating the I-V-VI, family of compound, could be
a good candidate for TE applications. Researchers put much emphasis on Ag-Sb based I-V-VI, materials
in comparison to Ag-Bi based compounds but there are some good results reported on AgBiSe, materials
till date. It can show both n and p type semiconducting behavior which is valuable for TE leg. Such
remarks suggest that it is noteworthy to do more investigation on this compound. The specific objectives
of this thesis are mainly focused on analyzing the structure and the phase transition of the solid solution
of AgBiSe,-AgBiS,. According to the literature, the cubic I-V-VI, compounds exhibit very low thermal
conductivity due to strong anharmonicity. So, the idea of obtaining the cubic phase is of prime interest.
The solid solution or substitution or doping may be a potential route to suppress the phase transition,
which is also an important factor to count for TE application. Indeed, the phase transition in material is
detrimental for application purpose, as thermal cycling of the modules would damage the TE legs. So a

better understanding and a proper idea is require suppress it.
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Chapter 2

Experimental methods
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2.1 Motivation and organization of this chapter

This chapter contains the relevant information about the synthesis methods and the useful
experimental techniques for the characterizations. The whole chapter is separated into two parts,
to give a clear overview to the readers. The first half mainly depicts the details of the synthesis
steps and the second half portrays the techniques that are adapted for both the structural and

transport property measurement.

2.2 Synthesis of composition (solid solution AgBiSe2-AgBiS:)

The synthesis of the samples of the solid solution corresponding to the compositions AgBiSe;Sx is
one of the tasks of our project. Here, we present the technique and the instruments used for our

purpose.
2.2.1 Method, instruments and raw materials used for synthesis

In the thermoelectric field, researchers use different techniques to produce thermoelectric
materials. The final products of different systems are composed of different elements, which further
vary in their melting points. So, by taking into account such consideration, various methods are
applicable for synthesis purpose. From technological point of view, thermoelectric materials can be
classified into three groups: low temperature with melting point 500-700°C; mid-range with
melting point 700-1000°C; and high melting point temperature greater than 1350°C. So, the right
selection of temperature is one of crucial part of synthesis. In our case also, temperature and time

of annealing is a major factor, as it will be seen in chapter 3.

To begin with, our synthesis route follows the idea of conventional solid state chemistry techniques.
The whole synthesis process was carried out by considering the melting point of Ag  (961.8°C), Bi
(271.4°C), Se (220.8°C) and S (115.2°C), which are our prime raw materials. In brief, the synthesis
process combines the preparation of compounds belonging to the solid solution of AgBiSe,-AgBiS:
using glove box, further sealing of samples inside silica tubes using blow torch and finally the heat
treatments inside the furnace. Each of these synthesis steps will be described in details in the

following paragraphs.

Initially, the starting materials (listed in Table 2) were collected and the whole preparation was
done inside glove box. The basic precursors used were Silver (Ag), Bismuth (Bi), Selenium (Se) and

Sulfur (S). At first, the appropriate stoichiometric amounts of highly pure Ag (99.9%), Bi (99.99%),
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Se (99.99%) and S (99.98%) in the form of powder or granules are accurately weighed using
weighing machine. The appropriate ratios of weighed powders were then mixed and grinded
uniformly to obtain the desired compositions AgBiSe,Sx by using agate mortar. Thus, the well
grinded mixture will enhance the diffusion into the grains during the annealing. However, during
grinding we lost a little bit of Ag in our compounds and Se, S during the heat treatment, so less Bi
has been used to compensate such losses. The idea of working inside glove box is to protect the
user from any kind of hazardous, toxic or reactive precursors. Moreover, it allows processing of
substances which required a high purity inert atmosphere, such as argon or nitrogen. To maintain
such conditions, various synthetic steps (weighing, mixing and grinding) were performed inside
glove box under an argon atmosphere (percentage of Oxygen (02) and water (H.0) were
maintained at 0.5ppm). Further, for our convenience, we turned the grinded powder mixture into
the form of bar shape pellet of size 3*3*12mm3, thus provides better reactivity for solid state
reactions due to better density as compared to powders. To obtain the bar shape, the powders were
first put into the system shown in Table 4 (chapter 3) and then pressed using a uniaxial press

(P=250MPa).

The second step of the synthesis deals with the sealing of above obtained bars of particular
compositions inside silica tubes. For this part of the experiment, two silica (Si02) glass tubes of
varying diameter were used; the bigger and the smaller one with diameter of 15mm and 12mm
respectively. We first closed the one end of larger radius glass tubes by using a blow torch with a
flame of fuel source (oxygen and acetylene). In the same time, several small crucibles were
prepared out of the smaller radius glass tubes. The small crucibles were then filled up with the
mixtures (bar shape pellets) prepared inside glove box and placed inside the bigger diameter glass
tubes. The silica glass tubes containing the precursor’s mixtures were then evacuated to different
pressure and sealed off circumferentially under argon atmosphere. The sealing was done at a
position away from the top of the small crucible, thus providing sufficient space for the material
inside to avoid volatilization of the precursors. The choice of using SiO, glass tube in our
experiment comes from its quality of having high working and melting temperatures. It possess
extremely low coefficient of thermal expansion which further increase its ability to withstand large,
rapid temperature ranges without cracking. Moreover, the excellence of using silica tubes for high
temperature thermal processes lies in its strong resistive behavior to thermal shock and due to its
nature to remain chemically inert to most of the elements. All such qualities of silica glass tube are

of great importance in the synthesis process, as we did water quenching at high temperature.
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After sealing the material inside silica tube, we placed the tube vertically inside the furnace for the

heat treatment. The temperature of the furnace is accurate at the mid-position, so considering that

three tubes undergoes heat treatment at the same time. During the synthesis of the same series of

sample, it is also possible to place several crucibles within the same glass tube (maximum three to

keep the temperature uniformity in the furnace).

Table 2: Specifications of raw materials.

Silver (Ag)

Alfa Aesar

Silver powder, spherical, APS 0.6-2 micron, 99.9% (metals basis)
S.A.04-1.5m/g

41598 LOT:C02X008, CAS:7440-22-4, EINECS 231-131-3

Bismuth (Bi)

SIGMA- ALDRICH
Granular, 99.99% trace metals basis
LOT: BGBN0187V, CAS: 7440-69-9

Selenium (Se)

Alfa Aesar
Selenium powder, -200 mesh, 99.99% (metals basis)
LOT: 61200473, CAS: 7782-49-2

Sulfur (S)

SIGMA- ALDRICH
Powder, 99.98% trace metals basis
LOT: 11325MI1V, CAS: 7704-34-9

Antimony (Sb)

SIGMA-ALDRICH
Antimony, Shot,1-2mm, 99.999%
CAS 7440-36-0, Sb

Niobium (Nb)

Merck, 99.99%
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Table 3: Picture of instruments used for the synthesis in our laboratory.

Blow torch (Oxy-acetylene | Fyrnace for heat treatment | Cylindrical furnace for heat
Glove Box = flame) set up—> Used for
Used for weighing, mixing making c.ruc'ibl'es ar?(?l sealing -> Temperature range 30- | treatment >
o of material inside silica glass | 3000 C Temperature range : front one
and grinding precursors tube

goes till 600°C and other two on
back side goes till 1000°C

2.2.2 Densification of material: Spark plasma sintering

Spark plasma sintering (SPS) is a high speed powder consolidation technique which utilizes uni-
axial force and ON-OFF DC pulse energizing under low atmospheric pressure. This DC pulse creates
spark discharges which momentarily appear in the gaps between powder materials. The SPS
system comprises of a pressurization system, punch electrodes, a water cooling unit, a DC pulse
power generator, a vacuum chamber, a position, temperature and pressure measuring unit and
various interlock safety units. The sintering process is carried out by following three steps: Plasma
heating, Joule heating and plastic deformation. The ON-OFF pulse energizing method generates:

spark plasma, spark impact pressure, joule heating and an electrical field diffusion effect.

Plasma heating: At first, the spark discharge between powder particles creates a local heating of up
to several thousand’C. The high temperature sputtering phenomena generated by spark plasma and

spark impact pressure causes vaporization of the impurities and purification of the surface of
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particles. Immediately after, the purified surface of particles melt and fuse together forming a neck

between the particles.

Joule heating: At this stage, the DC pulse current flows from one particle to another via the neck.
The joule heat generated by the electrical current increases the diffusion process due to high speed

migration of ions, which results in enhancement of neck size and helps them to gradually develop.

Plastic deformation: The radiant heat also generates plastic deformation under uniaxial force on the
surface of particles. This stage determines the densification of the powder compact. During the
whole process, heat is maintained uniformly throughout the surfaces of particles. And the sintered
material obtained is highly uniform and without any noticeable change in the particles
characteristics. The whole effect of application of DC voltage is summarized in the flowchart

2.1.[231]

Pulsevoltage Phenomenon Effects
Generation of spark plasma
Evaporation, melting and
ON purification
ik Generation of spark impact pressure High speed diffusion,
Local stress and sputtering ”| High speed material transfer
Generation of Joule heat }, . .
- | Efficientheating
Local high temperature plastic deformation
Action of electric field
High-speedionmigration | High-density energy supply
Efficient generation of T . . .
Pulse voltage and current | —_ | Dispersed movement of discharge point |

Thermal diffusion _ | Quick cooling of intergranularbonding |
OFF Heattransfer from high —

Temperature generating point

Flowchart 2.1: Effect of ON-OFF DC pulse voltage

The advantages of using SPS system is that it provides fast and uniform sintering with low grain
growth. It can sinter materials without the use of binders. Moreover, compared to conventional
systems; it can control sintering energy and operation speed accurately. Also, it provides ease
operation, high reproducibility, safety and reliability. Apart from the positive sides, limitation

comes with the formation of only simple symmetrical shapes of sintered material and the
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requirement of expensive pulsed DC generator. The SPS processing covers a wide range of

materials shown in flowchart 2.2.

Fibre/ composite materials
Functionally graded materials
Bonding of dissimilar materials

Oxide and non-oxide @
ceramics

Hard metal alloys
Amorphous materials
Magnetic materials
Intermetalliccompounds

Polyamide resins
Nylon
Polyethylene

Flowchart 2.2: Examples of materials covered by SPS

2.2.2.1 Sample preparation and geometry of sintered material

In order to carry out the transport property measurement, powder samples need to be consolidated
into dense pellets. So, for this, powder samples are required before being subjected to sintering
process. The material obtained after synthesis were crushed and grinded into powder form
manually using an agate mortar. The powder samples were sintered using SPS technique. The SPS
used is a Syntec-SPS-511S. The mechanical scheme of this process is similar to the uni-axial die
pressing. A schematic drawing of SPS comprises of a die set-up, the pressing unit and the electric

current applied via electrodes is shown in Figure 2-32.
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Figure 2-32: Schematic drawing of SPS comprises of a die set-up, the pressing unit and the electric current

applied via electrodes.

The powder was first loaded into the graphite die with diameter (#=10 and 15mm) and fixed in a
vertical position with two graphite rod on top and bottom. The graphite die was covered with a
graphite sheet from inside before the powder being placed. The graphite sheet is use as a
separation medium between the powder and the die. Moreover, the graphite has characteristic of
heat resistance, chemical resistance, and can be compress easily. The die with the powder was
mounted on the sintering system. Once the die set-up is loaded, the powder was pressed with the
application of high DC voltage across the sample through the graphite plunger. At the same time,
the temperature feedback system, the pressure unit, the atmosphere (vacuum and/or inert gas), the
electrical settings are all programmed manually. The sample was heated according to Joule’s
heating to a temperature below the melting point of the material. When the temperature reached
the set value, it was held for few minutes under respective pressure, in order to obtain uniformly
dense pellets. The disc shape pellets obtained after sintering were then cut into desired shapes

required for transport property measurement. The various shapes are shown below in Figure 2-33.
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Figure 2-33: A schematic drawing of (a) sintered disc shape pellet, (b) top view of disc, and (c) square and bar

shape pellet obtained after cutting.

2.3 Structural characterization of material

After synthesis, phase identification and structural analysis of the materials is the most important

part of characterization. The various techniques applied are mentioned in the following sections.

2.3.1 X-ray powder diffraction (PXRD)

The principle of X-ray powder diffraction is very simple and straightforward. It is mainly based on
the Bragg’s law. The schematic drawing is shown in Figure 2-34. Atoms in a crystal are arranged in a
periodic array in three dimensions. According to Brag law, a monochromatic X-ray beam incident
upon the crystal is diffracted when reflected on the crystal planes and undergo a constructive
interference. This situation occurs when the path difference between the rays reflected from
successive planes differs by an integral multiple of wavelength of X-ray beam; which can be

expressed as:
nA=2dygSin6 . (2.1)

Where, n is an integer, A is the wavelength of X-ray, duu is the spacing between the crystal planes

and 0 is the angle between the incident ray and the scattering planes.
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Figure 2-34: Schematic diagram of Bragg diffraction.

The structural characterization of all samples in our study was done by using powder X-ray

diffraction technique with PANAlytical Xpert Pro diffractrometer shown in Figure 2-35(a).

X
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Figure 2-35: (a) PANAlytical Xpert Pro Diffractrometer and (b) Bragg Brentano geometry.

The main three elements with which the diffractometer comprises of an X-ray tube, a sample holder
and an X-ray detector. Here, the X-rays are collimated and directed towards the sample. As, the

sample and detector are rotated, the intensity of the reflected X-rays is recorded. The detector
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processes the X-ray signal and converts this signal into a count rate which is then transferred as an
output (diffractogram) to a computer monitor. The whole assembly of this diffractometer also
consists of a monochromator, and an X'Celerator. The powder was prepared on glass slide over a
tape. This diffractometer is based on Bragg-Brentano geometry (Figure 2-35(b)), equipped with a
Copper (Cu)-kq anode source of wavelength A=1.540560A. In this geometry, the sample moves by
the angle 6 and the detector simultaneously moves by the angle 26. The XRD measurement was
operated at 40kv and 40mA. The phase and peaks identification was done by using software X'Pert

High Score Plus which is supported with multiple reference databases.

Apart from this, we performed XRD analysis of our samples at high temperature (HTK). In this
study, powder on a sample holder was heated from room temperature to the desired temperature
with a predetermined rate under argon atmosphere. Here, we have adjusted the temperatures

manually. One of the examples of High temperature XRD measurement is shown in Figure 2-36.
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Figure 2-36: High temperature XRD analysis of AgBiSe(0.551.5.
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Figure 2-36 shows the XRD patterns collected at different temperatures. The choice of temperature
range came from DSC result, in order to notice the phase change at the particular temperature as
obtained in the DSC study. At the beginning, the data were collected at RT and then the
temperature was increased slowly at the rate of 1°C/ 1min. Following this rate, we adjusted the
required temperature, and waited for few minutes to get the steady state. We left the specimen at
the required temperature for at least five minutes before recording the diffraction patterns. After
this step, we took powder diffraction pattern at another temperature just by changing the
temperature manually as mentioned above. Here, in this plot, we observed phase change from

hexagonal to cubic, which is in accordance with the DSC result mentioned later in chapter 3.

2.3.2 High pressure measurement

The most remarkable development of the high pressure research was of paramount interest after
the invention of the diamond anvil cell (DAC) [232,233,234] in 1958. DAC is used to perform
various studies: X-ray diffraction, electrical conductivity measurement, magnetism, optical, Raman,
IR, X-ray absorption, NMR and spectroscopy also. Diamond anvil cell (DAC) is a simple device used
to create very high pressures. The structure of diamond anvil cell mainly comprises of a pair of
diamond anvils and a metallic gasket shown schematically in Figure 2-37. The gasket contains a
hole in which a sample and ruby are placed in a hydrostatic medium [234]. Here, ruby act as a
pressure gauge and the diamond is optically transparent over wide range of wavelength; the
ultraviolet, visible, infrared, and X-ray spectral range. For the measurement with DAC, very tiny
samples are required. Sample used in DAC can be solid or liquid and since diamonds are quite inert,
so a wide range of substances can be studied. Diamond plays an important role in DAC because of
some extraordinary properties. They provide very low birefringence, low photoluminescence, and
offer resistance to abrasion. Moreover, diamond is the hardest substance; so it ensures generation

of highest pressure.[236]

70



X-ray beam

Force l/

AT ‘m‘-‘.\‘% BTSRRI
e s L e T (I
EREA RN if«ﬁ.ﬁ:&‘:‘éﬁlfﬁ

Pressure medium <€— Upper diamond anvil

Metal gasket T Ruby

<— Lower diamond anvil

R AR =.e§>;;' R PreohS
R A E e B
O e R B & b2 1:«;-,2,»;.‘.-'9?:’5

Force

Figure 2-37: A schematic diagram of DAC.

The three main parts of DAC comprises of alignment assembly, sliding system and the mechanism
of application of load. The main principle is that a force is applied on the external surface of the
diamond cell which exerts great pressures inside by pressing the tips of two diamonds together on
the sample. This pressure squeezes the gasket and sample confined in a high-pressure chamber.
The pressure is made hydrostatic by surrounding the sample with a fluid-like medium inside the
gasket. Further, the entire system is connected into the experimental equipment for optical access.
Light is then guided onto the cell and transmission and reflections on the sample are examined.
Pressure can be applied in several ways; by using a screw-design, double diaphragm or a
membrane unit. There are two strategies for pressure measurement: using ruby fluorescence

method or by using equation of sate (EOS) of a standard which is the one we used.

At present, different designs of DACs are available which are optimized for the measurement
techniques, sample requirements, and other experimental conditions. In our case, for high pressure
X-ray diffraction studies, we use membrane diamond anvil cell (MDAC). The schematic diagram and
detailed description are given in the paper [232].The advantage of using membrane cell; is that it is
possible to change the load smoothly and maintain the parallelism of the diamonds under pressure,
the whole process can be remote control and easily programmed with time. In this kind of cell, the
force is generated by inflation of the membrane. This cell can be used to perform various
measurements such as control of gasket indentation, low-temperature performance of the cell,

study of phase transitions and also the measurement of refractive index of a homogeneous medium.
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In our work, we performed high pressure X-ray diffraction of our sample using MDAC, mainly to
study the phase transition. The entire measurements were carried out at the Material Science
Powder Diffraction (MSPD) beamline at the ALBA-CELLS synchrotron (Barcelona). The details of
the beamline source and optics used are given in the reference [237]. To conduct the experiments,
after synthesis, the samples were grinded into powder form. A very small amount of powder was
trapped between the two diamond anvils (Boehler-Almax design). The measurements were
performed up to 20 GPa with a focused incident monochromatic X-ray beam of wavelength
(A=0.4246A) corresponding to Sn K-edge. The powder samples were loaded into the gasket (Inconel
X750) preindented to 40microns. The pressure chamber was 150 microns in diameter. The
pressure was measured using the EOS of Cu. The diffraction patterns were recorded by the detector
and 2D Debye-Scherrer circles were obtained and transformed into 1D pattern using FIT 2D

software. [237,238]

2.3.3 Refinement Method

The extraction of useful information from the powder diffraction patterns is done by using various
patterns fitting method. Two of them, Rietveld and le Bail are described in this section. In our work,
these two refinement methods are implemented using the software FULLPROF. The information

content in diffraction pattern is shown below in the flowchart 2.3.

Information content of a powder pattern

N

Background Reflections
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) Paosition Intensity Profile
Scattering factor FWHM, peak shape)
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Lattice parameters, Instrument Sample
) Space group: function broadening
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Thermal diffuse scattering Qualitative phase Crystal structure
- Intensity
analysis 3 ror
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. (Disorder)
Local order/ disorder Quantitative
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Flowchart 2.3: the information content in diffraction pattern.
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2.3.3.1 Rietveld Refinement

Rietveld refinement method was first introduced by Hugo M.Rietveld in 1967, to refine the crystal
structures from the powder diffraction data [239]. It is also known as whole powder pattern
structural refinement method (WPPR). In this method, the least square refinement is carried out
until the best fit is obtained between the observed powder diffraction pattern and the calculated
pattern. The model parameters that are refined include the atomic positions, the scale factor, the
lattice parameters, the background, instrumental factors (geometric or optical), diffraction optic
effects, and the specimen aberration (such as specimen displacement, broadening and

transparency).

The diffraction pattern is iterated ith times to obtain the best fit with the intensity value y; The

factor which is necessary to minimized in the least square fit is the residual (Sy) given as:

Sy=Yi(wi(yi-y))2 (2.2a)

Where, wi=1/yi, and yiis the observed intensity and y.i is the calculated intensity at the ith step and

3 is the total data points recorded at ith step.

Further, to determine the calculated intensity (y.), we can consider a powder diffraction pattern as
a collection of individual reflection profiles. Each profile contains information about the peak
height, peak position, a breadth and an integrated area under each peak. The area is proportional to
the Bragg intensity (Inu), where hk,] are the Miller indices (K). The intensity (Ix) is related to the
square of the absolute value of the structure factor, |Fx|2. The calculated intensity y. is then
determined from |Fi|2 values obtained from the structural model by taking the sum of the

contribution of neighboring Bragg reflections and the background.
Vi =S 2k [LklFkl?@ (26i - 20 )Pk A+yni (2.2b)

where, s is the scale factor, K represents the Miller indices, Lk contains the Lorentz , polarization,
and multiplicity factors, @ is the reflection profile function, Pxis the preferred orientation function,

A is the absorption factor and yu; is the background intensity at the ith step.

Since the adjustable parameters and intensities are related in a non-linear manner, the initial model
must be close to the correct model otherwise the non-linear least square fit will not necessarily

converge to a global minimum and instead it could diverge to a false minimum. The idea of criteria
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of best fit can be quantified with several R-values developed by the users of Rietveld method. The

most commonly used residual R- value is R, (R-pattern) and Ry, (R-weighted pattern) given as:
Rwp = { X wi (vi(obs))-yi(calc))?/ Ywi(yi(obs))2}1/2 ... (2.2¢)

Rp ={Y lyi(obs)-yi(calc)l / X.(yi(obs)} ... (2.2d)

Another useful numerical criterion is the Goodness-of-fit (S) given by the relation:
S=[Sy/(N-P)J%2 L. (2.2¢)

S value of 1.3 or less is considered to be satisfactory. N is the number of observations and P is the

number of adjusted parameters.

