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SUMMARY

Thermoelectric materials have been intensively investigated during the last years for
energy harvesting applications. The main drawback of this technology is the low efficiency of
the current materials. Significant advances in this respect have been recently achieved by
nanostructuring, to mainly reduce the thermal conductivity. In this approach a bulk sample is
milled into a nanostructured powder that is then compacted to form a nanobulk sample.

The main objective of this thesis is to explore and introduce a new technique,
ultrasound milling, based on the crushing of bulk samples by means of ultrasound effects
taking place in a liquid medium, for the preparation of nanostructured bulk materials.
Bismuth telluride alloys are the industrial standard in thermoelectrics and has been chosen
as the material to perform this investigation.

The most suitable conditions for the preparation of the nanostructured powders by the
ultrasound milling technique have been identified. The optimised powders were used to
prepare compacted nanobulk samples. The thermoelectric properties of these samples were
finally characterised at room temperature and their performance related to their
microstructure.

Extraordinarily low thermal conductivity was obtained for both n- and p-type samples
prepared (0.5 and 0.35 W/Km respectively), which are within the lowest reported values for
any thermoelectric alloy. This reduction was accompanied with a significant decrease in
electrical conductivity which led to a non-significant improvement in the figure of merit (2).

However, high ZT values (1 and 1.4 for n- and p-type bismuth telluride respectively)
were identified in non-treated samples after a very simple grinding process which was
employed as pre-treatment. The figure of merit of these two materials prepared by this
simple methodology is close to the best reported values for Bi;Tes.

Our results identify ultrasound milling and the simple crushing method as promising

tools for the fabrication of nanostructured bulk thermoelectric materials.
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Chapter 1: Introduction

Chapter 1

1.1 Background to the present research

Nowadays, the world is facing the enormous challenge of finding new energy sources.
The insufficient fossil-fuel reserves and the negative impact that they cause in the
environment create the need to search for alternative energy sources, more environmentally
friendly and able to cover the increasing energetic demand in the society. Alternative energy
sources such as photovoltaics, wind power or hydrogen-based technologies have been
intensively studied as a replacement to fossil fuels. In light of the importance of the problem,
also improving the efficiency of the current energy use can significantly help.

These days around 60 % of the energy produced is lost in terms of heat, especially in
electrical power generation and transport. For example, around 60 % of the energy extracted
at the power plants is lost as waste heat during its generation,™® and between 8 % and 15 %
is lost as heat during its transport and transformation in the electrical lines.® Another major
example is the waste heat in our cars, which is around 70 %, apart from the associated CO:
emissions due to the extra 70 % of fuel needed. Under this scenario, materials able to
transform waste heat into electrical power are highly valuable.

Thermoelectric materials are a promising candidate in this respect due to their capacity
to convert temperature differences into electrical power, i.e., producing power from waste
heat. Thermoelectric materials present the advantage of being formed by no-moving parts
that make them more durable and silent. They are also easy to miniaturise and can be
utilised for cooling and heating applications, since a temperature difference can be
generated when applying an electrical current in the device. The main disadvantage of
thermoelectric devices is their low efficiency (low figure of merit ZT), which makes them not
competitive to other technologies in the market. To date, most of materials present ZT
values slightly higher than 1 while more applications need ZT values around 2 or higher.
Bismuth telluride based alloys are the dominant materials in the market since 1950s. Since
then, no other material has been found to replace it. They can operate under maximum hot

side temperatures of around 250 °C.
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Seebeck coefficient, electrical and thermal conductivity are the parameters that govern
the performance of the materials (ZT). These properties are interrelated, which makes it very
difficult to increase or decrease one of them without affecting the others, so a compromise
has to be commonly adopted to maximise the ZT value. There are many different strategies
to improve thermoelectric materials. Some of the main approaches under intense

investigation are:

a) Preparation of new materials with complex band structures, which will increase the
Seebeck coefficient without affecting the electrical conductivity and the electronic
thermal conductivity.@

b) Using the concept of electron crystals and phonon glasses, increasing the electrical
conductivity and reducing the lattice thermal conductivity due to the rattling effect.

c) Nanostructuring, which could produce an increase of the Seebeck coefficient due to
guantum confinement effects, and the decrease of the thermal conductivity due to the
phonons scattering. ¢ ©

The latter strategy is being the most intensively studied due to the latest improvements
achieved in the figure of merit.” There are mainly two approaches employed to produce
nanoparticles in the thermoelectric field, which are then compacted to form nanostructured
bulk materials, top-down and bottom-up. The former has been the most successful to date,
specially employing the ball milling (mechanical alloying) method.® For example, the
performance of bismuth telluride materials has been significantly improved using this
method.®

In this thesis ultrasound milling is presented as a new method to produce
nanostructured thermoelectric materials. Bismuth telluride alloys, both n- and p-type, have
been chosen to explore this new approach and results are compared to the ball milling
technique. The new method benefits in requiring shorter times than ball milling and produces
very low thermal conductivity materials, within the lowest values reported in the literature
(0.50 W/Km and 0.35 W/Km for n- and p-type respectively). This reduced thermal
conductivity values are due to the presence of highly aggregated nanopatrticles that form a
uniform granular microstructure after compaction. Unfortunately, electrical conductivity is
also reduced significantly, which leads to no significant final improvement in ZT.

The ultrasound milling process is preceded by a simple crushing pre-treatment
performed by a micro hammer-cutter mill, producing mainly micrometre size powder.
Powders obtained in this way, separated in different particle sizes, present high ZT values

(=1.4 for p-type material) close to the best ones reported in the literature.®®
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1.2 Aim and objectives

The aim of this thesis is the evaluation of ultrasound milling technique as a new
method able to produce nanostructured thermoelectric materials. Bismuth telluride alloys, as
the standard thermoelectric materials at room temperature, were chosen as the material to
be treated by this top-down approach. Results achieved are compared to the ball milling

technique.

The objectives to be achieved are:

e Identification of the optimum conditions to prepare nanostructured n- and p-type

bismuth telluride powders by ultrasound and ball milling methods.

e Identification of the most suitable conditions to prepare nanostructured bulk samples
by hot pressing method from the powders prepared.

e Morphological, structural and thermoelectric characterisation of the materials

fabricated by these two milling techniques.

e Correlate the thermoelectric performance to the microstructure of the nanobulk

materials characterised.

e Demonstrate the capability to integrate the fabricated nanobulk materials into a

thermoelectric device.

1.3 Thesis outline

1.3.1 Chapter 1: Introduction

In chapter 1, a brief contextualization of the research is introduced. The main
achievements of this thesis are summarised and it provides an outline of the thesis, where a

short explanation of every chapter is shown.
1.3.2 Chapter 2: Introduction to thermoelectricity and state-of-the-art
Chapter 2 presents a review of the history of thermoelectricity and its fundamentals. It

includes a brief description of the main thermoelectric materials currently under research.

The most widely used strategies to enhance the performance of the thermoelectric materials
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are also exposed. Finally, the most common nanostructuring methods and the techniques

employed to fabricate bulk thermoelectric materials are reviewed.

1.3.3 Chapter 3: Experimental methods

The third chapter covers the experimental methods and techniques employed in this
thesis for the preparation and characterisation of thermoelectric materials and modules.
Firstly, the two experimental methods of fabrication of bismuth telluride nanoparticles are
described, the ball milling and the novel ultrasound milling. Then, a description of the
techniques employed to characterise the powders is presented, which include particle size,
morphology and structural characterisation. Finally, the methods employed for the

thermoelectric characterisation of bulk materials are shown.

1.3.4 Chapter 4: Preparation of bismuth telluride nanopowder

The fourth chapter focuses on the evaluation of the optimum parameters to prepare n-
and p-type bismuth telluride nanoparticles by ball milling and ultrasound milling methods.
Balls:powder ratio and time were optimised for the ball milling technique while in the
ultrasound milling method conditions such as solvent, time, amplitude of the ultrasound,
cooling systems and powder concentration. To perform the optimisation, the resulting
powders are analysed using a particle size analyser, SEM and XRD. Finally, in the last

section a comparison of both methods is shown.

1.3.5 Chapter 5: Optimisation of the hot press compaction method

This chapter describes the construction of a hot press from a standard press. It also
shows the optimisation of the sintering method (time, temperature and pressure) for the
fabrication of highly dense nanostructured bulk disc samples from the powders by hot

pressing.

1.3.6 Chapter 6: Thermoelectric properties of nanobulk materials

Chapter 6 includes the structural and thermoelectric characterisation of the n- and p-
type bismuth telluride nanobulk samples prepared under the optimised conditions of the
previous chapter. Firstly, the non-treated samples (simply crushed in an intimal pre-
treatment) are analysed. Then, the results of the characterisation of the samples produced

by ultrasound and ball milling methods under the optimised conditions are presented.
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1.3.7 Chapter 7: Thermoelectric modules fabrication

In this chapter, the fabrication and characterisation of thermoelectric modules is
shown. These modules are prepared using the reference materials (from the commercial
ingots) and the best performing materials prepared in the thesis. In the module fabrication
process the soldering treatment is optimised and then the module ZT is determined by
impedance spectroscopy to evaluate the performance of the devices.

1.3.8 Chapter 8: Conclusions and future work

Chapter 8 comprises a summary of the main achievements and conclusions of this

thesis and some proposals for future work.
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Chapter 2

2.1 Introduction

The aim of this chapter is to provide an overview of the history of thermoelectricity, its
fundamentals and the main thermoelectric materials currently under development. In
addition, the most common strategies to improve the performance of thermoelectric
materials are also briefly reviewed.

On the other hand, since the research developed in this thesis is related to the
nanostructuring of materials, a review of the state-of-the-art of the current nanostructuring
methods is provided, including the different techniques to prepare compacted nanobulk

thermoelectric materials from nanostructured powders.

2.2 History of thermoelectricity

The history of thermoelectricity commenced in 1822 when Thomas Johann Seebeck
reported® the deflection of a compass needle in a circuit formed by two different conductors
with the junctions at different temperatures. Seebeck initially thought that this was due to a
magnetic effect produced by the temperature difference. However, Hans Christian @rsted
explained the actual physics of the phenomenon. The movement of the needle was caused
by a magnetic field induced by an electric current flowing in the circuit.*? This current was

due to the movement of electrical charges (electrons or holes) away from the heat source.
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Fig. 2.1. Instrument used by Seebeck for the discovery of the Seebeck effect.(3)

In 1834, Jean Charles Peltier discovered the Peltier effect. He noticed that when a
current passed across a circuit formed by two dissimilar conductors a change in temperature
at the proximity of the junctions was observed. Despite the physical explanation for the
Seebeck effect was known at that time, he was unable to explain the nature of his
observations. However, in 1838 Lenz®¥ performed an experiment to explain the Peltier
effect, consisting in freezing water at a bismuth-antimony junction and melting ice back by
reversing the direction of the current. That proved that depending on the direction of the
current flow, heat was absorbed or generated at the junction.

In the late 1860s, the first design of a thermoelectric generator (TEG) was developed
by M. Clamond. He used a thermoelectric battery made of iron combined with zinc-alloyed
antimony to generate electricity for lighting. This design was employed to produce light at
some companies in Paris since 1875 and also at the Royal Albert Hall in London.®®
However, these systems utilised metallic junctions with low conversion efficiency and, as a
consequence, the devices were very bulky. The first commercial TEG available in the United
Kingdom appeared in 1925, the gas-powered Thermattaix. It was used for charging batteries
in radio devices.

Rayleigh, although incorrectly, was the first one to calculate the efficiency of a TEG in
1885. In 19098 and 1911“7 Altenkirch developed a theory of thermoelectric generation and
refrigeration and presented the characteristics that a good thermoelectric material should
show.

Thermoelectricity experienced a growth in the late 1930s due to the development of
semiconductor materials, which presented absolute Seebeck coefficients above 100 pV/K,
and the fabrication of a generator that operated with an efficiency around 5 % in 1947 by
Telkes.®® In addition, the use of p- and n-type PbS semiconductors by Abram Fedorivich
loffe drove him in 1950 to publish the theory of thermoelectric energy conversion by

semiconductors.9
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Nowadays, this theory is used worldwide to characterise new materials employing the
“thermoelectric figure of merit” Z=a?a/A, where a is the thermopower or Seebeck coefficient,
o is the electrical conductivity and A is the thermal conductivity. Apart from these
contributions, it is worth mentioning his ring-shaped TEG used with paraffin lamps to power
radio devices.®®

In 1951,% W, Thomson (Lord Kelvin) published the relationship between the Seebeck
and Peltier coefficients and prognosticated another thermoelectric effect called the Thomson
effect, which describes the heating or cooling within a single homogeneous conductor when
a current passes through it under a temperature gradient. Afterwards, he observed this effect
experimentally.

Incited by possible military applications, an enormous effort to produce new
thermoelectric materials was carried out in the late 1950s, resulting in the preparation of few
semiconductors with ZT around 1.5, with T the absolute temperature®?, Bi,Tes or Sii.xGex
alloys were widely investigated for their use in thermoelectric applications??. Based on
these systems, loffe prepared different temperature materials such as PbSe-PbTe and
Bi;Tes-Sb,Tes,™ which were utilised to produce new devices which showed high
efficiencies. However, these devices presented some disadvantages such as high price,
toxicity, and scarcity of the materials used. Bismuth telluride was used at low temperatures
in sensors in thermal vision systems and heat-seeking missiles.®®

Only nearly 10 years later, in the early 1960s, some applications emerged to use
TEGs for autonomous sources of electric power for the space, medical physics and Earth’'s
resources exploitation in remote locations.?® Moreover, at that time, another significant
development emerged, which was the use of SiGe in high temperature devices such as
radioisotope TEGs. These devices convert heat released from nuclear materials into
electricity®® 26 and they can operate unattended for prolonged periods. In the 1990s, NASA
employed this technology in satellites, deep-space probes and lunar or planetary landers.

Due to the increment of the price of crude oil in 1974, the problem of the damage of
the ozone layer in the late 1980s, and the spreading interest in environmentally friendly
energy sources, the use of thermoelectric generation as a source of large-scale electric
power using waste heat®” 28 lived an important revival. In fact, over the past two decades,
new concepts of materials, including bulk and thin-film, complex structures and geometries,
material synthesis, theory and characterisation have been introduced.

The concept of phonon glass electron crystal, designed by Glen Slack® was used to
investigate bulk thermoelectric materials, thin-film and superlattice structures, and electric
and heat transport across interfaces. He conjectured that a good thermoelectric material
should possess the electrical properties of a crystalline material and the thermal properties

of a glass.
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On the other hand, in 1993, Hicks and Dresselhaus predicted that higher ZT values
could be achieved when the dimensions of thermoelectric materials are reduced in quantum
well structures (quantum confinement).® 2% The ZT improvement is produced as a result of
enhancing the density of states which causes higher mobility and thermopower when the
quantum well width reduces from a “bulk-like” term. Their predictions were verified in a large
number of experiments and the belief still endures. %34

Glen Slack gave a talk at the 1998 Fall Materials Research Society meeting under the
titte “Holey and Unholy Semiconductors and Thermoelectric Refrigeration Materials” where
the term holey semiconductors or cage-structure materials that use “rattling” atoms to scatter
phonons and reduce the lattice thermal conductivity of a material was presented.®
Skutterudites are an example of a holey semiconductor, whereas half-Heusler alloys, BiSb
and quasicrystals are unholey materials. The last ones reduce the lattice thermal
conductivity depending on ordinary scattering mechanisms, such as mass fluctuation
scattering.

In the late 1980s, considerable progress was made in the miniaturization of
thermoelectric devices, specially detectors and sensors®® 3" and power sources.®® From
1970s until 1996 a significant amount of the research on thermoelectric materials was
published in conference proceedings and for this reason there are not very abundant

publications in scientific journals from that period.

2.3 Thermoelectric effects

Thermoelectricity refers to the coupling of thermal and electrical phenomena in a
material and offers a route by which thermal energy can be transformed into electricity and
electricity can be used for heating or refrigeration.

There are three thermoelectric effects, the Seebeck effect, the Peltier effect and the
Thomson effect. They are interrelated by the Kelvin relationships and form the basis of

thermoelectricity.
2.3.1 Seebeck effect
The Seebeck effect was discovered in 1822 by Thomas Johann Seebeck.®? This

effect describes that when a temperature difference is applied across the junctions of two

dissimilar conductors, a voltage difference is produced at open circuit as shown in Fig. 2.2.
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Fig. 2.2. lllustration of the Seebeck effect where two different conductors (orange and green), forming
an electrical circuit, produce a voltage under a temperature difference at their junctions.

The voltage difference Vap or Seebeck voltage is given by,
Vap = aqpAT (2.1)

where AT=(Tror—Tcoi) IS the temperature difference between the hot and cold junctions
and a.p=0,-0p is the relative Seebeck coefficient. When material a is a good thermoelectric
material (Jaa|>100 puV/K) and metallic leads, which present Seebeck coefficient values of a
few or tens of uV/K, are used as material b to measure the voltage difference, a.>>a, and
Oap=0a. On the other hand, the Seebeck coefficient varies as a function of temperature and

hence it is typically defined under a small temperature difference,

aabz%,AT%O (2.2)

The Seebeck voltage is conventionally measured vs the hot side and it can be positive
(p-type semiconductors) or negative (n-type semiconductors).?* 39 When heat is applied to
one of the junctions, the majority charge carriers (electrons or holes) at this side acquire
higher energy than the ones at the cold side, so the hot carriers diffuse from the hot to the
cold side.

When a thermoelectric device converts heat into electricity, it is said that it is operating
in Seebeck mode and it is called a generator.

2.3.2 Peltier effect

The Peltier effect was discovered in 1834 by the physicist Jean Charles Peltier.“® This
effect is the opposite of the Seebeck effect. In this case, when a voltage is applied to a
circuit formed by two different conductors an electric current flows through the circuit and
one of the junctions becomes hot and the other becomes cold. This temperature change at
the junctions is a consequence of the gain/release of energy when the carriers move through

the junction of the two materials, leading to heat absorption/dissipation respectively (see Fig.
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2.3). The heating/cooling at the junctions is reversed if the direction of the current is

switched. This effect is the basis of the thermoelectric heating and refrigeration.

cooling

electrons

heating

—E=0
— -
-E,V.

Fig. 2.3. Diagram of the Peltier effect in a circuit formed by 2 dissimilar conductors (orange and
green). When electrons cross the top junction they have to absorb energy, producing cooling. The
opposite occurs at the bottom junction where electrons release energy when they cross it, producing
heating.

The Peltier coefficient determines the magnitude of the heating or cooling that
happens at a junction of two different materials. It has dimensions of volts (V). Therefore, the
Peltier coefficient measured under isothermal conditions (AT=0, both junctions are kept at

the same temperature), is defined as

Ty =2, at AT =0 (2.3)

Where 1T=1Ta-TTp is the relative Peltier coefficient, | is the electric current flowing
thorough the circuit and Q is the heat transfer rate at the junction, or alternatively, it can be
defined as the amount of heat removed per unit time from one junction to another.

When a thermoelectric device pumps heat from one junction to another, it is operating
in Peltier mode and it is called a refrigerator or a heater.

2.3.3 Thomson effect

The Thomson effect was discovered in 1851 by the physicist William Thomson (Lord
Kelvin).9 This effect describes the absorption or dissipation of heat across a homogeneous
conductor when subjected simultaneously to a temperature difference and an electric

current.®d
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The Thomson coefficient B is determined by the total heat (absorption or dissipation)
rate Qr in a single material per unit current and temperature difference. The dimensions of
the Thomson coefficient are V/K.

g =2 (24)

T IAT

Despite the fact that this effect is present in all thermoelectric devices and its
contribution can be significant especially when a large temperature difference exists across
the device,*? it is normally ignored in the evaluation of the devices due to its low value
which is usually much smaller than Joule heating.

2.3.4 Kelvin relationships

The Kelvin relationships were published by Lord Kelvin.t4 24 39 They provide the
relationship between the three thermoelectric coefficients, which are interrelated.
Furthermore, from these relationships it is clearly understood that the three thermoelectric
effects occur together in any thermoelectric device under operation (electrical current and
temperature difference). These relationships were derived from the first and second laws of
thermodynamics.

The Seebeck and Peltier effects are linked by the following equation,
Tap = Aqp " T}, (2.5)

where T; is the temperature at the junction. This equation provides a straightforward way to
determine the Peltier coefficient, since measuring voltages and temperatures, required in the
Seebeck coefficient, is easier than measuring precisely the heat absorption or dissipation at
the junctions, which is needed for a direct calculation of the Peltier coefficient. Moreover, this
equation suggests that materials that are appropriate for power generation are also suitable
for refrigeration due to its direct relationship.

The Seebeck and Thomson coefficients are related by,

dagp — Ba—Bp ( 2.6 )
ar T

2.4 Thermoelectric devices

As was mentioned above, thermoelectric devices can operate as heaters or

refrigerators (Peltier mode) or power generators (Seebeck mode). Its operation as heaters is
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much less common, since other devices operate more efficiently. Thermoelectric devices
have been employed in diverse applications for both operating modes.?* 3 However, since
the focus of this thesis is on energy harvesting, only the power generation operation is

described in this section.

2.4.1 Structure of thermoelectric generators

The basic unit of a thermoelectric device or thermoelectric module (TEM) is a couple
(also called thermocouple) of two doped semiconductor legs, one p-type and the other n-
type, connected electrically in series by metallic strips (usually copper) acting as electrodes
as shown in Fig. 2.4. The structure of a module consists essentially of multiple
thermocouples connected electrically in series but thermally in parallel*¥ and finally
sandwiched between two thermal insulator materials (usually ceramic plates) which
constitute the substrates of the device, as shown in Fig. 2.5.

Conducting
electrodes

Fig. 2.4. Basic unit (thermocouple) of a thermoelectric device under Seebeck mode operation. The
electric power generated is delivered to the load resistance R..

Q,, (Heat input)

Under operation, the external heat source is applied to the hot side ceramic and a heat
sink is attached to the ceramic at the cold side, which removes the heat and keeps the cold
side as cold as possible.

Highly-doped semiconductor materials are typically selected in the devices, since they
exhibit the best thermoelectric properties. Bismuth telluride is the most widely used material
in temperature ranges from room temperature to around 250 °C. For higher temperature
ranges, such as the ones required for automotive and industrial applications,> 49 other

materials like cobalt oxides, silicides, skutterudites and sulfides are being explored.
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metal

Hot side interconnect

thermoelectric

~ leg
Cold side

Fig. 2.5. Sketch of a thermoelectric device.*?)

2.4.2 Conversion efficiency and Power output

The conversion efficiency n and power output P are the two main parameters which
determine the performance of a TEM. These parameters can be evaluated by the simplistic
theoretical model developed by loffe,* which does not consider the influence of the thermal
and electrical resistances of the ceramics and metal strips. A more complete theory that
considers the influence of the ceramic and metal strips is available elsewhere.“855)

The conversion efficiency is presented here for only one thermocouple for simplicity. A
real device possesses N of these pairs and hence the theory can be easily adapted by
multiplying/dividing by N in the corresponding terms.

The conversion efficiency is given by the relation between the power delivered to the
load and the heat input at the hot side,

_ P (2.7)
n Qin’

At steady-state the voltage difference at the load V. is given by,
V. = IR, = ay,AT — IR, (2.8)

being R. the load resistance, anpAT the open-circuit voltage, with an,=a,-an the total Seebeck
coefficient of the couple, and IR the voltage drop due to the electrical resistance R of both n

and p-type thermoelectric materials. From Eq. ( 2.8 ), the current can be determined as,

gl (29)

T R+R.’

Finally, the power output P=IV. can be obtained as,
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p= (M)ZRL_ (2.10)

If m=R/R_ is the ratio between the resistance of the thermoelectric elements and the

load resistance,

m  (@nphT) (2.11)

- (1+m)2 R )

The maximum power output can be obtained by adjusting the ratio m, which is

maximum when R =R, resulting in a maximum power output,

(anpAT)Z ( 2.12 )
Brax = T

It can be seen from Eqg. ( 2.12 ) that the maximum power output increases
parabolically with the increase in the temperature difference. However, this parabolic
relationship is not perfect due to the variation with temperature of anp, and R.