This method is most successfully used nowadays to determine structure of materials, component of

chemical mixtures and also analyze the phases.
2.3.3.2 Le Bail Refinement

The measured powder diffraction patterns of the material often consist of overlapped Bragg peaks,
so the restoration of the Bragg intensities is not so easy. Their actual value can be determined by
integrating the area under each observed peak. The whole powder pattern decomposition (WPPD)
technique provides a systematic procedure to decompose a powder pattern into its component
Bragg reflections and extract the integrated intensities. The most commonly used WPPD method is
the le Bail algorithm developed by Armel le Bail. The le Bail model is easy to incorporate inside an
existing Rietveld code. For the le Bail method, value of unit cell, position of Bragg peaks and space
group of the material must be known. But the structural factors and the associated structural
parameters are not required for the analysis. Le Bail refinement also follows the least square
minimization process like as the Rietveld method. Here, the intensities are refined by minimizing
the difference between the calculated pattern and the experimentally observed pattern. The lattice

parameters, profile parameters and background parameters are refined during each iteration cycle.

Le Bail method calculates the intensities by using the Rietveld decomposition equation. As same as
Rietveld, experimentally observed intensity yi(obs) is partitioned among all the peaks (p). In the
first iteration, initially, all of the intensities are set to an arbitrary value. These are considered as a

calculated value. This process leads to an ‘observed’ intensity of a particular peak given as:
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Where, yi1 is the calculated intensity of peak ‘1’ and (Iobs)1 is the ‘observed intensity of peak ‘1.

According to this relation, the Iops of a particular peak ‘1’ depend on the experimental observed
intensity and the ratio of the calculated intensity of peak ‘1’ and the total calculated intensities of all
the peaks. After the first cycle, the lattice, background and profile parameters are refined and these
sets of refined parameters are then used for calculating new set of Ions. The process is iterated again
and again; new set of s is updated in further refinement cycles. Following this, iteration is

continuing until good agreement obtained between the observed and calculated powder pattern.

2.3.4 Thermal analysis by Differential Scanning Calorimeter (DSC)

Differential scanning calorimetry or DSC is a thermal analysis technique that was first developed by
E.S. Watson and M.J.O’Neill in 1962 and then commercially launched in 1963 at Pittsburgh
Conference on Analytical Chemistry and Applied Spectroscopy. It is used to characterized the
physical properties of a wide variety of materials and analyze their changes with temperature. In
this technique, the difference in heat flow required in order to raise the temperature of a sample
and a reference is recorded as a function of temperature. There are two types of DSC: power
compensated DSC and heat flux DSC. In power compensated DSC (Figure 2-38b), the temperatures of
the sample and the reference are operated independently using separate identical furnaces, while

in heat flux DSC (Figure 2-38a), the whole assembly is enclosed in a single furnace.
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Figure 2-38: A schematic drawing of (a) Heat flux DSC; (b) power-compensated DSC.

DSC becomes a most useful thermal analysis technique due to its various advantages. Only a small
amount of material (range from 0.5mg-100mg) is required, which ensures uniform temperature
distribution and high resolution. In addition, the sample preparation, experimental set-up and
interpretation of results can be done easily. It can analyze both solids and liquids samples. The
strong point of using DSC is the speed with which it detects the transitions in materials. Using this
technique, it is possible to observe specific events like crystallization, glass transition, melting,

oxidation, decomposition as well as any other chemical reactions. In addition, it can also determine

the thermal stability and the reaction kinetics of a material.

The DSC chamber consists of a sample holder and a reference holder enclosed in the same furnace.

The DSC measurements for our study were performed using a Setaram Setsys Evolution equipment

shown in Figure 2-39.
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Figure 2-39: DSC (Setaram Setsys Evolution equipment).

Here in this instrument, the sample is placed into an alumina crucible and the reference is usually
an empty alumina crucible. The sample and empty reference crucibles are heated at constant heat
flow. The whole chamber is encapsulated in an inert atmosphere to prevent oxidation of samples at
high temperatures. Both the sample and reference are maintained at nearly same temperature
throughout the experiment. Here we present one of our result of DSC experiment (or DSC
thermogram) shown in Figure 2-40 as an example. It shows a plot of heat flow Vs sample
temperature in degree Celsius. The curve is associated with endothermic peak as a function of
temperature or time. Such peak arrival corresponds to a given phase transition of the sample under
study. The temperature at the onset of transition can be calculated by taking the average of two
values of temperature obtained by drawing the tangent lines on the curve itself. On other side, it is
valuable to know the mathematical background related to heat flow. As, DSC is carried out at
constant pressure, heat flow is equivalent to change in enthalpy. The heat capacity (C;) is also

related to the heat flow. Mathematically, it can be expressed as,

d dH
% )p = (E »=C (2.4)

Where, the heat flow is measured in mcal secl. The total enthalpy change of the event can be

calculated by integrating the area under the peak.
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Figure 2-40: Diagram of DSC Heat flow curve Vs Temperature of sample.

2.4 Transport property measurement techniques/ Electrical characterization

2.4.1 Seebeck coefficient measurement

Seebeck coefficient measurement of materials at low temperatures (30K-300K) was performed
using differential method. The experiment was carried out using the instrumental set up

constructed in the laboratory shown in Figure 2-41.

78



W17 7,

:

:

- » Y
¥

!

(@) (b)

Figure 2-41: (a) Instrument to measure Seebeck coefficient and resistivity and (b) zoom view of sample

holder part.

In the differential method, a gradient of temperature (AT) is applied across the material which
results in a potential difference (AV). Seebeck coefficient does not depend on the sample geometry

and is simply defined by a measurement of voltage at two points on the sample divide by the

temperature difference between these two points,

_AV

S=.r (2.5)

For the Seebeck measurement, the powder sample are sintered (SPS) and then cut into a
rectangular parallelepiped bar shape pellet. The whole measurement were made under vacuum

condition and the densified bar is placed vertically inside the instrument. The schematic diagram of

sample holder set-up is shown in Figure 2-42.
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Figure 2-42: Schematic diagram of sample holder set-up.

According to the schematic diagram, the bar is held between the heating base and the copper plate.
The copper plate is equipped with three screws which make the bar to stand in a vertical position
until the measurement is over. The temperature and potential difference was measured by the
thermocouples which are sandwiched between copper foils and the sample. The copper plate at the
top and the heating base at the bottom hold the thermocouples tightly to provide a good contact
with the sample. Thus, ensures good thermal and electrical contacts. After the sample has been
fixed, the device is tightly covered with a steel tube which keeps the sample in a constant vacuum
environment. In Figure 2-42, the wires (orange colour) on the right hand side measures the
resistivity and the thermocouples (yellow colour) on left hand side measures both AV and AT
simultaneously. Here, the S value was not just measure with AV/AT but from a linear fit of AV vs AT
obtained during measurements. The thermal gradient is regulated and preset by using the
computer software. All measurements were controlled by the computer and raw data is
automatically saved. In the Seebeck coefficient measurement, the current supply is open circuit
with no current flowing through the sample. The calibration of the device was made on a
superconducting material (S = 0 puV.K1) and a skutterudite. While measuring the Seebeck
coefficient, we need to consider the contribution of the copper wires (Scu-wire) connected to the bar

to the value of the thermoelectric power is around 1-2 pV.K-l. Thus, the Seebeck coefficient is

measures as:

AV
S=—+ Scu-wire
AT Cu-wire
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The electrical resistivity and the Seebeck coefficients were carried out using the same device shown
in Figure 2-41. For resistivity measurement, two new contacts were made near the ends of the bar.
The copper wires at the end were pasted with silver glue and the contacts were connected with this
wire by welding with tin. This two points (voltage probes) measures the voltage difference with the
application of current across the thermocouples. The voltage and current, data acquisitions were
fully automated and controlled by the computer software. Thus, the sample resistance (R) can be
known from the data obtained and the resistivity (p) was calculated from the relation:

_RxA
- l ------------

Where, A is the cross-sectional area of the sample and [ is the distance between the copper wires

(or two contacts).

2.4.2 Seebeck and Resistivity measurement at high temperature

High temperature measurement of Seebeck coefficient and resistivity was performed with a device

built in our laboratory. A schematic diagram and the actual set -up is shown in Figure 2-43 (a) and

/@—'Eater

e

(b) respectively.
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Figure 2-43: Measurement at high temperature: (a) the actual set -up in the laboratory and (b) the schematic
diagram.
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With this instrumental set-up, the measurement can be carried out under controlled atmosphere
including vacuum and a reducing atmosphere for oxygen sensitive material. We can measure the
thermoelectric power (S) and the electrical resistivity (p) within the temperature range (300K-
1200K). The whole instrument assembly was built with the materials which are stable at high
temperature. A sintered sample was cut into bar-shape and the measurement was done following
the same method as in the case of low-temperature measurement. A detailed description of the

instrument and the method of measurement are given in the paper [240].
2.4.3 Hall Effect measurement

The Hall Effect measurement is important for characterizing the electrical transport properties of
metals and semiconductors. The assembly of PPMS is used to perform Hall measurement within

temperature range (10K-400K). A schematic diagram for Hall measurement is shown in Figure 2-
44,
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Figure 2-44: Geometry for measuring Hall Effect.

The sintered sample was cut into square shape to use for the measurement purpose. The contacts
were made with copper wires and attached on the body of sample by soldering with indium. The

principle behind the Hall Effect is explained below.

Hall Effect was discovered by E.H. Hall in 1879. According to this effect, when a sample with an

applied current I is placed in a magnetic field perpendicular to the current flow, the charge carriers
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will experience a force. Depending on the type of material, there will be a build-up of net charge and
this further induces an electric field in y-direction perpendicular to both the current and the
magnetic field. In steady state, the magnetic field force is completely balanced by the induced

electric field force given as:
qu =qUXBZ ......... (283)
Where, vy is the velocity of the charge particle in x-direction.

The induced electric field (Hall field, Ey) produces a voltage across the material known as Hall

voltage (Vu):
Vye=Ep]w ... (2.8b)
Where, W is the width of the material shown in the geometry.

The polarity of the Hall voltage determines whether the material is n-type (-ve charge carrier) or p-
type (+ve charge carrier). The Hall measurement system can be used to determine several
parameters such as: carrier concentration (n), Hall coefficient, resistivity and the mobility of charge
carriers. From the relation of Hall voltage, the hall coefficient can be related to the carrier
concentration,

_IxBz
" ned

A%

Vud E 1
R (2.8d)

T IxBz jx Bz " ne

Ru

Where, e is the electronic charge and jxis the current density. The value of Ry is +ve for p-type and -
ve for n-type. Another important parameter is the Hall resistivity ps which is expressed as the ratio

of the electric field Ey and the current density jx,in accordance with the Drude model.

Ey
PH = ]_X ....... (2.8¢)

From experimental point of view, the Hall coefficient is measured by taking the variation of Hall

resistivity with the magnetic field and the slope will give Ry as:

dpn
Ry = 221
H= "B
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On the other hand, if the carrier concentration values from Hall effect measurements as well as

electrical resistivity measurements is known, then the Hall mobility can be calculated as:

During measurement, the factors which are essential to be considered are to have good ohmic
contact, flat, symmetric and homogenous sample, and also to avoid any kind of heating of the

sample or thermal gradients.
2.4.4 Specific heat measurement

The heat capacity or specific heat of a substance is defined as the amount of heat per unit mass
required to raise the temperature of it by one degree. It is expressed in unit of thermal energy per
degree temperature. The heat capacity of our samples is measured using PPMS. In PPMS, the
Quantum Design heat capacity option measures the heat capacity at constant pressure given by the
relation:

G=(3) (2.92)

Where, dQ is the amount of heat transferred to the substance resulting in an increase in

temperature dT.

There are several different techniques which are optimized to measure specific heat capacity
depending on sample size. The technique with which we measure the specific heat capacity of our
sample in PPMS is relaxation technique developed by Bachmann et al. in 1972 [241]. According to
this technique, each measurement cycle contains a heating period followed by a cooling period. In
each cycle, the heat capacity option adjusts the thermal response to a model which accounts for
both the thermal relaxation of the sample platform to the bath temperature and also the relaxation
between the sample platform and the sample itself. The schematic diagram of the whole assembly

which is used to determine specific heat capacity in PPMS is shown in Figure 2-45.
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Figure 2-45: Schematic diagram of assembly to measure the heat capacity in PPMS heat capacity option.

According to the figure, the calorimeter puck consists of a resistive platform heater, platform
thermometer and puck thermometer. The structure is provided with eight small thermally
conducting wires that support the sample platform (2Zmm*2mm) and suspend it in the middle of the
puck frame. Moreover, the wires also provide a good electrical and thermal connection among
several parts. The sample is mounted to the sample platform by using a thin layer of grease
(Apiezon N Grease). During the measurement, a Cryopump High -vacuum option is use to provide
adequate vacuum of 0.01 mTorr such that the conductance of the wires dominates the thermal
conductance between the sample platform and the thermal bath. This in turn produces a heat link
to the bath with a large time constant, so that the platform and sample reach at sufficient thermal
equilibrium condition during each measurement. The whole assembly is enclosed within a thermal

radiation shield which protects the sample platform and the sample from any unwanted heat.

Before each measurement, it is important to perform the addenda (C.) measurement. It is the
measurement of the heat capacity of the sample platform (C,) along with the grease. C, is treated as
a value equal to C.. The software first measures the temperature response of the sample platform to
the applied heat and fits it to a desire model. Immediately after, the sample is mounted and the total
heat capacity is measured. The software then calculates the actual heat capacity of the sample (Cs)
by subtracting the addenda part from the total heat capacity. So, for this, two separate
measurements are required: one with and one without a sample on the sample platform. All this

measurement is based on two-tau model with schematic diagram shown in Figure 2-46.
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Figure 2-46: Specific heat measurement.

To model the thermal response for heat capacity the heat balance equations are:

dT,

P (t) = Cp? + Ks (Tp - Ts) + Kp (Tp - TO) ........ (ng)
0 = Cs% + Ks (Ts - Tp) (29C)

Where, Cs and C, are the heat capacity of the sample and the platform with their respective
temperature Ts and Ty. ks is the thermal conductance between the sample and the sample platform
and k; is the thermal conductance between the heat sink and the sample platform. Ty is the

temperature of the heat sink which is held nearly at a constant temperature Tj.

2.4.5 Thermal diffusivity measurement (LASER FLASH method)

One of the most attractive methods for measuring thermal conductivity (k) is to determine first the
thermal diffusivity (a), specific heat (Cp) and the density (p) as a function of temperature and then

compute the value of thermal conductivity from the given relation:
K(T)=a(T)p(MC() . (2.10)

Thermal diffusivity which defines how quickly a body can change its temperature is measured by
using the laser flash method. It is expressed in the unit m?/s. Simple geometrical method was used
to measure the density of the material. And, precise value of specific heat can be obtained either by
using DSC (Differential Scanning Calorimetry) or by PPMS (Physical property measurement
system).
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The thermal diffusivity of the given materials was measured utilizing a NETZSCH model LFA 457
MicroFlash apparatus and schematic diagram shown in Figure 2-47(a) and (b) respectively. The
main principle behind the laser flash technique was first described by Parker in 1961 and it’s

become useful world-wide due to its wide temperature range for measurement.

IR detector

Signal amplifier

| | ol

Testsample n

Power Supply Computer + Data Acquisition

Laser Source

(a) (b)

Figure 2-47: (a) LFA 457MicroFlash apparatus and (b) schematic diagram of LFA.

In a laser flash technique (LFA), at first, the samples were placed in the sample holder under inert
gas environment. The sample is usually a disk or square in shape. At the beginning, the sample is
aligned properly between a neodymium (Nd) glass laser (1.06 um wavelength) and an indium
antimonide (InSb) IR detector inside the furnace. The laser pulse is guided by a mirror to the
sample. The furnace is provided with a thermocouple mounted on the side of the sample holder
which controls the sample and its surrounding temperature. Once, the sample reaches and
stabilizes at the desired temperature say Ty, an instantaneous laser beam is fired several times on
the front face of the sample, defined as a “shot”. During each shot, the front surface absorbs the
laser beam energy causing a heat flux lines to travel parallel through the sample thickness; there is
no heat flow in the plane of the sample shown in Figure 2-48. This results in a rise in temperature at
the rear face which is then monitored as a function of time with a detector (InSb-detector, liquid
nitrogen cooled). Further, the detected signal is amplified before being transferred to the computer
for future analysis. Moreover, use of adjustable filters between the laser and the furnace allows

keeping the sample temperature in the optimum range.
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Figure 2-48: Schematic drawing of through-plane heat flow in LFA method.

Sample preparation: For laser flash experiment, a well dense sintered sample is required. The
sample was first polish and cut into desire shape with appropriate size. The faces of the sample
were made flat and parallel, so that it can be fitted easily within the sample holder. The system is
equipped with sample holders for various sample shapes and sizes; for e.g., it can be a disc or a
square form. The sample holders possess very low thermal conductivity in order to maintain a heat
insulated environment surrounding the sample. With LFA instrument, it is possible to measure
three samples at the same time. Disk-shaped samples with diameter of 10-12mm and square shape
sample with length side 8mm were prepared. The thickness of the sample lied between 1-2mm. The
sample was coated with graphite aerosol for surface blackening, it is also important for the
emissivity. It increases the energy absorbed on the laser side and the temperature signal on the

backside of the sample. The picture of sample holders is shown in Figure 2-49.

(a) (b)

Figure 2-49: (a) sample holder with different shapes and sizes (b) Square sample holder with square shape
sample.

Advantages of LFA method: It is a non-contact and non-destructive method. It has the capability to

analyze multi-layer samples. It measures sample with simple geometry and preparation of sample
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is an easy task. It can measure a broad range of thermal diffusivity value (0.01-1000 mm?2/s) with a
high level of accuracy and reproducibility. The LFA 457 Microflash is designed as a cost-effective,
easy-to-operate, and allows measurement with temperature range from room temperature to
1100°C. The vertical arrangement of sample holder, furnace and detector makes it easy to install the
sample inside. This in turn, provides an optimum signal-to-noise ratio of the detector signal. The
LFA technique is of paramount interest as the measurements are less time consuming and more
productive. In spite of the positive sides, flash method has some limitations. The equipment is
usually expensive and special care need to be taken while dealing with porous and non-

homogeneous materials. [242,243]
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Chapter 3

Experimental Results on solid solution
AgBiSe2-AgBiS:
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3.1 Motivation behind this chapter

This chapter presents the study of the solid solution and the study of the phase transitions. A
detailed investigation on the synthesis and the structural characterization of the solid solution
(AgBiSe2.xSx, x varies from 0 to 2) by X-ray diffraction and by thermal analysis using DSC
(Differential scanning calorimeter) has been carried out. Moreover, this chapter contains the
experimental results that were obtained during high temperature and high pressure XRD study.
The main objective of this study is to understand how to trap the cubic phase, of prime interest for
application, and also because of the low thermal conductivity which could be obtained for

intermediate compositions.

3.2 Results of synthesis

The instruments and technique used for the synthesis purpose during the whole PhD work are
already mentioned in the section 2.2.1. Here, in the following section, we mention about the raw
materials, their respective mass value and the end products obtained on completion of heat

treatments.
3.2.1 Raw materials and Calculation of compositions

The specifications of the raw materials used for the synthesis are tabulated in chapter 2. The first
idea of our work is to synthesize the compounds belonging to the solid solution AgBiSe;Sx. To
make it fruitful, it is required to determine the appropriate synthesis conditions. Some of the
previous works on AgBiSe, were mentioned in chapter 1. At the beginning, our work started with
the compound AgBiSe, with the idea of getting the correct synthesis condition for each crystal

structure and then extending these conditions to the whole solid solution.

Synthesis of AgBiSe;: The samples of chemical composition AgBiSe; (2g) were prepared by mixing
uniformly adequate proportions of raw materials, Ag, Bi and Se in a glove box. The powder was
grinded using agate mortar manually and then pressed into bar-shape pellets. The pellets were
sealed in an evacuated silica tube, heated up to (500°C) [222] for 48 hr and slowly cooled down to
room temperature. The obtained ingot was crushed into fine powder and structural analysis was
carried out by X-ray powder diffraction (XRD). The powder XRD pattern of the sample is shown in
Figure 3-50. The result obtained does not match the expected one, the room temperature hexagonal

phase of AgBiSe,. Our result contradicts with the one mentioned in the literature [222]. As we see
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here, the peaks may correspond to hexagonal phase but not well synthesized, the peaks are not
sharp enough, and rhombohedral and/or cubic phase might also be present. According to the XRD
analysis, in Figure 3-50, the hexagonal phase matched with the database pattern with reference
code (01-029-1441) and rhombohedral phase match with the reference code (01-085-0704). The
possibility of the mixed phases shows that the synthesis was ineffective. The reason could be the
choice of furnace; which may be not well calibrated or may be the tube was not placed accurately in
the effective heating zone. The choice of temperature could be another factor behind this failure.
But, it is hard to give a definitive explanation of this difference in results as this stage. Thus, to

understand this discrepancy, it is important to perform the thermal analysis using DSC.

Hexagenal phase

Rhombchedral phase

Intensity, a.u.

|

30

2 Theta (degree)

Figure 3-50: XRD pattern of AgBiSe; sample.

For the DSC measurement, at first the solid mass obtained after synthesis was crushed and
grounded into powder manually using agate mortar. The adequate amount of powder about 80.2mg
of the synthesized AgBiSe, sample was weighed using weighing machine. After, we poured the
measured mass into a small alumina crucible suitable for the DSC measurement. The heat flow
curve obtained after measurement is shown in Figure 3-51. Two clearly visible endothermic peaks
are observed in the curve; representing two phase transition points (a—f—Y). The temperatures at
the onset of the two transitions are marked in the curve itself. This temperature value corresponds
to the temperature of phase transition. The temperatures at which the first and second transition
occurs are 217°C and 307°C respectively. The first synthesis which we performed failed to obtain
the room temperature phase accurately. From these DSC results, the probable reason could be the
short synthesis time. Indeed, the annealing temperature was above the transitions and even if the

sample was slowly cooled down, the annealing time below 217°C was too short to give it a single
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hexagonal phase but too long to trap the cubic phase. So, for future synthesis, two things could be
applied; one is to perform two step synthesis (sec.3.2.2) instead of one single step and another is to
do further annealing after synthesis at a temperature lower than the transition temperature for

long time. Following this, we could expect the room temperature hexagonal phase.

307°C
— -

217°C

Heat flow, a.u.

1 . 1 . 1 . 1 R 1
100 200 300 400 500

Temperature of sample (°C)

o

Figure 3-51: Heat flow curve of AgBiSe..

Based on the result obtained, AgBiSe; was synthesized again along with all other compositions. The

whole synthesis steps were described in details in the following section.

At first, we began our synthesis with one composition AgBiSe(sSis, by following the two step
synthesis process. The precursors were weighed, mixed, grinded manually and finally pressed into
pellets. They were then sealed in a silica tube under argon atmosphere and placed vertically inside
the furnace. The details of heat treatment are mentioned in section 3.2.2. The XRD result obtained is

shown in Figure 3-52.
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Figure 3-52: XRD pattern of composition AgBiSeosS1s.

Here, in this XRD analysis, we observe a single cubic pattern matched with the XRD database
pattern with reference code (01-089-3673), the main cubic peaks are indicated with a symbol (#).
This pattern also contain the secondary phase of bismuth indicated by a (*) symbol in the pattern
itself. This means that the final synthesis product contains little bismuth and that there are no
traces of silver, selenium and sulfur according to the XRD result; as silver is slightly sticky and
selenium and sulfur are volatile in nature, it indicates an excess of Bi in the synthesis. So, as per this

result, we choose to do the future synthesis by preparing the samples with less bismuth in it.

At first, we prepared the samples with the nominal composition (2% deficiency of Bi) AgBio.osSe2-xSx
belonging to the solid solution of AgBiSe;-AgBiS.. In total, there is a set of 21 possible compositions
by varying x value from 0 to 2 with steps of 0.1. These compositions were synthesized by following

one step solid state reaction. The reaction is shown below:

For AgBio_ggsez.xSx,
Ag+ (0.98) Bi + (2-x) Se + (x) S = AgBiogsSe2xSx L 3.1

A sample of total mass 4.5g was prepared for each composition by mixing desired amount of
precursors. The mass of each precursor was weighed in stoichiometric amount to form 4.5 gram in
total. The calculated mass values of precursors are given in annex A. During this step of weighing,
the silver powder is very fine and sticks to the aluminum foil, so the quantity of silver powder was

measured in slight excess in order to compensate for non stoichiometry of silver. Once all the
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precursors were weighed, they were mixed and grinded manually by agate mortar. The powder
sample of 4.5g was then turned into bar shape pellets by using a proper system and pressing device,

shown in Table 4. Out of 4.5g of sample, we made total eight bar shape pellet each of mass 0.5625g.

Table 4: Systems to make bar shape pellet.

Steps of arranging the whole system = used
for making bar shape pellet

Weighing machine

Uniaxial pressing B h I
- Used to measure devices> Used to arh s ?pe. peaita*fz
mass of precursors make bar shape eac3 of size
mm

3.2.2 Heat treatment and water quenching

This section mainly contains the details of the synthesis steps followed to obtain the room

temperature hexagonal phase and high temperature cubic phase for all the compositions.

The most common way of reacting precursors to form the various compositions is solid state
synthesis. This is possible by heat treating the stoichiometric amount of starting material in a
controlled atmosphere or vacuum. The strategy is to first increase the temperature below the
melting point of the compounds and held until the elements react and then cooled down at a
controlled rate to room temperature to obtain the final product. Alternatively, the temperature is
raised further in the beginning for melting the starting material and achieves proper mixing before

the cooling step.

At the very beginning, the mixture of high purity precursors (Ag, Bi, Se, and S) was placed in a

smaller diameter silica crucible, schematically shown in Figure 3-53. It was then sealed within a
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silica tube under argon atmosphere before being heated inside the furnace. The whole preparation

for the heat treatment is shown below:

. ’ @:15[“"1

@i=12mm
» 3*3%*12mm?

(a) (b) ()

Figure 3-53:(a) Sealed silica glass tube with material inside (bar shape pellet) (b) Schematic drawing of
sealed silica tube with bar shape pellets, (c)the very same sealed silica tube inside alumina crucible before
being placed inside furnace.

As we see in Figure 3-53(b), for sealing, a small glass tube was placed above the small crucible; this
is to make the mouth of upper sealed glass much stronger. Indeed, if the synthesis route requires
water quenching, then this kind of sealing is very helpful. It prevents breaking of glass tube.
Moreover, due to this upper glass tube, the small crucible is far enough from the point of sealing
and is never in contact with the flame; which is good for the material inside. Indeed, if in case, the
contact occurs, it may result in volatilization of the elements and in turn disturb the whole
stoichiometry. So, to avoid such situation, proper sealing as we mentioned above is appropriate.
The heat treatment carried out for two series of composition AgBiSeixS1.x and AgBiSe1.xS1x are

described below:
i) Heat treatment route to trap the cubic phase for these two series:

According to table (annex A), the samples were prepared exactly with this mass value and then
sealed inside silica glass tube as shown in Figure 3-53(a). The tubes were then placed vertically
inside the high temperature furnace. From the literature on BiAgSeS [186] and from the DSC

results, we get the idea of temperature required to synthesize this particular compound but in our
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case we use different dwelling time. Our conditions are described here. Firstly, for the compounds
belonging to AgBiSe1..S1:x ,the first heat treatment was carried out at 450°C, dwelled for 12 hours
and then slowly cooled down to room temperature. The heating and cooling ramp rate is set at 25°C
/hr. Normally, we could choose fast heating rate (for ex. 100°C/hr) but due to the presence of
sulfur in our compound, the heating rate was slowed down. The fast heating rate may make sulfur
and selenium quickly react with silver and bismuth and lead to explosion inside the furnace due to
exothermic reaction. Moreover, if it is heated too quickly, the sulfur may volatilize leading to result
that sulfur maybe lack in our compound or the tube may explode due to overpressure. Oppositely, if
heated slowly, sulfur may first react slowly with silver and bismuth to form some intermediate
compounds, and won’t volatilize at high temperature. Secondly, for the compounds belongs to
AgBiSe1+,S1x: the materials were held at 500°C, dwelled for 48 hours and slowly cooled down to
room temperature. The heating and cooling rate was same as mentioned before. The first step
initiates the reaction between the precursors (Ag, Bi, Se and S) and prevents the breaking of tubes
during second treatment at high temperature. The layout of first heat treatment is shown in Figure

3-54.

Dwelling time: 12 hour
Temperature: 450°C

Heating: from 20°C till 450°C Cooling: from 450°Cto 20°C

Ramp rate: 25°C / hour Cooling rate; 25" C/hour

Total heating time: 18 hour ~7 _ fTotal cooling time: 18hour

Initial termperature: 20°C End temperature; 20°C

(a)
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Dwelling time: 48 hour
Temperature: 500°C

Heating: from 20" C till 500"C Cooling: from 500°Cto 20°C
Ramp rate: 25°C f hour Cooling rate: 25°C/hour
Total heating time: 20 hour <7 . Total cooling time: 20 hour

- -

Initial temperature: 20°C End temperature: 20°C

(b)

Figure 3-54: Schematic drawing of first heat treatment conditions for two series (a) AgBiSe1xS1:x and (b)
AgBiSe1.S1x.

The second heat treatment for both series was carried out at elevated temperature 850°C to
facilitate complete mixing, and was held for 48 hours and then rapidly water quenched at room
temperature. At this particular temperature, we noticed that the whole mixture inside the tube is in
liquid state before being dipped into the water. The main idea behind this water quenching is to
freeze the high temperature cubic phase at room temperature, as the cubic phase is only stable at
high temperature. So, this quenching helps to trap this phase and to avoid any phase transformation
during the cooling. In other words, water quenching procedure cools down the sample in very short
time, that time is too short for a phase to change; as a result it retains the high temperature phase.

The layout of second heat treatment is shown in Figure 3-55.

Dwelling time: 48 hour
Temperature: 850°C

Heating: from 20°C till 850°C

) ; Quenchingin cold water
Ramp rate: 100°C/ hour at 850°C

Total heating time: 8hr:30 min J

Initial temperature: 20°C

Figure 3-55: Schematic drawing of second heat treatment condition.
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ii) Heat treatment route to obtain the hexagonal phase for the two series AgBiSe1xS1:+x and
AgBiSe1xS1x:

In this case, the first heat treatment conditions were the same as shown in Figure 3-54. Soon after
this, the materials were heated to 850°C at the rate 100°C/hr, held for 48 hours. During this time, the
elements were melted and were completely dissolved in the melt. After, the tube was cooled down
with a speed 100°C/hr to room temperature. The whole synthesis process was carried out using
both high temperature furnace and cylindrical furnace as shown in Table 3. As there was no water
quenching step immediately after second heating, so it is convenient to use cylindrical furnace
along with the vertical one. Here, we didn’t follow the water quenching step. As the samples were
cooled down slowly, it takes long time to go to room temperature, so it has enough time to initiate
the phase change. The schematic drawing of second heat treatment condition is shown below in

Figure 3-56.

Dwelling time: 48 hour
Temperature: 850°C
\\

Heating: from 20" C till 850°C Cooling: from 850°Cto 20°C

Cooling rate: 100°C /hour
AT Total cooling time:
! ghr:30min

Ramp rate: 100°C/ hour ,
Total heating time: A
8hr:30 min

—

>
Initial temperature: 20°C End Temperature: 20°C

Figure 3-56: Schematic drawing of second heat treatment for both the series AgBiSe1xS1:xand AgBiSe1+xS1x.

After the synthesis, the samples were hammered out of the sealed silica tube. The ingots obtained

were solid dense big chunks with silvery shine shown in Figure 3-57.

(a) (b)

Figure 3-57: Ingot obtained after synthesis using (a) vertical furnace and b) horizontal cylindrical furnace.
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Further annealing was run after the second heat treatment. The as synthesized solid chunks were
sealed again and kept at 140°C (a small furnace in the lab) for prolonged annealing time (one
month). The choice of this temperature came from the DSC analysis; the phase transition was at low
temperature, so the annealing temperature should be lower than this temperature and also it
requires longer time as the diffusion process is very slow at this lower temperature. Another factor
is the time in this diffusion process, the longer the time, the more uniform the phase will be; so we

kept all our 21 samples together inside the furnace to obtain the hexagonal phase.

3.3 Result of structural and thermal analysis

For structural investigations, the series of samples with composition AgBiSe,..Sx were characterized
by X-ray diffraction (XRD). The lattice parameters were determined from the X-ray patterns by the
Le Bail refinement method. We choose to do the Le Bail refinement instead of Reitveld refinement
because at the beginning our Reitveld refinements of the hexagonal phase patterns were not
satisfying. Indeed, the hexagonal structure of AgBiSe; consists of an ordered arrangement of silver
and bismuth. In our first attempts, we failed to obtain a good refinement of the intensities of the
peaks using Reitveld method; the probable reason could be a partial disordering of the atoms in our

structure which we failed to simulate from laboratory XRD patterns.
3.3.1 Powder X-ray diffraction (PXRD)

Powder X-ray diffraction studies of all the samples were performed at room temperature under the
specification; 2theta varies from 20° to 120° with step size 0.00835° and time per step 500. The
final diffraction patterns were extracted after long execution time (more than 12hrs).The small step
and long time helps in increasing the resolution and the quality of measurements. For short
execution time at large angles, the intensity will be small for small peaks as in the same order of
magnitude as noise; so it’s difficult to detect the small peaks. On the other hand, for the long
execution time, the noise level remains same but the intensity of the peaks grows and can be easily
detected. This means we improve the overall signal to noise ratio by performing the measurements
for longer time, especially at the large angles where intensities are low. Thus, the long execution
time provides a XRD pattern with larger number of peaks preferable for the precise refinement. The
first XRD analysis of long time annealed samples (sec. 3.2.2) were shown in Figure 3-58(a) & (c).
Two XRD full scale patterns are shown separately below in Figure 3-58(b,d), to clearly observe the

peaks at higher angle. All the diffraction lines for every sample match well with the standard
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diffraction data. The patterns reveal that the materials with the nominal composition AgBig.ssSe2xSx

consist of the main hexagonal phase with a space group (P -3 m 1). Moreover, there is no evidence

of any secondary phase within the detection limits of powder XRD.
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Figure 3-58: (a-d) XRD patterns of AgBiSe1.S1.x and AgBiSe1..S1+x samples: reveals hexagonal phase.
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The second XRD analyses of quenched samples at room temperature are shown in Figure 3-59(a,c).
Two XRD full scale patterns are shown separately below in Figure 3-59(b,d), to clearly observe the

peaks at higher angle. All patterns are assigned to cubic phase (Fm-3m group) without any

indication of secondary phase impurities.
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Figure 3-59: (a-d) XRD patterns of AgBiSe1.xS1.xand AgBiSe1.xS1.xsamples: reveals cubic phase.
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If we observe the XRD patterns carefully, the peaks are shifted little from each other, Figure 3-60

demonstrates that the XRD peaks slightly shift to the lower angles with the increasing Se

percentage or in other words with decreasing S percentage. The shift could indicate a variation of

the lattice parameters.
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Figure 3-60: Regular shift in the XRD peaks (a) samples with hexagonal phase and (b) samples with cubic

phase.

Till now, we observed that all compositions of the solid solution possess both the hexagonal and

cubic phase. Particularly, to compare with the literature, here, we have summarized the XRD

pattern in one single plot, in Figure 3-61. It shows that both the compounds AgBiSe, and AgBiS,,

crystallizes in a hexagonal and cubic phase, depending on the synthesis process.
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Figure 3-61: XRD plots for comparison.

3.3.1.1 Determination of lattice parameters

From the powder XRD data patterns (sec.3.3.1), the lattice parameters were calculated using Le Bail

refinement with FULLPROF software. Here, in this refinement, the intensities of the individual

peaks are no longer treated as least-squares parameters and are never refined. As a result, each

cycle of least-squares is very fast since the matrix remains small. Here, we have shown the

examples of some refinement for both the phase in Figure 3-62. Figure 3-62 reveals a good

agreement between the observed XRD patterns and the refinements which are evidenced by the

small residual. The obtained lattice parameters value for both the hexagonal and cubic phase

samples are tabulated in Table 5.
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Figure 3-62: Refinement pattern of samples with hexagonal (la-1d) and cubic (Ila-1ld) phase; the solid black
line represents the refinements performed, the red line represents the measured XRD patterns and the blue
line at the bottom is the residual.
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Table 5: Lattice parameter values for all the samples with hexagonal phase and cubic phase. For the gap in the

“cubic” column, see below.

Hexagonal Cubic
Compositions a (A)=b(A) c(A) a=b=c (A)
AgBiS; 4.070 19.047 5.647
AgBiSe(.151.9 4.076 19.078 5.659
AgBiSe(2S1s 4.083 19.104 5.667
AgBiSe3S51.7 4.088 19.154 5.680
AgBiSe4S16 4.095 19.185 5.686
AgBiSesS15 4.101 19.220 5.694
AgBiSe6S1.4 4.108 19.257 5.706
AgBiSe 7513 4.116 19.291 5.713
AgBiSesS1.2 4.122 19.324 5.725
AgBiSe9S51.1 4.128 19.355 5.730
AgBiSeS 4,137 19.390 5.739
AgBiSe1.1S0.9 4,143 19.418 5.753
AgBiSe12S0s 4,149 19.444 5.760
AgBiSe13S0.7 4.155 19.487 5.766
AgBiSe1.4S0.6 4,163 19.508 -
AgBiSe15S05 4.169 19.538 -
AgBiSe16S0.4 4,176 19.563 5.801
AgBiSe17S03 4.183 19.591 5.811
AgBiSe1850.2 4.189 19.621 5.821
AgBiSe19S50.1 4.194 19.647 5.832
AgBiSe; 4,199 19.659 5.833

Based on these refinements, the lattice parameters are plotted in Figure 3-63(a & b).
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Figure 3-63: Lattice parameters Vs Se content in (AgBiSe1.xS1.xand AgBiSe1xS1:x); (a) samples with hexagonal

phase and (b) samples with cubic phase.
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Figure 3-60 and Figure 3-63 shows a systematic peak shift towards lower angle and the linear
expansion in the lattice parameters with increasing Se content (or decreasing S content) indicating
the Vegard’s law for the complete solid solution. The ionic radius of Se is larger than that of S. So, as
higher content of Se is introduced in the solid solution in comparison to the sulfur, the unit cell
undergoes a systematic expansion, and this result in a monotonous increase in the lattice
parameters with Se percentage. The linear dependence of the lattice parameters also indicates a
complete homogeneous solid solution with no miscibility gap. In Figure 3-63(b), we notice a gap in
the linear plot, this appears due to unavailability of two samples AgBiSe15Sos and AgBiSe1.4So.4; as we
were unable to collect the two samples due to imperfect quenching and silica tubes got damaged.

The detailed description is presented in the following paragraph.

At first, if we consider the rock-salt structure, the expected lattice parameter value for the AgBiSe;
is 6.14 A, if we assume ionic bonding with ionic radii of Ag* (1.15 &), Bi3* (1.03 A) and Se2 (1.98 A).
In our case, we got the experimental value 5.83 A. This implies that the compound is not fully ionic,
but which is relevant as the Se is not so electronegative in nature. So, it is expected to show slight
covalent character. Secondly, the expected lattice parameter for AgBiS; with ionic radius of Sz- (1.84
A) is 5.86 A, if it’s fully ionic. In our case, we have obtained the value 5.64 A, which means it’s also
not fully ionic but closer to the expected value. This calculation shows that with sulfur, the ionic
nature is a little bit more pronounced as compared to the Se; because sulfur is more electronegative
than selenium. Further, the ionic radius of Se is 1.98 A and for S the value is 1.84 A. If we calculate,
the size of Se is 7.6% larger than the size of S. Our structure contains half chalcogens and half
metals and metals will not change, so, if the chalcogen size increases by 7.6%, the lattice parameter
should increase by 3.8%. So, if we increase the lattice value of AgBiS; (5.64 A) by 3.8%, the lattice
value for AgBiSe; is 5.85 A. But, in our case the experimental lattice value is 5.83 A, slightly smaller,
which means the bonding will be slightly more covalent with Se content. And also, the lattice
parameter value in our case increased by 3.4% not so far from the expected one. The lattice
parameters increase linearly, it means this is only linked with the increase in size and leads to
expansion of the structure. And also the overlap of the orbital’s is quite similar. For the hexagonal
phase also, the experimental percentage increase is 3.2% which is also very close to the expected
one. Hence, as in our case, the lattice parameters vary linearly in both the cases, which means it
only depends on the size, no other physical reason behind this. Moreover, it confirms that there is a

complete solid solution with no miscibility gap.
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3.3.2 DSC (Differential Scanning calorimetry)

To examine the phase transitions of the obtained samples accurately, the DSC heat flow curves were
measured, using hexagonal phase samples shown in 3.3.1. This thermal analysis was done in the
temperature range from 30°C to 500°C. The mass of the sample used ranged from 80.2 to 80.5 mg.
The first DSC analyses of the samples with nominal composition AgBiSe1.xS1+x (0.1<x<1) are shown
in Figure 3-64. It reveals the presence of only one endothermic peak suggesting the presence of one
phase transition which can be designated as (a—y). For one sample (x=0.6), we noticed another
peak marked with an arrow in the curve with the temperature value, this peak corresponds to the
peak of selenium whose melting point is close to the temperature. The heat flow curves show a
systematic shift of the endothermic peaks (dotted area) towards higher value of temperature with
increasing Se content (or with decreasing S content) in AgBiSe1S1.x. Moreover, there is no second
phase transition for these samples, with a direct transition from room temperature hexagonal

phase to high temperature cubic phase, and no other intermediate phase for these samples.
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Figure 3-64: DSC curves of solid solution AgBiSei1.xS1:+x (0.1sx<1) indicate one phase transition for all the
compositions.

The second DSC heat flow curves recorded for the other compositions AgBiSe1+xS1«, (0<x<1) are
shown in Figure 3-65(a & c). In the Figure 3-65(a) and (c), two clearly visible endothermic peaks are
spotted for all the samples; representing two phase transition points which can be noted as

(a—=B—Y). The DSC plots are zoomed at the particular region of transition and are shown in Figure 3-
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65(b) and (d). In accordance to DSC result, XRD results also show two different phases for this

composition AgBiSe1.xS1.x; namely room temperature hexagonal phase and high temperature cubic

phase. But the intermediate phase was not observed in the XRD patterns and is yet to find out.

However, a rhombohedral phase has been observed in the literature for AgBiSe;. Also, there is a

regular shift of the endothermic peaks to the higher temperature with the increasing Se content in

the solid solutions. The effective transition zone is marked within the graph itself. Here, we noticed

that the magnitude of the peaks changes going from one composition to another. This change could

be analyzed by integrating the area under the each curve which gives the enthalpy change during

the transition. We plotted the area under the peaks for all curves in Figure 3-66. In Figure 3-66 (a),

we can notice that the area values are nearly same whereas Figure 3-66 (b) shows a variation.
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Figure 3-65: (a-d) DSC curves of solid solutions AgBiSe1.4S1+x (0<x<1) indicate phase transition (a—f-y).
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Figure 3-66: Plots of area under the curve values of AgBiSe;..Sx vs. the selenium fraction; (a) samples with one
phase transition and (b) samples with two phase transition.