Once the power output has been obtained, we need to calculate the heat input in order
to provide the efficiency. It can be calculated using the heat balance at the hot junction,

where Peltier heat and thermal conductivity (Fourier's law) take place. Qin is given by,

Qin = @upl Ty + K (Ty — T¢) — 5 17R, (2.13)

where K is the total thermal conductance of the thermoelectric couple. It should be
noticed that half of the Joule heating appears in the equation since this effect modifies the
temperature gradient dT/dx at the junction, which governs the conduction of heat. Finally, the

conversion efficiency of a thermoelectric couple is given by,

P I?R], (2.14)

Qin  anpITy+K(Ty=Tc)—312R’

n

which can be rewritten as,

- 2.15
1= (59| | (215)

2Ty ZTy

where Z=a3,/(RK) is known as the thermoelectric figure of merit, which also equals for

the case of a single material to Z=a?a/\. As occurred with the power output, the conversion
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efficiency also depends on the ratio m and it is maximised when m = /1 + ZT,,,,. Therefore,

the maximum conversion efficiency is given by,

1 _ (TH_TC) [1+ZTqpg—1 (2.16)
max Tt/ [TFZTangt7E

where Tayg IS the mean temperature across the thermoelements, Tawg=(Tht+Tc)/2 and
(Tw—Tc)/TH corresponds to the Carnot efficiency, that is the theoretical maximum efficiency of
an energy convertor between a heat sink and a heat source. It can be observed from Eqg. (
2.16) that in order to have high efficiencies, both AT and Z should be as large as possible.
Since Z only depends on materials properties, it is used as the main parameter to quantify in
order to assess the performance of a thermoelectric material. When Z is multiplied by the
temperature at which the materials properties have been measured, it becomes the
dimensionless figure of merit ZT.

2.5 Thermoelectric materials

Since thermoelectricity commenced in 1822, numerous investigations about new
thermoelectric materials have been performed to develop materials with higher ZT values.
There is a wide range of thermoelectric materials which have been developed over the time.
In this section, we briefly show the most promising and more intensively studied ones. It has
to be taken into account that every material has an optimum operating temperature and

accordingly they are useful for different applications.

Chalcogenide compounds

They have been studied since the discovery of semiconductors. Most of them are
semiconductors, stable in air and possess high melting points. They are mainly formed by
sulphur, selenium, tellurium and bismuth in different stoichiometry to obtain semiconductors
with pertinent energy gaps for thermoelectric applications (0.1-0.8 eV). The two most
important chalcogenide systems which have been investigated for a long time are Bi;Tes for

room temperature and PbTe for intermediate temperatures.

Bismuth telluride (Bi»Tes) is the main thermoelectric material for room temperature
(300-500 K) applications and therefore for thermoelectric cooling technology. It is a
semiconductor with an indirect bandgap of approximately 0.15 eV. Due to this, it is a partially
degenerated semiconductor, with the Fermi level close to the conduction band at room

temperature. The material presents high carrier concentration, which can be modified by



Chapter 2: Introduction to Thermoelectricity and State-of-the-art

using an excess of bismuth or tellurium or dopant impurities that could be from the group IV
and V and also halogens atoms. It crystallises in a rhombohedral structure with five atomic
layers stacked, where the bismuth atoms are coordinated with six tellurium atoms and every
block of five atomic layers is connected by van der Waals forces along the c-axis. It presents
for this reason anisotropic properties. The p-type Bi;Tes is comprised of Sb as in the formula
Bi>xSbxTes (x=1.5), while the n-type has the form Bi.Tes,Sey (y=0.3). Both show similar ZT

values of around 1.

Fig. 2.6. Schematic of the rhombohedral structure of quintuple layer of Bi>2Tes.")

Nanostructuration of Bi;Tes provides a way to increase its ZT value. In the case of the
p-type, a nanostructured BipsSbh1sTes material subsequently sintered using a simple liquid-
phase compacting process has been reported to present the highest ZT=1.86 at 320 K.®®
The compaction process was performed applying pressure and transient flow of the liquid
phase. It is a material made with periodic dislocations at low-energy grain boundaries. The
reason for this ZT enhancement is the diminution of the lattice thermal conductivity by
phonon scattering. On the other hand, the highest ZT value for the nanostructured n-type
counterpart was 1.25 at 420 K, being the material prepared using hydrothermal synthesis
with nanotubes embedded in a Bi;Tes matrix, grown by the zone melting technique.®®

Other Bi,Tes systems have been prepared that show ZT of 2.4 at room temperature.©®
These systems are thin-film materials called superlattices and are comprised of an
alternating assembly of nanosize films of Bi;Tes and Sb,Tes. This extraordinarily high ZT
value is explained to be due to two factors: an extremely low lattice thermal conductivity
(=0.24 W/m-K) caused by phonon back reflection at the Bi,Tes/Sb,Te; interfaces and cross-
plane and in-plane electron mobility are equal. It has not been reported yet a validation of
this ZT value.®V

PbTe is the other well studied chalcogenide material used in applications in the mid-
range temperature 600-900 K. It is an isotropic material and crystallises in the NaCl structure
where Pb atoms occupy the Na sites and the Te the anionic sites. Its bangap (0.32 eV)®V is

slightly larger than in Bi;Tes. Its thermal conductivity is quite high at room temperature =2.2
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W/m-K®D put it decreases in the ratio 1/T with increasing temperature. The most successful
ways of improving the thermoelectric properties of this material have been achieved by
means of nanostructuring and by modification of the density of states to create resonance
levels in the conduction band for the increase of the Seebeck coefficient. Since
nanostructured PbTe have a wide variety of thermal and charge-transport properties, it will
be studied within the nanostructured materials below.

Following these two approaches, PbTe can be doped with n- and p-dopants which can
insert electronic states able to resonate with the PbTe matrix.®2%% |n this direction a system
consisting of PbTe:TIl, where Tl was added to the matrix, achieved a large ZT of 1.5 at 773
K. The maximum ZT reported was 1.8, reached at 850 K using Na as dopant in the PbTe:-
Sex alloy.®” Snyder’s group demonstrated that either Tl or Na modifies the electronic
structure of the crystal, raising the electrical conductivity. They also confirmed that Se
increases the electrical conductivity and decreases the thermal conductivity.

One of the drawbacks of these compounds is the use of lead which is very toxic.
Moreover, tellurium shows low abundance. All this makes these compounds expensive and

limit their application.

Skutterudites

They are single-phase materials and crystallise in the CoAss-type cubic structure,
which is an altered version of the perovskite ABs structure. They are formed by an eight
corner-shared XYs (X: Co, Rh, Ir and Y: P, As, Sb) octahedral. The cluster (XY¢)s shows a
void at the centre of the cubic lattice where the eight octahedrons are linked. Consequently,
the structure of these materials are M2XsY24 where M are the voids that can be filled with
rare elements or alkaline-earth elements and Y are pnicogen atoms (e.g. [P4]*, [As4]*, etc).

The first skutterudite prepared was CoShs which presented a very high power factor,
but its thermal conductivity at room temperature was very high (10 W/m-K). Researchers
intended to improve this material by filling the central void with low-coordination ions (usually
rare elements, the smaller and heavier the ion, the larger the disorder it produces, resulting
in greater decrease in the lattice thermal conductivity), which can improve the thermoelectric
properties by mainly reducing the thermal conductivity without decreasing the electrical
conductivity.©®®79 Even though it is thought that reduction of the thermal conductivity
produced by the void-filed atoms is due to the “rattling” property, it has not been
demonstrated that “rattling” induces phonon scattering, since there are other effects such as
lattice disorder and point defects that cannot be separated from “rattling” effects. The
skutterudite antimonides present a prominent position to be studied for thermoelectric

applications since they show the largest voids.
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Some examples of ZT larger than 1 are Bap3oNio0sC0395Sbi2 (ZT=1.25 at 900 K)(™
and Cao 18Ni0.03C03.97Sb124 (ZT=1 at 800 K),® and it was reported that partially filling the
void produces higher ZT than the full filling. Without adding any Ni, the ZT decreases
significantly, as in BaxCo4Sbi2 (ZT=0.8 at 800 K)(™ and CaxCo4Sbi, (ZT=0.45 at 800 K).(% 74

Half-Heusler (HH) Intermetallic compounds

They are single-phase materials, very promising for power generation at high
temperatures (800-1000 K), since they have high melting points (1100-1300 °C) and
chemical stability, with no sublimation at temperatures close to 1000 °C. Other advantages
of these materials are their relatively simple synthesis and the fact that they are fairly
cheap.™ Moreover, due to their large Seebeck coefficient at room temperature (100 pV/K)
and high electrical conductivities (1000-10000 S/cm),("%%0 these compounds have been
investigated in depth for thermoelectric applications.

The HH intermetallic alloys present a general structure XYZ, which consists of two
transition metals XY and the other element Z from a main-group (metal or metalloid).“? The
most common formulation is XNiSn (X: Ti, Hf, Zr) and the crystal structure consists of three
filled interpenetrating face centred cubic (FCC) sublattices and one vacant sublattice.

One of the HH alloy systems is the TiNiSn where Ti and Sn crystallise in the NaCl
structure and Ni occupies the FCC sublattice. Meanwhile the Heusler intermetallic
compounds have a fully filled sublattice with metals (full-Heusler alloys), the HH compounds
with the Ni vacant sites provoke the formation of d-orbital hybridisation and a considerable
semiconductor character is achieved.“" 8183 As a consequence, these compounds present
large effective mass and large thermopower.(®

The highest ZT value reported for HH alloys was around 1.4 at 700 K for n-type
(ZrosHfo5)05TiosNiSN1,Sby,® but it has not been possible to reproduce it. It has been
predicted that Co-, Rh- and Fe-based HH alloys could be good p-type materials whereas
others like LaPdBi (n-type) might present a large power factor.

Silicide compounds

They are good thermoelectric materials for the mid-temperature range, since their
figure-of-merit is of the same order of magnitude ©®°2 as other materials used nowadays.
They present high abundance of their precursor materials (silicon is the second highest
abundant material in the earth’s crust and magnesium the eighth®®), low production cost,
and are environmentally friendly.

Magnesium silicide compounds have Mgx(Si-Sn) molecular formula and their density is
quite low =3 g/cm® compared to other thermoelectric materials like Bi;Tes (7.93 g/cm?) and

PbTe (8.27 g/cm?®), which leads to very light devices. They crystallise in the antifluorite
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structure where Mg occupies tetrahedral positions and Si FCC positions. In contrast to pure
compounds, the Mg,Si and Mg.Sn compounds and their solid solutions present a very low
thermal conductivity. Although they have been intensely studied®® there is still more room
for improvement of their performance.

Undoped Mgz(Si-Sn) based materials show a small ZT=0.18 at 540 K,®® and the
highest ZT reported increased from =0.4 at 500 K® to 1.3 at 740 K®® for the compound
MQ2Sio.6SNo.a.

Silicon germanium

These alloys are excellent for high temperature (over 1000 K) applications. Their
usage is limited by their high price, mainly due to germanium. They present a very high
stability since they can operate up to 1300 K without performance degradation. The ideal
composition is typically SiosGeo2.?Y Similarly to other materials, nanostructuring generates
higher ZT values as the SiGe composite with ZT=1.5 at 1173 K.®? In contrast, at the same
temperature its bulk (non-nanostructured) alloy has almost half ZT=0.9.?Y

Due to its robustness and high performance at high temperatures, their applications

have been focused on radioisotope thermoelectric generators for spacecraft.®t)

Metal oxides

They are single-phase materials and very promising at high temperatures (900-1000
K) due to their high thermal and chemical stability (high oxidation resistance) in air, large
thermopower, low thermal conductivity and non-toxicity. On the other hand, these
compounds present crucial disadvantages such as low ZT values for the moment and
problems in the fabrication of modules, which present quite high contact resistances at the
oxide/metal electrode junction. In addition, during operation cycles they suffer cracking or
exfoliation of the pellets due to differences in the thermal expansions.©®

The structure of p-type metal oxides based on Co is MCoO; (M: metal), in which CoO,
layers are formed and serve as electronic transport sheets. These layers seem to be the
main reason for their good thermoelectric performance. Moreover, the intercalated Na ions
serve as phonon-scattering zones and produce low thermal conductivity.

The first p-type oxide that showed significant thermoelectric properties was Na,CoO..
A clear example is NaCo0,04, which presents a good thermopower (150 pV/K) due to its
large entropy.©®® 109 As a single-crystal, this material shows ZT>1 at 800 K,*%) whereas for
polycrystalline compound the ZT is =0.8 at 1000 K.102 103 QOther composites like
CazC0404,1% (Bi,Pb)2Sr,C0,0s,1%5197 TISr,C0,0y,%® and (Hg,Pb).Sr.C0,0,% show good

thermoelectric performance.
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On the other hand, n-type metal oxides present lower ZT values. In the best of the
cases a ZT=0.37 at 1000 K for SrTiO3 highly doped with Nb was found.®!9 Similar to p-type
oxides, n-type counterparts present large Seebeck coefficients, however the thermal
conductivity is very high (10 W/m-K at 300 K).

Recent new materials

o Organic thermoelectrics: despite organic materials have been studied for a long time,
thermoelectric measurements of organic materials®'? and conducting polymers®!? were
performed in the 1970s. It was not until the 215 century when organic materials, particularly
conductive polymers, 13119 were considered as strong candidates for thermoelectric
applications.

Contrary to the conventional inorganic thermoelectric materials mentioned above that
typically present high cost of production, scarcity and toxicity, which restrict their use in
everyday life, organic thermoelectric materials show numerous advantages such as low cost,
earth abundant materials, light weight, flexibility, large area deposition, low temperature
solution processability, and innate low thermal conductivity. These benefits make organic
thermoelectric semiconductors to be also considered for wearable devices operated by body
heat and flexible devices.®*6118) They also show electronic structures that can be easily
modified by chemical and doping treatments.'¥ In spite of all these advantages, organic
thermoelectric materials show some drawbacks such as poor stability due to their sensitivity
to moisture and oxygen and low carrier mobility which affects the electrical conductivity.

Most organic thermoelectric materials are based on Ttr-conjugated polymers (or
conducting polymers) such as polyacetylene, polypyrrole, polythiophene, polyaniline,
polyphenylene and poly(3,4-ethylenedioxythiophene) (PEDOT). In addition, small organic
molecules such as pentacene, fullerene, tetrathiafulvalene (TTF) and 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4sTCNQ) have also been studied. The highest ZT
achieved for a conducting polymer is 0.4529 at room temperature for PEDOT:PSS (PSS:
poly(styrenesulfonate), which acts as counter ion).

Coordination polymers, composed of metal ions and ligands that act as connectors
and linkers respectively, reached a ZT 0.2 at 400 K for poly[K«(Ni-ett)] (ett: 1,1,2,2-
ethenetetrathiolate as a linking bridge).®?Y Moreover, the nature of the compound (n- or p-
type-like) can be modified by the metal ion.

e SnSe: This single crystal shows the highest ZT value reported so far, 2.62 at 923
K,122) due to its extraordinarily low lattice thermal conductivity (0.23 W/m-K) along the b-axis
of the orthorhombic crystal. The compound is highly anisotropic and presents different ZT

values along the different axis. In this way, for the c-axis the ZT value is 2.32 and in the a-
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axis it is quite low, 0.8. In this material, the electrical conductivity and thermal conductivity
show nearly constant trend over the temperature range 750 K to 923 K. Apart from the high
ZT, this thermoelectric material presents the advantage of being formed by two non-toxic
and abundant elements.

Due to the recent discovery of this material, its stability and thermal cycling behaviour
has to be explored further. The properties of the polycrystalline samples need to be analysed
to see whether they preserve the same properties as the crystal. The production of single
crystals for scaling up is very expensive.

o Tetrahedrites: They are natural minerals that can be used directly as thermoelectric
materials. They belong to the tetrahedrite family which consists of sulfosalts with a formula
Cu12xMxSh.S13, where M is a transition metal such as Fe or Zn. These materials have the
benefit of being formed by earth-abundant elements and, as natural minerals, have low cost.
A promising ZT near 1 has been reported.*?® However, further investigations are needed to
improve its performance and prove its stability and availability for scaling up. Recently, a
thermoelectric generator which uses tetrahedrites, produced by Alphabet Energy
(www.alphabetenergy.com), has been built for commercialisation. It can be attached to the
exhaust pipe of common regulators and it can reach 5 to 10 % efficiency.

o MgAgSh: It structurally and compositionally belongs to half-Heusler materials but it
was reported to exist in three different crystal structures in the temperature range 27 to 420
°C.®29 Thus, at high temperature (above 360 °C) the phase y-MgAgSb is presented,
consisting of a Mg-Sb cube with half-Heulser structure. At intermediate (300-360 °C) and
room temperatures, the phases B-MgAgSb and a-MgAgShb exist.

This compound seems to be able to compete with bismuth telluride for room
temperature applications, since both present comparable ZT values and good thermal
stability. MgAgo.97Sbo.gs Shows a ZT of =0.7 at 300 K and 1.2 at 450 K.?® Moreover, higher
ZT values were reported using a very small amount of Ni in MgAgo.06sNio.00sSb0 .99, Obtaining
ZT=1 at 325 K and 1.4 at 450 K. Furthermore, a record thermoelectric conversion
efficiency of 8.5 % in the temperature range 20-245 °C was reported recently® for a single
leg of p-type MgAgSb-based compound. This efficiency was improved to =10 % by changing
the hot side temperature to 295 °C.®

Another significant feature of this material is that its ZT shows a weak temperature
dependence over a wide temperature range (up to 300 °C).*?® However, an analogous n-
type thermoelectric leg is not currently available and will have to be produced with similar

performance under the same temperature range.
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2.6 Strategies to improve ZT

The task of improving the ZT value is quite complex since the parameters which
govern the performance of thermoelectric materials are closely interrelated (see Fig. 2.7)
and typically an increase of one of them produces a decrease of the other. This makes it
very difficult to improve the ZT values and a compromise is required in most of the cases.
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Fig. 2.7. Seebeck -coefficient, power factor and electrical conductivity versus log (carrier
concentration).(3)

Two main strategies have been followed to date to improve the figure-of-merit:

a) Maximising the power factor by band engineering,®?" *2® focusing on the
improvement of the Seebeck coefficient without decreasing the electrical
conductivity. This approach mainly aims to enhance the peak ZT, even though it
should be taken into consideration that thermoelectric devices need to perform
under a large temperature gradient to reach high overall device efficiency. This
approximation involves optimisation by doping of existing materials and the
preparation of nanomaterials.®? The most common band-engineering approaches
studied are:

e Band structure modification by degeneration of multiple valleys:*2® Both

Seebeck coefficient and electrical conductivity are enhanced when the
number of degenerate valleys or carrier pockets in the band structure is
increased.

e Band structure modification by electronic resonance states:**? dopants can

create resonant levels which can alter the density of states near the Fermi
level and increase the thermopower® 3V due to an enhancement of the
effective mass of the carriers without modifying their concentration. The

effect of resonant states vanishes at high temperature.
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e Band structure modification by depressing bipolar effect at high

temperature:**? bipolar effect occurs when both holes and electrons
contribute to the transport process creating electron-hole pairs. The
likelihood of this effect is quite high due to the typically narrow bangap of
thermoelectric materials. Electrons in the valence band can be thermally
excited to the conduction band and vice versa, which considerably reduces
the Seebeck coefficient. Three approaches are followed to reduce the
bipolar effect:
1)By increasing the carrier concentration more energy levels in the
conduction band become occupied and higher energy is required for the
electrons in the valence band (VB) to be excited to the conduction band

(CB), in the n-type material case (see Fig. 2.8).
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Fig. 2.8. Energy diagrams describing the higher excitation needed for the electrons in the valence
band when the majority carrier concentration is increased.

2)Increasing the bandgap reduces the number of minority carriers
thermally activated®3® at high temperature.

3) Synthesis of meso-scale microstructures with grain boundaries.(% 132
Normally interfaces at grain boundaries cause an interfacial potential
that can scatter electrons and holes in a different way, which produces a

degradation of the bipolar effect.®®

b) Minimising the thermal conductivity. The thermal conductivity has two
different contributions, the lattice thermal conductivity (A.) and the electronic thermal
conductivity (Ag). The Ae is determined by the Wiedemann-Franz law: Ae=LoT,
where L=2.0-10® V?/K? is the Lorentz number for the case of heavily doped
semiconductors.*** Hence, the electrical thermal conductivity is influenced by the
carrier concentration and increases with the electrical conductivity. On the other
hand, the A_ is influenced by different parameters such as the mass of the unit cell
and the grain size.

Thermal conductivity could be minimised mainly by two approaches that essentially

consist in the insertion of scattering centres (point defects and interfaces) through
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the synthesis of isostructural solid solution alloys which produce strong phonon

scattering that blocks phonon propagation. The interparticle spacing, which is

associated to the particle size, concentration and distribution of the secondary

phase, and the matrix grain size, are the most significant parameters which affect

the effect of phonon scattering.**® Every structural constituent (point defects, strain,

dislocations, nanoparticles, displacement layers, etc.) in the bulk material can

contribute to phonon scattering, so they can potentially scatter different frequency

heat-carrying phonons. The two principal mechanisms that have been utilised to

reduce the thermal conductivity are:

Nanostructuring of existing materials: this approach is likely to produce an

increase of the Seebeck coefficient due to quantum confinement effects,®
but the main expected benefit is the reduction of the lattice thermal
conductivity due to the efficient scattering of phonons at the grain
boundaries in the interfaces.® Due to nanostructuring, the number of
interfaces (grain boundaries) is significantly increased.

Phonon scattering depends on the mass difference between the host
material and nanoparticles, bond rigidity and the phonon frequency or
wavelength.®3® Previous investigations*®?> 137 suggest that phonons with
high-frequency are mainly scattered by an alloy mass-mismatch mechanism
(point defects created for example by substitution), and atomic vacancies,
whereas low-frequency phonons are notably scattered by nanoparticles or
interfaces which present larger length scale disorder.

Synthesis of new materials based on the “phonon glass electron crystal’

concept. These materials contain cages or tunnels in their crystal structure
inside which reside massive atoms that are small enough relative to the
cage to “rattle”. Heavy elements can fill the cages and tunnels in the crystal
structure of these materials to produce rattling and an increment in the
number of phonon scattering centres, which leads to a significant reduction
in the lattice thermal conductivity. Moreover, these materials present high
carrier mobility (as crystals) but behave as amorphous materials as the
lattice thermal conductivity is concerned. These compounds involve mainly

skutterudites and clathrates.
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2.7 Nanostructuring methods

The work presented in this thesis is developed following the approach of
nanostructuring to improve the thermoelectric performance of materials. In this section, the

main existing methods to produce nanostructures are reviewed.

Typically, there are two approaches for the preparation of nanoparticles (see Fig. 2.9),
which are:

e Bottom-up: is a conventional material synthesis widely used in the industry for a

long time which consists in building up things from atomic or molecular level until
the nanoparticle is attained, atom-by-atom, molecular-by-molecular or cluster-by-
cluster on a very large scale from the bottom. In the majority of the materials
prepared by this approach when they present the same chemical composition,
crystallinity and microstructure, there is not much variation in the physical properties
of materials depending on the different synthesis routes. But obviously, there are
different synthesis methods that produce significant differences in the chemical
composition, crystallinity, physical properties and microstructure of the material due
to kinetic reasons.
This means of production of nanostructures generates samples with more
homogeneous chemical composition, small amount of defects in the structures and
better range ordering. This approach is based on the reduction of the Gibbs free
energy where the produced nanostructures and nanomaterials are close to the
thermodynamic equilibrium state. A colloidal dispersion is one of the best examples
of the bottom-up approach.

e Top-down: involves successive crushing of the bulk material until the nanoparticles
are formed. This method leads to bulk production of nanoparticles. Attrition or
milling is a typical top-down method, which will be explained further in chapter 3.
One of the disadvantages of this approach is the fact that since the starting material
has to break down into small pieces, there are imperfections or defects on the
surface structure of the particles that could cause a significant impact on the
physical properties and surface chemistry of the nanostructures. For example,
these surfaces could reduce the electrical conductivity due to inelastic surface
scattering. Other problems are the internal stress and contaminations that this

approach might introduce.
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Fig. 2.9. Scheme of top-down and bottom-up approaches for the preparation of nanopatrticles.

The fabrication methods to produce nanostructured materials depend on the
dimensions and the application required. There are four general strategies that have been
used to prepare nanomaterials, which are:

eA group of techniques that produces isolated ultrafine crystallites with
uncontaminated free surfaces followed by a consolidation process at low and high
temperatures. Some of the techniques are inert-gas condensation®38-140)
decomposition of the precursors and precipitation from solutions.

¢ Deposition of atoms or molecules on an appropriate substrate. Chemical vapour
deposition (CVD), physical vapour deposition (PVD)@4: 142 and some
electrochemical methods®#% 44 can be employed.