We can see that the enthalpy change during the second phase transition in AgBiSe1.xS1x, (0sx<1)

increases when the selenium fraction increases. However, we are not able to give an explanation to

this phenomenon.
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Therefore, on the basis of the XRD patterns and DSC analyses, we conclude that for the solid
solution with compositions AgBiSe1xS1:x (0.1<x<1), only one phase transition point (phase change,
a—f) is present whereas for AgBiSe1:.xS1x (0sx<1), two phase transition points (a—f—y) are
present. The intermediate phase is not yet proved by XRD, however the rhombohedral phase has
been observed in the literature for AgBiSe,. The heat flow curves also give information about the
temperatures corresponding to the transition point for each sample. The corresponding phase

diagram is shown in Figure 3-67, with the temperature Vs the concentration of Selenium in the

compounds.
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Figure 3-67: Structural phase diagram with temperature from DSC curve Vs Se content in the solid solutions.

3.3.2.1 Comparative study (DSC and HT-XRD)

Further, to confirm the DSC results, temperature dependent XRD was performed for five selected
samples, shown in Figure 3-68. We choose here these five samples to cover the whole range of
compositions of the solid solution from pure AgBiS; to pure AgBiSe;. From, DSC we noticed that
some samples shows one phase transition while some other shows two phase transition. So, to do
the analysis, five samples are chosen according to that. The patterns clearly shows that for the two
samples AgBiS; and AgBiSeosS1s, the structural transition from the hexagonal (space group P-3m1)
to the cubic phase (F-3m1) is direct. On the contrary, for the other compositions, the transition
occurs as hexagonal-rhombohedral (space group R-3m)-cubic phase. This result is in well

consistence with the DSC one. However, due to some errors in the calibration of the HT-XRD
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furnace, the temperatures noted down during the HT-XRD experiments were slightly different from
the actual one. Hence, we can the transition temperatures are slightly higher than what we
observed in DSC. Here, we distinguish between the two patterns hexagonal and rhombohedral by
observing the differences in the peaks; first within the angle range 20° to 30°, hexagonal pattern
contains four peak (the relative intensity of the fourth one is very small) while the rhombohedral
pattern contains three peaks. In addition, we observed two peaks with greater intensity lying
between the angles 40° to 50°, the distance between them is not similar for both the patterns. The
distance is slightly larger in hexagonal pattern as compare to the rhombohedral one. However,
these differences are rather faint which makes it difficult to differentiate these two patterns

(especially if a mixture of both phases is present).
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Figure 3-68: Temperature dependent XRD patterns of samples: revealing the type of phases.

These XRD patterns were refined using the Le Bail refinement method to obtain the lattice
parameters. Here, we have shown some of the examples of refined patterns in Figure 3-69. The
small residual gives a clear-cut evidence of a good agreement between the observed pattern and the
refined pattern. The red stars symbol in the refined patterns shows the peak which arises from the
sample holder, and does not belongs to the main pattern. From these refinements, the lattice
parameters and volume per formula unit for each specific sample were determined and presented

in Table 6.
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Figure 3-69: The picture of refined XRD patterns; the solid black line represents the refinements performed,
the red line represents the measured XRD patterns and the blue line at the bottom is the residual: Hexagonal
pattern (Ia & Ib), rhombohedral pattern (Ila & IIb) and cubic patterns (Illa & IIIb).
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Table 6: Lattice parameters values determined by Le Bail refinement. The values of volume per formula unit
are calculated from the parameters.

AgBiS:

Structure name Temp. (°C) a/b (A) c(d) V‘E\)lume/Z
(A3

Hexagonal 25 4.069 19.042 91.011
Hexagonal 50 4.070 19.056 91.099
Hexagonal 150 4.072 19.144 91.617
Cubic 185 5.672 5.672 91.257
Cubic 195 5.679 5.679 91.557
Cubic 205 5.681 5.681 91.654
Cubic 215 5.684 5.684 91.806

AgBiSeosS15
Hexagonal 25 4.099 19.215 93.196
Hexagonal 50 4.099 19.231 93.292
Hexagonal 150 4.099 19.305 93.678
Hexagonal 170 4.094 19.310 93.418
Cubic 190 5.726 5.726 93.860
Cubic 200 5.729 5.729 94.014
Cubic 210 5.731 5.731 94.116
AgBiSeS
Hexagonal 25 4.135 19.379 95.648
Hexagonal 50 4.136 19.407 95.698
Rhombohedral 195 4.106 19.577 95.290
Cubic 210 5.778 5.778 96.470
Cubic 215 5.779 5.779 96.487
Cubic 220 5.780 5.780 96.524
Cubic 225 5.781 5.781 96.575
Cubic 230 5.786 5.786 96.840
AgBiSe1.5S0s
Hexagonal 25 4.167 19.530 97.913
Hexagonal 50 4.170 19.562 98.189
Hexagonal 150 4.171 19.638 98.604
Hexagonal 190 4.143 19.624 97.245
Rhombohedral 195 4.151 19.680 97.897
Rhombohedral 200 4.146 19.633 97.583
Rhombohedral 210 4.146 19.663 97.702
Rhombohedral 220 4.149 19.700 97.879
Cubic 250 5.837 5.837 99.446
Cubic 255 5.838 5.838 99.499
Cubic 260 5.839 5.838 99.532
AgBiSe:
Hexagonal 25 4.198 19.659 99.996
Hexagonal 50 4.198 19.682 100.175
Hexagonal 150 4.199 19.752 100.578
Hexagonal 170 4.199 19.765 100.615
Rhombohedral 190 4.184 19.766 99.866
Rhombohedral 205 4.185 19.804 100.136
Cubic 270 5.894 5.894 102.382
Cubic 280 5.896 5.896 102.490
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Based on the Table 6, plots are made below in Figure 3-70(a-c); depicting the variation of lattice

parameters with respect to experimental temperature and the temperature dependence of volume

per formula unit for each compound.
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Figure 3-70: (a) shows the lattice parameters variations with temperature, for hexagonal part and
rhombohedral part (dotted box), where solid symbol represents the ‘a’ value and open symbol represents the
‘c’ value, (b) shows the lattice parameter for the cubic part and (c) plot of volume per formula unit as a

function of temperature for the five selected samples.
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From Figure 3-70(a) and (b), the lattice parameter plots show the expansion when the selenium
fraction increases from one composition to another, and also the thermal expansion for each
composition. However, a drop in the values occurs in each case at the phase transition point. The
drop in lattice parameter values from hexagonal to rhombohderal is marked with a dotted box
shown in the plot itself. Figure 3-70(c) reveals that there is sudden drop in volume which occurs
with the increase of temperature near the transition, as shown by the sky-blue box. Again, with
further rise in temperature, the volume increases again. This volume change may come from the
rearrangement of atomic position. This sudden collapse may affect strongly the material, in other
words, detrimental for TE applications, as the materials will break down due to this volume change
upon thermal cycling. The collapse in the volume could be understood from the structure shown in
Figure 3-71. Figure 3-71 (a) and (b) shows the hexagonal and cubic structure of AgBiSe,. In the
hexagonal unit cell, half of the cubic polyhedral which surround the Bi/Ag are shown for clarity, and
in the cubic unit cell one octahedron around Ag/Bi mixed position in the structure is shown. The
polyhedra in case of the hexagonal structure is a distorted cube. While, in the case of the
rhombohedral structure, the polyhedra are slightly distorted octahedra. So, moving from hexagonal
to rhombohedral and to cubic, there is first a complete rearrangement of the polyhedral which
occurs from hexagonal to rhombohedral (or from hexagonal to cubic in the case of only one
transition is present), which results in change in volume, and then a disorder-order transition from
rhombohedral to cubic. Therefore, we can relate this structural difference with the volume
shrinkage in Figure 3-70 (c) at the transition point marked with the box in the figure itself.
Moreover, in the table and the curves, we can also notice that the coefficient of thermal expansion is
larger in the cubic phase than in the hexagonal one. Therefore in relation to the results explained

above, the suppression of the phase transitions is the prime requirement for the applications.

(a) (b)

Figure 3-71: Structure of AgBiSe;; (a) hexagonal AgBiSe; with Bi or Ag polyhedral and AgBiSe; with cubic
octahedral.
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3.3.3 High pressure measurements

The structural behavior of one sample AgBiSe; (this composition corresponds to the end number of
the solid solution and possesses the largest temperature for the transitions) was investigated under
high pressure conditions. We performed two separate measurements with powder of AgBiSe,, one
with cubic phase obtained through quenching and another with hexagonal phase obtained after one
month annealing. The study of high pressure XRD was performed to check if we get the phase
transition (cubic phase by applying pressure), which could mean then through chemical pressure, it
would be possible to stabilize this cubic phase. The XRD patterns collected at different pressure in
the two different cases are shown below. The evolution of the diffraction patterns with increasing
pressure is shown in Figure 3-72 and Figure 3-73. For Figure 3-72, the XRD patterns show no
structural changes in the range of experimental pressure up to 18.20 GPa. All the patterns are single
cubic phase. Every pattern contains the same peak over the range of 2theta (2-18°). There is no
appearance and disappearance of new peak in any of these patterns while moving from low to high
pressure, thus it represents no phase change behavior. However, upon close examination, a
supplementary peak can be observed in some patterns with low intensity. It corresponds to Copper
(marked with *), as it was used for the pressure calibration. Further, we noticed that there is a shift
in the peaks while moving from low pressure to the higher ones, which corresponds to the

contraction of the unit cell with the pressure, which was expected.

For hexagonal sample AgBiSe;, the evolution of XRD patterns were examined and plotted in Figure
3-73. At first, from 0.106 Gpa to 0.994 Gpa, the patterns resembles the hexagonal phase and no
significant changes are observed until 0.994GPa. But, soon after that, in 1.394 GPa XRD pattern, we
noticed a change in the pattern, which resembles to rhombohedral structure. There is a
disappearance of peak noticed which we observed in the hexagonal pattern marked with a symbol
(#) within the curve itself (the intensity of this peak is very low). This change clearly indicates a
structural phase transition of AgBiSe,, beginning near 1.394 GPa and completing around 13.894
GPa. On other side, a new peak emerges in the patterns from 1.394 GPa to 12.739 GPa, marked with
a symbol (¢) in the patterns. This peak is same as marked in Figure 3-72, corresponding to the

copper. Another change in structure is noticed after 15.995 GPa, which resembles to cubic phase.
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Figure 3-72: High pressure X-ray diffraction patterns of cubic-AgBiSe,: the black symbol (*) indicates the
appearance of a new peak in the XRD patterns is due to copper.
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Figure 3-73: High pressure X-ray diffraction patterns of AgBiSe, (Hexagonal): Above 0.99GPa, the patterns
show several changes, the pressure induced phase transition is found in this case.
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We noticed that the three peaks marked in Figure 3-73 for the pattern 9.204GPa (rhombohedral)
disappeared in the pattern 17.243GPa till the end pressure. Hence, this result revealed another
structural phase transition of sample AgBiSe; after the rhombohedral phase. Along with the phase
change, we observed a shift in the peak position which corresponds again to the contraction of the
unit cell with the applied pressure. So, from this observation, we can conclude that the phase
change can be obtained by applying pressure, and in future if we use chemical pressure in our
compositions, we could be able to stabilize the cubic phase, prior to the application purpose. The
lattice parameter value in both the cases (Figure 3-72 and Figure 3-73) are not mention here
because the refinement performed on these patterns does not show a small residual, which means
the observed pattern and the refined pattern are not in a good agreement with each other, thus

difficult to evaluate the correct lattice value.

3.4 Conclusion

In summary, all compositions belonging to the solid solution AgBiSe;-AgBiS; have been synthesized
with the correct heat treatment conditions. We have performed the structural characterization
using XRD and further structural analysis using Le bail refinement; showing the nature of phases
(both hexagonal and cubic phase) exists in all such compositions. Further, the thermal analysis has
been studied using DSC which confirmed the presence of phase transition in these compositions. So
far, we have succeed in obtaining the two phases namely, hexagonal and cubic phase, and from the
high temperature XRD, we observed the rhombohedral phase too for the selected composition. For
future study, it would be interesting to trap the intermediate phase for all other compositions
which shows two phase transition events obtained through DSC results. For that purpose, one could
keep the sample for long annealing time at the particular temperature (should be noted down from
the DSC heat flow curve) where this intermediate phase exists and may do the water quenching at
this temperature in order to freeze this phase. In this chapter, we have also investigated the
structural behavior under high pressure which shows the phase change under pressure. So, in the
following chapter, we will mainly focused on the chemical pressure applied on our samples in order
to stabilize the cubic phase or in other word to suppress the phase transition which we observed in

this chapter.
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Chapter 4

Suppression of phase transition
through substitution
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4.1 Motivation and organization of the chapter

From the results of the previous chapter, we notice that a transition from hexagonal phase to cubic
phase is obtained at high pressure, thus our idea in this chapter is to use chemical pressure in order
to stabilize this phase, which is promising for applications. Here, partial substitution has been
applied to the compounds belonging to solid solution in order to suppress the phase transition;
making it valuable for TE application. In this respect, we present in this chapter the effect of the
substitution on the solid solution, method of synthesis and structural analysis performed on the

samples.

4.2 Synthesis and structural characterization of substituted solid solutions

4.2.1 Introduction

Earlier, it has been reported that the Ag-Sb based chalcogenide compounds mainly AgSb(Ch)
crystallized as a rock-salt NaCl type structure (Fm-3m) [174,176,177]. Two such examples are
AgSbTe; and AgSbSe; [178,191]. Moreover, recent investigations point out enhanced TE

performances of these materials reached due to elemental doping or substitution.

We choose to do isovalent substitution in order to finely control the crystal structure without
disturbing the electronic structure. OQur primary goal was to suppress the phase transitions which
we noticed in chapter 3. Moreover, the result of the pressure XRD study showed that if the pressure
is applied to the hexagonal phase, it can transform to the cubic phase, which means by applying
chemical pressure we could stabilize the cubic phase. In this respect, after going through literature,
we choose to substitute bismuth (Bi) by antimony (Sb); these two element belongs to the same
family or same column in the periodic table (group V element), possess same valence and very
similar properties. We choose antimony because AgSbSe, remains cubic without undergoing any
kind of phase transition, so it should stabilize the cubic phase. And as the size of Sb is smaller than
Bi, the chemical pressure obtained by the substitution could lead to the stabilization of the cubic
phase. This kind of substitution should not change drastically the electrical properties because the
elements are similar. Moreover, it could be a good choice to see the effect of substitution on the

thermal conductivity by using the differences in size and mass between them.

The first tests were conducted on the compound AgBiSe; with Sb substitution (AgBii.xSbxSez) in
order to find out the correct Sb concentration to suppress the phase transition. Later, the

substitution was done on five chosen compounds with compositions which span the full range of
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the solid solution AgBiSe,-AgBiS,. The whole synthesis and results based on the substitution are

presented in the following sections.

4.2.2 Method of synthesis

All the samples were prepared by conventional solid state reactions method . The process was

carried out by considering the melting point of Ag (961.8°C), Bi (271.4°C), Se (220.8°C), S (115.2°C)
and Sb (630.6°C) which are the basic raw materials. At first, the stoichiometric amounts of starting
materials were weighed and mixed in appropriate ratios for the desired compositions inside the
glove box, and then pressed into bar shape pellets (Table 4). The tubes containing such pellets were
then sealed under argon atmosphere and treated with adequate heating conditions. The vertical

furnace used for the heat treatment was given in Table 3.

4.2.3 Substitution with antimony (Sb)

4.2.3.1 Heat treatment

This section contains the detailed synthesis conditions which were applied during the study. A
schematic drawing for the heat treatment of AgBii«SbiSe: is shown in Figure 4-74. Our conditions
are described here. The first heat treatment was carried out at 400°C, dwelled for 30 minutes and
then heated further at 850°C, held for 48hrs followed by slowly cooling down to room temperature.

The heating and cooling ramp rate is mention in the diagram itself.

48 hrs
£ o ol time
= a2 L
F$
£ %
= L /= \
o A= \
& &N E | 850°C to 20°C
&= |/ ) !
30 mins. (o Cooling rate:
) > 2. \I 100°C/ hr
20°C to 400°C / Dwelltime = | Total time:
Ramp rate: 25%C/hr 20 8hr: 30min
Total Heating VAN \
time: 12hr

Initial temperature: 20°C End temperature:

20°C

Figure 4-74: A schematic drawing for the heat treatment of composition AgBi1.xSbxSe.
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4.2.3.2 PXRD (Powder X-ray diffraction)

For the first synthesis event, the X-ray diffraction was carried out with the specification; 2theta
varies from 20° to 80°, with step size (°) 0.0167 and time per step (s) 60. The total execution time
was 30minutes. The XRD patterns of total set of ten samples are plotted in Figure 4-75. The detailed

pictures of XRD patterns for selected sample are shown below in Figure 4-76.
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Figure 4-75: XRD patterns of first ten set of samples; AgBi1-xSbiSe», (0.1<x<0.9).
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Figure 4-76: XRD patterns of samples belong to AgBi1.xSbiSez; secondary peaks are marked with the symbols
shown in each picture.

The Figure 4-76 shows the example of four selected XRD patterns out of the ten samples. Here, we
have shown two patterns, AgBio.1SbooSez and AgBio7SbosSe;, as others (x 2 0.3) are nearly same
(shown in annex C). The first pattern belongs to the sample AgBio.1SbosSez; the main peaks
correspond to the peaks of cubic AgSbSe; (matched with the reference code 96-901-1029 in the
database). The secondary peaks of antimony (Sb) were observed in this pattern, marked with a (*)
symbol at the top of each peaks. In comparison with all other compositions the pattern of

AgBio7SbosSez as shown in Figure 4-76 does not show any kind of presence of secondary phases.
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The pattern also matches with the cubic pattern (reference code 96-901-1020), obtained from the
database. On the other hand, the other two patterns namely, AgBiosSbo2Se, and AgBiosSbo1Sez,
show a hexagonal phase (matched the hexagonal pattern of AgBiSe; with reference code 96-901-
1024), besides they contain secondary phases too. For the AgBiosSbo2Se,, the secondary peaks
occurred due to the presence of BiSe combination and for AgBiosSbo.1Sez, due to presence of Se and
AgSe combination in the final compound. Hence, this analysis shows that x=0.3 or 30% of Sb is the
lowest Sb amount that enables to get the cubic phase: as we noticed here, for x =0.1, 0.2, it is
hexagonal and for x = 0.3, it is cubic. So, for further analysis of phase transition, thermal analysis

using DSC was performed for each of these compositions in order to confirm these observations.

4.2.3.3 Thermal analysis (DSC)

The thermal analysis of the samples mentioned in section 4.2.3.2 was carried out using DSC and the
heat flow curves obtained are plotted in Figure 4-77. The thermal analysis was done in the
temperature range from RT to 500°C. The mass of the sample used ranged from 80.1 to 80.4 mg. In
Figure 4-77 , for the samples x=0.8, 0.5 and 0.1, the three peaks surrounded by a box after 200°C
are due to the selenium, as the melting point of selenium is 220.8°C; we obtained the secondary
peaks of Se in the XRD patterns of these samples. In addition, in the same samples, we notice a peak
between 100°C and 150°C, shown in the figure itself. This may arise due to another secondary
phase which we found in the XRD results of three of these compositions (refer to Figure 4-76 and
Annex C). For the sample x=0.2 and 0.1, we obtained hexagonal phase at RT along with the
secondary phases (Figure 4-76). Here in DSC, the other peaks in these two samples correspond to
the phase transition. The temperatures corresponding to the peaks are marked with arrows on the
curves themselves. With increasing amount of Sb fraction, the peaks shift to lower temperature. The
composition AgBio7SbosSe2 (x=0.3) does not show any transition peak in the heat flow curve, which
means there is no phase transition throughout the temperature range. So, from the combined
results of DSC and XRD, we can say that AgBiosSbosSe; contains only cubic phase in the whole
temperature range. In other words, Sb substitution (30%) suppresses the phase transition in
AgBiSe;, due to the effect of chemical pressure, similarly to the observations made in our pressure

XRD study.
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Figure 4-77: Heat flow DSC curves of AgBi1.«SbiSe», (0.1<x<0).

4.2.4 Substitution on solid solution AgBiSez- AgBiS:

4.2.4.1 Introductions

Based on the XRD and DSC analysis, we choose to substitute Sb with 30% in other five
compositions, namely, AgBiosSbosSes, AgBiosSbosS2,  AgBiosSbosSeosSis, AgBiosSbosSeS,
AgBio.7Sbo3Se15Sos. This choice of similar Sb fraction for all compositions came from the fact that
when S content increases in the solid-solution (AgBiSe,-AgBiS;), the transitions shift towards the
lower temperature value, and should thus be more easily suppressed. In other words, we can say
that 30% Sb should satisfy the idea of suppression of the phase transition for all the selected
compositions. To cover the whole range of solid solution, we choose these five samples with S=0,

0.5,1,15, 2.
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4.2.4.2 Heat treatment

For the second synthesis event involving the compositions AgBio7SbosSeixS1:x and
AgBio7SbosSe1:+xS1x, the similar heating treatment was applied as shown in Figure 4-74. After
synthesis, the samples were hammered out of the sealed silica tube. The ingots obtained were solid

and dense big chunks with silvery shine luster shown in Figure 4-78.

Figure 4-78: Picture of ingot; a solid chunk obtained after synthesis.

To investigate the results of synthesis, XRD was carried out and the whole information was given in
the section below. In the meanwhile, we observed that among the five samples, the XRD pattern of
AgBio7SbosSe; resembles the single cubic phase but not in an adequate way; the peaks are not
sharp. But, for the same composition with less powder (1g instead of 4.5g) when synthesized at the
beginning, the XRD result was pure single cubic phase with sharp peaks. The two results are
compared in Figure 4-79. The difference between the two results may arise due to incomplete
reaction with large amount of powder (4.5g). The dwelling time may be not long enough so that the

atoms diffuse properly to give the desired end product.
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Figure 4-79: Comparison of XRD patterns of AgBio7Sbo.3Se2 compound with two different mass values.

The above experimental results lead us to do further annealing of AgBio;SbosSe; the one with
(4.5g). We regrind the powder and made pellets again and followed a new heat treatment. The
synthesis was carried out at a temperature slightly lower than the melting temperature; so that
reaction will complete and the pellets will retain their shape on completion of synthesis. A
schematic drawing for this heat treatment is shown below in Figure 4-80. The sample was heated to
650°C at the rate 100°C/hr, held for 72 hours and was cooled down with a speed 100°C/hr to room
temperature. The longer annealing time allows the diffusion process to be effective enough to give a

complete reaction.

72 hrs
0 0 e
20°Co830°c  / Dwelltime | 650°C o 20°C

Ramp rate: 100°C/hr ,\ I Cooling rate: 100°C/hr

Total Heating time: {: , \f Total cooling time:

6hr:30min /L 2 | 6hr:30min
Initial t ture: 20°C '
e emperatire End temperature:20°C

Figure 4-80: A schematic drawing of further annealing of composition AgBio7Sbo3Se.

After synthesis, the annealed samples were taken out of the sealed tube shown in Figure 4-81. The

shape of the pellets remained same and they possess a silvery shine color.
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Figure 4-81: Picture representing the pellets of annealed sample AgBio7Sbo3Se>.

4.2.4.3 PXRD (Powder X-ray diffraction)

The XRD patterns obtained for the final five Sb (30%) substituted compounds are shown in Figure
4-82. The X-ray diffraction was carried out with the specifications; 2theta varies from 20° to 120°,
with step size (°) 0.00835 and time per step (s) 500. The total execution time was 13hr: 22min:
45sec. The data obtained demonstrates that all five compounds achieve the cubic phase at room
temperature without quenching after substitution. This means, with such kind of substitution, we
have been able to suppress the phase transition, irrespective of the selenium-sulfur fraction in the
compositions. Besides, the peaks are sharp, which shows a good crystallinity of the samples and a

complete reaction.

T T T T
[ AgBij, ,Sb ;Se, |
[ ‘ JL k o 8 A A s =
= [ l HeBlg7"0g.55% 5505
o = A A o~ =
—= F
=L
w -
c L
= | AgBi. ,Sb. .SeS
= 9B0.7°P0:37° -
—— l l l A % l A ks
L AgBig 7Sbg 3Seq 58, ¢
B l l A i A =
[ l AgBij, ,Sbg S, i
i l L 3 g i
" 1 " 1 L 1 L 1 L
20 40 60 80 100 120

2Theta (degree)

Figure 4-82: The XRD patterns of Sb substituted five samples belongs to the solid solutions AgBio7Sbo3Se1-
xS1+x and AgBio.7Sbo3Se1+xS1-x; reveals the cubic phase.
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We also notice that the XRD peaks slightly shift to the lower angles with the increasing Se
percentage shown in Figure 4-83. The reason could comes from the variation of lattice parameters

with the increasing Se content, similar to the Sb-free compositions mentioned in chapter 3.
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Figure 4-83: Regular shift in the XRD peaks of Sb substituted samples.

4.2.4.4. Determination of lattice parameters

The PXRD patterns were refined using Le Bail refinement to obtain the lattice parameters value of
the five samples. The refinement was done with FULLPROF software. One example of refined
patterns is shown below in Figure 4-84. It shows a good agreement between the observed XRD
patterns and the refinement which is evidenced by the small residual. We obtained the same for

other compositions also. The lattice parameters values for the five samples are tabulated in Table 7.
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Figure 4-84: Refinement pattern of AgBio7Sbo3SeosS1.s: Single cubic phase (space group F m -3 m); the solid
black line represents the refinements performed, the red line represents the measured XRD patterns and the
blue line at the bottom is the residual.

Table 7: Lattice parameters values determined by Le Bail refinement. The values of volume/Z are calculated
from the parameters.

Compositions a/b/c(A) Volume/Z (A3)
AgBig7Sbo3S: 5.654 90.359
AgBig7Sbo3Seos5S15 5.699 92.528
AgBio7Sbo3SeS 5.742 94.669
AgBig7Sbo3Se1s5So0s 5.780 96.551
AgBio.7SbosSe; 5.815 98.306

Based on the Table 7, the lattice parameters and the volume per formula unit with respect to the
increase in Se content in the compounds are plotted in Figure 4-85.The shifts in the peaks in XRD
patterns can be understood by the almost linear expansion in the lattice parameter with increasing
Se content. Moreover, the nature of graph satisfies the Vegards law for the substituted solid
solutions. The ionic radius of Se is larger than that of S. So, as higher content of Se is introduced in
the solid solution in comparison to the sulfur, the unit cell undergoes a systematic expansion, and
this result shows that the presence of Sb does not create any miscibility gap and thus there is a
monotonous increase in lattice parameters. The almost linear dependency of lattice parameters

also shows a complete homogeneous solid solution with no miscibility gap.
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Figure 4-85: The lattice parameters variations and volume per formula unit as a function of selenium content
in the compounds.

4.2.4.5 DSC (Differential scanning calorimeter)

We obtained the cubic phase for all the five samples at RT; to prove that there is no phase transition
in these samples; the DSC measurement was carried out. The thermal analysis was done in the
temperature range from RT to 500°C. The mass of the sample used ranged from 80.1 to 80.4 mg.
The heat flow curves obtained are plotted in Figure 4-86. It reveals that there is no endothermic
peak corresponds to the phase transition for all the five samples. That means, all the samples
possess single cubic phase characteristic. But, we noticed two small endothermic peaks marked in a
dotted area for AgBio.7Sbo3S2 and AgBio.7SbosSeosS1s; the temperature of melting is very close to the
melting point of bismuth (271.4°C). These traces of Bi originate from the fact that we didn’t use 2%

deficiency of Bi for these syntheses, as contrary to the synthesis mentioned in chapter 3.
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Figure 4-86: (a) Heat flow DSC curves of Sb substituted samples; reveals no phase transition and (b) Heat

flow DSC curves of samples without substitution; reveals phase transition in the samples.

For comparison, we have plotted the heat flow curve of same five compositions without any Sb-
substitution in Figure 4-86b. This Figure 4-86b makes easier to compare the changes which
occurred after substitution in those samples. At first, for AgBio7Sbo3S2 and AgBio7Sbo3SeosS1s, we
noticed one endothermic peak in Figure 4-86b, which corresponds to phase transition as explained
in chapter 3, whereas no such peak observed throughout the whole temperature range for these
two samples with Sb substitution in Figure 4-86a. For other three samples, namely, AgBio7Sbo3SeS,
AgBio7Sbo3Se1s5Sos, and AgBio7SbosSez, we obtained endothermic peaks too which implies the
presence of phase transition in these compositions, shown in Figure 4-86b. But, in Figure 4-86a,
again no such peak was observed for these three samples all over the temperature range.
Combining this two results of DSC (Figure 4-86a and Figure 4-86b), we can say that with

substitution, we were able to suppress the phase transition in our samples.

4.3 Conclusion

In summary, the substituted samples have been synthesized by solid state reaction followed by

cooling down to room temperature without water quenching. We have performed the structural
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and thermal analysis using powder X-ray diffraction (PXRD) and DSC. The insights gained from the
experimental results reveal no structural phase transition up to the experimental limit. Our findings
revealed that through Sb-substitution, it is possible to suppress the phase transition in the solid
solution AgBiSe,-AgBiS; due to the application of the chemical pressure, as it was a prerequisite for
the applications. The next step of the study would be the n-type doping of the samples which will be

in the next chapter.
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Chapter 5

Influence of doping on solid solution
(AgBiSez-AgBiS:2)
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5.1 Motivation and organization of the chapter

The result obtained in chapter 4 showed that the antimony substitution on bismuth site for the
solid solution is effective in suppressing the phase transition. Here in, we present the effect of

doping on the Sb-substituted solid solutions.

5.2 Synthesis of solid solutions with Niobium (Nb) doping on Silver (Ag) site

5.2.1 Introduction

Earlier, in our laboratory, work had been done with AgBiSe; with Nb doping which shows
enhanced TE properties by increasing the carrier concentration. Moreover, the ZT of 1 at 773K was
achieved through Nb doping [222], in turn making this material suitable for medium temperature
TE applications. Following this result, we also choose Nb for doping in our Sb-substituted solid

solutions, with the same amount as the one used in the prior study.

While doping, it is important to choose an element which possesses more or less as the same size
with the element to be doped. In our case, the ionic radius of Nb is smaller than that of Ag, which in
turn conserves the required structure. We performed doping on five compounds which are
mentioned in (Annex D) (they were chosen in order to span the complete range of compositions of
the solid solution) with 2% and 4% of Nb doped in Ag site, following the same synthesis process as
the one used in chapter 4. This in turn helps to reproduce and compare the results for undoped and
doped samples. The whole synthesis and the experimental results based on the doping will be

presented in the following sections.

5.2.2 Method of synthesis

The Nb doped samples were synthesized by solid state reactions method. The respective
compositions were mentioned in Annex D. The samples were made using nominal stoichiometric
powder mixtures of silver (Ag), bismuth (Bi), antimony (Sb), selenium (Se), sulfur (S) and niobium
(Nb) inside the glove box. After being uniformly mixed in an agate mortar, the mixtures were
shaped into pellets by uniaxial pressure (Table 4). The pellets were sealed in an evacuated silica
tubes under argon atmosphere and then placed in a vertical furnace (Table 3) to carry out the

synthesis.
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5.2.3 Raw materials and calculation of compositions

The details of starting precursors were listed in chapter 2. The synthesis event were based on the
five compositions; Agi.«NbyBig7Sbo3S2,  Agi«NbxBio7Sbo3SeosSis, Agi«NbyBiosSbosSeS, Agi-
«NbxBio.7Sbo3Se15S0.5, Ag1xNbxBio7SbosSez. With Nb doping of 2% and 4% (x=0.02, 0.04), a set of ten
samples were prepared, calculation of compositions of two samples and mass value of all the

precursors for all the Nb-doped samples mention in annex D.
5.2.4 Heat treatment

All the samples undergo the similar two step heat treatment shown in Figure 5-87. We followed the
same procedure as mentioned in section 4.2.3. The first heat treatment was carried out at 400°C,
held for 30 minutes and then heated further at 850°C, held for 48hrs followed by slowly cooling
down to room temperature. The heating ramp rate is 25°C/hr and cooling ramp rate is set at 100°C
/hr.

48 hrs
2.6 -,
F S
o o‘é’
£ g ‘
RS ~ \
E SANE \ 850°C to 20°C
L8 Z \
v .n
30 mins. \, Cooling rate:
>— _ \J 100°C/ hr
20°C to 400°C et \ Total time:
Ramp rate: 25°C/hr : 8hr: 30min
Total Heating AW \
time: 12hr / 2 \
> “-‘. .

Initial temperature: 20°C End temperature:

20°C

Figure 5-87: A schematic drawing for the heat treatment.

After synthesis, the samples were hammered out of the sealed silica tube. The obtained ingots,

shown in Figure 5-88, are a solid big chunks with silvery shine luster; similar for all the samples.
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Figure 5-88: Picture of ingot; a solid chunk obtained after synthesis.

This solid mass was crushed and grinded into fine powder with agate mortar manually and then

prepared for the XRD analysis. The results are presented shown in the following section.

5.3 Result of Structural and thermal analysis

5.3.1 PXRD (Powder X-ray diffraction)

The X-ray diffraction characterization was carried out with the specifications; 2theta varies from
20° to 120°, with step size (°) 0.00836 and time per step (s) 500. The total execution time was
13hr: 22min: 45sec. The XRD pattern of two samples are shown in Figure 5-89 as example, and for
the others the patterns look similar. The PXRD patterns for the doped samples at RT shows that the
main diffraction peaks correspond to the cubic phase for both x=0.02 and x=0.04. This observance
shows that the small fraction of Nb doping in Sb substituted samples does not change the phase
behavior at RT in comparison with the undoped Sb-substituted samples. For both the undoped and
doped Sb-substituted samples, the cubic phase was trapped at RT without undergoing any

quenching.
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Figure 5-89: XRD patterns of Nb doped sample for x=0.02 and x=0.04.

Further, we have noticed a regular shift in the diffraction peaks towards the lower angle when the

Se fraction increases for the both the cases; x=0.02 and x=0.04 samples, shown in Figure 5-90. This

shifting behavior can be understood from the variation of lattice parameter values.
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Figure 5-90: Shifting in diffraction peaks of doped samples; (a) x=0.02 and (b) x=0.04.
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5.3.2 Determination of lattice parameters

The PXRD patterns were refined using Le Bail refinement to obtain the lattice parameters value of
the set ten of samples. The refinement was done with FULLPROF software. The two refined
patterns are shown below in Figure 5-91 as an example, for the other samples, we obtained the
same. It shows a good agreement between the observed XRD patterns and the refinements which is
evidenced by the small residual. Here in this pattern, we notice the presence of faint amount of

secondary phase. The lattice parameters values for the ten samples were tabulated in Table 8.
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Figure 5-91: Refinement pattern of doped samples; Single cubic phase (space group F m -3 m); the solid black
line represents the refinements performed, the red line represents the measured XRD patterns and the blue
line at the bottom is the residual.

Table 8: Lattice parameters values determined by Le Bail refinement.

Compositions a/b/c(h) a/b/c(A)
(x=0.02) (x=0.04)
Agl.bexBio_7Sb0_3SZ 5.656 5.656
Ag1.xNbyBio.7Sbo.3Seo5515 5.702 5.702
Ag1.XNbei0_7Sb0_3SeS 5.746 5.746
Ag1.bexBi0_7Sb0_3Se1,550_5 5.783 5.788
Agl.bexBio_7Sb0_3Sez 5.814 5.811
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Based on the Table 8, the lattice parameters with respect to the increase in Se content in the
compounds were plotted in Figure 5-92. The shifts in the peaks in XRD patterns can be understood
by the almost linear expansion in the lattice parameter with increasing Se content. Moreover, the
evolution of lattice parameters nature of graph satisfies the Vegards law for the doped solid
solution for both the cases x=0.02 and x=0.04. The ionic radius of Se is larger than that of S. So, as
higher content of Se is introduced in the solid solution in comparison to the sulfur, the unit cell
undergoes a systematic expansion, and this result shows that the small fraction of Nb does not
create any negative effects on the solid solutions and maintains the monotonous increase in lattice
parameters with Se percentage. The almost linear dependency of lattice parameters also shows a
complete homogeneous solid solution with no miscibility gap, similarly to the undoped solid

solution.
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Figure 5-92: The lattice parameters variations of doped samples vs. selenium content in the compounds.

5.3.3 DSC (Differential scanning calorimeter)

The DSC measurements were carried out on the set of samples. The thermal analysis was done in
the temperature range from RT to 500°C. The mass of the samples used ranged from 80.1 to 80.4
mg. The heat flow curves obtained are plotted in Figure 5-93. We checked all DSC measurements

with three cycles of heat flow for each sample. The result reveals that there is no endothermic peak
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corresponding to the phase transition for all the five samples, in comparison with the one which we

obtained in Figure 4-86b. But, we noticed two small endothermic peaks marked in a box for

AgBio.7Sbo3S2 and AgBio7SbosSeosS1s in Figure 5-93(a) and (b); the temperature of melting is very

close to the melting point of bismuth (271.4°C) and this endothermic peak does not belong to the

transition. And, the peak observed in case of AgixNbxBio7SbosSe; (for both x=0.04 and x=0.02)

indicated with an arrow does not belong to the transition. We checked the first and second heating

heat flow curve for these compositions, one of them is shown in annex D. We noticed that the peak

which appeared in the first heating disappeared in the second heating. This may occur if there is a

little trace of secondary phase present in the sample, which volatize at high temperature.
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Figure 5-93: Heat flow DSC curves of Nb doped samples: (a) x=0.02 and (b) x=0.04.

Hence, from the results of DSC obtained for undoped and doped samples, we can conclude that very

small amount of Nb doping does not change the phase behavior of the samples. And, the idea of

suppressing the phase transition is still maintained after doping.
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5.4 Densification of samples

The obtained samples after synthesis were grounded by hand in agate mortar and subsequently
densified using spark plasma sintering (SPS) system at 400°C with holding time of 10 min in a
@=15mm graphite mold under an axial compressive stress of 75MPa in an argon atmosphere. The
obtained dense pellets, with thickness of 2.89mm were polished and cut into a square shape pellet.
But, some of the samples while polishing broke down into several pieces, so we were unable to cut
it into the desired shape required for the measurement. The possible reason could be the grinding
method as we grinded chunks manually, the grains are not too small in size; and no optimization of
the microstructure was carried out before SPS. Another possibility is that our sample contains
small amounts of elemental Bi and Se that can melt, come out and results in cracks in the sintered
pellet. For the Seebeck and electrical resistivity measurements, we cut the samples into bars as
shown in chapter 2. The thermal diffusivity and the Seebeck and electrical resistivity were

measured on the square and bar shape samples respectively.

5.5 Transport properties measurements

The Seebeck coefficient, electrical resistivity and thermal diffusivity were measured by using the
instruments already mentioned in chapter 2. Here, in this section, we presented the results
obtained with the sintered samples. The temperature dependences of S and p for selected
compositions AgixNbyBio7Sbo3S2, AgixNbxBio7Sbo3SeosS1s, Agi«NbxBio7SbosSei1sSos and Agi-
«NbyxBio7Sbo3Sez (x=0.02, 0.04) over the temperature range 50-300K are shown in Figure 5-94(a)
and (b). These compositions correspond to the pellets that were large enough for the

measurements after polishing.
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Figure 5-94: Temperature dependence of (a) S, (b) p from 50 to 300K and (c) x from 300 to 825K for Agi.
xNbyBio.7Sbo.3S2, Ag1.xNbxBio 7Sbo.3Seo.551.5, Ag1xNbyBio.7Sbo3Se15S05 and Agi.xNbyBio7SbosSe:

Table 9: The room temperature value of |S], p, k and ZT for selected compositions.

Composition name ISI (uV/K) p (Lcm) | x(WK1im1) ZT
Ago.9sNbo.02Bi0.7Sbo3S2 238 42.8 0.57 6.9x10
Ago.96Nb0.04Bi0.7Sbo.3Sz2 9 2.1 0.62 1.8x106
Ago.9sNbg 02Bio.7Sbo3SeosS15 278 19.9 0.51 2.2x104
Ago.96Nbo 04Bio.7Sbo3SeosS1s 23 1.9 0.44 1.8x10-5
Ago.98Nbo.02Bi0.7Sbo3S€e1.550.5 171 0.1 - -
Ago.96Nbo.04Bio.7Sbo3Se1.5S0.s 49 0.3 - -
Ago.98Nbo.02Bio.7SboaSez 81 0.1 - -
Ago.96Nbo.04Bio.7SbosSez 121 1.5 - -

In Figure 5-94 (a), we observed negative value of S with semiconductor-like behavior for all
compositions with x value 0.02 and 0.04, which indicates that for all x, these five compositions

behave as an n-type semiconductor over the temperature range (50-300K). Moreover, the value of
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ISI increases for Ago9eNbo.04Bio7Sbo3sS2, Ago.osNbo.osBio7SbosSeosSis, Ago.osNbo.osBio7SbosSersSos,
Ago.0sNbo.02Bi0o.7Sbo3Se15So5, and AgoosNbo.osBio7SbosSez, AgoosNboo2Bio7SbosSe; with increasing
temperature from 50K to 300K, while for two other composition AgoosNboo2Bio.7SbosS2 and
Ago.98Nbo.02Bio7Sbo3SeosS1s , the IS| value are constant. This constant value could be analyzed from
the resistivity curve, as the nature of the curve shows that these two compositions are very
resistive. Here, we tabulated the room temperature value of |S|, p, k and ZT in Table 9. We observed
that the value of |S| and p for first six compositions decreases from Nb fraction 0.02 to 0.04, which
indicates an effective doping; increase in Nb fraction increases the carrier concentration which
leads to lowering of seebeck coefficient. So, we can say that the doping is effective for n-type doping
which means that by adding antimony in our compositions, the doping behavior remain same. The
temperature dependence of the thermal conductivity k for only four compositions Agi-
«NbxBio.7Sbo3S2 and Agi.«NbxBio7Sbo3SeosS1s (x=0.02, 0.04) is plotted in Figure 5-94(c). All this
samples possess large electrical resistivity, which means for all of them the electrical contribution
to the thermal conductivity is almost zero. This indicate that the thermal conductivity we observed
is mostly only the lattice thermal conductivity and the value for all the compositions are very low
mentioned in Table 9. We observed that the x value decreases with temperature for all the
compositions (x=0.02, 0.04) over the range 300-900K which arised due to umklapp phonon-
phonon scattering. And, from the Table 9, we noticed low k value for both doping fraction for both
the composition. Moreover, we observed the ZT value is very small because the power factor is too
small due to large resistivity, which means that the doping level is not optimum here. And the very
low thermal conductivity for all samples means that with optimized power factor, ZT values could

be large.