¢ New nanostructured materials can be formed when defects as dislocations or grain
boundaries are introduced in a perfect crystal. These defects can be produced a
high energy technique such as ball milling, extrusion, shear strain or high-energy
irradiation. 45 146)

¢ Crystallisation from glasses or precipitation from supersaturated solid or liquid
solutions47-148) of condensed matter.

Although these are the main approaches to prepare nanoparticles, the techniques are
mainly separated in two groups and the most common ones to prepare Bi,Tes nanoparticles

(1493re detailed below:

1. Physical methods:

e Inert-gas phase condensation (IGPC):(1%1%2) jt synthesises single-phase
materials such as atom clusters by evaporating a precursor material (single
metal or a compound) in a gas at low pressure, usually below 1 atm. The
evaporated atoms or molecules experience/suffer a homogeneous condensation
to form atom clusters when they collapse with adjacent gas atoms or molecules

on a cold-powder collection surface. When the clusters are formed they are
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removed from the deposited place to prevent aggregation and fusion of the
clusters.

e Physical vapor deposition (PVD):®%® growth species are transferred or
deposited from a source or target to a substrate to form a film. The thickness of
the films can change from angstroms to millimetres. Different techniques exist:

- Sputtering technique (ST):®%01%3) can produce nanostructured clusters
and thin films (metallic and ceramic) by bombarding the surface of the target
material. Target and substrate are facing, an inert gas is introduced into the
system as the medium to initiate and maintain a discharge, then an electrical
field is applied to the electrodes and the discharge commences. The electrical
field accelerates the free electrons that have enough energy to ionise argon
atoms (Ar"), which bombards the target causing the expulsion of neutral target
atoms that pass through the discharge and deposit on the opposite electrode
(substrate). Metallic or ceramic multilayers can be deposited.

- Evaporation technique (ET):52 153 the growth species are removed
from the source by thermal means. The system consists of a vacuum chamber
which contains an evaporation source where the desired material is placed to be
vaporised and a substrate situated an adequate distance away, facing the
evaporation source. Intense heat is applied to vaporise the material (solid or
liquid) to a vapour state and the vapour flux of the material condenses onto the
cooler substrate to form a solid film or onto a cool finger to form powders. The
pressure in the chamber has to be low (< 10 mtorr).

e Lithographic processes: %1% it transfers a drawing onto a substrate using
a mask that contains the pattern by a radiation that impacts onto a flat coated
with a photoresist. Thus specific areas (exposed) of the surface are chemically
treated/modified which can be done by wet or dry etchants. Normally the
substrate is covered with a photoresist mask (metal or organic polymer) layer
deposited by spin coating or sprayed on a glass plate. After exposure the
unexposed photoresist can be removed and chemical treatment occurs only in
the uncovered areas. This technique allows selective chemical processing. Many
techniques have been developed and utilised to fabricate nanoparticles such as
photolithography, electron beam lithography, X-ray lithography that present
different radiation sources (photons, X-rays, electrons, ions and neutral atoms)
and lens but they are not going to be developed further because these

techniques are not the ones used in this thesis. It is the most used method.



Chapter 2: Introduction to Thermoelectricity and State-of-the-art

e Spray pyrolysis (SP):@5% 157 it is also known as aerosol thermolysis, mist
decomposition, evaporation decomposition of solutions, high-temperature
aerosol decomposition or aerosol high-temperature decomposition. It consists
basically of a solution process to prepare powder or thin films of metal and metal
oxides. The procedure is mainly divided in 5 steps: (1) generation of precursor
droplets, (2) evaporation of the solvent, (3) condensation of solute, (4)
decomposition and reaction of solute, and (5) sintering of solid particles.

e Pulsed laser ablation (PLA):®50 159 jt is a deposition process by which a
material or target is evaporated after being irradiated by a focused pulsed laser
beam. When the sample is irradiated, it becomes hot and the evaporation starts,
atoms and clusters are removed from the sample and deposited onto a
substrate. It can be used to synthesise nanocrystalline films and powders. The
wavelength and pulse width of the laser play an important role in the ablation
mechanism. The most employed laser is the excimer one (ArF) due to its short
wavelength (193 nm) and small pulse width (6-12 ns). This technique is able to
control the vapour composition, so that, it is able to control the stoichiometry and
produce multicomponent materials, which are great advantages that have the
capability to prepare complex materials such as multicomponent oxides used in
different applications. But, on the other hand, it presents some drawbacks, e.g.
the design of the system is quite complex, it is not always possible to find the
desired laser wavelength for evaporation, low energy conversion efficiency and
high production cost.

e Sonochemical reduction (SCR): a reduction of the target in a solution
occurs due to the reaction with reducing species formed from the sonolysis
(formation of free radicals) of organic additives and solvent. The rate and
intensity of reduction can be controlled by altering the types and concentration of
additives, acoustic frequency, acoustic intensity, bulk temperature, static
pressure and the choice of liquid or dissolved gas.®%® The particle size of the
reduction of ions is affected dramatically by the rate of reduction, so smaller
metal particles are generated when the rate of reduction is higher. The chemical
effects of ultrasound are caused by acoustic cavitation that involves nucleation,
growth and collapse of bubbles in a liquid.*® A cavity is a volume (empty or any
gas or vapour) rounded by a liquid. The collapse of bubbles generates localised
extreme conditions (gas at 5000 °C and the liquid around the cavity at 2100 °C
and pressure around 500 atm®®®) and the formation of nanoparticles is

produced. Cavitations concentrate the diffuse energy of sound into
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microreactors. It can produce nanoparticles of desirable size range, bimetallic
alloys or nanoparticles with core-shell morphology depending on the
experimental conditions utilised during the process. This process will be
explained further in the next chapter due to this is one of the techniques utilised

in this thesis to produce nanoparticles.

Chemical methods: they present some advantages with respect to the

physical ones which are (1) versatility in designing and synthesizing new material,
(2) good chemical homogeneity due to chemical synthesis performed at the
molecular level. On the other hand, they also present some problems with regards
to complexity, contamination of generated secondary products, agglomeration and
hazardous synthesis. Within these methods, the most common ones to prepare
Bi,Tes nanoparticles are:
e Electrochemical deposition (ECD):?% 180 jt s also known as
electrodeposition and electroplating when a metallic coating is prepared. It
involves a special electrolysis by which a solid metal film is deposited from a
solution of ions onto an electrically conducting surface (electrode). Therefore,
only conductive materials such as metals, alloys, semiconductors and electrical
conductive polymers can be used in this technique. The process involves the
connection of two different electrodes immersed into an electrolyte solution to an
external circuit and owing to the difference electrode potentials between the two
electrodes, a migration of electrons occurs from the electrode with higher
electrode potential to the lower one, resulting in an oxidation and reduction
processes, accompanied by deposition. Apart from the low cost process,
electrodeposition presents the ability to deposit relatively thick films (several tens
of microns or more) and in a large area which make this technique very
promising to scale up thin-film to produce a multi-layered structural material with
individual layer thickness but with an overall thickness and in-plane area.
e Electroless deposition (ED): %V it fabricates nanowires and nanorods. 162165
It is a chemical deposition and involves the usage of a chemical agent to cover a
material form the surrounding phase onto a template surface without an external
current source.%® This technique does not require electrically conductive
materials and the deposition starts from the pore wall and continues inside, so
that, there is a formation of growth void fibrils or nanotubes. The thickness of the
nanotubes depends on the variation of deposition time (longer times resulting in
thicker walls and a prolonged deposition may prepare a solid nanorods, even

though extended times do not guarantee the formation of solid nanorods).
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e Hydrothermal and solvothermal techniques (HTS):(%7 they are techniques
to prepare chemical compounds and materials by placing them in a stainless
steel autoclave (closed system) with a solvent at high temperatures and
pressures (= 500 °C and 10-80 MPa). The main difference between the two
techniques is the solvent utilised in each reaction, water is the one for the
hydrothermal technique and non-aquous solvent is for solvothermal techniques.
They are based on the ability of the solvent to dilute substances that are
practically insoluble under normal conditions such as: oxides, silicates, sulphides
and zeolites. Frequently, a surface active agents (SAA) or surfactant is
necessary because it reduces the surface tension and helps the formation of
oxide compounds in the hydrothermal solution. The main experimental
parameters that affect the resulting products significantly are: initial pH of the
medium, duration and temperature of the synthesis, pressure in the system and
selection of solvents, precursors and surfactants. They can produce materials
with a desirable pore size with a narrow distribution.

Hydrothermal technique: can sinter single crystals, oxides, silicates,
sulphides, zeolites and nanopowders. Nanopowders can be formed either at high
and room temperature reaction, where they are produced due to a fast
crystallisation of some phases in hydrothermal conditions. Some advantages of
this method are high quality and control of the composition of the crystals and
the ability to form crystalline phases that are not stable at the melting point and
disadvantages are mainly the cost of the equipment and the unfeasibility to see
the growth of the crystals.

Solvothermal technique: can sinter single nanostructured titanium dioxide,
graphene, carbon, etc. Some benefits of this technique are the usage of sol-gel
and hydrothermal routes, the ability to control the particle size, shape distribution
and crystallinity of metal-oxide nanoparticles or nanostructures.

e Chemical vapour deposition (CVD):*50 %) there is a chemical reaction
between a volatile gaseous compound (precursor) with the material (wafer or
substrate) to be deposited and produce a non-volatile thin solid film onto the
substrate. The CVD system is formed of three main parts, (1) vapour precursor
gas which is the desirable material, (2) the reactor where the deposition happens
and (3) the effluent gas handling system to remove the by-products and the
unreacted precursor. In conventional CVD, when gas compounds are unable to
react at room temperature, are passed over a substrate heated to a convenient
temperature where the reactants decompose or combine with other constituents

to form a layer onto the substrate. Deposition occurs by different chemical
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reactions such as reduction, oxidation and pyrolysis, compound formation, etc.
This technique has been widely utilised due to the immense variety of chemical
reactions that can be realised using different reactants or precursors and
different ratios and deposited conditions (temperature, pressure and gas
composition). Moreover, it can be associated with solid-state microelectronic and
semiconductor industry to produce thin and multi-layered films, which are high
quality and high performance. Apart from thin films, some people utilise this
technique to fabricate nanowires.

e Laser chemical vapour deposition (LCVD):(% 179 it js a modification of the
standard chemical vapour deposition and uses transparent reactants. It employs
a laser to heat the surface and break the bonds to enable the deposition, the
laser passes through a transparent window and the transparent reactants onto
an absorbing surface, forming a localised hot spot where the reaction occurs.
Two mechanisms are involved in this technique: pyrolitic and photolytic
processes.(’: 172 The procedure starts with the deposition of the vapour-phase
of the compound into a vacuum system that contains the substrate. Then, the
substrate is irradiated with laser light to initiate a pyrolytic chemical reaction that
decomposes gases and enhances rates of chemical reaction and the photolytic
process continues where the laser photons dissociate the precursor molecules in
the gas phase and it leads to the deposition of the desirable compound onto the
substrate. This laser's wavelength is determined by the absorptivities of the
reactants.

e Laser pyrolysis (LP):?73 17 normally the reactants are in the gas-phase but
liquid ones can be also treated by this technique placing them in a heated
container where another gas is bubbled to produce its vapour into the chamber.
Therefore, it is a vapour-phase synthesis and consists of heating a mixture flux
of gases with a continuous wave CO, (A=10.6 um) laser, which initiates and
maintains a chemical reaction. It is based on the resonance between the CO;
wave laser and the infrared absorption band of the reactant®” and the transfer
of energy to the non-laser active molecules. When the laser beam irradiates the
gas or vapour-phase precursors, the condensable products are formed due to
the chemical reactions that the laser induces and an inert photo-sensitizer is
added to the vapour phase mixture. Over certain pressure and laser power, there
are enough nuclei in the reaction zone to start the homogeneous nucleation of
particles which are transported to a filter by an inert gas. This method shows

some marked features: it produces a small particle size (10-200 nm) with
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remarkable narrow particle size distribution, barely presence of aggregation and
has the ability to produce various classes of compounds such as oxides, nitrides,
carbides, sulphides, etc. It generates nanopowders.

e Lyotropic liquid crystal templates (LLCTs):"® it normally prepares porous
organic polymers and inorganic nanomaterials with different morphologies®’”: 178
such as spherical particles, empty nanostructures, nanowire (1D), nanorods and
nanotubes and two-dimensional ordered materials (arrays). LLCTs cover the
structure of nanomaterials depending on the interaction of the inorganic ions and
surfactants within the template. Therefore, the composition and concentration of
the lyotropic liquid crystals (hydrophilic materials that love water) define the final
morphology and the properties of the products. The most remarkable
characteristics of this technique are the flexibility for transferring structures from
templates to another substrate and the selection of the template phase of the
liquid crystal can modify the shape and size of the final products. The phases for
the LLCTs that control the structure and morphology of desirable nanomaterials
can be lamellar, hexagonal and cubic, this long-ranged orientational order is

produces by the solvent.

2.8 Methods to prepare nanobulk thermoelectric materials

Typically, there are many sintering techniques that are employed to prepare a bulk
material, in this section the most representative are detailed:

e Cold press: it is a compacting method where the compaction is carried out applying
pressure in a uniaxial direction at room temperature. Then, normally the compacted
powders are heated at high temperatures inside an oven to improve the electrical
conductivity within the material. The powder of material is placed into a mould and
the pressure applied produces the compacted disc.

e Hot press:* it is a high-pressure (= 50 MPa) sintering method where the
compaction is carried out applying simultaneously heat and pressure in uniaxial
direction. Sintering temperatures are normally 650-2400 °C. It can be used to sinter
samples pre-compacted already by cold press. Usually, the material (loose powder
or pre-compacted) is placed into a mould that allows induction or resistance heating
up to high temperatures, therefore, the sample is heated by heat transfer occurring
by conduction form the external surface of the container to the powders. Heating

can be classified into three different types:
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1. Inductive heating: heat is produced within the mould when a high-frequency
electromagnetic field is applied. This electromagnetic field is generated by an
induction coil connected to an electronic generator. The mould is placed within
the induction coil.

The main advantages of this heating are that the pressure and the applied
power are independent, powders with a liquid phase can be treated by this
method and low pressure can be utilised.

On the other hand, between the disadvantages, it is worth underlining the
very expensive high-frequency generator, the mould has to be perfectly aligned
to have a homogeneous heat distribution, the process needs a good inductive
connection and thermal conductivity of the mould, due to the magnetic field can
only penetrate the mould from 0.5 mm to 3 mm and then the heat has to be
transmitted into the mould by the thermal conductivity of the mould and another
problem might be possible heating rates, thus the mould could be damaged if
the heating up rate is high due to the temperature difference between the
surface and the core.

2. Indirect resistance heating: the mould is positioned in a heating chamber
made of graphite heating elements which are heated by an electric current and
the heat is transferred into the mould by convection. Owing to the heating is
made in two different steps, first the graphite elements are heated and then the
mould, this heating is called indirect resistance heating.

Some advantages are independent of heat, pressure and conductivity of
the mould and high temperatures can be reached. And the main disadvantage
is that it needs long times to heat up the mould since the furnace has to
transfer the heat to the mould surface and then throughout the cross-section of
the mould.

3. Direct hot pressing: the mould is directly connected to the electric powder (AC
or DC) so heat is directly generated into the mould which produces high
heating rates. Due to this, short cycle times (few minutes) and lower
temperatures and pressure are needed to perform the compaction since heat is
generated in the mould.

e Spark plasma_sintering (SPS)*® or Pulse electric_current sintering (PECS) or

Plasma pressure compaction (P2C)*8D) or Plasma-activated sintering (PAS)*8): the

most common term is SPS but this is confusing/inaccurate since neither a spark nor
a plasma are involved in the process where the densification is performed by a
current. SPS is a modification of the hot pressing technique in that the heating of

the sample is performed by a moderate uniaxial force/pressure and pulsed (on-off)
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high direct electric current (DC) through the powder under low pressures and
voltages to produce a rapid compaction of a wide range of powders. This direct way
of heating produces high heating rates (> 300 °C/min, up to 1000 °C/min) and short
sintering times (5-20 min), high quality densification, less grain growth, little
modification of the grain size, eliminates power decomposition and allows the
maintenance of the intrinsic properties of the nanopowders in their compacted
samples. It can reach over 2000 °C which is 200 to 500 °C lower than the
conventional techniques such as hot press and also during the sintering process it
can adjust temperature gradients thus, layered material structures with different
properties can be fabricated (i.e. ZrO,/stainless steel).

The basic SPS system is constituted of a vertical single-axis pressing system, a
water-cooled vessel, a vacuum chamber, atmosphere control inside the vessel and
sintering DC pulse generator. The powder is placed between the die and punch on
the sintering stage in the chamber and held between the electrodes. When pressure
and pulse are applied, temperature increase to 1000~2000 °C above ambient
temperature, producing a high quality sintered compacted sample in a few minutes.

Advantages of SPS respect to the conventional methods such as hot press (HP)
sintering:

- Ease operation and accurate control of sintering conditions.

- High sintering speed, high reproducibility and reliability.

- Rapid consolidation of powders and ability to preserve nano-structures.

- Heat is homogeneously dissipated for whole sample producing less grain growth
and eliminating power decomposition.

- Heating generation is internal which means that it is not provided from other
external elements so the heating is quite homogeneous with only small thermal
gradients even at high heating rates, thus the usage of heat input is very efficient.

On the other hand, SPS presents problems which need to be mentioned, powders
have to present an appropriate electrical conductivity and the sintering temperature
gradient has to be control and minimised.

e Zone melting or zone refining or floating zone process: it is a process to purify

crystals where part of the crystal is melted in a tube by a heater that applies a high
frequency alternating current (AC) and the melting process progresses slowly along
the material to the end, melting the impure solid that it is found. Therefore, there is a
concentration of the impurities in the melted substance in one of the edges and in
the other the pure crystal is solidified. This process can be employed in a wide
variety of solute-solvent systems that have a considerable concentration difference

between the solid and liquid phase at equilibrium. This process can be performed
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as a batch or continuously, adding fresh impure material at one end and removing
pure material from the other part.

The fundamental principle of this process is based in the ratio of the impurities
contained in the solid phase and the liquid phase, which normally is below 1.
Therefore, the impurity atoms will diffuse into the liquid region at solid/liquid
interface producing a single crystal. If a high pure material is required, the impurity
end of the material can be cut.

A variety of heaters can be employed such as induction coils, resistance heaters,
gas flames, pass electric current directly through the ingot while it is in a magnetic
field and optical heaters as a halogen or xenon lamps (to fabricate insulators). It is
not used for diameters larger than 150 mm.

Hot isostatic pressing: it is a process that reduces the porosity and increases the

density and the strength of many materials using high temperatures (900-1250 °C
and also higher) and isostatic (same pressure) pressures (100-200 MPa) in a high
pressure vessel in a furnace using an inert gas, usually argon. The powder is
placed into a flexible air-tight container, normally polyurethane and put inside a
closed pressure vessel filled with liquid and the densification is produced by
increasing the pressure within the vessel. After filling and closing the vessel with the
desirable material, the air is removed. Then, the chamber is heated provoking an
increase in the pressure of the argon gas inside the vessel due to a gas thermal
expansion. The argon gas pressure change takes place across the liquid which
applies a uniform pressure of the air tight- container resulting in uniform pressed
sample with isotropic properties and 100 % densification.

As this technique employs simultaneously elevated temperatures and pressures to
do the compaction, the resulting samples present almost no voids or porous or
defects which improves significantly the mechanical properties of the samples.
Moreover, this technique presents the advantage of bonding two or more materials
together independent of whether they are in powder or in solid state. Moreover,
another benefit of this technique is the wide variety of materials that can be utilised
and cost-effective process for the fabrication of many metal or ceramic components,

high-performance and quality.
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3.1 Introduction

The purpose of this chapter is to describe the experimental methods used throughout
this thesis. For the preparation of nanoparticles two methods have been employed, ball
milling (BM) and ultrasound milling (UM). For the characterisation of the nanopowders,
particle size analyser, scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX) and X-ray diffraction (XRD) techniques have been used. A home-made
hot-press was used to compact the thermoelectric powders into a disk pellet, which will be
described in Chapter 5. Finally, for the characterisation of the thermoelectric properties of
the bulk materials, hot probe, 4-probe methods, 4-multifunctional probes and laser flash

were utilised.

3.2 Nanopowder fabrication methods

3.2.1 Ball Milling (BM)

BM is performed in a type of grinder used to crush materials into fine powders
(including nanopowders). The fundamental process of ball milling is the impact between the
balls and the materials, which result in the particle size reduction. The grinding media is the
balls, which are made of steel (chrome steel), stainless steel or rubber. In the equipment
used in this thesis the balls were made of stainless steel.

A ball mill usually consists of a cylindrical container (vial) rotating around its axis. The
ball mill utilised in this work is a SPEX 8000M Miller, which performs complex vibrations to
enhance impact as illustrated in Fig. 3.1 (a). An image of the equipment is shown in Fig. 3.1
(b). The frequency of the vibrations is 1200 times per minute. During these vibrations the vial
is displaced violently laterally and vertically to hit all the portions of the substance in the vial,

simultaneously milling the sample and blending it. Because of the amplitude and velocity of
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the clamp’s swing, each ball develops fairly high G forces, enough to pulverize the toughest
materials (rocks, slags, cement, ceramics, etc.). In this work, the materials of research are

bismuth telluride based materials.

Fig. 3.1 (a) Trace of motions performed by the SPEX 8000M. (b) Photograph of SPEX 8000M
employed in this work. (¢) Container with the balls and bismuth telluride powder after a ball milling
experiment.

The container is partially filled with balls and the material to be ground as it can be
observed in Fig. 3.1 (c). The grinder and the balls are generally harder (251 knoop
hardness) than the material to be crushed (155 knoop hardness for Bi;Tes) and should not
interact with the substance to grind to avoid any contamination.

The container employed in this research is a stainless steel grinding vial set (8007),
with both the vial and balls made of stainless steel. The main compositions are Fe and Cr
with a small proportion of Ni, Mn, S and Si. Although stainless steel is durable, hard and
suitable for most applications, the resulting samples can be contaminated by Fe and Cr
when grounding tough materials. To avoid possible sample agglomeration or “cake” and also
oxidation problems in dry grinding, which is the case in this work, the samples are loaded
and unloaded into the container under argon atmosphere inside a glove box. No other
chemicals are added to avoid caking due to the moisture. Even though the maximum volume
of the vial is 65 mL, the recommended mixing load is only 25 mL and 3-10 g of grinding
material.

BM presents several advantages over other systems: the cost of installation is low; it is
suitable for both batch and continuous operation. In addition, it is suitable for materials of all

degrees of hardness since a wide selection of grinding vials and balls are avalilable.
3.2.2 Ultrasonic Milling (UM)
Ultrasonication is an efficient mean for the wet-milling and micro and nano-grinding of

particles, in particular for the preparation of superfine-size slurries.® The particle milling

effect is based on intense ultrasonic cavitation. This cavitation is the fundamental process
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of UM. When liquids are sonicated at high intensities, the sound waves propagate into the
liquid media producing alternating high pressure (compression) and low pressure
(rarefaction) cycles, with rates depending on frequency. During the low pressure cycle, high-
intensity ultrasonic waves create small vacuum bubbles or voids in the liquid. When the
bubbles achieve a volume at which they can no longer absorb energy, they collapse violently
during a high pressure cycle. Accordingly, the ultrasound field creates the bubbles within the
liquid which gradually grow and implode at a certain size and energy is released in the form
of heat (minor effect due to the heat dissipates quickly as a consequence of the small size of
the bubbles) and pressure wave (major effect). Bubbles grow under low pressures and
bubbles start to collapse under high pressure. After the bubble collapses, the cycle starts
again. Since the powders do not have enough strength to withstand such force, the powders
break into smaller pieces. Cavitation is a destructive process of non-linear nature as the
applied ultrasound field increases in amplitude.®®¥ It should be mentioned that cavitation
strongly depends on the fluid properties and particularly on the availability of sites for
cavitation nucleation such as trapped air pockets in dust particles.

The rapid compression of gasses and vapours inside the bubbles produces massive
temperatures (around 5000 K)#®% on the surface of the particles which are similar to the
temperatures at the surface of the sun. The pressure inside the bubble is around 1000 atm
while 10000 atm can be reached at the surrounding liquid of the resulting shock-wave.
These temperatures are similar to those at the surface of the sun and pressure inside the
bubble about 1000 atm, while the resulting shock-wave in the surrounding liquid may be as
high as 10000 atm. These extreme conditions may cause chemical changes, acoustic
signals, light emission, free-radical generation and surface erosion.

Since the bubbles are very small, the heat dissipates quickly (the cooling rate is on the
order of 10 billion °C/second), thus the ambient conditions remains unaffected.

Compression Compression Compression

AWAWAW.
Vo T

Amplitude pressure

Rarefaction Rarefaction Rarefaction Rarefaction
o O
1000 atm
Formation Bubble growths  Critical size Violent and

of bubbles in successive (unstable) implosive collapse
cycles

Fig. 3.2. Cavitation process, bubble size and behaviour in response to ultrasound waves. Outset,
growth, oscillation and collapse of bubbles within a fluid driven by a sound field.
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A diagram of the cavitation process is shown in Fig. 3.2. The implosion of the
cavitation bubbles results in micro-turbulences and micro-jets of up to 1000 km/h.*%3 Large
particles may suffer surface erosion (via cavitation collapse in the surrounding liquid) or
particle size reduction (due to fission through inter-particle collision or the collapse of
cavitation bubbles formed on the surface). This leads to a sudden acceleration of diffusion,
mass-transfer processes and solid phase reactions due to crystallite size and structure
changing.®8)

The ultrasonic processor used for the experiments of this research can generate high-
intensity ultrasonic energy (vibrations at the frequency of 20 kHz, nominal power of 1 kW
and an amplitude of 140 ym) from a UIP-1000 HD 60 transducer (Hielscher GmbH) (Fig. 3.3
(@) and (b)). The cell for dispersing and wet-milling of powders is a home-made copper
vessel (approximately 5 cm diameter and 5-6 cm height) with a heat sink cooled by a water
bath (Fig. 3.3 (c)).

(a) g

Water
bath

Cooler
systems

Fig. 3.3 (a) Image of the ultrasound milling with the generator from the supplier (www. hielscher.com).
(b) Experimental set up of the ultrasound milling showing key parts. (c) Milling cell with the heat sink
and the typical BizTes solution used for these experiments.

Ultrasonication presents some advantages compared to conventional particle size
reduction equipment:

e Ultrasonic devices are very easy to install and operate. They have only two parts
in contact with the material to be milled: the titanium sonotrode (tip) and the milling
cell. Due to the simple design of these two parts, they can be cleaned quickly.

¢ Ultrasonic devices have a very high efficiency in the conversion of electrical into
mechanical energy, thus normally less power is needed for the UM than for other
conventional milling equipment.

Some disadvantages of this method are the high noise during operation and possible

contamination with the solvent.
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3.3 Powder characterisation methods

3.3.1 Shaker

The separation of the powders into different particle size ranges was carried out by a
sonic sifter shaker (Endecotts) using sieves of different sizes (see Fig. 3.4). The equipment
passes a vertical column of air through the sieves that contain the powder. The movement of
the air alternatively lifts the sample, which facilitates the passage of the powder through the
sieve apertures, achieving the separation, this mode of operation is totally different than the
conventional vibrational shakers. The oscillation amplitude is variable and can be modified
by the operator. Moreover, a horizontal mechanical pulse may also be applied to the sieves
at regular intervals to break down any clustered particles and assist to eliminate any
obstruction created on the sieves.

The shaker is able to separate samples down to 5 um, although it takes a much longer
time (around 24 h) than larger particles (around 1 h). It caused very little attrition of the
sample and it operates quietly. However, sometimes the aggregation of the smaller particles
can occur.

The range of the sieve apertures utilised in this thesis was:

e 106 pm.
o 45um.
e 20 um.
e 10 um.
e 5um.

Fig. 3.4 (a) Sonic sifter shaker. (b) Sieves stacked up for separation of different particle size.
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3.3.2 Laser diffraction particle size analyser

In this work, a Mastersizer 3000 particle size analyser was used to measure the
particle size distribution in the range of 0.01-3500 um. The instrument is based on the
measurement of the intensity of the light scattered by passing a laser beam through the
sample (in our experiments, the particles dispersed in water). Two light sources illuminate
the sample, a red laser at 632.8 nm (He-Ne) and a blue LED at 470 nm. As can be seen in
Fig. 3.5, the Mastersizer 3000 consists of an optical unit, a sample dispersion unit and a

measurement cell.

Wet cell

|

Optical unit

Wet dispersion unit

Fig. 3.5. Mastersizer 3000 for measuring particle size distribution.

The measurements are performed in the optical unit, where the laser beam illuminates
the dispersed particles when they pass across the optical bench. A series of detectors
measure the intensity of the lights scattered by the particles over a wide range of angles for
red and blue wavelengths.

The sample dispersion unit used in the measurements was a wet dispersion unit (Fig.
3.5), which suspended the sample in a liquid dispersant. In this study, deionised water with a
resistivity of 18.2 MQcm was used. In order to keep the sample suspended and
homogenized, the powder suspension is continuously recirculated through the measurement
cell. In addition, stirring or agitation is also applied.

The Mastersizer is equipped with software that analyses the scattering data to
calculate the particle size distribution. The software is also used to control the operation of

the system (optical and dispersion units) during the measurement.
3.3.3 SEM and EDX
SEM is an electron microscope that produces images of a sample by scanning it with a

focused beam of electrons instead of a beam of light. The electrons are accelerated by an

electric field by means of a potential difference (1,000-30,000 V). Sensitive samples require
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low voltage whereas metallic samples, typically less sensitive, are irradiated with higher
voltage electrons in order to achieve better resolution.

As the beam is scanned over the specimen in the x- and y-directions, interactions
between the electrons of the beam and the atoms in the sample produces secondary
electrons (SE), back-scattered electrons (BSE) and characteristic X-rays. All of them can be
detected and processed to provide information about the sample’s surface topography and
composition. Typically images are produced using the SE. While X-ray signals can be
detected and analysed to determine the chemical composition of the specimen. This
technique is referred to as EDX, which will be explained in more detail below.

A SEM basically consists of an electron gun where the electrons are accelerated, an
electron column that focuses and illuminates the specimen, the electron beam, condenser
and objective lens which reduce the beam are also present. An image of a Philips XL 30
SEM equipment used in this work can be seen in Fig. 3.6.

Fig. 3.6. Philips XL 30 SEM apparatus.

The SEM images have a very high resolution and samples can be examined using
large amplifications (usually reaching up to a scale of few nm).

The samples measured by SEM need to be conductive. The non-conductive samples
are usually coated with a thin layer of carbon or a metal like gold to provide the conductive
behaviour in the sample.

EDX is a non-destructive analytical technique used for the identification of the
elemental composition of materials. The technique can be used for qualitative and semi-
guantitative analysis and is also able to provide spatial distribution of elements (mapping).
EDX systems are connected to SEM or Transmission Electron Microscopy instruments,
where using the images captured by the microscope, a part of the specimen is analysed.
Fig. 3.7 shows experimental results obtained from EDX measurements.
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As mentioned above, in this method, characteristic X-rays are created due to the
impact of the electron beam with the atoms in the specimen. The incident beam excites an
electron of the inner shell of the atoms, forming an electronic hole. Then, an electron from
the outer shell with higher energy drops into the hole, releasing energy (an X-ray). The
wavelength and energy of the X-rays emitted from the atoms can be measured by an
energy-dispersive spectrometer and is characteristic of the atomic structure of the element,
allowing the determination of the elemental composition of the specimen. Each element has
a unigue atomic structure which provides a unique set of peaks in the X-ray spectrum.

(@) “Elememr [Weazr:  Anzc:
CK 476 39.70
SaL 2.00 253
Tel 4156 3261
BiM | 5232 2516
Totals 10083

P

o 2 4 5
[Full Scale 2863 cts Cursor: 5.624 (57 cfs) ke

200m Electron Image 1

Fig. 3.7 Experimental results obtained from EDX for an n-type Bi2Tes sample. (a) Quantitative data.
(b) SEM image of the part of the sample analysed. (c) Spectrum showing the characteristic peaks of
the elements that form the sample.

3.3.4 XRD

XRD is a non-destructive analytical technique where compounds with crystalline
structure, either within a mixture or in a pure phase, can be identified and quantified. It does
not provide a chemical compositional analysis but the identification of the phase or phases of
a compound.

The atoms in crystals are ordered with certain periodicity, forming a lattice. The lattice
planes are separated from each other by a-distances or a-spacings, which vary depending
on the nature of the material (chemical composition) and the structure (planes exist in
different orientations, each with distinct distances).

The phase identification is achieved by relating the angle of incidence of the X-rays to
the distance between the atoms that form the crystal structure. According to the Laue

prediction, when the atoms of a single crystal specimen impact with X-rays, the atomic
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electrons diffract a parallel, monochromatic X-ray beam (coherent scatter) providing a series
of diffracted beams whose directions and intensities would be dependent on the lattice
structure and chemical composition of the crystal. Therefore, when a monochromatic X-ray
beam with a known wavelength (Ap) is irradiated on the lattice planes of a crystal at an angle
6, diffraction of the beam in different directions and intensities occurs due to reflections from
successive planes, differing by a completed number (n) of A,. This pattern of diffraction
follows the Bragg equation, A, = 2asinf , where n is the order of reflection and a is the
distance between planes. In this way, a can be calculated as it can be seen in Fig. 3.8 (a).
By varying the angle 6, different a-spacings within the crystalline structure can be
calculated. The different angular positions and intensities can be plotted to provide a unigque
characteristic X-ray pattern called diffractogram, which is the distinctive fingerprint of each

crystal or mineral phase.

Diffracted
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Fig. 3.8 (a) Scheme of the X-ray diffraction following the Bragg equation. (b) Schematic operation of
the XRD apparatus.

The XRD consists of a generator of X-rays from X-ray tubes, a detector which moves
to detect the angles of diffraction and a computer. In Fig. 3.8 (b) a simple scheme of the
operating of the XRD is shown.

The X-ray instrument used in this study is a Philips PW1710 automated powder
diffractometer where the X-rays are generated using copper (CuKa) radiation at 35 kV and
40 mA. The equipment is controlled by a computer employing the PW1877 APD operating
software and the PW1876 PC identification software. The sample in powder form was placed
inside an aluminium holder which is mounted in the sample chamber of the diffractometer.
The phases in the sample were identified by matching the obtained diffractograms against

an available database of 70,000 known mineral phase diffractograms.
3.3.5 Optical microscope
An optical microscope uses visible light and a system of lenses to magnify details of

samples. As other standard optical microscope, it offers different illuminators like brightfield,

darkfield, sample polarising and differential interference contrast (DIC) to see invisible
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features. The illuminator automatically sets optimum illumination through linkage to the
shutter, field and aperture diaphragms. Up to five objectives (5x, 10x, 20x, 50x and 100x)
may be mounted depending on the model. In this thesis a Nikon MM-800/SL (Fig. 3.9) was
employed to analyse the microstructures of the nanostructured bulk samples prepared in

chapter 6.

Fig. 3.9. Optical microscope Nikon MM-800/SL.

3.4 Thermoelectric characterisation methods

3.4.1 Hot probe

A homemade hot probe (Fig. 3.10) was used to measure the Seebeck coefficient (a). It
consists of a copper hot probe with a hole close to its tip where a differential thermocouple is
inserted. The hot probe is heated a few degrees above room temperature by a heater coil.
The other junction of the differential thermocouple is inserted in a copper block that remains
at room temperature and acts as heat sink.

To perform the measurement, the sample is sandwiched between the hot probe and
the heat sink. This establishes a temperature difference (AT) across the sample, which is
measured by the differential thermocouple. A Seebeck voltage (AV) is then generated and
measured by Cu wires attached to the hot probe and the heat sink, that serve as well as

electrical contacts (Fig. 3.10 (a)). The value of a can be determined by,

av

-5 (3.1)

a
where the contribution to the Seebeck coefficient from the copper wires is neglected, since it
is very small (1.8 pV/K).?Y The accuracy of the equipment, determined using the Bi;Tes

standard reference material from NIST (Ref. 3451) is 3 %.(85)
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(b)
Fig. 3.10 (a) Schematic diagram of the hot probe. (b) Photograph of the actual hot probe apparatus.

3.4.2 4-probe technique

The most common method to measure the electrical resistivity p of bulk materials is
the 4-probe technigue. A commercial 4-probe apparatus (Microcontrole) has been used in
this thesis (see Fig. 3.11 (b) and (c)). Since the measurement of electrical current and
voltage is typically very accurate, the precision in the determination of electrical conductivity

is usually limited by the measurement of the geometry of the sample and its homogeneity.

Fig. 3.11 (a) Schematic diagram of the 4-probes. (b) Top view of the 4-probe apparatus. (c) Front
view of the 4-probe technique.

The measurement is performed applying a constant DC current | through the outer
probes (A and D) and recording the open-circuit voltage V across the inner probes (B and
C). In this way, the effect of contact resistances is suppressed and only the contribution from
the sample is obtained (see Fig. 3.11 (a)). An additional measurement, changing the polarity
of the current is performed and the average of the two measurements is used. This is
performed to cancel out possible voltages induced by thermoelectric effects. To properly
calculate the resistivity, the probe spacing s, sample diameter d, thickness W and

geometrical corrections are required. The formula®®” to calculate p is given by,
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V
p=FCTW (3.2)
where F is one of the tabulated correction numbers, which is a function of the ratio
W/s. The other correction number is C, which is also tabulated and depends on the ratio d/s.

3.4.3 4-multifunctional probe technique

It is a homemade apparatus®® able to measure the Seebeck coefficient and electrical
resistivity at room temperature in a very short time scale (around 20 s). The technique is
based on a Van der Pauw setup®®) where 4 multifunctional probes contact the edges of the
sample. The multifunctional probes are made up of a Cu tube where a constantan wire is
introduced and welded at the tip®® (Fig. 3.12). Then, the tube is sharpened to form a
needle-like tip. A Cu wire is soldered to the upper part of the Cu tube, achieving a T-type
thermocouple with the junction (temperature measurement point) at the tip. The Cu wires of
the probes are used as electrical contacts. Inside one of the probes a heater coil was
inserted to allow heating up to a few degrees above room temperature for the Seebeck
coefficient measurements.

A triple channel DC power supply (Keithley 2230-30-1) connected to the computer by
USB connection for automatic control, is utilised to supply the currents to the probes and
heater. And a Keithley 2000 multimeter (imput impedance >10 GQ) was employed to
measure voltage outputs and resistance. This is also connected to the computer by a GPIB
to USB adaptor. For the rapid switching of the current outputs and volt-age readings a USB
16 channel relay module (Denkovi DAE-CB/R016/Di4-USB) with remote control via USB was
used. All the equipment and measurements are controlled by LabView 2011 in a PC which
makes it a fully automated system.

Constantan Cu wire

(a) wire

Heater ——
coil

A
VW

Cu tube

Cu-constantan
junction

Fig. 3.12 (a) Sketch of a multifunctional probe and (b) Top view of the 4-multifuncitonal probe
apparatus.
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The Seebeck coefficient is calculated by measuring the open-circuit voltage AV
produced when a temperature difference AT is applied across two points of the sample. To
perform this measurement, probe A is heated around 3 degrees above room temperature by
its internal heater. The open-circuit voltage generated between probes A and D is measured
with the multimeter. Thus, a is calculated using,

o= % + acy (3.3)

where acy is the absolute Seebeck coefficient of Cu.

The electrical resistivity is measured using the 4 probes and keeping probe A hot
during the measurements. This avoids losing time in heating and cooling the probe. A
constant DC current is applied between two probes, which induces a voltage difference
across the other two probes. For example, if a current las enters the sample through probe A
and abandons from probe B, inducing a voltage difference between probes C and D,
AVcp=Vc-Vp. Thus, a resistance Ragcp=AVco/las can be calculated. Rgapc= AVpc/lsa Was
measured by simply changing the current direction. Likewise Rcpas and Rpcgea can be
calculated by applying current through probes C and D and registering the corresponding
voltage between A and B. Averaging these 4 resistances
Ra=(Rag,cptReabctRcp,astRoc ga)/4, can be calculated. Similarly, Re=
(Rec,aptRcepatRapectRoace)/4, can be also obtained. Employing the Van der Pauw
equation,® solved by iteration, the sheet resistance Rs can be determined,

—TR, —nRp

e Rs 4+ Rs =1 (3-4)

From Rs, the electrical resistivity can be calculated by,

p=RW (3.5)

It should be noted that thermoelectric voltages can be cancelled out by changing the
current polarity when the average resistances are calculated. So measuring with probe A hot

does not influence the electrical resistivity determination.

3.4.4 Laser flash instrument

A laser flash apparatus (Netzsch LFA 447 Nanoflash) was used to measure the

thermal conductivity of the samples prepared in this thesis. The equipment measures the

thermal diffusivity D and the specific heat C, of the sample. The thermal conductivity A is
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calculated from the previous parameters and the mass density pm. The sample mass was

measured by a precision balance (Precisa 40SM-200A) with a precision of 10 g.
A =DCppp (3.6)

The equipment (shown in Fig. 3.13 (a)) consists of a furnace that contains the sample
aligned between a xenon flash tube and an indium antimonide IR detector. The operating
temperatures are between 20 to 300 °C. The measurement starts by heating the sample
until the desired temperature. Then, the laser from the flash lamp hits the front face of the
sample, causing heat absorption in this face, increasing the temperature by 0.5-2 °C. The
heat is then diffused across the cross plane of the sample and the temperature rise at the
sample’s back face is monitored by the IR detector Fig. 3.13 (b). From the registered
transient change of the temperature, the thermal diffusivity can be calculated using the

Parker expression, %9

0.1388W?2
D=————

3.7
teo (3.7)

where W is the thickness of the sample and tso is the half-rise time (time for the rear
face temperature to reach 50 % of its maximum value). The constant value 0.1388 is known

as a Fourier number.®°

(a) ; R Mb)
i 1 Detector Electronics 1' -

IR Detector | (! - 20 /
Sample Changer : /
Heater / g B “;
Optical Filter -/ ~—=—+— System Electronics
Reflector — k|| jl] fa— os /
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rsntary W34 (@00 @@} tom rowe vl - ‘
. e e Cw mw e

Fig. 3.13 (a) Laser flash equipment®® and (b) Typical measurement performed by the laser flash
instrument.

As the specific heat of a material is the amount of heat g per unit mass required to

raise its temperature by 1 °C at a constant pressure,
q = Cpmy AT (3.8)

where mp, is the mass and AT is the change in the temperature.
The specific heat can be determined with this equipment by comparing the
temperature raise of the sample to that of a reference (with known specific heat) during the

diffusivity measurement. So, the change in the temperature, monitored by other IR detector,
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in the reference sample is measured and from its value g can be obtained. When a desirable
material (unknown Cp) is measured, the same q is used and the C, of the sample can be

calculated using,

q = (MnCAT),, . = (MmCyAT (3.9)

)sample
(mmeAT)re ;

C man,, (3.10)
Psample (mmAT)sample

3.4.5 Impedance spectroscopy

Impedance spectroscopy is utilised to determine the module ZT value of thermoelectric
modules. This method produces a small ac current (or voltage) signal in the system and
registers the amplitude and phase change of the voltage (or current) response generated as
a function of frequency (see Fig. 3.14 (a)). At high frequencies only quick processes show up
(such as the total ohmic resistance), while at low frequencies the slow processes are
allowed (like the Seebeck voltage induced by the rise of the temperature difference).

AV, | I=1_+1,_sin(ar) (a) % (b)
Zr: ZH
¢ =arc tan(rj

Z
(7 I AN 4\ 7/ O —
lie: Veie . - 2 i
<> v
phase \ \ i ‘ Z |: ac
1
1
!

delay

AV =AV, +AV, sm(a)t+¢ )¢

Fig. 3.14. (a) Applied and response signals in an impedance experiment. (b) Point representation in
the complex impedance plane.

Impedance results are typically presented in the complex plane (Nyquist plot), where
each point is given by a vector defined by the ratio of the amplitude of the voltage and
current waves and the phase angle as shown in Fig. 3.14 (b). For a thermoelectric module
under suspended conditions impedance spectroscopy allows the determination of the
module ZT,®% which can be obtained from the high frequency and low frequency intercepts
with the real axis (zero phase points) of the impedance signal in the complex plane (see Fig.
3.15).
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Fig. 3.15. Nyquist plot of a commercial 254-leg thermoelectric module and the characteristic
parameters Ro and Rte. The inset shows a magnification of the high-frequency part. Image taken from
reference (194

In a thermoelectric module of 2N legs, being N the number of couples, the voltage
difference in the device assuming identical properties for n and p-type materials is given by,

V = IRq + 2NaAT (3.11)

considering a the absolute Seebeck coefficient of a single leg and Rq the total ohmic
resistance of the device, which includes the parasitic resistance R, contribution (wires,
electrodes and contacts), and the contribution from the intrinsic resistance of the
thermoelectric materials. From the energy balance at the hot side at steady-state, neglecting
Joule effect and under adiabatic conditions, it is obtained,

14
oITy = —AT (3.12)

being A and L the cross-sectional area and length of a leg. From this equation, AT can be
extracted,

_ Tyl
AT =—"—. (3.13)

The impedance function at steady state (frequency—0) can be determined using Eg.
(3.11 and 3.13),

1% a?TL
Z—T—RQ+2NW. (3.14)
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The last term in Eq. (3.14) is called a thermoelectric resistance Rye, which only shows
up when the AT is established in the device (low frequency). At high frequencies only Rq is

present. From the ratio between R and Rrg, the module ZT can be calculated,

2Na?TL

RTg
ZT == o
( )module Rq (R,;+%)AA

(3.15)
It should be noted that when the parasitic resistance is neglected, (ZT)modue €quals the
material's ZT.
The equipment employed in this thesis for impedance measurements is an Autolab
PGSTAT302N potentiostat equipped with FRA32M impedance module.
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Chapter 4

4.1 Introduction

The aim of this chapter is the identification of the optimal conditions to produce
bismuth telluride nanoparticles using two different methods: ball milling (BM) and ultrasound
milling (UM). BM is a well-established method, widely used in the preparation of Bi.Tes
nanoparticles.» However, UM has never been employed before and the conditions to
achieve Bi,Tes nanoparticles are described in this chapter for the first time. The different
powders obtained are characterised using a particle size analyser, SEM and XRD.

The optimisation for the preparation of n- and p-type materials by BM method is
described in section 4.3 after defining the general experimental conditions adopted for both
methods in section 4.2. Then, the optimisation employing UM technique is presented in

section 4.4. Finally, a comparison of both methods is shown in section 4.5.

4.2 Experimental part

The bulk precursor materials used to produce nanoparticles were n- and p-type
bismuth telluride, purchased as an ingot from Thermonamic Electronics (China). The ingots
were cut using a saw into small discs (3-5 cm diameter) that were crushed utilising a mortar
and pestle to generate small pieces that were placed inside a micro hammer-cutter mill (Fig.
4.1 (a)) to perform an initial reduction of the particle size. Then, the resulting material was
sieved using a 106 pm pore size sieve from Endecotts (Fig. 4.1 (b)). The powder that
passed through the sieve (< 106 um) is considered as the reference and was then treated by
BM and UM methods. In this way, all the milling processes performed in this thesis started
from a particle size smaller than 106 um. A schematic process of the method to produce the

powder to be treated by the milling process is shown in Fig. 4.1 (b).
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We would like to remark that the 106 um sieve aperture was used in order to start the
milling treatments with the smallest particle size possible and thus reduce the efforts to

achieve nanoparticles. The 106 um sieve was the smallest available at that moment in the

laboratory.

(b)
\_, j

l Cut with a saw

Discs
Grinding using pestle & monar

Grinding to the micro size using hammer ‘

Sieving _Q
b

Powder < 106 pm

Ball milling Ultrasound milling

Fig. 4.1 (a) Micro hammer-cutter mill utilised for the pre-treatment. (b) Schematic process to prepare
the powder from the ingot by the milling processes.

The distribution of the particle size of the powders was measured by the Mastersizer
3000 equipment (see section 3.3.2) adding a small amount of each powder to deionised
water. In some cases, a soap was needed to help to segregate the sample. The results
provided are the average of 11 measurements registered by the equipment for the same
sample.

XRD measurements were obtained using the Philips PW1710 Automated Powder
Diffractometer (see section 3.3.4) between 2 and 80 26° with an angle step size of 0.04 and
1 s counting time. All XRD patterns were normalised. The phases of the ingot were identified

using the ICSD Inorganic Crystal Structure Database.%

4.3 Optimisation of ball milling

4.3.1 Particle size distribution

The parameters that were modified in order to optimise the production of nanoparticles
by BM were the milling time and the balls:material weight ratio. As a common procedure
adopted in all the BM experiments performed, the milling was operated employing intervals
of 30 min operation followed by a 15 min break. This was carried out to avoid heating and
possible chemical changes of the samples due to overheating, and the damage to the fuse
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of the apparatus which is likely to occur if operated continuously during long times. Only the
operation time is accounted for when the time of the experiment is reported, i. e., an
experiment of 1 h involves two intervals of 30 min operation plus 15 min break (1 h and 15

min in total). The results are shown separately for the n- and p-type materials.
e n-type Bi2Te279Seo.21 + 0.001 I2:

Time: To optimise the milling time, different BM experiments were performed at

different times utilising the same balls:Bi>Te279Seo.21 weight ratio.