5.6 Conclusion and future work

In summary, firstly we have performed the structural characterization and thermal analysis of the
Nb-doped samples using XRD and DSC. We noticed that the small fraction of Nb doping in Sb
substituted samples does not change the phase behavior at RT in comparison with the undoped
samples. Indeed, the DSC results confirmed the absence of any phase transition in these doped
samples. In the second half part of our study, from the Seebeck coefficient and resistivity
measurements, we have concluded that with antimony in our compositions the band structure
changes a little as compared to the antimony-free composition, which means that the optimum
niobium content added in AgBiSe; (as mention in literature 222) is not the same here. So, a new

optimization should be carried out, as we have seen already that the doping with Nb is effective.
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Secondly, we can say that the optimum doping level will probably be depending on the S to Se
content; as for the same Nb doping content, the value mention in Table 9 changes from pure S to
pure Se. So, the optimization should be performed for all the compositions (or selected
compositions spanning the whole composition range of the solid solution. Following this, in future,
the optimization of carrier concentration has to be performed again. Moreover, we obtained very
low value of thermal conductivity, which means in future for all of the compositions if we are able
to optimize the power factor, the ZT will be high as the thermal conductivity is intrinsically very
low. And, as we already obtained a very low value of k, nanostructuring is not required in future to
diminish the x value. Here, in this chapter, we were not able to show the result of property
measurements for some of the samples, as the sintered pellets broke during polishing. In this
respect, in future, one should optimize the SPS conditions to avoid such situation, for example by

applying the ball milling method prior to SPS.
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Chapter 6

The effect of ionized impurity scattering
on the TE performances of rock salt

AngmSHSEZ+m
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6.1 Organization of the chapter

Here, we present a supplementary chapter based on the results obtained with rock salt material
AgPbnSnSez.«m. The chapter is divided into two parts: first part contains the details of the synthesis
process and the second part shows the study of thermoelectric performances of AgPbmSnSez:m

samples.

6.2 Introduction

At present, several approaches have been developed to enhance the thermopower including
modifying the band structure by electronic resonant states [249], quantum confinement effects
[250], band convergence[251], energy barrier filtering[252,253] and intensifying impurity
scattering of the carriers[254] to enhance the Seebeck coefficient. Among these, the carrier
impurity scattering effect on the Seebeck coefficient has been recently investigated in skutterudites
[254]. The important known facts regarding this scattering include: this effect results in reduction
of the carrier mobility leading to a deterioration of the electrical conductivity [256]; and as the
carrier scattering probability by ionized impurity is inversely related to £3/2 and v3, where ¢ is the
energy of the carriers and v is the drift velocity [255], so, the carriers with lower energy are more
scattered than the higher energy ones which on other way helps to raise the value of Seebeck
coefficient. Therefore, to implement such ideas, it is necessary to find an effective strong ionized
impurity scattering center, which could control the concentration of carriers in order to reduce the
degradation of the electrical conductivity due to much lower mobility while improving the Seebeck

coefficient. Thus, this overall could put a positive impact on the improvement of TE performances.

As per the recent reports, AgSnSe; and PbSe both possess the rock salt structure type. AgSnSe; has
acquired much attention due to its characteristic of natural valence-skipping and also it possesses a
very short mean-free path of the carriers showing the existence of intrinsically strong electron
scattering possibly due to the valence fluctuations of Sn [258]. On the other side, PbSe is not a good
applicant for TE performance as compared to PbTe due to the greater separation of its two key
valence bands. But, still work has been made with this material as it's contain lower cost Se as
compared to Te, and has higher melting and operation temperature but contains no scarce element
like tellurium in its composition. Till date, solid solution is considered to be an effective way to
enhance the TE performance. Here, in this report, we showed the TE performance of a novel PbSe-
AgSnSe; solid solution AgPbnSnSez.m with limited AgSnSe; fraction influenced by the ionized

impurity scattering of the charge carriers. In AgSnSe,, half of the Sn is 2+ and half is 4+, so average
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charge is 3+ which is as same as the Bi (3+) in AgBiSe>. In addition, it contains Ag and Se (-2) which
is similar as the AgBiCh;. This study is a collaborative work with another group (Lin Pan, College of
Materials Science and Engineering, University of Technology Nanjing, China) and the context is
linked with my thesis work as it possesses the same rock-salt structure like I-V-VI; group. My role
in the experimental work included densification by SPS, shaping of pellets, XRD analysis, thermal
diffusivity measurements, and low temperature Seebeck coefficient and electrical resistivity

measurements.

6.3 Synthesis of solid solution

At first, the synthesis of AgSnSe; was done by simple solid state method. The nominal amount of
raw materials Ag (shots, 99.99%), Sn (shots, 99.99%) and Se (granules, 99.99%) were first properly
mixed and grounded, and after it has been sealed in an evacuated silica tube under argon
atmosphere. After, the ingot was held at 1073 K for 12 h, cooled down to 673 K in 8 h, followed by
water-quenching. The sample was then taken out of the silica tubes and grounded manually using
agate mortar and after was pressed into pellets under uniaxial stress (250 MPa). Those pellets were
heated again with the same thermal treatment. The second synthesis event was done for PbSe.
Here, again the raw materials Pb (granules, 99.99%) and Se (granules, 99.99%) were mixed and
grounded manually and then sealed in an evacuated silica tube. The synthesis was done by melting
and solidifying the raw materials together at 1423 K for 6 h. And finally, from the above prepared
two materials AgSnSe; and PbSe, the compounds belonging to the solid solution AgPbnSnSem.2 (m =
oo, 100, 50, 25) were obtained by mixing, melting and solidifying AgSnSe, and PbSe together with
mole ratio 1: m at 1423 K in an evacuated silica tubes under argon atmosphere. For the synthesis,
the ingots were held at 1423 K for 6 h, cooled down to 673 K in 8 h, and then subsequently water-
quenched. The resultant samples were obtained after following this above mentioned three

synthesis events.

After, the samples were grounded, followed by densification using a spark plasma sintering (SPS)
system (SPS-511S) at 873 K with holding time of 10 min in a ¥=15 mm graphite mold under an
uniaxial compressive stress of 100 MPa in an argon atmosphere. After SPS, the samples were
polished to remove the graphite from the surface and were then cut into proper dimensions
suitable for the measurements using a diamond saw. For thermal stability tests, the pellet with
composition AgPb,SnSez.m (m = 25) was further annealed at 773 K for one week in an evacuated

silica tube before performing the measurements.
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6.4 Methods and devices used for characterization

The instruments used for materials characterizations were mentioned earlier in chapter 2. The

results of the experiments performed are discussed in the following section.

6.5 Results and discussion

6.5.1 Structural characterization results

Figure 6-95(a) shows the X-ray diffraction patterns for all the samples obtained at room
temperature. According to this Figure 6-95 (a), the main diffraction peaks correspond to the PbSe
(JCPD No0.06-0354) phase, for AgPbmSnSez.m samples and no other secondary phases were observed
in these patterns. Using Rietveld refinement, the lattice parameters values were calculated from the
XRD patterns and were plotted as shown in Figure 6-95 (b). Here, we can see that the lattice
constant a monotonically decreases with increasing AgSnSe; content; the resultant refined pattern

obtained for all the samples were shown in Figure 6-96.
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Figure 6-95: Powder XRD patterns (a) and lattice constants (b) of AgPbmSnSez.:m (m = o0, 100, 50, 25, 0).
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Figure 6-96: Rietveld refinements of AgPb,SnSez+m (m = o0, 100, 50, 25) at room temperature.

6.5.2 Results of electrical and thermal property measurements

6.5.2.1 Seebeck and Resistivity measurements

At first, the temperature dependences of electrical resistivity p and Seebeck coefficient S for
AgPbnSnSez.im (m = o0, 100, 50, 25) in the range of 25 K - 889 K are plotted in Figure 6-97(a,b). As
per the Figure 6-97, we observe that for pristine PbSe, the p and S value increases with increasing
temperature from 50 K to 595 K, and below 595K the S is positive which indicates a p-type
degenerate semiconductor behavior. However, with further heating above 595K, S value reaches a

maximum and then again starts to decrease and changes to negative values around 840 K. In the
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meantime, we notice that when temperature rises up to 693K, p value starts to decrease. This kind
of electrical transport behavior may unambiguously correspond to a two bands conduction
mechanism, where both the holes and electrons take part in conduction. The presence of both the
carriers can be understood well from the variation of S, as it is positive at low temperature and then
into negative at high temperature. On the other hand, for the rest three samples of AgPbnSnSez:m
(m =100, 50, 25), p first increases when heating and then decreases, leaving a flat peak around
temperature 173 K, 187 K and 201 K respectively. But, with further rise in temperature, it keeps on
falling and then rises again, leaving a flat valley around 345 K, 401 K, and 399 K respectively.
Compare to the PbSe, other samples showed increasing S value with rising temperature throughout
the entire temperature range. Thus, it implies the suppression of bipolar carriers conduction in

AgPbmSnSezm (m =100, 50, 25) as compared to PbSe.
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Figure 6-97:Temperature dependences of (a) electrical resistivity, (b) Seebeck coefficient, (c) carriers

concentration and (d) hole mobility of AgPb,SnSez«m (m = o0, 100, 50, 25).
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6.5.2.2 Hall Effect measurements

To perform the Hall Effect measurements, the resistivity relation which is important to note is given
by p=1/neu, where n is the carriers concentration, e is the electronic charge (C), and u is the
mobility of the holes. In order to obtain a better understanding of the role of AgSnSe; in the system,
Hall-effect analysis was performed. At first, the carriers concentration [n] for AgPbnSnSez.m (m = oo,
100, 50, 25) samples were calculated using the Hall coefficients relation Ry = 1 / ne, where e is the
electronic charge and plotted in Figure 6-97(c). The figure shows that the concentration of holes of
all samples decreases with increasing temperature. This behavior could be relate to the absence of
interband excitations from heavy-hole band X to light-hole band L of AgPbnSnSez.m (m = o0, 100, 50,
25) or not obvious below room temperature [264]. Moreover, the carrier concentration of
AgPb,SnSez.m increases monotonically over the entire temperature range with the increase of
AgSnSe; content. Even, such type of variation of carriers concentration of AgPbmSnSez:m (m = 100,

50, 25), rules out any “thermal activation” behavior in these samples.

Further experiments were conducted to obtain the temperature dependence of the mobility of all
the samples shown in the Figure 6-97(d), which scales with the power exponent 6 of p = T-5. Here,
we observe that the mobility u of pristine PbSe decreases monotonically over the entire
temperature range, while u of AgPbnSnSez.,m (m = 100, 50, 25) decreases first and then increases,
leaving a flat valley around 160 K (m = 100) and 180K (m = 50, 25) respectively. Then, with further
heating, u of AgPbnSnSez.m (m = 100) keeps increasing first and then falls, leaving a maximum
around 350 K. The very same behavior of u is expected for AgPbnSnSez.m (m=50, 25) also, u of
AgPbnSnSezsm (m = 50, 25) should also exhibit a peak located around 400 ~ 450 K but due to the
temperature limit of the measurements, these two peaks cannot be observed in Figure 6-97(d). A

detailed explanation of the scattering effect is described below in the following paragraphs.

The relaxation time 7 and a transport effective mass m* is related to mobility by the relation:

u=et / m* According to the Matthiesen’s rule, T can be expressed as:

T1= Tyl +Thep +Thar I+ Thpn 1+... e 6.1

Where h-h refers to hole-hole scattering, h-GB to hole-grain boundaries scattering, h-II to hole-

ionized impurities scattering, and h-ph to hole-phonons scattering.

156



All these scattering processes depend on the temperature and the concentration of carriers. Here,
we can neglect the contribution of 7.4, as it is effective only at very low temperatures, tp.p is
neglected too in pristine PbSe as the concentration of carriers is low in PbSe (meaning that the
concentration of ionized impurities is also low. Among all the scattering mechanism, Ty, is
considered as the main contributor to 7 at high temperature, as phonon modes are activated at this
temperature. Under this hypothesis, u obeys a power law p = T-5, where d=s-r is composed of the
scattering parameter (i.e., r = -1/2 for acoustic phonon scattering, 0 for neutral impurity scattering,
and 3/2 for ionized impurity scattering, ...) and the number of phonons participating to a scattering
process (i.e., s = 1 for one-phonon process, 2 for two-phonon process, and s = 0 for non-phonon
scattering processes) [265]. Here, for AgPbmSnSez.m (m = o0, 100, 50, 25), the power exponents &
close to room temperature are 1.8, -1.4, -1.5 and -1.7, respectively. More precisely, in the
degenerate p-type PbSe sample, the mobility follows y = T-12 at 80 - 160 K and u = T-18 above 180 K,
indicating r = -1/2 (acoustic phonon scattering with one-phonon process) over the entire
temperature range. The lower exponent at low temperature may originate from the contribution of
h-GB scattering. However, for the degenerate AgPbmSnSez.m (m = 100, 50, 25) samples below 160 K,
the mobility showed p = T-035 T-045 T-05 jndicates which implies that the carrier scattering
mechanisms are a combination of various mechanisms. Further, with increasing temperature above
180 K, the mobility of AgPbmSnSez.m (m = 100, 50, 25) samples, the value of y = T4, TS5, T17
indicating that the main carrier scattering mechanism is the ionized impurity scattering above 180
K. Again, heating to 350 K, 6 value of AgPb,SnSez..m (m = 100) changes to positive, which means
acoustic phonon scattering will become the dominated scattering mechanism again at high

temperature, due to the excitation of phonon modes.

The strength of ionized impurity scattering is mainly determined by the concentration of impurity
centers Ni, their charge states v, the carrier concentration n, the dielectric constant € and the
density of states effective mass mq*[266]. According to Brooks’ and Herring’s derivations, the
carrier relaxation time of ionized impurity scattering is proportional to mq*/2 and inversely
proportional to Ni and v2. [254, 266] Thus, a highly charged impurity with high screened Coulomb
potential will more effectively scatter the lower energy electrons and lead to larger average
electron energy and results in larger value of Seebeck coefficient. Here, strong ionized impurity
scattering in the AgPbmSnSe;z.m system could originate from the valence fluctuations of Sn with
charge states Sn4* and Sn2+ The large impurity scattering leads to the strong decrease of the

mobility, but contributes to limit the decrease of S that should be observed with the much larger n.
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6.5.2.3 Specific heat measurements

Figure 6-98 shows the heat capacity Cp of pristine PbSe and AgPbmSnSez.m (m = 25) as a function of
temperature from 2 K to 400 K. According to the plot, Cp of pristine PbSe and AgPb,SnSez.m (m =
25) shows the similar type of variation over the entire temperature range. Even, m = 50 and m =
100 showed the identical behavior. The heat capacity of pristine PbSe reaches a value of 50 J/mol K
at room temperature which is exactly the same as the expected classical high temperature Dulong-
Petit lattice heat capacity value. The inset in Figure 6-98 shows the low temperature data of pristine

PbSe and AgPbnSnSez.m (m = 25) plotted as Cp / T versus T2 allowing a conventional fit by [268],

CPT(T) =y+pT2 6.2
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Figure 6-98: The heat capacity Cp of PbSe and AgPbnSnSez.m (m = 25) as a function of temperature from 2 K
to 400 K. The inset shows the low-T Cp of PbSe and AgPbmSnSez.m (m = 25) plotted as Cp / T versus T2

The above fit leads to almost identical values of 8, which means that the Debye temperature is the
same for all the samples, and near about zero value of y for all materials, which means that the
Fermi level is very close to the band edge and that materials can be mostly considered as single

band.
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6.5.2.4 Thermal conductivity measurements

Figure 6-99 (a) shows the temperature dependence of the thermal conductivity k for AgPbnSnSez.m
(m = o0, 100, 50, 25).This figure depicts that A of pristine PbSe at room temperature is 1.82 Wm-1K-1,
It decreases first due to the intensified phonon-phonon umklapp processes and then increases with
heating, leaving a valley around 570 K. This behavior comes from the bipolar diffusion i.e. more
minority carriers (electrons here) jump across the band in the narrow band pristine PbSe with
rising temperature and the formed diffusing electron-hole pairs lead to an additional thermal
conductivity contribution. However, A for AgPbmSnSez.m (m = 100, 50, 25) decreases with heating
over the entire temperature range which means that the bipolar contribution to the thermal
conductivity has been suppressed. Comparing with pristine PbSe, the total thermal conductivity A of
AgPbn,SnSez.m (m = 50, 25) drops remarkably in the whole temperature range while A of
AgPbmSnSezsm (m = 100) strengthened below 750K.
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Figure 6-99: (a) Temperature dependence of thermal conductivity of AgPbxSnSez:m (m = 00, 100, 50, 25) from
300 K to 875 K. The inset in (a) shows bipolar thermal conductivity as a function of temperature for
AgPbnSnSez:m (m = oo, 100, 50, 25). (b) The difference of total and carrier thermal conductivity A - LoT as a
function of temperature for AgPbmSnSez:m (m = oo, 100, 50, 25), the solid line is a linear fit of the lattice
thermal conductivity at temperature ranges from room temperature to 875 K, deviation of thermal
conductivity indicating a significant bipolar thermal conductivity.
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The total thermal conductivity A can be expressed as:[269] A = Ajat + Ac + Abi = Alae + LoT + Ay, where
A, Ac and Ay refer to lattice, carrier and bipolar contributions to the thermal conductivity,
respectively, and L is the Lorenz number which is obtained by fitting the Seebeck coefficient to the
reduced chemical potential [7]. Here we have plotted the difference of total and carrier thermal
conductivity (A- LoT) as a function of temperature. It shows that (A - LoT) decreases linearly when
heating from room temperature for pristine PbSe, which confirms that the acoustic phonon
scattering is predominant. On the other hand, (A - LoT) of AgPbmSnSez:m (m = 100) starts to
decrease linearly above 350 K, while above 400 ~ 450K for AgPbmSnSez.«m (m = 50, 25). It indicates
that acoustic phonon scattering becomes the dominant scattering process above 350 K (m = 100)
and 400 ~ 450K (m = 50, 25) for AgPbnSnSez.n. It also confirms that the bipolar contribution has
been mostly suppressed with the presence of AgSnSe; as the linear fit only deviates at very high

temperature.

6.5.2.5 Figure of merit value

Here, from the combination of the electrical and thermal transport properties over the range of 340
- 890K, the figure of merit ZT is plotted shown in Figure 6-100. It shows that ZT of pristine PbSe
reaches 0.49 at 344 K, climbs to a maximum of 0.6 at 448 K, and then starts to fall down to below
0.1 above 694 K due to the bipolar contribution. However, for AgPbmSnSe;.n samples, ZT
monotonically increases with temperature in the entire temperature range. The maximum ZT value
of 1.3 at 889 K is obtained for AgPbmSnSez.m (m = 50). Therefore, the results indicate that the high
temperature TE properties of PbSe can be remarkably improved by the introduction of slight
amounts of AgSnSe; to form AgPbnSnSez.m, by suppressing the bipolar contribution to the thermal
conductivity while maintaining reasonably large S values due to ionized impurity scattering of the

carriers.
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Figure 6-100: ZT of AgPbmSnSe2+m (m = o0, 100, 50, 25) in the range 340 K to 890 K.

6.6 Conclusion

We successfully synthesized the solid solution AgPbnSnSez.m (m = 100, 50, 25) samples with a rock
salt structure. The temperature dependence of the holes mobility 4 combined with the difference
between total and carrier thermal conductivity A - LoT, showed that ionized impurity scattering
becomes predominant in AgPb,SnSez.m near room temperature (180 - 350 K) for (m = 100), 180 -
400 ~ 450 K for (m = 50, 25)), although acoustic phonon scattering remains the main scattering
mechanism at higher temperature. The introduction of AgSnSe2 within the PbSe matrix can
synergistically optimize the electrical and thermal transport properties. It enhances the Seebeck
coefficient by boosting the scattering factor, improves the electric conductivity by the increase of
the concentration of holes coupled to a limited degradation of their mobility, and reduces the total
thermal conductivity by suppressing the bipolar contribution to the thermal conductivity.
Therefore, thanks to this introduction of ionized impurity scattering, ZT of AgPbnSnSez.«m (m = 50)
reaches 1.3 at 889 K, and could most probably be further improved through the optimization of the

concentration of charge carriers by doping.
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Conclusion and perspectives

The goal of the thesis was to explore the solid solution AgBiSe,-AgBiS;, belonging to the class of
ternary chalcogenides of type 1-V-VI,. Mainly, it includes the structural characterization, study of

phase transition and transport property measurements.

The samples belonging to the solid solution AgBiSe,-AgBiS; have been synthesized after the
optimization of the heat treatment conditions. We have performed the structural characterization
using XRD and further structural analysis using Le bail refinement; showing a complete solid
solution without miscibility gap and that exists for all compositions. The thermal analysis
confirmed the presence of the phase transitions for these compositions, with a shift of the
temperature of transition as a function of the sulfur/selenium fraction. We have succeeded in
obtaining single phase compounds for the two phases namely, hexagonal and cubic phase, and from
the high temperature XRD, we observed the rhombohedral phase too for the selected composition
(x=1 to 2 in AgBiSe2Sx). Moreover, we obtained the phase change of the material from hexagonal to
cubic under high pressure. For future study, it would be interesting to trap the intermediate
(rhombohedral) phase for all compositions which shows two phase transition events obtained
through DSC results. The most probable way to achieve this would be to keep sample for long
annealing time (several weeks, as the temperature is rather low) at the particular temperature
(should be noted down from the DSC heat flow curve) where this intermediate phase exists and do
the water quenching at this temperature in order to stabilize this phase. So, in the following step of
the study, we mainly focused on the chemical pressure applied on our samples in order to stabilize
the cubic phase or in other word to suppress the phase transition which we observed in all

compositions of the solid-solution.

Following the phase transition from hexagonal phase to cubic phase observed under high pressure,
substitution method was applied on solid solution in order to suppress the phase transition. We
have chosen to substitute bismuth with antimony, so by means of chemical pressure, we hoped to
freeze the cubic phase; prior to the applications. The substituted samples have been synthesized by
solid state reaction followed by slow cooling down to room temperature without water quenched.
The insights gained from the experimental results revealed no structural phase transition up to the
experimental limit, as was expected, meaning that the cubic phase has been stabilized by chemical
pressure. Here we have performed substitution on selected composition spanning the whole range
of the solid-solution, so it means chemical pressure with 30% Sb on the Bi site can stabilize the

cubic phase in all compositions from AgBiS, to AgBiSe..
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Doping attempts were carried out in the Sb-substituted samples in order to observe its influence on
solid solution. The results obtained confirmed that the small fraction of Nb doping in Sb substituted
samples does not change the phase behavior at RT in comparison with the undoped samples. The
DSC results confirmed the absence of phase transition too. The transport properties measurements
show the negative value of S for all compositions (x=0.02, 0.04), indicating n-type semiconducting
behavior over the range (50-300K). The value of |S| and p for first six compositions decreases from
Nb fraction 0.02 to 0.04; which means that was expected, increase in Nb fraction increases the
carrier concentration which leads to lowering of Seebeck coefficient. This suggest that the doping is
effective for n-type doping which means that by adding antimony in our compositions, the doping
behavior remain same. However, the values of the power factor were very low, so, we can conclude
that with antimony in our composition the band structure change slightly compare to the antimony
free composition, which means that the optimum niobium content added in AgBiSe; (as mention in
literature 222) is not the same for Sb-substituted samples. So, in future a new optimization should
be carried out, to find the optimum Nb level. Moreover, the optimum doping level will probably be
depending on the S to Se content suggesting that further optimization of carrier concentration are
required. Here, we achieved very low value of k for the compositions (x=0.02, 0.04) over the range
300-900K. In addition, all this samples possess large electrical resistivity, which show that the
electrical contribution to the thermal conductivity is almost zero. This result concludes that the
thermal conductivity we observed is mostly only the lattice thermal conductivity. Further, the low k
value suggests that in future for all of the compositions if we are able to optimize the power factor,
the ZT will be large as the thermal conductivity is intrinsically very low. All the transport properties
measurements was carried out on selected compositions, unfortunately, we could not perform on
all other samples; as the sintered pellets broke during polishing. In this respect, we can suggest to
apply the ball milling method before SPS in order to avoid such situation. We expect that it would

be possible then to explore the properties on all other samples.

During my PhD, we worked in collaboration with another group (Lin Pan, College of Materials
Science and Engineering, University of Technology Nanjing, China) on solid solution AgPb,SnSez.m
which possesses the same rock-salt structure as AgBiCh;. The results obtained showed that the
ionized impurity scattering becomes predominant in AgPbnSnSez.m near room temperature (180 -
350 K) for (m = 100), 180 - 400 ~ 450 K for (m = 50, 25)), although acoustic phonon scattering
remains the main scattering mechanism at higher temperature. Further, the introduction of
AgSnSe; within the PbSe matrix can optimize the electrical and thermal transport properties. It

enhances the Seebeck coefficient by boosting the scattering factor, improves the electric
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conductivity by the increase of the concentration of holes coupled to a limited degradation of their
mobility, and reduces the total thermal conductivity by suppressing the bipolar contribution to the
thermal conductivity. Here, we achieved ZT value of 1.3 at 889K for AgPbiSnSez.m (m = 50) which
suggests that the introduction of ionized impurity scattering is effective. In future, it would be
better to do optimization of the carrier concentration by doping in order to enhance ZT value
further.

The PhD thesis work allowed discovering the structural behavior of the chalcogenide materials
AgBiSe;-AgBiS;, the existence of phase transition for all the compositions, characterization and
transport properties measurements of materials using various instruments, and the effect of

substitution and doping on the structural behavior of the materials.
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Annex

A.
Calculation of compositions belonging to solid solution (AgBiSe;-AgBiS.).

The general formula used to calculate the mass m of each precursor is shown below:

m (g)

Mg BigggSe s Sy (MOD)=— -
AgBi0.985¢ 2—xSx (o)

The calculated masses of precursors for all composition are shown in the table below.

Table: Calculated mass value of precursors for composition AgBioogSez-xSx.

AgBio.osSez-xSx m (Ag).g m(Bi), g m(Se), g m(S), g
AgBiogsSeS 1.146 2.175 0.839 0.340

AgBiosSeo9S11 1.159 2.199 0.763 0.379
AgBioosSeosSi1.2 1.172 2.224 0.686 0.418
AgBiosSeo7S13 1.185 2.250 0.607 0.458
AgBio9sSeo651.4 1.199 2.276 0.527 0.499
AgBio9sSeosSis 1.213 2.303 0.444 0.541
AgBio9sSeo4S16 1.227 2.330 0.359 0.584
AgBio9sSeo3S1.7 1.242 2.358 0.273 0.628
AgBio9sSeo2S1s 1.257 2.387 0.184 0.673
AgBio9sSeo1S1.9 1.272 2.416 0.093 0.719
AgBig.8S2 1.288 2.446 - 0.766
AgBio9sSe11S0.9 1.133 2.151 0.912 0.303
AgBio9sSe12S0s 1.121 2.128 0.985 0.267
AgBio9sSe13So.7 1.109 2.105 1.055 0.231
AgBio9sSe14S06 1.097 2.083 1.124 0.196
AgBio9sSe15Sos 1.086 2.061 1.192 0.161
AgBio9sSe1.6S0.4 1.074 2.040 1.258 0.128
AgBio9sSe1.7S03 1.063 2.019 1.323 0.095
AgBio.osSe1.8S0.2 1.053 1.998 1.387 0.063
AgBio.osSe1.9S0.1 1.042 1.978 1.449 0.031
AgBigosSe; 1.032 1.958 1.510 -

165




Calculation of compositions of Sb-substituted compound.

The one step solid-state reaction applied is:

Ag + (1-x) Bi + (x) Sb + 2 Se = AgBi1«SbsSe:

The calculated masses of precursors for all the respective compounds are tabulated in the table
below:

Table: Calculated mass value of precursors for composition AgBii.«SbiSe>

X value m( Ag), g m (Bi), g m (Sb), g m (Se), g
0.1 0.4629 0.8072 0.0523 0.6777
0.2 0.4717 0.7307 0.1065 0.6906
0.3 0.4809 0.6522 0.1629 0.7041
0.4 0.4905 0.5701 0.2215 0.7180
0.5 0.5004 0.4847 0.2824 0.7325
0.6 0.5107 0.3958 0.3459 0.7477
0.7 0.5215 0.3031 0.4120 0.7634
0.8 0.5327 0.2064 0.4810 0.7799
0.9 0.5444 0.1055 0.5531 0.7970

1 0.5564 - 0.6280 0.8145

The calculated masses of precursors for Sb substituted solid solution are given below:

Composition m (Ag), g m (Bi), g m (Sb), g m (Se), g m(S), g
AgBio7Sbo.3S, 1.3681 1.8554 0.4633 - 0.8132
AgBig7Sbo3S€05S1.5 1.2833 1.7403 0.4347 0.4697 0.5721
AgBio.7Sbo3SeS 1.2084 1.6387 0.4092 0.8846 0.3591
AgBig7Sbo3Se15Sos 1.1417 1.5483 0.3866 1.2537 0.1697
AgBio.7SbosSe; 1.0820 1.4674 0.3664 1.5843 0.8132

C.

XRD patterns of Sb-substituted AgBiSe, samples.

The pattern of AgBio2SbosSez; the main peaks correspond to the peaks of cubic AgSbSe; (reference
code 96-901-1029). Here, we noticed secondary peaks arise due to the presence of Se in the
compound (marked as ¢) and another two due to the AgSe combination (marked as A). The pattern
of AgBio.3SbosSez; the main peaks matched with cubic mention before and secondary peaks appear
due to the presence of Bi (marked as ¢) and BiSe combination (marked as ©).The pattern
AgBip4SboeSez contains the same type of secondary phases as the AgBio3SboSe,. The pattern of
AgBiosSbosSez shows the similar kind of secondary phases as AgBio2SbosSe.. In case of
AgBio6Sbo4Se;, we noticed only one secondary peak marked in the pattern itself.
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The one step solid-state reaction for Nb —~doped samples:

(1'X)Ag +XxNb +0.7Bi+0.3Sb+2S= Agl_XNbXBiO]SbOﬁ\SZ

(1'X)Ag +XxNb + 0.7 Bi + 0.3 Sb + 0.5Se+ 1.5S5 = Agl,xNbei0.75b0.35e0.551,5

The general formula used to calculate the mass m of each precursor is given below:
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m (g)

Nag, , NbyBig7Sboss, (MOD= -
Ag1—xNb xBi0.75b0.352 (1

m (g)

nAg 1—x NbXBiOJSbO.gSeg.sS]ﬂs (m0])= g
Ag1-xNbxBi0.75b0.35e0.551.5( o)

Table (a): Calculated mass value of precursors with 2% of Nb doped, (x=0.02).

Composition m (Ag), g m (Nb),g | m(Bi), g m (Sb),g | m(Se), g m(S), g
Ago.98Nbo.02Bio.7Sbo 352 1.3419 0.0236 1.8569 0.4637 - 0.8139
Ago.98Nbo.02Bi0.7Sbo3SeosS1s | 1.2586 0.0221 1.7417 0.4349 0.4701 0.5726
Ago.98Nbg.02Bio.7Sbo.3SeS 1.1851 0.0208 1.6399 0.4095 0.8853 0.3594
Ago.98Nbg.02Bio.7Sbo3Se15S0s5 | 1.1196 0.0197 1.5494 0.3869 1.2546 0.1698
Ago.98Nbg.02Bio.7Sbo3Se> 1.0611 0.0187 1.4684 0.3666 1.5853 -

Table (b): Calculated mass value of precursors with 4% of Nb doped, (x=0.04).

Composition m (Ag), g m (Nb),g | m (Bi), g m (Sb),g | m(Se), g m(S), g
Ago.96Nbo.04Bio.7Sbo3S2 1.3156 0.0472 1.4693 0.4641 - 0.8146
Ago.96Nbo.04Bio.7Sbo3SeosS1s5 | 1.2339 0.0443 1.5505 0.4352 0.4705 0.5730
Ago.96Nbo.04Bio7Sbo3SeS 1.1617 0.0417 1.6412 0.4098 0.8859 0.3597
Ago.96Nbo.04Bio.7Sbo3Se15S0s5 | 1.0976 0.0394 1.7431 0.3872 1.2555 0.1699
Ago.956Nbo.04Bio.7SbosSe; 1.0401 0.0373 1.8585 0.3669 1.5864 -

HeatFlow (uV)
3
HeatFlow [4] (uV)

-35 ]| |
|
1

-45 \ ..'_1 /;
-50 \ IL_ _ /// ~ A
\/".._._\ 1//"'

\
50 100 150 200 250 300 350 400 450 S00

Temperature (2C)

Figure: Plot of DSC result of Nb-doped sample (Ago.9sNbo.04Bio.7Sbo3Se2) with two heating cycles: blue curve
for first heating and green curve for second heating.
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Chalcogénures de type I-V-VI, pour applications thermoélectriques
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La conversion d’énergie par effet thermoélectrique (TE), qui peut étre utilisée pour convertir de
la chaleur perdue en électricité, a recu une attention soutenue ces derniéres décennies.
Lefficacité d’un systéme TE est caractérisé par le facteur de mérite adimensionnel, ZT=(S’0/k)T,
ou S, g, Kk, et T sont respectivement le coefficient Seebeck, la conductivité électrique, la
conductivité thermique et la température absolue. Récemment, les matériaux a base de
chalcogénures de formule générale AgBiCh,ont attiré un intérét au sein de la communauté de
la thermoélectricité du fait de leur conductivité thermique faible, qui conduit a des propriétés
thermoélectriques prometteuses. Cependant, ces matériaux présentent des transitions
structurales qui les rendent inutilisables dans des applications de conversion thermoélectrique.
Dans cette these, une étude de la solution solide AgBiS,-AgBiSe, est effectuée, dans le but
d’établir son diagramme de phase structural. Des études de diffraction des rayons X en
température et sous pression sont effectuées afin de mieux comprendre les transitions
structurales observées. L'application d’'une pression chimique par substitution partielle du
bismuth par I'antimoine permet ensuite de supprimer les transitions de phase en stabilisant la
phase haute température. Enfin, des essais préliminaires de dopage ont été effectués afin
d’ouvrir la voie a I'optimisation des propriétés thermoélectriques.

1. Etude de la solution solide AgBiS,-AgBiSe,

Au début de ce travail de thése, peu de données étaient disponibles relatives au
diagramme de phase de la solution solide AgBiS,-AgBiSe, et quant a I'existence méme de Ia
solution solide compléte. Par ailleurs, si les composés extrémes AgBiS, et AgBiSe, avaient été
relativement étudiés, ce n’était pas le cas pour les compositions intermédiaires. La premiere
partie de I’étude a donc consisté en I'optimisation des conditions de synthése des échantillons
de composition nominale AgBiS,.,Se, (x=0 a 2, par pas de 0.1), en repartant des conditions de la
littérature publiées pour AgBiSe,, a savoir un mélange stcechiométrique en boite a gants, un
pastillage, puis un recuit a 500°C pendant 48h dans une ampoule de silice scellée sous argon
suivi d’un refroidissement lent.



Hexagonal phase
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Figure 1: diffractogramme de rayons X de I'’échantillon de composition nominale AgBiSe; recuit a 500°C 48h
suivi d'un refroidissement lent.

Comme le montre la figure 1, ce traitement thermique ne permet pas d’obtenir un échantillon
monophasé. En effet, méme si les seules phases en présence sont de composition AgBiSe, sans
trace de phases secondaires, on peut observer ici le mélange d’'une phase rhomboédrique et
d’une phase hexagonale (sachant qu’une phase cubique aurait di étre obtenue d’apres la
littérature. Suite a ce résultat, une étude par calorimétrie différentielle a balayage (DSC) a été
effectuée, le thermogramme correspondant est représenté sur la figure 2.
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-
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100 200 300 400 500
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o

Figure 2: thermogrammede I"échantillon de composition nominale AgBiSe; recuit a 500°C 48h suivi d'un
refroidissement lent.



Sur ce thermogramme, deux pics endothermiques peuvent étre observés, qui correspondent
aux transitions structurales hexagonal — rhomboédrique et rhomboédrique — cubique, a
217°C et 307°C respectivement. On comprend alors pourquoi ce premier échantillon n’était pas
monophasé : du fait du refroidissement lent, la phase cubique haute température a le temps de
se transformer en phase rhomboédrique lors du refroidissement. En revanche, du fait de la
lenteur de la diffusion en phase solide aux températures plus basses, la phase transformation
de phase rhomboédrique — hexagonale n’est pas achevée en fin de synthese.

Suite a ces observations, un nouveau protocole de synthése a été mis en place de maniéere a
obtenir pour chacun des échantillons de la solution solide la phase cubique ou la phase
hexagonale (nous verrons par la suite que le domaine d’existence en température de la phase
rhomboédrique est assez étroit, et nous n’avons pas essayé d’isoler cette phase pour chacune
des compositions) :

e Pour la phase cubique, un premier traitement thermique avec un chauffage lent jusqu’a
450°C ou 500°C pour les échantillons riches respectivement en soufre et en sélénium avec un
maintien durant 12h a cette température. L'objectif est ici d’initiée de maniére « douce » la
réaction entre le chalcogéne et les métaux, qui est exothermique, et d’éviter une explosion de
I’'ampoule de silice. Dans un second temps un recuit a 850°C suivi d’'une trempe a l'eau, de
maniere a figer la phase haute température.

e Pour la phase hexagonale, un premier traitement thermique avec un chauffage lent
jusqu’a 850°C, avec un maintien a cette température durant 48h de maniere a homogénéiser le
lingot, puis un refroidissement lent. Dans un second temps un recuit a 120°C durant 1 mois, de
maniére a permettre la diffusion en phase solide et I'obtention de la phase hexagonale.

Ces nouveaux traitements thermiques ont permis d’obtenir des échantillons monophasés dans
les structures cubiques et hexagonales pour chacune des 21 compositions de la solution solide.
Un affinement des diffractogrammes de rayons X par la méthode de LeBail a ensuite été
effectué pour déterminer les parametres de maille de chacun des échantillons (les essais
d’affinement de Rietveld de la phase hexagonale n’ont pas été satisfaisant, avec des difficultés
notables a simuler les intensités des pics de diffraction, vraisemblablement du fait d’un
désordre cationique partiel). L’évolution des parametres de maille en fonction de la
composition des échantillons solides pour chacune des deux phases est représentée figure 3.
On observe dans les deux cas une augmentation linéaire des parameétres de maille lorsque la
fraction de sélénium augmente, obéissant a une loi de Vegard. Cette observation démontre
I’existence d’une solution solide compléte entre les composés extrémes AgBiS, et AgBiSe,. Par
ailleurs, I'augmentation des parameétres de maille entre AgBiS, et AgBiSe, est proche de celle
qui peut étre estimée a I'aide d’un modele ionique, ce qui montre que la nature des liaisons
chimiques évolue peu avec la fraction de sélénium.
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Figure 3: Evolution des parametres de maille avec la fraction de sélénium dans la phase hexagonale (a) et la
phase cubique (b). Deux échantillons sont manquants dans le figure de droite du fait de la rupture de
I'ampoule de silice au cours de la trempe a l'eau lors de leur synthése.

Suite a ce résultat, des analyses DSC ont été effectuées sur tous les échantillons de la série (en
utilisant ceux cristallisant en phase hexagonale, afin de construire le diagramme de phase de la
solution solide. Dans le cas des échantillons les plus riches en soufre, un seul pic endothermique
est observé (figure 4), correspondant a une seule transition structurale. Au contraire dans le cas
des échantillons les plus riches en sélénium, deux pics endothermiques sont présents,
correspondant a deux transitions structurales (figure 5). Par ailleurs, un net déplacement en
température des pics peut étre observé lorsque la fraction de sélénium change, ce qui indique
une évolution des températures de transition.
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Figure 4: Thermogrammes des échantillons de la solution solide
correspond au point de fusion du sélénium
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Figure 5: Thermogrammes des échantillons de la solution solide AgBiSe1.xS1x.
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Figure 6: Diagramme de phase structural, montrant la/les température(s) de transition observée(s) par DSC
en fonction de la composition de la solution solide.

Sur la base de ces observations, il est donc possible de construire le diagramme de phase de la
solution solide, qui est reporté sur la figure 6. Pour les échantillons de la solution solide AgBiS,.
ey, pour lesquels x<1, une transition directe de la phase hexagonale a la phase cubique est




observée, avec une température de transition qui croit lorsque la fraction de sélénium
augmente. Pour les échantillons de la solution solide pour lesquels x>1, une phase
intermédiaire rhomboédrique est présent, avec deux transitions structurales successives,
depuis la phase hexagonale a basse température vers la phase rhomboédrique, puis la phase
cubique a haute température. Les deux températures de transition augmentent avec la fraction
de sélénium.

Pour confirmer ces résultats, une étude par diffraction des rayons X en température a été
effectuée sur une sélection de compositions. Une sélection des diffractogrammes obtenus est
donnée figure 7.
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Figure 7: Diffractogrammes d'une sélection d’échantillon de la solution solide a différentes températures.



Cette étude confirme bien la présence de trois phases allotropiques pour les échantillons les
plus riches en sélénium (hexagonale, rhomboédrique et cubique), et de deux phases
allotropiques pour les échantillons les plus riches en soufre (hexagonale et cubique).

A partir de ces diffractogrammes, il a été possible d’obtenir la dépendance en température des
parametres de maille des différents échantillons dans leurs différentes formes allotropiques, et
donc de la dépendance en température du volume par unité formulaire AgBiCh,. Cette
dépendance en température est tracée figure 8.
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Figure 8: dépendance en température du volume par unité formulaire AgBiCh:.

Dans cette figure, la zone encadrée en bleu correspond a la transition structurale
hexagonal—cubique pour les échantillons riches en soufre, et a la transition structurale
hexagonal—rhomboédrique pour les échantillons riches en sélénium. Dans les deux cas, on
observe un changement volumique notable a la transition, avec une réduction du volume par
unité formulaire en passant de la forme hexagonale a la forme rhomboédrique ou cubique. En
revanche, aucun changement volumique n’est observé lors du passage de la phase
rhomboédrique a la phase cubique. Cette observation est cohérente avec la structure cristalline
du matériau et en particulier avec la nature des polyédres de coordination. Dans la phase
hexagonale, les cations occupent un environnement cubique légérement distordu, et dans les
phases cubiques un environnement octaédrique distordu. Le passage de la phase hexagonale
aux phases cubique ou rhomboédrique correspond donc a une augmentation de la compacité
de la structure, et donc a une réduction du volume par unité formulaire. En revanche, la
transition rhomboédrique—-cubique est une transition ordre-désordre (avec une disparition
concomitante de la distorsion rhomboédrique), qui n’est donc pas associée a un changement



volumique. C’est la premiere de ces deux transitions qui limite le potentiel de ces matériaux
dans des applications de conversion thermoélectrique, puisque le changement volumique
associé risque d’entrainer une fatigue et une rupture des matériaux ou des brasures
matériaux/électrodes lors d’un cyclage en température.

L'un des objectifs de ce travail de these était d’étudier la possibilité de stabiliser la phase haute-
température, dont les propriétés thermoélectriques sont prometteuses, afin de pouvoir utiliser
ces matériaux dans des applications de conversion thermoélectrique dans une gamme de
température 300-600°C. L'étape suivante a donc été d’étudier I'influence de la pression sur la
structure cristalline de ces matériaux. La composition choisie pour cette étude, AgBiSe,, est
celle pour laquelle les températures de transition sont les plus élevées (et donc celle pour
laquelle les phases basse-température sont les plus stables. Pour ce faire, des mesures de
diffraction des rayons X sous pression ont été faites sur synchrotron. Deux échantillons ont été
étudiés, I'un de structure cubique et I'autre de structure hexagonale. Les diffractogrammes
correspondants sont tracés figures 9 et 10.

Dans le cas de I'échantillon de structure cubique, figure 9 (le pic indiqué par une étoile
correspond a un pic de Bragg du cuivre, qui sert d’étalon interne de pression), I'application
d’une pression jusqu’a 18.2 GPa n’induit pas de changement structural. Un simple déplacement
des pics de diffraction est observé, qui correspond a la réduction attendue du volume de la
maille sous I'application de la pression isostatique.