Ratio > 20:1: In Table 4.1 different times in which the BM was performed are

shown.

Table 4.1. Ball milling experiments performed at different times for n-type Bi:Tes at the 20:1
balls:material ratio.

Experiment | Milling Process  Ratio Milling Time (h)
Reference NO
BM 2h 20:1 2
BM 8 h 20:1 : 8
BM 24 h_20:1 1350 rm'n” OOIL\IF 20:1 24
BM 48 h 20:1 48
BM 64 h 20:1 64
14 -
Nm ——Reference
12 / _ ——BM_2 h_20:1
S BM_8 h_20:1
= 10 -
= ——BM_24 h_20:1
3 g - ——BM_48 h_20:1
g ——BM_64 h_20:1
g 61
Q0
E 4
z
2 -
O T L Vl T LI
0.1 DL 1 Dwm 10 100
Particle size (um)

Fig. 4.2. Particle size distribution in number density of n-type Bi:Tes after ball milling using a
balls:material ratio 20:1 at different times. Parameters Nm, Dm and Dv indicate the maximum number
density percentage, the particle size corresponding to this maximum and the lowest particle size
identified, respectively.

Fig. 4.2 (number density) and Fig. A.1 (volume density) show that BM treatment
produces a reduction in the particle size even when it is running only for two hours.

However, the smallest particles are formed at 24 h, observing nanoparticles with
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sizes around 350 nm. At 8 h there are nanoparticles in the range of 500 to 600 nm
and similar size distributions are observed at 2, 48 and 64 h. From these results an
optimum time of 24 h is considered.

Since a quite small amount of bismuth telluride is employed in the BM process
when the ratio is 20:1, which leads to a limited amount of hano-powder available for
further processing into pellets, other ratios were analysed. It will be evaluated if
higher amount of bismuth telluride produces similar particle size distributions to that
obtained at 24 h. If this is the case, less milling experiments will be required to
obtain the necessary amount of bismuth telluride to prepare nanobulk discs. A ratio
5:1 was then analysed at different times to compare the results to the 20:1 ratio.

Ratio - 5:1: The BM experiments performed at 5:1 ratio are shown in Table 4.2.
The particle size distributions in volume and number of these experiments are show
in Fig. A.2 and Fig. A.3 respectively. Similarly to the results obtained at 20:1 ratio,
the smallest nanoparticles are obtained at 24 h for the 5:1 ratio. They show the
smallest particle size around 400 nm, slightly higher than the size achieved at 20:1
ratio (= 350 nm). The particle size decreases from 2 to 24 h. However, at 48 h the
size no longer decreases but increases as also observed in the 20:1 ratio, showing
a profile similar to the 2 h experiment. It should be mentioned that at 5:1 ratio, the
64 h experiment was not performed, since the 48 h result already shows the
increase in the particle size. Therefore, a ratio 5:1 and 24 h time is more convenient

to achieve nanopatrticles.

Table 4.2. Ball milling experiments performed at different times for n-type Bi:Tes at the 5:1
balls:material ratio. Parameters Nm, Dm and Dv indicate the maximum number density percentage, the
particle size corresponding to this maximum and the lowest particle size identified, respectively.

Experiment P'\:I(')I(I:'engs Ratio T'\i/lr:Iem(?]) DL (nm) Dwm (nm) Nm (%)
Reference NO 991 1280 11.37
BM_2h 5:1 2 675 872 11.49
BM_8h 5:1 30 min ON 51 8 523 767 9.56

BM 24 h 5:1 | 15 min OFF ' 24 405 523 12.20
BM 48 h 5:1 48 675 872 10.71

Ratio 2 2:1 and 1:1: In a next optimisation step the amount of bismuth telluride is

increased by using 2:1 and 1:1 ratios, keeping a fixed experiment time of 24 h.
These experiments are compared with the previous 20:1 and 5:1 ratios as
described in Table 4.3. The particle size distributions are plotted in Fig. A.5 (number

density) and Fig. A.4 (volume density). From the results shown in Table 4.3 it can



Chapter 4: Preparation of Bismuth Telluride Nanopowder

be observed that the particle size distribution of the samples obtained using 20:1
and 5:1 ratios are similar, producing comparable smallest particle sizes. Utilising 2:1
and 1:1 ratios the smallest particle sizes increase significantly (= 700 and 600 nm
respectively). Therefore, it can be concluded that the optimum conditions identified

for BM experiments of n-type bismuth telluride are a 5:1 ratio and 24 h time.

Table 4.3. Variation of the balls:material ratio for ball milling experiments of n-type BizTes at a fixed
time of 24 h. Parameters Nm, Dm and Dv. indicate the maximum number density percentage, the
particle size corresponding to this maximum and the lowest particle size identified, respectively.

Reference NO 991 1280 11.37
BM 24 h 20:1 20:1 357 675 9.88
BM 24 h 5:1 30 min ON 5:1 24 405 523 12.20
BM 24 h 2:1 15minOFF | 2:1 675 991 10.92
BM 24 h 1:1 1:1 594 872 10.03

For a more detailed analysis of the amount of nanoparticles obtained, Table 4.4
shows the smallest particle sizes and the percentage of number of particles smaller
than 1 um for the 5:1 ratio and under different times to see how they change with the
milling time.

Table 4.4. Results of the minimum particle size and the percentage of number of particles smaller

than 1 um achieved after ball milling experiments at different times but under the same balls:Bi2Tez
ratio (5:1) for the n-type material.

Milling Smallest Particle Percentage of Number of

Experiment Time (h) Size (nm) Particles <1 ym
Reference NO 991 0.011
BM 2h 5:1 2 675 12.41
BM 8h 5:1 8 523 13.09
BM 24 h 5:1 24 405 35.65
BM 48 h 5:1 48 675 11.02

At 24 h the largest production of particles smaller than 1 um is achieved. The rest of
experiments present quite similar percentages of number of particles smaller than 1
um (11-13 %). This trend is shown in Fig. 4.3, Fig. A.6 and Fig. A.7.
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Fig. 4.3. Representation of the smallest particle size (blue) and the number of particles smaller than 1
um (red) achieved for n-type Bi:Tes after ball milling experiments under different times and 5:1
balls:material ratio.

o p-type BigsTesSbys:

Time: To optimise the time, different BM experiments were performed at different
times utilising the same balls:BiosTesSbis weight ratio (20:1). The first experiments
were performed at 2, 8 and 24 h. Since it was observed in the results that at 24 h an
increase in the particle size occurred, more milling times were added for a more
detailed optimisation. Table 4.5 shows the experiments carried out. All the experiments

performed can be seen in Fig. A.8 (volume density) and Fig. A.9 (number density).

Ratio = 20:1: It can be observed in Table 4.5 that the reference sample already
presents nanoparticles around 770 nm in size. This is due to the fact that when the
p-type powder is crushed, it breaks down into fine particles. Some graphs show that
at some milling times (2 h, 7 h and 9 h) the particle size is larger than the reference.
Nevertheless, the smallest nanoparticles were formed at 8 h (around 600 nm). At 24
h a similar pattern to 8 h was observed although with slightly larger particle size.
Therefore, for this particular ratio the optimum time for the BM treatment was 8 h.
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Table 4.5. Variation of the ball milling time under the same balls:material ratio for p-type BizTes.
Parameters Nm, Dm and Dv indicate the maximum number density percentage, the particle size
corresponding to this maximum and the lowest particle size identified, respectively.

Experiment ’ Pl\:lcl)l(l:'ggs DL (nm) Dwm(nm) | Nwm (%)
Reference NO 767 872 13.62
BM_2 h_20:1 2 872 1130 12.40
BM_3 h_20:1 3 767 991 12.39
BM_5h_20:1 5 767 991 11.95
BM_6 h_20:1 6 872 1130 14.02
BM_7 h_20:1 30 min ON 20 ‘1 7 872 1130 13.56
BM_8h_20:1 15 min OFF ' 8 594 872 10.34
BM_9 h_20:1 9 767 991 13.63
BM_10 h_20:1 10 767 991 13.14
BM_12 h_20:1 12 767 991 12.54
BM_24 h_20:1 24 675 872 10.16

As performed for the n-type bismuth telluride, different balls:material weight ratios
were analysed at a fixed treatment time of 8 h and compared to the 20:1 ratio.
Table 4.6 summarises the experiments and the obtained results are shown in Fig.
A.11 (number density) and Fig. A.10 (volume density).

Different Ratios: Table 4.6 shows a significant increase of the smallest particle

size from = 600 nm for 20:1 ratio to 900 nm in the best of the cases (ratios 10:1 and
5:1). Consequently, the optimum conditions for BM experiments for the p-type
bismuth telluride are the 20:1 ratio and 8 h time.

Table 4.6. Variation of the balls:material ratio at a fixed treatment time of 8 h for ball milling
experiments of p-type Bi:Tes. Parameters Nw, Dm and Dv. indicate the maximum number density
percentage, the particle size corresponding to this maximum and the lowest particle size identified,
respectively.

Experiment PI\:ICIJI(I:IQSS [ Tl\i/lnl1”em(%) DL (nm) Dwm(nm) | Nwm (%)
Reference NO 767 872 13.62
BM 8h 20:1 20:1 594 872 10.34
BM 8h 10:1 30minON | 10:1 8 872 1280 | 14.65
BM 8h 51 15min OFF | 5:1 872 991 14.95
BM 8h 2:1 2:1 991 1280 14.15

In Table 4.7 and Fig. 4.4, Fig. A.12 and Fig. A.13, the more detailed analysis of
the nanoparticles obtained, which includes the smallest particle size and the
percentage of number of nanoparticles smaller than 1 um, are presented for the

20:1 ratio at different times.

71



Chapter 4: Preparation of Bismuth Telluride Nanopowder

Table 4.7. Minimum particle size and percentage of the number of particles smaller than 1 um
obtained after ball milling experiments at different times under the same balls:Bi2Tesratio (20:1) for the
p-type material.

Milling  Smallest Particle | Percentage of Number of

S Time (h) Size (nm) Particles <1 pym
Reference NO 767 9.77
BM_ 2 h 20:1 2 872 2.22
BM_7 h 20:1 7 872 2.81
BM 8 h 20:1 8 594 12.61
BM 9 h 20:1 9 767 6.58
BM 24 h 20:1 24 675 7.72

A decrease in the smallest particle size was achieved at 8 h, which cannot be
reduced at longer treatment times. At 8 h the largest production of particles smaller

than 1 um was also achieved (= 13 %).
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Fig. 4.4. Smallest particle size (blue) and percentage of the number of particles smaller than 1 pum

(red) obtained for ball milling experiments of p-type BizTes at different times and 20:1 balls:material
ratio.

4.3.2 Morphological characterisation

In order to evaluate the powders further, SEM experiments were performed.
e n-type Bi>Tez79S€0.21 + 0.001 I2:

Fig. 4.5 shows SEM images at different magnifications for n-type Bi.Tesz powders

obtained before and after BM processes at different times (2, 8, 24 and 48 h) using the 5:1



Chapter 4: Preparation of Bismuth Telluride Nanopowder

optimum ratio (particle size analysis can be found in Table 4.2). There is a clear reduction in
the particle size after the BM process at all times.

From the SEM images at the largest magnifications, it can be observed that average
sizes of the smallest particles lie around 200 nm for the non-treated, 24 h and 48 h
experiments, and around 350 nm for 2 and 8 h. It should be noted that the previous particle
size analysis by laser diffraction was not able to detect these average sizes and provided
smallest particle sizes which are from 120 up to 800 nm higher. For this reason laser
diffraction results should be handled with care and SEM data is considered as a more
reliable method for the detection of particle sizes.

On the other hand, it can be seen that finer powders are obtained at 24 and 48 h.
Particle sizes at these two times do not seem to differ significantly, except for the fact of the
existence of particles with larger sizes more dominantly at 48 h (Fig. 4.5 (q)). Regarding the
morphology of the particles no relevant differences are observed between the non-treated
and treated powders.

Fig. 4.5. SEM images of n-Bi-Tes (a-d) before ball milling and after ball milling experiments at 5:1 ratio
at different times: (e-h) 2 h, (i-) 8 h, (m-p) 24 h and (g-t) 48 h from left to right, scale bar: 200 um, 50
um, 5 um and 2 um.



Chapter 4: Preparation of Bismuth Telluride Nanopowder

e p-type B iosTesSbys:

SEM images were also obtained for the p-type material. Non-treated and treated by
BM samples at different times (2, 8 and 24 h) and using 20:1 ratio conditions are shown in
Fig. 4.6. Particle size analysis for this experiment can be found in Table 4.5.

As occurred in the case of the n-type material, significant differences are observed
between the SEM images and laser diffraction results in the smallest particle sizes. For all
the treated powders the smallest particle sizes are around 300 nm (Fig. 4.6 (h, | and p)).
However, the powder obtained at 2 h (Fig. 4.6 (h)) seems to present larger particles than the
treatment at 8 and 24 h (Fig. 4.6 (I and p), respectively). Then, both 8 h and 24 h can be
considered as optimum conditions. Since 8 h is a more convenient reduced time, these
conditions will be finally adopted for the production of nanobulk samples in chapter 6. This
selection is the same as chosen from the optimisation based on laser diffraction

experiments.

Fig. 4.6. SEM images of p-BizTes (a-d) before and after ball milling experiments at 20:1 ratio at
different times: (e-h) 2 h, (i-I) 8 h and (m-p) 24 h from left to right, scale bar: 200 pm, 50 um, 5 um and
2 um.
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4.3.3 Structural characterisation

For both types (n- and p-) of bismuth telluride materials the phase structure and the
grain orientation of a disc cut from the ingot, a reference sample with particle size <106
um and the ball milled powders were analysed. As in previous experiments performed for
the determination of particle size distributions, the reference sample corresponds to a

crushed material which was sieved down to 106 um. Only the identified optimum BM

treated sample was analysed.

e n-type BizTez79Sep21 + 0.001 Iy:

The XRD patterns (Fig. 4.7) show that all the three samples are single-phase
BizTe279S€e0.21, corresponding to a rhombohedral crystal geometry (space group R-3rh)(%)
with no detectable impurities of other phases. Nevertheless, after the crushing and BM
processes, the preferred orientation changed from (110) for the ingot sample to (015) and
(0015) for the reference, and (015) for the BM treated sample.

(015)

Ball milling_24 h_ratio 5:1

)0@
(110)
(205)
016)
(0210)
211)
(1115)
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Fig. 4.7. XRD patterns of n-type BixTez79Seo21: (blue) theoretical, (red) ingot sample, (green)
reference before milling and (purple) after ball milling experiment performed at 24 h and 5:1

balls:material ratio.
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The peaks of the ingot and reference samples are sharper than the ball milled
sample, which indicates a reduction in the particle size for the latter,(” where the

sample became more polycrystalline as expected due to the reduction in the particle

size.

e p-type BiosTesSbys:

All the three samples are single-phase BiosTezsSbis (space group R-3r).(1%
Similarly to the n-type material, the p-type sample treated by BM (see Fig. 4.8) does
not modify the rhombohedral geometry of the initial ingot. Furthermore, the preferred
orientation (015) is maintained for all the samples except for the ingot in which the
preferred orientation is (110). This could be due to the fact that the ingot sample is a
pellet and it becomes more difficult to identify all the different orientations because the
grains in the ingot are larger than in the powder and they contribute less to the total
counts. The peaks of the ingot and reference samples are sharper and more intense

than the ball milled sample, indicating again a reduction in the grain size in the latter.

Ball milling_8 h_ratio 20:1
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Fig. 4.8. XRD patterns of p-type BiosTezsShis: (blue) theoretical, (red) ingot sample, (green)
reference before milling and (purple) after ball milling experiments performed for 8 h at 10:1

balls:material ratio.
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4.4 Optimisation of ultrasound milling

The parameters to be optimised for the production of nanoparticles by UM are the
solvent, milling time, amplitude of the ultrasound, cooling system, the use of additives and
the concentration. Unlike BM, in UM the precursor powder is dispersed in a solvent during
the treatment. The solvent was the only parameter that was examined only for the n-type
bismuth telluride. The resulting solvent was also applied to the p-type material. The rest of

parameters were evaluated for both n- and p-type materials.

e n-type BixTez79Teg21 + 0.001 Io: It should be remembered that, as indicated in the
experimental part above, in all these experiments the n-type bismuth telluride was broken
down from the ingot and crushed into a powder, which was then sieved using a 106 um
pore size. This resulting powder is then placed in the UM vessel to be treated. A non-

treated portion of the sieved powder (particle size <106 um) was used as reference.

Solvent: The different solvents employed were 1-butanol, dimethyl-formamide
(DMF), ethanol (EtOH) and decane. The concentration of the powder used in all the
UM experiments was 8.3-10°% M. The selection of these solvents was based on
different properties. A high flash point (lowest temperature at which vapours of a fluid
will ignite) solvent was important to avoid combustion. A solvent easy to evaporate and
unable to produce oxidation of the material was also required. In Table 4.8 the

solvents and their corresponding flash points are shown.

Table 4.8. Solvents utilised to perform the ultrasound milling experiments and their flash point.

Solvent | Flash Point (°C)
1-Butanol 35
DMF 58
EtOH 13
Decane 46
H,O distilled --

The UM experiments were performed for 2 h at 100 % amplitude and using 2 cooling
systems. It should be mentioned that unlike the BM treatment, the UM process was
run continuously, without any breaks. After the treatments the samples were dried
under convective air flow of the fume hood and the collected powder was pressed into
discs to measure its thermoelectric properties. The conditions for the cold pressing
process were 5 ton (1513.7 MPa) for 30 s. After pressing, the specimens were heated

at = 360 °C for 45 min under argon atmosphere for sintering.
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Density, Seebeck coefficient and electrical conductivity measurements were
performed and used to select the optimum solvent. Seebeck coefficient was measured
by the hot probe and electrical conductivity by a 4-probe technigue (see section 3.4).
The obtained values are shown in Table 4.9 and Fig. A.14 to A.17.

Table 4.9. Density, Seebeck coefficient, electrical conductivity and power factor values obtained for
the discs prepared with powder treated by ultrasound milling at 100 % amplitude, 2 coolers and for 2
h using different solvents.

Solvent Dgf;;gy S(UVK) o (Qcm)t Fower Factor
Reference 6.51 -114.85 1265.64 1.670
1-Butanol 6.55 1123.15 759.70 1.152
DMF 6.46 1151.58 23.82 0.055
EtOH 6.50 -158.76 270.25 0.681
Decane 6.51 1189.23 69.92 0.250
Distiled H,O | _ 6.64 127.77 95.95 0.157

There is not much difference in the density of the discs prepared. All of them present
= 83-84 % of the density of the ingot provided from the company (7.83 g/cm3). The
density values are somewhat low, since cold pressing was used instead of hot
pressing (at that moment there was no hot press equipment available). We would like
to remark that in the next chapter the hot press process is developed to identify
adequate conditions to prepare discs with suitable densities.

There is a substantial variation of the Seebeck coefficient depending on the solvent
utilised in the UM process. Decane presents the highest Seebeck coefficient value (-
189 puV/K). DMF and EtOH show similar values (-150 and -160 pV/K respectively),
whereas 1-butanol displays the lowest (-123 uV/K), very similar to the reference
sample and the distilled water.

On the other hand, the electrical conductivity presented an opposite trend to that of
the Seebeck coefficient, since in this case the reference sample showed a higher
electrical conductivity than the ingot and the rest of the samples treated by the milling
process.

Amongst the samples treated by UM, the solvent that presented the largest electrical
conductivity was 1-butanol (= 760 (Qcm)?) whereas in the rest of the cases a severe
decrease was observed, reaching in some cases up to 10 times lower conductivity.
This higher value of 1-butanol is dominant in the power factor and this solvent is
selected for the UM treatments.

Once the solvent is chosen, the next experiments, to identify the rest of the optimum

conditions, follow a similar structure to the optimisation of BM, that is, first the particle
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size distribution is examined, then the morphological characterisation follows, and

finally the structural characterisation is discussed.

4.4.1 Particle size distribution

Use of additives (PG): The additive employed during the treatment added to the
solvent was propylene glycol (PG), which usually helps to avoid agglomerations of the
particles. Its use was analysed by performing UM experiments at different times with or
without the addition of PG. When added, the PG concentration was 1 % of the total
volume. The concentration of powder was 8.3-10° M. A summary of the experiments
performed at 100 % amplitude, 2 cooling systems and with and without the addition of
propylene glycol (PG) is given in Table 4.10.

The results obtained without the use of PG additive are shown in Fig. A.18 (volume
density) and Fig. A.19 (number density). The smallest particles under these conditions
were achieved at 30 min and 2 h (= 675 nm), while longer times result in larger particle
size.

With the additive PG, the smallest particles were produced at 30 min (= 760 nm),
which are larger than the results obtained without PG for the same time (= 675 nm).
No improvement was observed at the other times either and consequently the use of
PG was discarded. For more details, Fig. A.20 (volume density) and Fig. A.21 (number

density) show the particle size distribution when PG additive is employed.

Table 4.10. Ultrasound milling experiments carried out at different times, 100 % amplitude, 2 coolers
and with and without the addition of propylene glycol (PG) for n-type Bi-Tes. Parameters Nm, Dm and
D. indicate the maximum number density percentage, the particle size corresponding to this
maximum and the lowest particle size identified, respectively.

: SOLIED " Cooling

Experiment Amplitude Additive System
(%)

Reference 991 1280 11.37
UM_0.5h 0.5 675 872 10.31
UM 2 h 2 675 872 11.17
UM_4 h NO 4 872 991 17.41
UM_6 h 6 872 991 18.71
UM_8 h 8 872 1130 | 18.91
UM _10 h 100 5 10 767 991 18.29
UM _0.5h PG 0.5 767 991 9.52
UM 2h PG 2 872 1130 13.74
UM 4 h PG 1 % Vol 4 872 1280 | 15.38
UM_6 h_PG PG 6 872 1130 | 15.83
UM_8 h_PG 8 991 1130 | 25.96
UM_10 h_PG 10 872 991 17.07
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Amplitude of the ultrasound: To evaluate the effect of the oscillation amplitude of
the ultrasound tip in the treated powders, different experiments were performed at an
amplitude (60 %) different from the previously used value (100 %). It should be
mentioned that the minimum amplitude that can be set in the equipment is 50 %. Using
60 % amplitude, the smallest particles were obtained at 4 and 6 h (= 460 nm) as it can
be observed in Table. 4.11, Fig. A.23 (number density) and Fig. A.22 (volume density).
Comparing these results to the same experiments performed at 100 % amplitude (Fig.
A.19) significant differences can be observed. At 100 % amplitude the smallest particle
size (675 nm) was achieved at 30 min and 2 h, which is more than 200 nm higher size
than the smallest sizes found using 60 % (at 4 and 6 h). In addition, at these times (30
min and 2 h) the smallest particle size at 60 % amplitude is = 600 nm, close to the
results at 100 %.

These results demonstrate that the reduction in the amplitude of the UM significantly
affects the size distribution of the nanopatrticles. It should be mentioned that the fact of
obtaining smaller particle sizes at lower amplitudes leads to a reduction in the power
consumed by the equipment in the process. It is then concluded that the optimum

amplitude is 60 %.

Table. 4.11. Ultrasound milling experiments carried out at different times, 60 % amplitude, 2 coolers
for n-type Bi>Tes. Parameters Nwm, Dm and Dv indicate the maximum number density percentage, the
particle size corresponding to this maximum and the lowest particle size identified, respectively.