Dans le cas de I"échantillon de structure hexagonale, figure 10 (le pic indiqué par une étoile
correspond ici également a un pic de Bragg du cuivre, qui sert d’étalon interne de pression), la
situation est différente. Un déplacement des pics de diffraction vers les plus grands angles est
observé, qui correspond la encore a la réduction du volume de la maille sous I'effet de la
pression. En revanche, on observe également une diminution du nombre de pics visibles sur le
diffractogrammes. Si la transition hexagonal—rhomboédrique est difficile a observer (les
diffractogrammes théoriques des deux structures sont trés proches, la différence entre les
diffractogrammes aux pressions les plus basses et ceux aux pressions les plus hautes ne souffre
aucune ambigtité : la structure change d’hexagonale aux pressions les plus faibles, a cubique
aux pressions les plus élevées. Il semble donc qu’il soit possible d’induire la transition
structurale et de stabiliser la phase cubique par I'application d’une pression de I'ordre de 15-18
GPa. Cette observation est en accord avec le fait que le volume par unité formulaire est plus
petit dans la phase cubique que dans la phase hexagonale. Il devrait donc étre possible de
stabiliser la phase cubique, d’intérét pour les propriétés thermoélectriques, par I'application
d’une pression chimique. Ce point fera I'objet de la partie 2.
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Figure 9 : Influence de la pression sur les diffractogramme de rayons X de AgBiSe; cubique.
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Figure 10 : Influence de la pression sur les diffractogramme de rayons X de AgBiSe; hexagonal.



2 Substitutions et stabilisation de la phase cubique dans la solution solide AgBiS,.,Sex

Nous avons vu que l'application d’une pression de 15-18 GPa permet d’obtenir la phase
cubique a la température ambiante a partir de la phase hexagonale. Il est donc envisageable de
stabiliser cette phase a la pression ambiante par I'application d’une pression chimique. Pour ce
faire, nous avons choisi d’effectuer une substitution partielle du bismuth par de I'antimoine. En
effet, ce dernier est plus petit que le bismuth, ce qui correspond bien a I'application d’une
pression chimique. Par ailleurs, sa configuration électronique est similaire a celle du bismuth, il
pourrait donc ne pas trop perturber la structure de bande des composés, et donc leurs
propriétés de transport électrique. De plus, la différence de masse importante entre Bi et Sb
pourrait conduire a une nouvelle réduction de la conductivité thermique des composés, du fait
de la diffusion accrue des phonons par les fluctuations de masse. Enfin, AgSbSe; est connu pour
cristalliser préférentiellement dans une structure cubique. Notre premier objectif a été de
rechercher la fraction d’antimoine minimum permettant de stabiliser la phase cubique (nous
souhaitons évidemment utiliser cette fraction la plus faible pour que les propriétés de transport
soient le moins perturbées possibles par rapport a celles des composés sans antimoine). Cette
premiere étude a été effectuée en élaborant des échantillons de composition AgBi;Sh,Se, par
recuit a 850°C durant 48h (afin d’obtenir un mélange homogene) suivi par un refroidissement
lent, de maniere a permettre aux éventuelles transformations de phase de se réaliser, au moins
partiellement. Les échantillons obtenus ont ensuite été analysés par diffraction des rayons X et
DSC. La composition Se; a été choisie parce que c’est celle pour laquelle les températures de
transition sont les plus élevées, et donc celle pour laquelle il devrait étre le plus difficile de
stabiliser la phase cubique.

Les figures 11 et 12 montrent respectivement les diffratogrammes de rayons X et les
thermogrammes des échantillons de la série AgBii,Sbh,Se,. Aucune démixtion n’est observée
dans les diffractogrammes, ce qui met en évidence I'existence d’une solution solide compléete
entre AgBiSe;, et AgSbSe, (ce qui n’avait pas été montré dans la littérature au début de cette
étude, et I'a été en 2016 dans le cas de nanoplaquettes élaborées par voie liquide). Par ailleurs,
on constate une évolution de la structure cristalline, d’'une phase hexagonale pour x=0.1 et
x=0.2 (échantillons les plus riches en bismuth) vers une phase cubique lorsque la fraction
d’antimoine est supérieure ou égale a 0.3. Cette observation est confirmée par les
thermogrammes obtenus par DSC. Des pics endothermiques correspondant a des transitions de
phase sont nettement visibles pour les échantillons x=0 a x=0.2. En revanche, aucune transition
n’est observée pour les fractions d’antimoine supérieures ou égales a 0.3. (Les pics encadrés en
noir correspondent aux points de fusion de phases secondaires en quantités mineures dans les
échantillons. La fraction d’antimoine permettant de stabiliser la phase cubique dans la solution
solide AgBi,Sh,Se, est donc comprise entrex=0.2 et x=0.3.
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Figure 11: Diffractogrammes de rayons X des échantillons de la série AgBii.«SbxSe>, (0.1<x<0.9).
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Figure 12: Thermogrammes des échantillons de la série AgBi1.xSbySe», (0.1sx<0).



L’'étape suivant a été de préparer une sélection d’échantillons de la série AgBig7Sbg 3S,,xSey (x=0
a 2 par pas de 0.5) pour vérifier que cette fraction d’antimoine stabilise la phase cubique pour
toute la solution solide. Les échantillons ont été préparés par recuit a 650°C durant 72h (afin
d’homogénéiser le mélange) suivi d’un refroidissement lent, afin la encore de permettre a
d’éventuelles transformations de se réaliser. Les échantillons obtenus ont alors été analysés par
diffraction des rayons X et DSC. La figure 13 montre un zoom des diffractogrammes obtenus
dans la gamme angulaire 20°-35°.
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Figure 13: Diffracogrammes de rayons X des échantillons de la série AgBio.7Sbo.3S2-xSex.

Les seuls pics visibles dans ces diffractogrammes sont les pics (111) et (200) de la phase
cubique, ce qui confirme que la fraction d’antimoine de 30% permet de stabiliser cette phase
pour toutes les compositions de la solution solide. Par ailleurs, on peut également observer un
déplacement des pics de diffraction vers les bas angles lorsque la fraction de sélénium
augmente, correspondant a I'augmentation attendue du parametre de maille. Un affinement
de LeBail a permis de mettre en évidence une variation linéaire du parametre de maille avec la
fraction de sélénium, en accord avec une loi de Vegard.

Le premier résultat est confirmé par les analyses DSC. Contrairement aux échantillons initiaux
(Sb=0, figure 14b) ol des pics endothermiques correspondant aux transitions de phase sont
nettement visibles, aucun pic endothermique n’est observé pour les échantillons de la série



AgBip7Sbo3S,.,Se (figure 14a, les pics encadrés correspondent au point de fusion de phases
secondaires en quantités mineures dans certains échantillons).
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Figure 14: (a) Thermogrammes des échantillons de la série AgBio7Sbo3S2xSex (b) Thermogrammes des
échantillons de la série AgBiS;«Sex

Par application d’une pression chimique, il a donc été possible de stabiliser la phase cubique
pour toutes les compositions de la solution solide.

3 études préliminaires des possibilités de dopage et des propriétés de transport

L’origine de ce projet est des études effectuées en 2012-2013 au laboratoire, dans laquelle de
bonnes performances thermoélectriques ont été mises en évidence pour AgBiSe, et AgBiSeS.
Cependant, lorsqu’ils ne sont pas dopés, les propriétés électriques (coefficient Seebeck,
résistivité électrique, et facteur de puissance S*c) sont médiocres, et un dopage est nécessaire.
Dans ces études, il avait été montré qu’un dopage de type n par la substitution partielle de
I'argent par du niobium permettait d’optimiser les propriétés, avec un facteur de mérite
thermoélectrique de I'ordre de I'unité pour une fraction de niobium de 4%.

Pour notre étude préliminaire du dopage de la solution solide AgBig7Sbo3S,.4Sey, nous avons
donc choisi de tester deux fractions de niobium, Nb=0.02 et Nb=0.04, en préparant deux séries
d’échantillons de compositions Agi1.,Nb,Big7Sbo 3S2.xSex (y=0.02 et 0.04, et x=0 a 2 par pas de
0.5). Ces synthéses ont été effectuées par recuit a 850°C durant 48h afin d’homogénéiser les




mélange des précurseurs, suivi d’'un refroidissement lent jusqu’a la température ambiante.
Apres caractérisations par diffraction des rayons X et DSC, les échantillons obtenus ont été
broyés manuellement, et densifiés par Spark Plasma Sintering (voir plus loin).

Les diffractogrammes obtenus pour les 10 échantillons mettent en évidence une phase cubique
bien cristallisée, et I'absence de phases hexagonale ou rhomboédrique (quelques exemples
représentatifs sont tracés figure 15.
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Figure 15: Diffractogrammes de rayons X d’une sélection d’échantillons des séries Agi.yNbyBio.7Sbo3S2-xSex.

Comme dans le cas des échantillons non dopés, les affinements par la méthode de LeBail ont
permis de mettre en évidence une évolution des parametres de maille conforme a la loi de
Vegard.

Les thermogrammes obtenus pour les 10 échantillons, représentés figure 16, confirme la seule
présence de la phase cubique, aucun pic endothermique correspondant a une transition
structurale n’étant visible. Les pics encadrés correspondent au point de fusion du Bi, en
guantité mineure dans les échantillons, et ceux indiqués par une fleche a ceux d’une phase
secondaire non identifiée (elle n’est pas visible dans les diffractogrammes). De maniere
intéressante, ces pics « parasites » ne sont plus présents aprés un cyclage dans le cas de la
phase non identifiée, ou dans les échantillons ayant été densifiés par SPS dans le cas également
du bismuth. Il est probable que cette phase non identifiée se volatilise a plus haute
température, et dans le cas du bismuth, il passe a I'état liquide et est éliminé dans la feuille de
graphite de protection lors du frittage par SPS.
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Figure 16: Thermogrammes des échantillons des séries Agi.yNbyBio.7Sbo.3S2-xSex.

Nous avons donc obtenus des échantillons de bonne pureté et bien cristallisés pour toutes les
compositions de la série Agi.,Nb,Big 7Sbg 3S,.xSex, dans tous les cas dans une structure cubique.

Aprés broyage manuel, les poudres obtenues ont été densifiées par SPS pour obtenir des
pastilles de diamétre 15mm. Le frittage a été effectué a 400°C, sous argon, sous une pression
de 75 MPa, dans des moules de graphite.

Malheureusement, la plupart des pastilles se sont révélés fissurées a I'issue du frittage, aprés
élimination de la couche de graphite par polissage. Trois raisons principales peuvent expliquer
cet échec. En premier lieu, aucune optimisation préalable de la microstructure d’avait été
effectuée avant ces essais de densification, les poudres ayant été obtenues par simple broyage
manuel. En second lieu, les analyses DSC ont mis en évidence la présence de bismuth résiduel
en faible proportion dans certains échantillons. En fondant lors de la densification, celui-ci peut
contribuer a initier des fractures dans les pastilles. Enfin, s’agissant ici d’études préliminaires,
aucune optimisation du procédé de frittage (température, pression appliquée, vitesses de
rampe, ...) n’a été effectuée. Ces problemes devront étre réglés afin de pouvoir étudier les
propriétés de transport thermoélectrique de ces matériaux.

Néanmoins, des morceaux de taille suffisante ont pu étre collectés et mis en forme, permettant
d’effectuer des premiéres mesures du coefficient Seebeck, de la résistivité électrique et de la
conductivité thermique, pour certaines des compositions. Les résultats obtenus sont
représentés respectivement dans les figures 17 a 19, et les résultats a la température ambiante




sont résumés dans le tableau 1. Suite a une panne de l'un des instruments de mesure, le
coefficient Seebeck et la résistivité électrique n’ont pas pu étre mesurés a haute température.

T T T T T T T T T ]
0 O Agg ggMbgpaBip 750 2%
E T Agg gaMNb g 0,Big 75b 35,
i FU Aag geNbyg g Big S8By 8=y .S, .
S0k S mg geMB g gaBip 750 3520 55, ¢
B - O Mgy ggbg o,Big 7Sby o Se 5905
= 100} <A Ay ggNEg 0, Big Sby S5, S
E 5 7] [ mag ggMbg 081 158, 252,
o o i =
5 -150 | i D Agg gaMbp gaBig 7Sby 1555
E
= L
[&] -
2 200}
a»
@ i
o L
-250 ﬁ -
L T xisosesns
-300 | &Xf
L 1 i [ L 1 L 1 L [
50 100 150 200 250 200
Temperature (K)
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Figure 18: Résistivité électrique des échantillons des séries Agy.yNbyBio7Sbo3S2-xSex.
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Figure 18: Conductivité thermique des échantillons des séries Agi.yNbyBio.7Sbo3S2-xSex.

Tableau 1: |S|, p, k et ZT a 300K pour les échantillons des séries Agi.yNbyBio.7Sbo3S2-xSex.

Composition name [SI (LV/K) p (Q.cm) Kk (WK-1m1) ZT
Ago.98Nbo.02Bi0.7Sbo.3Sz2 238 42.8 0.57 6.9x10-5
Ago.96Nb0.04Bio.7Sbo.3S2 9 2.1 0.62 1.8x10-¢
Ago.98Nbo.02Bio.7Sbo3SeosS1s 278 19.9 0.51 2.2x104
Ago.96Nbo.04Bio.7Sbo3SeosS1s 23 1.9 0.44 1.8x10-5
Ago.98Nbo.02Bio.7Sbo3Se15S0s 171 0.1 - -
Ago.96Nbo.04Bio.7Sbo3S€1.550.5 49 0.3 - -
Ago.9sNbo.02Bio7Sbo.3Se> 81 0.1 - -
Ago.96Nbo.04Bio.7Sbo.sSe> 121 1.5 - -

Les valeurs négatives du coefficient Seebeck observées pour tous les échantillons confirment
gue ces composés sont bien de type n. Les valeurs obtenues sont tres dispersées et dépendent
tres fortement a la fois du taux de dopage en niobium (elles décroissent lorsque la fraction de
niobium augmente de 0.02 a 0.04, ce qui correspond bien a une augmentation de porteurs de
charge lors d’'un dopage de type n, a une exception prés qui pourrait correspondre a une
inversion de deux échantillons), et de la fraction de soufre/sélénium dans solution solide (la



tendance semble étre a des valeurs absolues plus élevées pour les échantillons les plus riches
en soufre).

Les valeurs observées pour la résistivité électrique se correlent avec celles observées pour le
coefficient Seebeck : plus ce dernier est faible en valeur absolu, plus la résistivité électrique est
faible, ce qui indique un role prépondérant de la structure électronique et de la position du
niveau de Fermi sur les propriétés, et minoritaires de la mobilité des porteurs. Pour toutes les
compositions, la résistivité électrique reste beaucoup plus élevée que celle qui avait été
observée dans les échantillons de la série Ag;Nb,BiSe, pour les mémes taux de dopage (les
valeurs étaient comprises entre 5-15 Q.cm). En revanche, elle est du méme ordre de grandeur
qgue celle qui avait été observée dans les échantillons sous-dopés au cours de cette étude. Il
semble donc que la substitution partielle du bismuth par le niobium induise des changements
non-négligeables dans la structure électronique des composés de la solution solide, et qu’ils
conviennent d’optimiser a nouveau la concentration de porteurs de charge.

En ce qui concerne la conductivité thermique, les valeurs observées sont extrémement faibles,
voisines de 0.5 W.m™.K™ pour tous les échantillons. Ces valeurs intrinséquement trés faibles
confirment l'intérét de ces échantillons pour des applications thermoélectriques, a la condition
de pouvoir améliorer les propriétés électriques pour qu’elles soient du méme ordre que celles
observées précédemment dans Ag; «Nb,BiSe;. Du fait du nombre réduit d’échantillons qui a pu
étre mesuré, il n’est pas possible d’obtenir une tendance quant a l'influence de la fraction de
soufre/sélénium sur la conductivité thermique.

4 Conclusions et perspectives

Au cours de cette étude, nous avons montré qu’une solution solide compléte existe entre
AgBiS, et AgBiSe,. Tous les composés de cette solution solide cristallisent dans différentes
phase allotropiques. Pour x<1 dans AgBiS,,Se,, une transition existe d’'une phase hexagonale a
la température vers une phase cubique a haute température. Pour x>1, deux transitions sont
observées, d’abord de la phase hexagonale a une phase rhomboédrique, puis de cette phase
rhomboédrique a la phase cubique. Une contraction du volume par unité formulaire est
associée a la transition de la phase hexagonale a la phase cubique ou rhomboédrique, ce qui
limite les possibilités d’utilisation de ces matériaux dans des modules thermoélectriques en
conditions réelles. Cependant, nous avons pu montrer qu’il est possible de passer de la phase
hexagonale a la phase cubique sous I'application d’une pression isostatique de I'ordre de 15-18
GPa. Suite a cette observation, nous avons montré qu’il en est de méme par application d’une
pression chimique, qui permet de stabiliser la phase cubique a la pression et a la température
ambiante. Des échantillons monophasés de structure cubique ont ainsi pu étre obtenue pour



toutes les compositions de la solution solide en substituant 30% du bismuth par de I'antimoine.
Notre étude préliminaire des propriétés de transport a permis de confirmer que les composés
sont bien de type n malgré cette substitution. Cependant, I'influence de la substitution sur la
structure électronique ne peut pas étre négligée, et la résistivité électrique mesurée pour nos
composés est nettement supérieure a celle qui avait été observée auparavant pour des
échantillons de composition Ag;Nb,BiSe,. En revanche, la conductivité thermique demeure
intrinséquement tres faible.

Dans la suite, il conviendrait dans un premier temps d’optimiser le processus de densification
par SPS, afin d’éviter la fracturation des pastilles lors du démoulage, du polissage et du
découpage. On peut notamment suggérer I'utilisation du broyage mécanique préalablement a
la densification, de maniére a optimiser la microstructure des poudres.

Dans un second temps, il conviendrait d’optimiser la concentration de porteurs de charge pour
les échantillons de la série Ag;.,Nb,Big 7Sbo 3S,xSex afin de de diminuer la résistivité électrique et
donc d’augmenter le facteur de puissance et le facteur de mérite thermoélectrique de ces
composés. Cette optimisation pourra se faire via |'utilisation de mesures d’effet Hall, qui n’ont
pas pu étre effectuée lors de cette these du fait de la fissuration des pastilles.
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Résumé : Ce travail de thése porte sur une
série d’échantillons de composition nominale
AgBiSe,..Sx (avec x= 0 a 2), appartenant a la
famille des chalcogénures ternaires de type I-
V-VI,. Les analyses structurales et thermiques
ont mis en évidence une solution solide
compléte sans gap de miscibilité, et des
transitions de phase pour toutes les
compositions. Nous avons pu obtenir des
composés monophasés a la fois des phases
hexagonale et cubique, et notre étude de DRX
en température a mis en évidence une phase
rhomboédrique pour certaines compositions
(x=1 a 2 dans AgBiSe\S,.«). Les résultats de DSC
ont confirmé la présence de transitions de
phase pour toutes les compositions, avec un
déplacement des températures de transition en
fonction de la fraction de soufre/sélénium.
Notre étude de DRX sous pression de
I’échantillon AgBiSe; a montré une transition
de phase induite par la pression d’'une phase
hexagonale a rhomboédrique puis cubique.
Suite a cette observation, I'application d’'une

pression chimique, par la substitution de 30%
du Bi par du Sb a été utilisée avec succes pour
stabiliser la phase cubique pour toutes les
compositions. Le dopage par Nb des
échantillons substitués par I'antimoine I'a pas
eu d’influence sur la nature des phases stables a
I'ambiante en comparaison aux échantillons
non dopés. Nous avons ensuite étudié
I'influence du dopage sur les propriétés de
transport. Les valeurs négatives de S pour
toutes les compositions indiquent un
comportement de semi-conducteur de type n
dans la gamme (50-300K). Par ailleurs, nos
mesures ont montré a la fois de tres faibles
valeurs de x mais aussi une décroissance de |S|
et p avec 'augmentation de la fraction de Nb.
Ces résultats devraient permettre d’optimiser le
facteur de puissance pour améliorer les valeurs
de ZT. Enfin, une étude en collaboration avec
une équipe chinoise a permis d’obtenir une
valeur de ZT de 1.3 a 890K dans un composé
AgPbnSnSe;.
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Abstract: Here, we report on a series of
samples with nominal compositions AgBiSe,.4Sx
(with x= 0 to 2) belonging to the class of
ternary chalcogenides of type I-V-VI,. The
structural and thermal analysis result shows a
complete solid solution without miscibility gap
and phase transitions for all compositions. We
have succeeded in obtaining single phase
compounds, of both hexagonal and cubic phase,
and the high temperature XRD study showed
the rhombohedral phase too for selected
compositions (x=1 to 2 in AgBiSexS;«). The DSC
results confirmed the presence of the phase
transitions for all compositions, with a shift of
the temperature of transition as a function of
the sulfur/selenium fraction. The high pressure
XRD investigation of the compound AgBiSe;
showed a pressure induced phase transition

from hexagonal-to-rhombohedral-to-cubic
phase. In this respect, chemical pressure with
30% Sb on the Bi site has been successfully
applied to stabilize the cubic phase for all
compositions. Nb doping in the Sb-substituted
samples does not show any change in the phase
behavior at RT. The influence of doping on
transport properties was analyzed. The
negative value of S for all compositions
indicates n-type semiconducting behavior over
the range (50-300K). Further, the results not
only shows very low value of k but the |S| and p
value also decreases for each composition from
Nb fraction 0.02 to 0.04. So, we can optimize the
power factor in order to improve the ZT value.
At last, collaborative study with Chinese team
showed that ZT of 1.3 at 890 K can be achieved
for AgPbmSnSez.m (m = 50).
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