Power ' S Milling 5 ’ 5

Experiment Amplitude  Additive 9 Time . MOl Nu (%)

0 System (nm) (hm)

(%) (h)
Reference 991 1280 11.37
UM_60% A_2
Coolers 0.5 h 0.5 594 767 12.15
UM _60% A 2
Coolers 2 h 2 523 675 | 10.96

[0)
UM_50% A2 4 460 594 11.28
Coolers 4 h
UM_60% A 2 60 NO 2
1 - 6 460 594 11.25

Coolers 6 h
UM _60% A 2
Coolers 8 h 8 675 767 10.99
UM_60% A_2
C00|ers_10 h 10 523 675 11.62

Cooling system: It could be possible that less cooling is required for lower operating
amplitude (60 %). This could reduce the power consumption further in the overall
process. For this reason, a new set of experiments at 60 % amplitude but using only 1

cooling system was performed.
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Table. 4.12, Fig. A.25 (hnumber density) and Fig. A.24 (volume density) show that the
smallest particle size is obtained at 10 h (= 460 nm) using only one cooling system and
60 % amplitude. This smallest particle size is exactly the same as the one produced
under the same conditions but with 2 cooling systems Table. 4.11 and a significantly
lower time (4 h). Therefore, as a result of these experiments, 2 cooling systems at 60
% amplitude for a duration of 4 h without additives produces powders with the smallest
nanoparticles (= 460 nm).

Table. 4.12. Ultrasound milling experiments carried out at different times, 60 % amplitude, 1 cooler
system for n-type Bi:Tes. Parameters Nm, Dm and D. indicate the maximum number density
percentage, the particle size corresponding to this maximum and the lowest particle size identified,
respectively.

Cooling Milling
System = Time (h)

Experiment Amplitude @ Additive

Reference 991 1280 | 11.37
UM 60% A 1

Cooler 0.5h 0.5 991 1130 | 11.91
UM 60% A 1

Cooler 2 h 2 594 767 12.01
Qo AL 4 594 872 | 10.54
Cooler 4 h 60 NO 1

UM 60% A 1

Cooler 6 h 6 594 872 9.48
UM 60% A 1

Cooler 8 h 8 594 872 9.23
UM 60% A 1

Cooler 10 h 10 460 594 11.35

As a summary, Fig. 4.9 (number density) and Fig. A.26 (volume density) show the

conditions leading to the smallest particle size for each parameter evaluated.
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Fig. 4.9. Particle size distribution in hnumber density of n-type Bi2Tez powder after ultrasound milling
experiments which produce the smallest particle size under different conditions.

Although the smallest particle size was produced at 4h (Fig. 4.9), it was decided that
more suitable conditions for further fabrication of powders are 100 % amplitude for 30
min and 2 cooling systems, since the reduction in time is quite significant. The next
parameter that was optimised was the concentration and it was carried out under

these last conditions.

Concentration ([powder]): Here, the effect of the increase of the concentration of
Bi.Te; powder in the treatment is evaluated. If higher amounts of powder could be
processed, this would help to more efficiently provide enough treated powder to form
nanobulk disc samples. To evaluate this, different UM experiments were performed at
100 % amplitude, using 2 cooling systems, at different times and using a
[powder]=0.0166 M, which is double the one utilised in all the previous experiments
(see Fig. A.28 (number density) and Fig. A.27 (volume density)).
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Table. 4.13. Ultrasound milling experiments carried out at different times, 100 % amplitude, 2 cooler
systems and [powder]=0.0166 M for n-type Bi-Tes. Parameters Nv, Dm and Dv indicate the maximum
number density percentage, the particle size corresponding to this maximum and the lowest particle
size identified, respectively.

~ Power Sl  Milling
Experiement Amplitude = Additive S 9 Time
% ystem

Reference 991 1280 | 11.37
UM_[]=0.0166M 0.5 504 | 767 | 11.54
05 h

Ué\ﬂﬁﬂ:O-Ol%M 2 675 | 767 | 13.11
Ué'l\/'ﬁﬂzo-m%'\/' 4 767 | 872 | 14.39
Sl LI 100 NO 2

Ué\/IH[J—O-Ol%M 6 767 991 | 15.17
Ui'a\/'ﬁ[l:O-OlGGM 8 523 | 767 | 13.41
Ui\:')_r|11=0-0166'\" 10 523 | 767 | 11.55

Table. 4.13 shows that the smallest particle size using [powder]=0.0166 M is
produced when the UM is running for 8 and 10 h (= 523 nm) which is smaller than the
size achieved when the concentration was half, [powder] = 8.3:102% M (= 675 nm at 30
min) (Table 4.10). This indicates that using double powder concentration leads to a
further reduction of the particle size. Furthermore, when the UM is performed for 30
min at higher concentration (0.0166 M), the smallest particle size produced was 594
nm, which is also lower than the case where half of the concentration was used. Based
on these results, the final conditions adopted to perform the n-type bismuth telluride
UM experiments in order to produce nanobulk disc samples are:

e  Amplitude: 100 %.

e  Time: 30 min.

e Cooling systems: 2.

e [powder]=0.0166 M.

e Solvent: 1-butanol, 70 mL.

As a summary, the smallest particle sizes and percentages of number of particles
smaller than 1 um for each condition explored above are shown in Table 4.14, Fig.
4.10, Fig. A.29 and Fig. A.30. The five different conditions obtained from the
optimisations performed were:

e (1 (time optimisation): UM at 100 % amplitude, 2 cooling systems for 30 min
and [powder]=0.0083 M.
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e (C2 (additive optimisation): UM at 100 % amplitude, 2 cooling systems for 30

min, 1 % of PG and [powder]=0.0083 M.

e C3 (amplitude optimisation): UM at 60 % amplitude, 2 cooling systems for 4 h

and [powder]=0.0083 M.

e (C4 (cooling systems optimisation): UM at 60 % amplitude, 1 cooling system

for 10 h and [powder]=0.0083 M.

o C5 ([powder] optimisation): UM at 100 % amplitude, 2 cooling systems for 30
min and [powder]=0.0166 M.

Table 4.14. Summary of the values of the smallest particle size and the number of particles smaller
than 1 um achieved for n-type Bi2Tes powder treated by ultrasound milling.

Millin Smallest Number of
Experiment Conditions , 9 Particle Particles
Time (h) .
Size (nm)

Reference Ref. 991 0.011
UM 100% A 2 Coolers C1 0.5 675 10.58
UM_100% A 2 Coolers

1% PG C2 0.5 767 5.94
UM 60% A 2 Coolers C3 4 460 32.14
UM_60% A 1 Coolers C4 10 460 33.73

0,
UM_100% A 2 Coolers c5 05 594 14.39

_double []

There is a clear diminution in the smallest particle size and an increase in the
percentage of particles <1 um when the conditions C3 and C4 were used.

However, condition C5 is selected to perform further UM experiments for the
production of nanobulk samples despite showing a 134 nm higher smallest particle
size and approximately half percentage of particles <1 ym than C3 and C4. We believe
this is worthwhile due to the much shorter time required compared to C3 and C4,

which also leads to a lower electrical consumption.
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Fig. 4.10. Representation of the smallest particle size (blue) and number of particles smaller than 1
um achieved for n-type BizTes after ultrasound milling experiments for different optimum conditions.

e p-type BiosSbisTes : Similar to the optimisation performed for the n-type bismuth
telluride, in this section a similar approach is adopted in order to identify the optimum
conditions for the p-type counterpart. Crushed samples (particle size < 106 um) from p-
type Bi.Tes were similarly used as precursor and placed into the UM vessel. The
precursor powder concentration employed was 0.0083 M unless otherwise mentioned.
The solvent utilised in these tests was 1-butanol, which was already optimised above for
the n-type bismuth telluride.

Use of the Additives: As in the n-type bismuth telluride, the additive used was PG
and in the same proportion (1 % of the total volume). Different experiments with and
without additive present and employing different times were performed. The summary
of these experiments is shown in Table 4.15.

It can be identified from Table 4.15, Fig. A.32 (number density) and Fig. A.31 (volume
density) that the smallest particles are achieved at 6 h (= 400 nm) when no additive is
present, while using shorter times resulted in larger particle sizes. Longer times (8 h)
produced higher particle size with a similar profile to 4 and 8 h. As for BM treatments
of the p-type material, the reference sample already shows nanoparticles (= 750 nm)
since the p-type material crushes into finer particles than the n-type counterpart.

When the PG is added, the smallest particles are produced at 8 h (= 350 nm), which
implies that the addition of PG leads to longer milling times to obtain nanoparticles of
similar size (see Fig. A.34 (number density) and Fig. A.33 (volume density)). Although

the addition of PG reduces the smallest particle size by around 50 nm, there is not
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much benefit in using PG due to the longer milling times required. Therefore, for

further production of nanopatrticles no PG is added.

Table 4.15. Ultrasound milling experiments carried out at different times at 100 % amplitude, 2 coolers
and with and without the propylene glycol (PG) additive for p-type Bi-Tes. Parameters Nw, Dm and D
indicate the maximum number density percentage, the particle size corresponding to this maximum
and the lowest particle size identified, respectively.

: Amplitude . Coolin Millin DL Dw Nwm

Experiment F()%) Additive ’ Systerr? ’ Time(fg1) (nm) (nm) (%)
Reference 767 872 13.62
UM 0.5h 0.5 767 1130 | 10.87
UM 2 h 2 675 872 12.94
UM 4 h 100 NO 4 594 767 14.94
UM 6 h 6 405 523 13.70
UM 8h 8 523 767 16.77

UM 0.5 h PG 0.5 460 594 | 12.19

UM_2 h_PG 2 460 767 | 11.87
— 1 % Vol

UM_4 h_PG 100 PG 4 523 675 | 13.96

UM_6 h_PG 6 594 767 | 16.28

UM_8 h_PG 8 357 594 | 13.61

Amplitude of the UM: As for the n-type bismuth telluride, the amplitude of the UM
was reduced from 100 % to 60 % and different times were evaluated with the reduced
amplitude. Employing 60 % amplitude the smallest particles are achieved at 6 h (= 350
nm), as it can be seen in Table. 4.16, Fig. A.36 (nhumber density) and Fig. A.35
(volume density). Comparing these results to the same experiment performed at 100
% amplitude (Fig. A.32) where the smallest particle size (= 400 nm) was achieved at 6
h, the reduction of the amplitude produces somewhat smaller nanoparticles. This is
also beneficial for the power consumption which can be reduced.

Therefore, according to these results the optimised amplitude is 60 %.
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Table. 4.16. Ultrasound milling experiments carried out at different times at 60 % amplitude, 2 coolers
for p-type Bi2Tes. Parameters Nm, Dm and Dv indicate the maximum number density percentage, the
particle size corresponding to this maximum and the lowest particle size identified, respectively.

Power N B ' ’

i ; Ao Cooling Milling D. Dwm Ny
Experiment Am?ol/:)t)ude Additive System Time(h) (m) (m) | (%)
Reference 767 872 13.62
UM_60% A 2
Coolers 0.5 h 0.5 460 675 11.06
UM_60% A 2
Coolers 2 h 2 594 767 | 11.31
UM_60% A2 60 NO 2 4 357 594 | 10.41
Coolers 4 h
UM_60% A 2
Coolers_ﬁ h 6 357 460 12.07
UM 60% A 2
Coolers 8 h 8 405 594 11.13

Cooling system: To explore the influence of the cooling conditions only one cooling
system was utilised in a new set of experiments and the results were compared to
those obtained using 2 coolers (Table. 4.16). In the new set of experiments 60 %
amplitude (optimised above) and no additive was employed. The results obtained are
shown in Table. 4.17, Fig. A.38 (humber density) and Fig. A.37 (volume density).

Table. 4.17. Ultrasound milling experiments carried out at different times at 60 % amplitude, 1 cooler
system for p-type Bi:Tes. Parameters Nm, Dm and Dv indicate the maximum number density
percentage, the particle size corresponding to this maximum and the lowest particle size identified,
respectively.

Power - il
: , " Cooling | Milling Do Dw N
Experiment Am?ol/:)t)ude Additive System Time (h) (hm) (nm) )

Reference 767 872 13.62
UM_60% A 1

Cooler 0.5h 0.5 460 594 11.72
UM _60% A 1

Cooler 2 h 2 314 460 12.56

0,

UM_60% A 1 60 NO 1 4 314 405 12.25
Cooler 4 h

UM _60% A 1

Cooler 6 h 6 405 460 11.48
UM_60% A 1

Cooler 8 h 8 460 594 10.67

It can be observed that the smallest particle size is obtained at 4 h (= 300 nm) using
only one cooler system. When 2 coolers were employed the smallest particle size (=
350 nm) was found at 6 h, which is not a very significant change in size. However,

regarding the treatment time a reduction of 2 h in the duration of the treatment is
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significantly beneficial. On the other hand, at 2 h using only 1 cooler the produced
smallest particle size is similar to that at 6 h and 2 cooling systems, so by using only 1
cooler and at shorter times (4 h less) the same smallest particle size is obtained.

As a result of these experiments, 1 cooling system has to be utilised at 60 %
amplitude for 4 h without additive to produce the smallest nanoparticles (= 310 nm).

To summarise all the optimisation results, Fig. 4.11 (number density) and Fig. A.39
(volume density) show the results at the conditions identified to achieve the smallest
particle size at each parameter studied. From the figure it is clear that the best
conditions to obtain nanoparticles using UM technique for p-type bismuth telluride are
the ones mentioned before (60 % amplitude, 4 h, 1 cooler system).

—— Reference
18 - ——UM_100% A_2 Coolers_6h
16 - UM_100% A_2 Coolers_1% PG_8h
$ 14 - ——UM_60% A_2 Coolers_6h
2> 12 - ——UM_60% A_1 Cooler_4h
§ 10 -
S 8 7
g &
S
Z 4-
2 .
0 T L B B R R B | T LI L B B R | 4 L R B B B R |
0.1 1 10 100
Particle size (um)

Fig. 4.11. Particle size distribution in number density of p-type Bi2Tesz after ultrasound milling
experiments of optimum conditions.

Concentration ([powder]): The effect of the increase of the precursor powder
concentration is analysed here at the optimised conditions. Double and triple

concentrations were tested as described in Table 4.18.
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Table 4.18. Different concentrations employed in the ultrasound milling experiments performed at 60
% amplitude, 1 cooler and during 4 h. Parameters Nw, Dm and D. indicate the maximum number
density percentage, the particle size corresponding to this maximum and the lowest particle size
identified, respectively.

Power
Experiment Amplitude
%

[Powder] Cooling | Milling DL Dw N

(M) System | Time (h) (nm) (nm) (%)

Reference - 767 872 | 13.62

UM_60% A_

[ ]=0.083 M 0.083 314 405 12.25
0,

[U']V:I_g%fég_M 60 0.0166 1 4 276 357 11.83

UM_60% A_

[ ]= 0.0249 M 0.0249 460 594 12.71

Table 4.18, Fig. A.41 (number density) and Fig. A.40 (volume density) show that the
use of a higher concentration (0.0166 M) produced a smaller particle size (= 275 nm)
than the previous value employed (0.0083 M). However, when the concentration is
increased further to 0.0249 M an increase in the particle size occurs. Thus, the
optimum concentration adopted to perform the UM treatment to produce nanobulk disc
samples is 0.0166 M for the p-type bismuth telluride.

Then, the optimised parameters for p-type powder are:

e  Amplitude: 60 %.

e Time: 4h.

e Cooling system: 1.

e [powder]=0.0166 M.

e Solvent: 1-butanol, 70 mL.

The smallest particle size and percentage of number of particles smaller than 1 um
for every condition evaluated are shown in Table 4.19, Fig. 4.12, Fig. A.42 and Fig.
A.43 as a summary. The conditions presented are:

e C1: UM at 100 % amplitude, 2 cooling systems for 6 h and [powder]=0.0083
M.

e (C2: UM at 100 % amplitude, 2 cooling systems for 8 h, 1 % of PG and
[powder]=0.0083 M.

e C3: UM at 60 % amplitude, 2 cooling systems for 6 h and [powder]=0.0083 M.
e C4: UM at 60 % amplitude, 1 cooling system for 4 h and [powder]=0.0083 M.
e Cb5: UM at 60 % amplitude, 1 cooling system for 4 h and [powder]=0.0166 M.
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Table 4.19. Values of the smallest particle size and the number of particles smaller than 1 um
achieved for p-type Bi2Tes powder under different ultrasound milling treatments.

: » Milling  Particle  _vumberof

Experiment Conditions Time (h)  Size (nm) Particles <1
pm (%)

Reference 767 9.77
UM_100% A 2 Coolers Cl 6 405 52.5
UM_100% A_2 Coolers
1% PG Cc2 8 357 66.56
UM 60% A 2 Coolers C3 6 357 47.97
UM 60% A 1 Coolers C4 4 314 56.55
UM_60% A 1 Coolers cs 4 276 61.72
_double [powder]

There is a clear diminution in the particle size when the UM treatment is utilised,
regardless of the condition adopted. From Fig. 4.12 it can be seen that there is not a
very significant different in the smallest particle sizes, however, the percentage of
particles <1 um is the highest for C2 and C5. Between both conditions C5 allows a
larger amount of precursor powder, requires shorter times and hence is the most
suitable for further treatments.

It can be noticed that the majority of the conditions produce a percentage of number
of particles <1 um over 50 %, which is much higher than the case of the n-type

material. This could be due to the higher fragility of the p-type bismuth telluride.

1000 - r 70

I 60
800

F 50

600
- 40

400 | 30

F20

Smallest particle size (nm)
Number of particles < 1 pm (%)

200 4

0 T T T T T T 0
Ref. c1 c2 C3 Cc4 Ch

Conditions

Fig. 4.12. Representation of the smallest particle size (blue) and percentage of particles smaller than
1 um achieved for p-type BizTes after ultrasound milling experiments at different conditions.
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4.4,2 Morfological characterisation

o n-type BixTez79Sep21 + 0.001 I

Fig. 4.13 shows SEM images obtained under different magnifications for the n-type
Bi.Tes before and after some of the UM processes under different conditions
(amplitude of the ultrasound, time, number of coolers utilised and additive). Only the
samples that produced the smallest particles at each different condition are presented

in the figure. The summary of the conditions is shown in Table 4.20.

Fig. 4.13. SEM images of n-Bi-Tes powder (a-d) before ultrasound milling treatment, after ultrasound
milling treatment at (e-h) 100 % amplitude and 2 coolers for 30 min, (i-) 100 % amplitude, 2 coolers
and 1 % of PG for 30 min, (m-p) 60 % amplitude, 2 coolers for 4 h, and (g-t) 60 % amplitude, 1 cooler
for 10 h from left to right, scale bar: 200 um, 50 um, 5 um and 2 um.
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Table 4.20. Relation of SEM images from Fig. 4.13 with the different conditions that produced the
smallest particle size utilised to perform ultrasound milling experiments for the n-type Bi:Tes.

S - A O. ofS OO0 O A O. 0 e O
(a—d'). - Non treated . . . -
& & 00 |, [ yes | 08
EOT;;O) gi 60 1 No 140

There is a clear reduction in the particle size after UM treatment for all the different
conditions utilised, except the treatment performed at C4 condition, where variations in
particle size is not so intense (Fig. 4.13 (g-t)). As occurred in previous cases, significant
differences (up to 500 nm) are observed between the SEM images and laser diffraction
results in the smallest particle sizes. The smallest particle size was obtained for the
conditions C2 and C3 (= 300 nm, see Fig. 4.13 (I and p)). By comparison of Fig. 4.13 (h)
(without additive) and Fig. 4.13 (I) (with additive) it is observed a change in the particles
morphology. Shaper particles appear when additive is employed whereas rounded and
smoothed shapes are observed when there is no additive. In the same way, UM process
produces more rounded morphologies in the larger particles (see 1,200x magnification
images in Fig. 4.13).

Since C1 condition was adopted as optimum from the laser diffraction analysis, a
detailed SEM study was performed under the same UM condition but varying the treatment
time (Fig. 4.14).

It can be seen from the images at 20,000x and 50,000x magnifications that there is a
clear reduction in the particle size after UM treatment at all times. From the images at 200x
and 1,200x magnification it can be observed that samples treated at times longer than 30
min present significantly larger particles. However, these particles are aggregates of smaller
particles, as can be observed at higher magnifications. This feature was not observed in
samples treated by BM process and it is a unique characteristic of the UM treatment. A
detailed comparison between BM and UM processes is discussed in the next section (4.5).

At 2 h the aggregates present both larger and smaller particles (Fig. 4.14 (j-k)),
whereas at larger milling times the aggregates are mainly formed by only smaller particles
(see Fig. 4.14 (0-q), (t-v) and (y-a_1) at 4, 6 and 8 h, respectively). The smallest particles
(=100 nm) were produced at 6 and 8 h (Fig. 4. (v and a_1), respectively), and they form
more homogeneous (in the 100-500 nm size range) and compacted aggregates than at
shorter times. These smallest particles are not detected by laser diffraction (Fig. A.19) as

occurred in previous cases.
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1203 o IR

T
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Fig. 4.14. SEM images of n-BizTes (a-d) before ultrasound milling treatment, after ultrasound milling
treatment at 100 % amplitude, 2 coolers for (e-h) 30 min, (i-I) 2 h, (m-g) 4 h, (r-v) 6 h, and (w-a_1) 8 h
from left to right, scale bar: 200 um, 50 um, 5 um, 2 um and 1 um.

Additionally, some pictures were obtained of the samples treated by UM for 30 min
and 8 h at 100 % amplitude and 2 coolers as shown in Fig. 4.15. After drying in air the
degree of aggregation can be clearly identified. At 8 h the more significant aggregation of the

particles forms a kind of curly shapes.
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Fig. 4.15. Dried samples after ultrasound milling treatment at 30 min (left) and 8 h (right and the
corresponding magnified image) with the presence of curly features.

As mentioned previously, it is more advantageous to produce a larger amount of
powder from a single treatment. For this reason, the initial powder concentration was
increased to 0.0166 M while keeping the rest of conditions as before (100 % amplitude and
using 2 coolers). 6 and 8 h times, which produced the smallest particle sizes before, were
checked. SEM images are shown in Fig. 4.16.

At the lowest magnifications (200x and 1,200x in Fig. 4.16) the increase of the
concentration does not significantly modify the particle sizes compared to Fig. 4.14 (r-s and
w-X). However, at 6 h higher amount of larger particles are observed than at 8 h (Fig. 4.16 (c
and h)). In addition, the smallest particles achieved are larger (Fig. 4.16 (d-e and i-j)) than in
the lower powder concentration case (Fig. 4.14 (v and a_1)). Most of the patrticles in the

aggregates at this higher concentration are in the 0.5-1 um range.

Fig. 4.16. SEM images of n-Bi:Tes after ultrasound milling treatment at 100 % amplitude,
[powder]=0.0166 M and 2 coolers for 6 h (a-e) and for 8 h (f-j) from left to right, scale bar: 200 um, 50
um, 5 um, 2 um and 1 um.

Despite the larger particle sizes at higher concentrations, the selected condition to
produce nanobulk samples are 100 % amplitude, [powder]=0.0166 M, 2 cooling systems for
8 h using 1-butanol, since this allows obtaining larger amount of powder. 8 h was selected

instead of 6 h since a fewer amount of larger particles were formed.
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* p-type BiosTesSbys:

Fig. 4.17 shows the SEM images obtained for the p-type Bi,Tes; before and after UM
processes prepared under different conditions in which amplitude of the ultrasound, time,
concentration, number of coolers utilised and additive (PG) were modified. In this figure only
the samples that produced the smallest particles under each different condition previously
evaluated, are shown. These conditions are summarised in Table 4.21.

Table 4.21. Different optimum conditions utilised to perform ultrasound milling experiments using the
p-type Bi-Tes.

Additives | Milling

ExperimentMA”‘p{ytuOle Cooling
b)) __ System

1% PG

(a-d) Non treated

EEI-)h) g; 100 2 \’(\Ieos g
(m-p) C3 6
(a9 c4 o0 1 No 4

Similarly to the case of the n-type samples treated by UM process, there is a clear
reduction in the particle size after UM treatment at all the different conditions utilised. All
samples show the characteristic aggregation of nanoparticles that also occurred at long
times in the n-type material, except the powder processed at 60 % amplitude for 4h. When
the amplitude is decreased from 100 to 60 %, keeping the rest of conditions fixed, not all the
apparent large particles are formed by aggregates (Fig. 4.17 (f-g and n-0)). Therefore, it
seems like both reducing the amplitude and the treatment time results in a small presence of
aggregates.

When the UM process is performed at 100 % amplitude using PG additive, similar
particle sizes and morphology are observed than in the case without additive. Thus, there is
no benefit in the use of the additive and this condition (C1) was chosen as optimum since
they also involve shorter times. Fine particle sizes in the range 400-1000 nm and coarse
particles of few microns prevail in this sample (Fig. 4.17 (g-h)).

It should be noticed that the results from the laser diffraction analysis are not in
complete agreement with the SEM evaluation, although the differences observed are less
significant than in previous cases (Fig. A.31-Fig. A.38).
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Fig. 4.17. SEM images of p-Bi:Tes (a-d) before ultrasound milling treatment and after ultrasound
milling at (e-h) 100 % amplitude, 2 coolers for 6 h, (i-) 100 % amplitude, 2 coolers, 1 % of PG for 8 h,
(m-p) 60 % amplitude, 2 coolers for 6 h, and (g-t) 60 % amplitude, 1 cooler for 4 h from left to right,
scale bar: 200 pm, 50 pm, 5 um, and 2 um.

Since in the n-type material the smallest particle sizes were obtained at treatments
performed at 6 and 8 h (100 % amplitude, 2 coolers), for the p-type an increase of the
treatment time to 8 h and also a double increase in powder concentration is evaluated.
These results are shown in Fig. 4.18. It can be seen that when the time is increased to 8 h
the amount of finer particles increases with respect to the number of coarse particles (Fig.
4.18 (c and g)). This also occurs when the concentration is doubled (Fig. 4.18 (I and q)).
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Fig. 4.18. SEM images of p-Bi2Tes after ultrasound milling at (a-d) 100 % amplitude, 2 coolers, 6 and
(e-i) 8 h, (j-n) 100 % amplitude, 2 coolers, [powder]=0.0166 M, 6 h and (0-s) 8 h from left to right,
scale bar: 200 um, 50 um, 5 um, 2 um and 1 um.

It can be seen at 6 h that the increase of the concentration does not significantly
modify the structure of the powders and the patrticle sizes (Fig. 4.18 (a-d and j-m)). However,
at 8 h the formation of large aggregates is significantly reduced by the increase of the
concentration (Fig. 4.18 (e-f and 0-p)), although the size of the particles, observed at higher
magnifications (Fig. 4.18 (g-h and g-r)), does not differ greatly. Therefore, these conditions
(100 % amplitude, [powder]=0.0166 M, 2 cooling systems, 8 h and 1-butanol) were selected
as optimum for the preparation of nanobulk samples and analysis of the thermoelectric
properties in chapter 6. These conditions are the same than the optimised for the n-type
material and both coarse particles of few microns and fine particles in the 200-1000 nm (Fig.

4.18 (g-r)) were produced.

4.4.3 Structural characterisation

XRD results for UM powders at different conditions are shown for the n and p-type
materials in Fig. 4.19 and Fig. 4.20, respectively.
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Fig. 4.19. Theoretical XRD pattern of n-type BisTe2.79Seo21 (blue) and patterns of the ingot sample
(red), reference sample before milling (green) and after ultrasound milling treatment performed at 100

% amplitude, 2 coolers and for 8h (pink).

The XRD patterns show that all the three samples are single-phase BizTez79S€0.21
corresponding to a rhombohedral crystal geometry (space group R-3r)®%) with no
detectable impurities of other phases (Fig. 4.19). After UM process the same preferred
orientation (015) as Bi>Tez79Seo21 is maintained, while in the ingot and the reference
sample <106 um, the preferred orientation changes to (110) and (0015) respectively.
The peaks of the ingot and reference samples are slightly sharper than the UM

treatment, due to a reduction in the particle size induced by the ultrasound process.
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* p-type BiosTesSbys:
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Fig. 4.20. Theoretical XRD pattern of the p-type BiosTesSeis (blue), ingot sample (red), reference
sample before milling (green) and after ultrasound milling treatment performed at 100 % amplitude, 2

coolers and for 8 h (pink).
Likewise, the treated p-type material also retains the same structure as the original
untreated sample as the preferred orientation remains (015). The peaks of the ingot
and reference samples are sharper and more intense than the UM sample (sample

more polycrystalline), indicating a reduction in the particle size in the latter.

4.5 Comparison between ball and ultrasound milling techniques

4.5.1 Morphological characterisation

e n-type BixTez79Sep21 + 0.001 Ip: Fig. 4.21 shows SEM images obtained for the n-
type Bi;Tes; after BM process and some of the UM processes under different conditions.
Only the samples that were considered as optimum for BM and UM treatments are

presented, as well as the sample prepared under the condition C1 in Table 4.20.
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From the SEM images at the largest magnifications, it can be observed that average
sizes of the smallest particles lie around 200 nm for the BM sample (Fig. 4.21 (d)) while in
the UM experiment performed at 8 h (Fig. 4.21 (I-m)) the particle size is around 300 nm.
Even though with the chosen optimised conditions the UM produces slightly larger
nanoparticles than the BM, it should be noted that the UM process forms similar smallest
particles at shorter milling times (3 times shorter). In addition, it can be seen that UM
process does not produce large particles as in the BM (Fig. 4.21 (c and k)). Interestingly,
the large particles observed in the UM treatment at lower magnifications (Fig. 4.21 (i-}))
are actually an agglomeration of nanoparticles. This is a unique feature of the UM
technique.

On the other hand, regarding the particles’ morphology, the UM process produces
more homogeneous particle sizes (Fig. 4.21 (k-m)), and smooth and rounder particles
than the BM treatment (Fig. 4.21 (c-d and g-h)), which can be more clearly identified in

the UM process at 30 min.

Fig. 4.21. SEM images of n-BizTes after (a-d) ball milling process at 24 h and ratio 5:1 and ultrasound
milling treatment at (e-h) 100 % amplitude, 2 coolers and [powder]=8.3-10-3 M for 30 min, and (i-m)
100 % amplitude, 2 coolers and [powder]=0.0166 M for 8 h from left to right, scale bar: 200 um, 50
um, 5 um, 2 um and 1 um.

e p-type BiosTesSbis: Fig. 4.22 shows SEM images obtained for the p-type Bi;Tes
after BM process and some of the UM processes under different conditions. Only the
samples that were considered as optimum for BM and UM treatments are presented.

From the SEM images at the largest magnifications, it can be observed that average
sizes of the smallest patrticles lie in the range 300-1000 nm for the BM sample (Fig. 4.22
(c-d)). There is also presence of larger particles of a few microns. On the other hand, fine
particle sizes in the range 200-1000 nm and coarse particles of few microns are obtained

in UM samples (Fig. 4.22 (h-1, m-n)). Although similar particle sizes are obtained by both
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methods, the UM technique clearly produces a much larger and homogeneous amount of

nanoparticles using the same treatment time (see larger magnifications in Fig. 4.22).

Fig. 4.22. SEM images of p-BizTes (a-d) after ball milling process at 8 h, ratio 20:1 and (e-j) ultrasound
milling treatment at 100 % amplitude, 2 coolers, 8 h, [powder]=8.3-10-% M and (j-n) [powder]=0.0166 M
from left to right, scale bar: 200 um, 50 um, 5 um, 2 um and 1 um.

Another novel feature of the UM technique is the presence of large aggregates of
nanoparticles, as observed as well for the n-type (Fig. 4.21). As previously discussed this
characteristic is less intense when the powder concentration is doubled (Fig. 4.22 (e-f, |-
K)).

Regarding the particles morphology, smooth and rounder particles that were
previously observed for the n-type material are not significant here (p-type). It has to be
taken into account that the UM processes were performed in this case at larger times (8
h) than the n-type treatment (30 min), at which this difference in morphology was more

pronounced.

4.5.2 Structural characterisation

In this section the XRD patterns for the ball milled sample was directly compared to the
UM sample for both n- and p- type materials (Fig. 4.23 and Fig. 4.24 respectively). Only the
optimum conditions of each method are shown.

Both BM and UM treatments produce the same structure and preferred orientation (015)
for both types of bismuth telluride (n- and p-type). It can be noticed that the peaks
corresponding to the BM treatment are slightly broader than in the UM. This might be due to
a decrease of the size of the powder or/and the presence of residual strain in the material

caused by a more intense mechanical stress in the BM process. 97 1%)
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Fig. 4.23. XRD patterns of the n-type BizTez279Seo21 after ball milling, 24 h and ratio 5:1
(purple), and after ultrasound milling performed at 100 % amplitude, 2 coolers and 8 h (pink).
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Fig. 4.24. XRD patterns of p-type BiosTesShis after ball milling at 8 h and ratio 20:1 (purple)
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and after ultrasound milling treatment performed at 100 % amplitude, 2 coolers and for 8 h
(pink).

4.6 Conclusions

The optimisation of the fabrication of bismuth telluride nanopowders by two different
milling techniques, widely used BM and a new UM method was performed for both n- and p-
type materials. Laser diffraction analysis, SEM and XRD measurements were employed as
characterisation tools of the powders. In general, particle size analysis by laser diffraction
identified larger sizes than the ones observed by SEM. For this reason, SEM results were
more strongly considered when determining the final optimum conditions for the fabrication
of the nanopowders.

In the BM method, treatment duration and balls:powder weight ratio were the parameters
to be optimised. The balls:powder ratios that produced the smallest particle sizes in the laser
diffraction analysis for the n-type and p-type materials were 5:1 and 20:1, respectively. The
optimum treatment times identified by SEM analysis for the optimised ratios for the n- and p-
type materials were 24 and 8 h respectively. Nanoparticles with sizes from around 200 nm
and 300 nm for the n- and p-type materials respectively, were obtained for these optimum
conditions. No morphological variations were identified for the non-treated sample. XRD
results showed that the single phase structure found in the non-treated sample was not

modified by the BM process.

In the UM method, a larger amount of parameters had to be evaluated, such as the
solvent to be utilised, the presence of additive (PG), amplitude of the ultrasound, number of
cooling systems and powder concentration. All the experiments performed showed a clear
reduction in the particle size and the formation of nanoparticles. In addition, apparent large
particles are formed, which are actually agglomerates of nanoparticles. This is a unique

feature of this method.

From different solvents evaluated (1-butanol, DMF, EtOH, decane and H-0), 1-butanol
presented the highest power factor in discs compacted by cold press from the prepared
powders, and it was considered as optimum. The usage of additive at short treatment times
(30 min) in the n-type material does not produce a significant change in the particle size, but
more rounded particles are formed when it is not present. On the other hand, the use of
additive was only evaluated at longer times (8h) for the p-type material. No significant

differences in the particle size and morphology were observed in this case.
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Reducing the amplitude and the treatment time resulted in a minor presence of the
characteristic aggregates in the p-type material, while no straightforward correlation was

found for the n-type material.

Regarding the evaluation of the influence of the powder concentration, most of the large
particles in the aggregates become larger when the concentration is doubled in the n-type
material. In the case of the p-type material, no significant differences were observed when
the concentration was doubled for a treatment time of 6 h. However, for an 8 h treatment the
formation of large aggregates is significantly reduced by the increase of concentration of
powder. In both cases (6 and 8 h), the size of the particles did not significantly differ.

After all the optimisation, the optimum conditions adopted were 100 % amplitude,
[powder]=0.0166 M, 2 cooling systems, 8 h and 1-butanol for both n- and p-type material. At
these conditions, most of the particles in the aggregates are in the 500-1000 nm range for
the n-type material. For the p-type, both coarse particles of few microns and fine particles in
the 200-1000 nm range were obtained. Finally, XRD analysis showed that the single phase

structure identified in the non-treated sample was not modified by the UM process.

When both, BM and UM processes are compared for the n-type material, it can be
observed that similar smallest particles are produced by both methods. However, UM
treatment requires shorter milling times (3 times shorter), which is of great advantage since
this implies a considerable reduction in time and power consumption. Moreover, in the UM
samples, the presence of large particles, which it is noticeable in the BM, is considerably

reduced.

For the p-type material, similar particle sizes are obtained by both methods, although the
UM treatment distinctly produces a higher and homogeneous amount of nanopatrticles using
the same treatment time. Regarding the powders morphology, smoother and rounder
particles than the BM treatment are obtained by UM in the n-type material at short times (30
min). In the p-type material, this difference in morphology is not observed since the analysis
was only performed at long times (8 h).
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Chapter 5

5.1 Introduction

In this chapter, the compaction of material powders to form high density and
mechanically robust disc samples is described. High density and robustness are required to
achieve bulk materials with high electrical conductivity and suitable mechanical properties for
thermoelectric applications. To perform this task, hot pressing has been used as the
compaction method. The construction of a hot press station from an initial standard press is
described in the next section. The optimisation of the different experimental conditions of the
pressing process (time, temperature and pressure) to achieve the most suitable
compactness, are described in the third section. Finally, the best experimental conditions are
identified, which will be used to prepare the bulk samples from the previously synthesised
powders in the next chapter.

5.2 Construction of the hot press station

A standard press station available in the lab was modified to achieve a hot pressing
system. The developed hot press station (Fig. 5.1) includes:

e A plastic enclosure where the argon gas is introduced to the system during the
sintering process to avoid oxidation of the sample.

e A cardboard interface to minimise losses of heat and argon gas.

e A band heater (Watlow, MB1N2AN1, 4.45 cm internal diameter and 5.08 cm
height) enclosing the die set to provide the required temperature needed for the
sintering process. It integrates a K-type thermocouple for temperature reading.

e A hardened stainless steel die set comprising a cylindrical cavity where the
powder is placed and then pressed by two rods.

e A variable auto transformer (Carroll & Meynell, CMCTV 5) was utilised to

regulate the ac voltage from the mains required to power the band heater.
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Fig. 5.1. (a) Hot pressed system built in the laboratory and (b) die set.

The fabrication of discs was achieved by placing the material powder in the die set
sandwiched by the two rods. Then, the system was closed and argon gas was circulated.
The required temperature for the pressing process was established with the band heater
surrounding the die set and a constant pressure was applied to the rods of the die for a
certain time. Finally, the pressure and the temperature were removed and the system was
extracted from the press station to cool down inside the fume hood. It should be mentioned
that the die set was sprayed with an anti-sticking agent (graphite spray) to avoid the bonding
of the sample and facilitate its extraction from the mould. Sample discs with diameters
around 6 or 13 mm were obtained by the use of die sets with different dimensions. A

diagram of the fabrication process is shown in Fig. 5.2.

5.3 Optimisation of the sintering process

The material powder used for all the optimisation experiments was the n-type
BizTez79Se021 (<106 um). Three samples identically processed were obtained at each
experimental condition. To identify the optimal conditions different temperature and duration
of the sintering process, fixing the applied pressure, were evaluated first. Then, the effect of
the variation of the pressure was evaluated using the optimum time and temperature from
the previous results. The density of all the processed samples were calculated using a

precision balance and measuring their diameter and thickness with a calibre.
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Fig. 5.2. Schematic process of fabrication of sample discs.

The density of a bulk sample which was directly cut from the ingot was measured by
the Archimedes’ method and used as reference. This method was utilised due to the
difficulty to determine the volume of the reference sample which was not completely round.
To accurately determine the density of the reference, 5 different samples from the same
ingot with different volumes and shapes were measured, obtaining an average value and
standard deviation of 7.75 + 0.05 (g/cm?®), very close to the value provided by the company
(7.83 g/cm?®) and the theoretical value (7.86 g/cm?®)(®%9),

In addition to the density, the Seebeck coefficient and electrical conductivity of each
sample were measured using the hot probe and the 4-probe techniques respectively. The

power factor was calculated from these two values.

5.3.1 Time and temperature optimisation

Three different disc samples were obtained by pressing at a fixed pressure of 1513.7
MPa and employing different times (25 s, 30 min or 60 min) and temperatures as shown in
the scheme of Fig. 5.3, except for samples E and F (30 min and 60 min) where only 2 and 1

sample could be obtained, respectively:
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Fig. 5.3. Scheme of the experiments performed for the optimisation of time and temperature of the
compaction process.

The density of the samples is represented in Fig. 5.4. The obtained values are the
average of the 3 samples prepared at each condition. In the rest of the thermoelectric

properties determined also the average of the 3 samples is presented.
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Fig. 5.4. Density vs. sintering temperature of compacted discs at different times, 25 s (blue), 30 min
(red) and 60 min (green). The density value of the reference sample (cyan line) is also represented.

All the prepared samples show lower density than the ingot and present a significant
increase at the highest temperatures. Temperatures higher than 150 °C were required to
improve the density values. The highest densities were obtained for the samples prepared at
250 °C for 30 min and 60 min (7.55 and 7.54 g/cm? respectively). It seems that at short times
(25 s) the compaction was still incomplete. On the other hand, at 250 °C very similar density
values were observed at 30 and 60 min, so no further improvement was achieved when

longer sintering times were employed. It can be concluded from this analysis that pressing at

110



Chapter 5: Optimisation of the Hot Press Compaction Method

250 °C for 30 min are the optimal conditions for the constant pressure used. At these
conditions, 97.41 % of the reference density was obtained.

The Seebeck coefficient, electrical conductivity and power factor values of the samples
produced are shown in Fig. 5.5. The standard deviation values are not represented for
clarity. They were smaller than 2.5 % (Seebeck coefficient), 10 % (electrical conductivity)

and 12% (power factor).
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Fig. 5.5. Seebeck coefficient (a), electrical conductivity (b) and power factor (c) as a function of the
sintering temperature at different times.

The absolute value of the Seebeck coefficient of all the samples is around 180 uV/K at
most of the temperatures, which is lower than the value of the reference sample (-204 pV/K).
A slight reduction is observed at the highest temperatures, which becomes significant for the
longer time (60 min) treatment. A similar significant decrease is also observed in the
electrical conductivity for these conditions and consequently in the power factor. This could
be due to the fact that in the samples sintered for 30 min and 60 min, only 2 and 1 samples
respectively, thus a lower level of confidence exists for these measurements.

The electrical conductivity of the samples shows a general increase with the
temperature (except the case mentioned above) as generally occurs in a sintering process.

At 25 s lower conductivity values were obtained at temperatures higher than 50 °C
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compared to the longer treatments, which seems to be not long enough for a suitable
sintering. The highest power factor values were obtained at the highest temperatures for 30
min treatments. As occurred in the density results, the optimal conditions producing the best

power factor values are 250 °C of pressing temperature for 30 min.

5.3.2 Pressure optimisation

In order to evaluate the optimal pressing pressure different powders (using the same
material as above) were compacted at 250 °C for 30 min varying the applied pressure. The
different pressures applied and a scheme of the process followed for the preparation of the
discs is shown in Fig. 5.6:

BiyTey795€02 +1

Powder

~034g

Press station: 250 °C,
Vheater™ 115 V for 30 min

A

r \
Sample C
P =908.22 MPa

| DISC | | DIsC | | DISC | | DISC | | DISC | | DISC | DISC DISC DISC | DIsC | | DIsC | | DIsC | | DIsC | | DISC | | DISC |

- J
Y

‘ Measure density & TE properties ‘

Fig. 5.6. Diagram of the procedure followed to prepare disc samples at different pressures.

The average density from 3 samples and the relative values respect to the reference
sample (7.75 g/cm?®) of the compacted discs are shown in Fig. 5.7.
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Fig. 5.7. Density (blue) and relative density (red) of powders treated at different pressures. The
pressing temperature (250 °C) and the duration of the treatment (60 min) were the same for all the
experiments.

A clear increase in density with pressure is observed, reaching the maximum value
(7.72 glcm3, 99.61 %) at the highest pressure (1513.7 MPa). Under these conditions,
practically the same density as the reference sample was achieved.

Seebeck coefficient, electrical conductivity and power factor measurements are shown
in Fig. 5.8.
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Fig. 5.8. Seebeck coefficient (a), electrical conductivity (b) and power factor (c) as a function of the

sintering pressure. The same duration (30 min) and temperature (250 °C) were used in all
experiments.

113



Chapter 5: Optimisation of the Hot Press Compaction Method

A reduction (=30 pV/K) of the absolute value of S respect to the reference sample (-
204 pVvI/IK) was observed for all the discs, which could be due to a possible alteration in the
structure of the material. In general, there is not much variation in the S values with the
sintering pressure. A very slight decrease of around 6 uV/K is observed and the best S value
was found for the sample sintered at 605.48 MPa.

The electrical conductivity (see Fig. 5.8b) shows an increase with pressure as
occurred for the density, obtaining the highest value (=560 (Qcm)?) at 1513.70 MPa. It
should be noted that the increase is not very significant at the highest pressures. A similar
feature is observed for the power factor, which increases with pressure until a nearly
constant value, due to the more significant increase of the electrical conductivity.

It can be concluded that the most suitable conditions to prepare compacted samples
are at 250 °C for 30 min employing a pressure of 1513.70 MPa, which produced the highest
density and electrical conductivity without a significant decrease of the power factor.

Since conditions are not expected to change significantly between n- and p-type Bi,Tes
due to their similar chemical composition, one p-type sample was prepared using the
optimised conditions identified above for the n-type material. The density obtained after the
compaction process was 6.57 g/cm?®, which is 98.40 % of the density of the reference
sample (6.68 + 0.21 g/cm?®), which was obtained by Archimedes’ method from the average of
5 different samples cut from the p-type ingot. This value is very close to the one provided by
the company (6.75 g/cm?®), the theoretical value (6.88 g/cm®)®® and similar to the one
obtained for the n-type. Therefore, the same conditions will be utilised for sintering both

types of powders.

5.4 Conclusions

A hot press station has been developed from an available press in the lab. The
detailed elements used and experimental setup was described. Different samples were
compacted and the optimal conditions for the pressing process were identified, based on the

density and power factor values.

Different pressing times and temperatures were initially varied keeping a fixed pressing
pressure. From these experiments the highest density and power factor was obtained at 250
°C of pressing temperature for 30 min. Then, using this temperature and pressing time,
different pressures were tested. The most suitable pressure was 1513.70 MPa, which

produced the highest density and electrical conductivity without a significant decrease of the
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power factor. These conditions (250 °C, 1513.70 MPa and 30 min) are considered as

optimum.
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Chapter 6

6.1 Introduction

This chapter comprises the structural and thermoelectric characterisation of nanobulk
samples prepared under the conditions optimised in the previous chapter. The different
optimised powders prepared in chapter 4 by ball milling (BM), ultrasound milling (UM) and
simply by the initial crushing pre-treatment (non-treated) are separated into different particle
size fractions. Each fraction is hot pressed into a nanobulk disc sample which is then
characterised. The main objective here is the analysis of the impact on the thermoelectric
properties of the different treatments, especially the novel UM method. In order to
understand the thermoelectric results, the microstructures of the samples are evaluated by
microscope and XRD.

The non-treated samples are first examined in the next section. Then, both BM and
UM characterisation is shown in the third section, including the comparison with each other
and the non-treated samples.

We would like to remark that although the pressing conditions in chapter 5 are
presented as a function of pressure, along this chapter we adopt weight (tons) instead, since
this is the scale of the press station. The optimised pressure of 1513.70 MPa corresponds to
5 tons.

In the same way, as in previous chapters, the two bismuth telluride materials, n-type
(BizTe279Seo21 + 1) and p-type (BiosTesSbis), were evaluated. The separation into different
particle size fractions is achieved using different sieves with a shaker (see section 3.3.1).
This separation is performed in order to analyse the effect of the different particle size
ranges on the thermoelectric properties. The mass density also have a significant influence
on the thermoelectric properties®®” and is taken into account as well along the

characterisation.
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6.2 Characterisation of non-treated samples

In this section the samples obtained from the powders simply treated by the initial
crushing in the micro hammer-cutter mill and then sieved at 106 um pore size (see section
4.2) were evaluated. It should be mentioned that the sintering temperature in the compaction
process was increased from 250 °C, which was the initially optimised temperature, to 350
°C. This was performed in order to improve the electrical conductivity of the samples, which
was somewhat low in the optimisation of chapter 5. Samples sintered at both temperatures

are characterised.

6.2.1 Thermoelectric properties

Both Seebeck coefficient and in-plane electrical conductivity of non-treated samples
were measured at room temperature by the 4-multifuctional probe apparatus (see section
3.4.3). It should be mentioned that this equipment provides an average in all directions of the
sample plane where the probes are contacted (in-plane sheet resistance) and the electrical
conductivity is obtained extrapolating this behaviour to the whole sample thickness. In
directional samples such as bismuth telluride this can cause variations which should be
taken into consideration in the interpretation of the results. The cross-plane thermal
conductivity was measured by the laser flash instrument (see section 3.4.4) at room
temperature as well. This instrument provides this parameter in the cross-plane direction.
Measurements from samples (n and p-type) directly cut from the original ingots of materials,
measured by the same equipment mentioned, were used as reference. Three samples for
each particle size range and sintering temperature were prepared to evaluate repeatability.
Three measurements are performed on each sample that are averaged. The reported
thermoelectric properties are the average of the three averaged values from each of the

three samples.
. n-type BixTez79S€0.21 + I:

Density, Seebeck coefficient, in-plane electrical conductivity and power factor values of
n-type discs prepared under two different sintering temperatures (250 and 350 °C) for
different particle size ranges are shown in Fig. 6.1. The density of the samples prepared
at 250 °C is higher than at 350 °C (Fig. 6.1 (a)), and their values are 99.8 % and 98.2 %
of the reference sample (cut from the ingot) density, respectively. The decrease of the
density with the particle size ranges is not significant and might be due to the presence of

finer particles, which increases porosity.°7
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The Seebeck coefficient results show a decrease in the absolute value with respect to
the reference sample (cut from ingot) at both sintering temperatures (Fig. 6.1 (b)). This
could be due to an increase in the carrier concentration which induces the rise of the
Fermi energy resulting in a decrease in the Seebeck coefficient.?°Y Another possibility
could be the lack of a recrystallization process which maintains residual defects in the
samples, which contribute to the diminution in the Seebeck coefficient.1%® Most of the
Seebeck coefficient results show no variation with the particle size ranges, which has
been previously observed in the literature.?
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Fig. 6.1. (a) Density, (b) Seebeck coefficient, (c) in-plane electrical conductivity and (d) power factor of
n-type discs prepared under two different sintering temperatures (250 and 350 °C), 5 tons of weight
and for 30 min. Results are shown for samples compacted from powders of different particle size
ranges.

From the in-plane electrical conductivity results in Fig. 6.1 (c) it can be observed that
the electrical conductivity of the non-treated samples is higher than the reference for the
larger particle sizes and lower when this parameter is decreased. In the samples
prepared the electrical conductivity decreases with the particle size which is usually due
to the increase of grain boundaries and/or the mass density.?®® On the other hand, higher

values of the electrical conductivity are observed for the samples sintered at 250 °C (with

121



Chapter 6: Thermoelectric Properties of Nanobulk Materials

the exception of the particle size <106 um), which could be due to their somewhat higher
density values.

The power factor is lower for all the non-treated samples respect to the reference as
shown in Fig. 6.1 (d), mainly due to the lower Seebeck coefficient. On the other hand, it
decreases with the increase of finer particles following the electrical conductivity trend at
both sintering temperatures. This trend was also observed in the literature.?*® The largest
power factor was obtained for the sample prepared at 250 °C with a particle size range of
250-106 um. Also, for this temperature most of the values are higher than at 350 °C.

Regarding cross-plane thermal conductivity determination, it should be mentioned that
it was not possible to measure it in the disc samples analysed above sintered at 250 °C,
due to their small diameter (around 6 mm). The thermal conductivity apparatus requires a
diameter of 12.7 mm. Therefore, only thermal conductivity and ZT values are presented in
Fig. 6.2 for the samples sintered at 350 °C.
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Fig. 6.2. (a) Cross-plane thermal conductivity and (b) ZT of n-type discs prepared at 350 °C, 5 Tons of
weight for 30 min. Results are shown for samples compacted from powders of different particle size
ranges.

Fig. 6.2 (a) shows the cross-plane thermal conductivity results, including the electronic
(Ae) and lattice contributions (A)). The electronic contribution was obtained using the
Wiedemann-Franz law (Ae=LoT, where L=2.0-10% V?/K?). It should be taken into account
that the thermal conductivity was measured in the cross-plane direction of the samples
(see Fig. 6.3).
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Pressing direction

- $ Cross-plane

Fig. 6.3. Example of a disc sample with the different directions employed for the measurements and
pressing.

The measurements performed for the different particle size ranges show a significant
decrease (=50 %) with respect to the ingot sample, which is a considerable reduction
surprisingly obtained from a very simple crushing process. The values found (0.7 to 0.8
W/Km) are similar to state-of-the-art bismuth telluride materials.® %8 On the other hand,
the thermal conductivity does not significantly change with the different size ranges,
although a slight decrease is achieved especially at the smallest size range (45-20 ym).

When comparing the electrical and lattice contribution to the thermal conductivity, it
can be observed that they differ at the larger sizes but become similar at the lower size
ranges. This is due to the decrease observed with the size ranges for Ae (in agreement
with electrical conductivity results) together with the opposite trend in A.. The slight
increase in the lattice thermal conductivity with the particle size indicates that the
phonons are less efficiently scattered at smaller size ranges. It should be mentioned that
this discussion should be considered carefully since the electrical and thermal
conductivities are evaluated in different directions (in-plane and cross-plane,
respectively).

The ZT values for the samples sintered at 350 °C (Fig. 6.2 (b)) show a similar trend to
the power factor (Fig. 6.2 (d)), since the thermal conductivity is predominantly constant.
The highest ZT value (1.04) was obtained for the largest particle size range (250-106
pm). This value is significantly higher than the reference, mainly due to the considerable
reduction of the thermal conductivity. For the rest of the size ranges, the ZT values lie
around 0.80-0.85. Again, these ZT values should be considered carefully since they are
obtained from the evaluation of the electrical conductivity and the thermal conductivity in
different directions.

After this analysis the n-type Bi:Tes, sintered at 250 °C, was identified as the most

suitable condition for powder sintering into a disc with a particle size range 250-106 pm.
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Density, Seebeck coefficient, in-plane electrical conductivity and power factor values
for the p-type material are shown in Fig. 6.4. The density of the samples prepared at 350
°C is higher than at 250 °C, with 97.9 % and 98.9 % values respect to the reference
sample cut from the ingot, respectively (Fig. 6.4 (a)). The contrary occurred to the n-type

p'type BiO.STe:%Sbl_sZ

material, whose higher density was obtained for discs sintered at 350 °C. Apart from

density, lower values were found for the samples sintered at 250 °C in the rest of
parameters, which makes this sintering condition less adequate. At 350 °C the density

does not vary significantly. Only a slight decrease is observed for the smallest particle

sizes.
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Fig. 6.4. (a) Density, (b) Seebeck coefficient, (c) in-plane electrical conductivity and (d) power factor of
p-type discs prepared under two different sintering temperatures (250 and 350 °C), 5 tons of weight
and for 30 min. Results are shown for samples compacted from powders of different particle size

ranges.

The results from the Seebeck coefficient (Fig. 6.4 (b)) show differences between the

samples sintered at 350 °C and 250 °C. At 350 °C the values are similar or above the

reference sample cut from the ingot, while they are slightly lower at 250 °C. The largest

Seebeck coefficient (234.27 pVIK) is observed for the sample with the particle size range
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106-45 um sintered at 350 °C. No significant variations of the Seebeck coefficient with the
particle size ranges is observed®? as in the n-type.

The behaviour of the in-plane electrical conductivity of the p-type bismuth telluride
samples is shown in Fig. 6.4 (c). The non-treated samples present a significantly lower value
than the reference. The electrical conductivity follows a similar trend to the n-type material
with the particle size ranges. Unlike the n-type, the electrical conductivity is generally higher
for the samples sintered at 350 °C, which could be due to a better sintering achieved.
Probably 250 °C is not enough to provide a good connection between grains. As suggested
for the n-type, the behaviour of the electrical conductivity might be related to the different
density values,°” 205 and samples with lower density (250 °C) present smaller electrical
conductivities. Within the samples sintered at 350 °C, the largest electrical conductivity is
shown for the largest particle size range 250-106 um and it diminishes as the size range
decreases.

The largest power factor was obtained for the samples prepared at 350 °C and
decreases with the size range (Fig. 6.4 (d)), as observed in the n-type material (Fig. 6.1 (d)).
Within the samples sintered at 350 °C, the highest value was found for the 250-106 pm
particle size range. For all size ranges at this temperature the power factor is lower than the
reference due to the reduction in the electrical conductivity. The same occurs for the 250 °C.

The cross-plane thermal conductivity measurements at room temperature are shown
in Fig. 6.5. In Fig. 6.5 (a) it is observed that all samples in the different size ranges at both
sintering temperatures show significantly lower thermal conductivity (<0.8 W/Km) than the
reference sample (1.301 W/Km), as occurred for the n-type material. The minimum value
from all the specimens is obtained for the size range 106-45 um at 250 °C sintering
temperature (0.52 W/Km). This value is considerably lower than the minimum found
previously for the n-type samples (0.70 W/Km), and is lower than the state-of-the-art bismuth
telluride materials, again surprisingly achieved employing a very simple crushing process.®®
58)

The samples sintered at 350 °C present larger thermal conductivity (0.72-0.78 W/Km)
than at 250 °C (0.52-0.75 W/Km). This could be related to the slightly higher density values
observed at 350 °C (Fig. 6.4 (a)). No clear trends are observed for the p-type with the size
ranges, in contrast to the n-type where a nearly constant behaviour was observed (Fig. 6.2
(@)). Fig. 6.5 (b and c) also displays the electrical and lattice contributions to the thermal
conductivity. It is observed that both contribute similarly to the total thermal conductivity,
being Ae somewhat smaller than A.. Similarly to the n-type, the A decreases with the
decrease in size ranges, while no clear trend can be identified for A.. As mentioned before,

this discussion should be carefully considered due to directionality issues.
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The ZT values, shown in Fig. 6.5 (f), are significantly high (=1.4) for the particle size
ranges 250-106 um and 106-45 um at 350 °C sintering temperature, improving the ZT of the
starting material (reference) and within the best values reported in the literature. 58 The
excellent ZT value is attributed to the improved electrical conductivity and the significant
diminution in the thermal conductivity. Again, caution should be taken here for the ZT values

due to samples anisotropy as previously mentioned.
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Fig. 6.5. (a) Cross-plane thermal conductivity, (b) electrical thermal conductivity and (c) lattice thermal
conductivity of p-type discs prepared at 250 °C and 350 °C, 5 tons of weight for 30 min from different
size fractions of powder. Thermal conductivity and the different contributions at (d) 250 °C and (e) 350
°C. (f) ZT values for 250 and 350 °C sintering temperatures.
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After the evaluation of all the thermoelectric properties, it can be concluded that the p-
type Bi.Tes, sintered at 350 °C in a size range 250-106 um leads to the best thermoelectric

performance.

6.2.2 XRD

XRD measurements were performed for both types (n- and p-) of bismuth telluride in
the same way as explained in section 4.2. A disc cut from the ingot served as reference in all
the comparisons.

e n-type BizTez79Sep21 + I

Fig. 6.6 presents the results of the discs sintered at 250 °C (which provided the best
thermoelectric properties) at the different particle size ranges. Accordingly to the XRD
patterns previously analysed from the non-sintered powders (Fig. A.44), the disc samples
are also single-phase (Bi-Tez.79S€e0.21), corresponding to a rhombohedral crystal geometry
(space group R-3m)“®® with no detectable impurities of other phases. It should be noticed
that after crushing, separation in the different particle size ranges and sintering, the
preferred orientation changed from (110) for the ingot sample to (0015). This was also
observed in the powder XRD patterns (Fig. A.44). Thus, there is a reorientation of the
grains into this direction perpendicular to the pressing direction. Apart from this, it is
significant that when the particle size is reduced, the directions (015) and (1010) become
more relevant. Reduction of the particle size seems to favour these orientations. Finally, it
can be noted that the XRD peaks become wider as the particle size range is reduced,

proving the reduction of the grain sizes.
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Fig. 6.6. Theoretical XRD pattern of non-treated n-type Bi2Tez279Seo21 (blue), ingot sample (red),
particle size 250-106 um (green), particle size <106 um (pink), particle size 106-45 um (grey) and
particle size 45-20 um (dark green) discs sintered at 250 °C for 30 min with 5 tons of weight.
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e p-type BiosTesSbis:

In this case, the XRD patterns presented in Fig. 6.7 correspond to the discs sintered at
350 °C. Accordingly to the XRD patterns of the non-sintered powders (Fig. A.45), the
compacted disc samples also show a single-phase Bi;Tez79Seo21 corresponding to a
rhombohedral crystal geometry (space group R-3m)®®® with no detectable impurities of
other phases. After crushing, separation into different particle size ranges and sintering
into a disc, three different directions became preferred orientations, (015), (1010) and
(0015), in all the samples. The preferred orientation for the reference sample was (110).
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Fig. 6.7. Theoretical XRD pattern of non-treated p-type BisTez.79Seo.21 (blue), reference sample before
milling (red), particle size 250-106 pum (green), particle size <106 pm (pink), particle size 106-45 pm
(grey) and particle size 45-20 um (dark green) discs sintered at 350 °C for 30 min with 5 tons of
weight.
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6.2.3 Optical microscope

In this section the microstructure of the compacted samples is analysed at the optical
microscope (See section 3.3.5) and then is related to the observed thermoelectric properties.
Before proceeding to the examination of the discs the microstructure should be revealed by
a suitable chemical treatment. For this purpose a solution of hydrochloric acid (25 mL) and
iron (Ill) hexahydrate (8 g) in 100 mL of water, in this way or diluted 1:10 vol. in water, was
used. The sample surfaces were treated at different times. Conditions are shown in Table

6.1.
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e n-type BixTez79Sep21 + I

Table 6.1. Conditions of the stain etching treatment for the n-type non-treated disc samples.

Exeriement Solution

Reference Di_Iuted 1:_10_+ 25 m_in +
Without dilution 5 min
Diluted 1:10 + 25 min +
250-106 pm Without dilution 10 min
<106 um 35
106-45 pm Diluted 1:10 o5
45-20 um

Fig. 6.8 shows the microscope images of the analysed samples. The microstructures
of the reference sample show a non-uniform grain size distribution, which are formed
mainly of coarse grains (=70-15 um) even though there are some smaller sizes (Fig. 6.8
(a)). For the rest of the samples it can be noticed that there are grains that preserved the
dimensions of the initial powder and also grains of much smaller size (in the order of few
microns). This could be due to the existence of small particles attached to the larger
ones, which pass through the sieves. Another possibility is that some particles break
down during the hot pressing. It should be remarked that the hot pressing does not
produce grains of larger size than the initial particles.

A clear reduction in the grain sizes can be observed between the reference and the
prepared samples with the different size ranges (Fig. 6.8). We attribute this feature as
responsible for the pronounced decrease in the thermal conductivity (1.4 to =0.8 W/Km)
observed in Fig. 6.2 (a).49

A decrease in the electrical conductivity was observed with the diminution of the size
ranges in Fig. 6.1 (c), which is in agreement with the increase in the density of grain
boundaries clearly observed in Fig. 6.8 when the size ranges are reduced. However, no
significant reduction in the thermal conductivity was found when the size ranges were
reduced in Fig. 6.2 (a), even in the case of the smaller size range where the density of
grain boundaries was significantly increased. This could be due to the fact that this further

grain size reduction do not significantly influences the scattering of phonons.
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250-106 pm

106-45 pm

Fig. 6.8. Microscope images of n-type disc samples (a) reference, (b) size 250-106 um, (c) size < 106
um, (d) size 106-45 pm and size (e) 45-20 um.
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° p-type BiosTesSbys:

The etching conditions to reveal the microstructure of the p-type samples are shown in

Table 6.2.

Table 6.2. Conditions of the stain etching treatment for the non-treated p-type disc samples.

Experiment Solution Time (min
Reference l_DiIuted _1:19 + 25 min +
Without dilution 5 min
250-106 pm 35
<106 um Diluted 1:10 10
106-45 um 25
Diluted 1:10 + 25 min +
45-20 pum Without dilution 11.5 min

Fig. 6.9 shows the microscope images of the analysed samples. The microstructure of
the reference sample shows a non-uniform grain size distribution, and is formed by
mainly coarse grains (=20-6 um). For the rest of the samples, both grains with a size
similar to the powder size ranges and also of a smaller size (few microns) are observed
as in the n-type material. Again the hot pressing does not produce grains of larger size
than the initial particles.

A clear reduction in the grain sizes can be observed between the reference and the
prepared samples with the different size ranges (Fig. 6.9), which is attributed to the
significant reduction in the thermal conductivity (1.3 to =0.7 W/Km) observed in Fig. 6.5
(a).“9 The same behaviour was observed for the n-type above.

As occurred in the n-type, a decrease in the electrical conductivity was observed with
the diminution of the size ranges Fig. 6.4 (c), which is in agreement with the increase in
the density of grain boundaries clearly observed in Fig. 6.9 when the size ranges are
reduced. However, no significant reduction in the thermal conductivity was found again

when the size ranges were reduced (Fig. 6.5 (a)).
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Reference

106-45pm

Fig. 6.9. Microscope images of p-type disc samples (a) reference, (b) size 250-106 um, (c) size <106
pum, (d) size 106-45 pm and size (e) 45-20 pm.

6.3 Characterisation of milled samples

The optimised BM and UM powders from chapter 4 were pressed to form nanobulk
samples that are characterised in this section. The same steps and equipment as in the non-
treated samples were used.
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6.3.1 Thermoelectric properties

Both types of material n- and p-type bismuth telluride were studied for the UM
procedure but only the n-type for the BM was analysed and used for comparison between
BM and UM methods. It is assumed that the p-type material process by BM will show a
similar behaviour to the n-type. For this reason and due to the lower performance of the n-
type sample obtained by BM, the p-type sample was not analysed. As performed for the
non-treated material in the previous section, the BM powder was separated into different
particle size ranges. However, this was not possible for the UM powders due to the high
aggregation of the nanoparticles. On the other hand, only one sample for each particle size
range of the BM powders was prepared due to the lack of material. For the UM it was
possible to prepare the three samples. Accordingly, the values presented in the figures are
the average of three samples for UM and only one sample for BM. Based on the optimised
process in the previous chapter, the sintering temperature for the n- and p-type materials is
different, 250 °C and 350 °C respectively, while the rest of the sintering conditions are equal

(5 tons for 30 min under argon atmosphere).
[ n-type BixTez79S€0.21 + I:

Density, Seebeck coefficient, in-plane electrical conductivity and power factor values of
n-type discs prepared using non-treated, BM and UM powders for different particle size
ranges are shown in Fig. 6.10. The original material directly cut from the ingot is also
shown as reference. The density of the BM samples (Fig. 6.10 (a)) is = 95 % of the
original sample cut from the ingot, except for the smallest particle size range (20-10 um)
that presents a significant drop to 6.34 g/cm3. This is likely due to the increase of porosity
when the particle sizes are considerably reduced. In the case of the UM sample, the
density is also reduced (= 89 % from the cut sample from ingot), but it is somewhat higher
than the sample with the lowest size range from BM. Thus, when comparing powders of
similar particle size range, UM method is able to provide higher density samples than the
BM process. This could be due to the characteristic higher degree of aggregation in the
nanopatrticles found in the UM treatment (Fig. 4.14 and Fig. 4.16). On the other hand,
when compared the BM results to the non-treated samples, slightly lower densities are
observed at the higher size ranges for BM treatment, but they become very similar for

smaller size ranges (except the drastic drop at the lowest size range).
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Fig. 6.10. (a) Density, (b) Seebeck coefficient, (c) electrical conductivity and (d) power factor of the n-
type non-treated (350 °C) and ball milling and ultrasound milling samples prepared at 250 °C and 5
tons of weight for 30 min (optimum conditions).

Fig. 6.10 (b) shows the Seebeck coefficient results. Both BM and UM samples
significantly reduce the absolute Seebeck coefficient value respect to the original ingot
material and the non-treated samples. However, a less significant reduction occurs for the
UM sample, which clearly provides a better Seebeck coefficient (= -160 puV/K) than the
BM method (= -120 pV/K for all the particle size ranges), as occurred with the density

The in-plane electrical conductivity results are shown in Fig. 6.10 (c). This parameter is
significantly affected by the BM and UM processes, being much smaller the UM result (26
(Qcm)?), as expected due to the increase in the density of grain boundaries.?%® The non-
treated samples provide the best values (580-820 (Qcm)?). It should be noticed that the
BM samples exhibit a less pronounced decrease with the size ranges than the non-
treated case.

Due to the trends observed in the Seebeck coefficient and in-plane electrical
conductivity values, the power factor of the samples treated by UM and BM is much lower
than the non-treated samples (Fig. 6.10 (d)). The smallest power factor is observed for
the UM material, mainly due to the severe decrease in the electrical conductivity.

Cross-plane thermal conductivity and its electrical and lattice contributions are shown
in Fig. 6.11 (a-c). The lowest thermal conductivity value is presented for the UM sample

(0.51 W/Km), which is significantly lower than the BM and non-treated samples. This
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remarkably low value of the thermal conductivity is close to the lowest reported in the
literature for a bismuth telluride compacted sample.?%” 2%®) The cross-plane thermal
conductivity of the BM samples lie in the same range as the non-treated samples. Thus,
this method is not able to produce a significant additional reduction of the thermal
conductivity to that already achieved in the pre-treatment (non-treated samples). On the
other hand, the behaviour with the size ranges of the BM samples is somewhat random
and do not display a clear trend.

It can be seen from Fig. 6.11 (c) that the main contribution to the cross-plane total
thermal conductivity comes from the lattice in the BM and UM samples. The electrical
contribution is significantly reduced by both methods, with a more intense decrease for
UM. As remarked before, careful consideration should be taken here due to directionality
issues. In the BM samples, it should be mentioned that there was no possibility to
measure the thermal conductivity of the sample with size range 250-106 um, since the
sample broke before that.

Despite the low thermal conductivity values, both BM and UM samples show quite low
ZT values compared to the reference and non-treated materials (Fig. 6.11 (d)). These low
values are mainly attributed to the drastic decrease of the electrical conductivity and also
the reduction of the Seebeck coefficient. Again, directionality issues should be taken into

consideration.
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Fig. 6.11. (a) Thermal conductivity, (b) electrical thermal conductivity, (c) lattice thermal conductivity
and (d) ZT of the n-type non-treated (350 °C), BM and UM samples prepared at 250 °C and 5 tons of
weight for 30 min (optimum conditions).

e p-type BiosTesSbis:

Density, Seebeck coefficient, in-plane electrical conductivity and power factor values of
p-type discs prepared using non-treated (350 °C sintering) and UM powders for different
particle size ranges are shown in Fig. 6.12 compared to the reference. As in the n-type
material, the UM sample present lower density (= 85 % of the sample cut from the ingot)
than the non-treated materials (see Fig. 6.12 (a)).

The Seebeck coefficient value for the UM sample (177.03 pV/K) is almost 40 pV/K
lower than the reference and non-treated samples (Fig. 6.12 (b)). This result is similar to
the n-type, although slightly higher. The electrical conductivity of the UM sample (Fig.
6.12 (c)) shows a significant decrease (= 36 (Qcm)?) as in the n-type material. As a result
of the Seebeck coefficient and electrical conductivity values, the power factor of the UM
sample is much lower (= 0.1 mW/mK?) than the non-treated samples (= 2.4-3.7 mW/mK?)
and the reference. The main factor responsible for this reduction is the electrical

conductivity.
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Fig. 6.12. (a) Density, (b) Seebeck coefficient, (c) electrical thermal conductivity and (d) power factor,
of p-type non-treated, UM and reference samples prepared at 350 °C and 5 tons of weight for 30 min.

The cross-plane thermal conductivity values and electrical and lattice contributions are
shown in Fig. 6.13 (a-c). A very low value (0.34 W/Km) was obtained for the UM sample,
even significantly lower than for the n-type material (0.51 W/Km). This value is nearly
similar to the smallest value reported for a bismuth telluride compacted sample®®” and it
is also close to the lowest thermal conductivity results in any non-polymer thermoelectric
material.®?2 20% 210 From Fig. 6.13 (b) it can be seen that the electrical contribution is
nearly suppressed (0.019 W/Km). As mentioned before, consideration should be taken
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due to directionality differences between the measuring methods.

As for the n-type the ZT value of the UM sample is much lower (0.086) than the non-

treated materials despite the ultra-low thermal conductivity result. The main limitation to

the ZT is due to the severe reduction in the electrical conductivity.
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. 6.13. a) Thermal conductivity, (b) electrical thermal conductivity, (c) lattice thermal conductivity

and (d) ZT of p-type non-treated and UM samples prepared at 350 °C and 5 tons of weight for 30 min.

6.3.2 XRD

[ n-type BixTez790S€0.21 + I:

Fig. 6.14 shows the XRD patterns of the discs sintered at 250 °C from the powders
obtained from the BM and UM treatments and the reference sample cut from the ingot.
For the BM material the discs prepared employing different particle size ranges are also
included. Peak intensity was normalised in all the samples.

As in the XRD patterns obtained from the powders before sintering, all the diffraction
peaks of the compacted samples were also assighed to a single-phase Bi;Te279Se€0.21
rhombohedral structure (space group R-3m),%® with no detectable impurities of other
phases. Three intense diffraction peaks, which are the same as the theoretical n-type
Bi;Te; pattern, for all the BM samples are present in the (015), (1010) and (110)
directions. In the reference the priority direction is (110). In the case of the UM sample,
apart from the main direction (015), other two directions ((1010) and (0015)) became

more important. This means that a reorientation of grains in these directions occurred in
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the UM sample, which is more accentuated than in the BM samples. These results are in
agreement with the optimised BM (Fig. 4.7) and UM (Fig. 4.19) powder samples, which
show the same priority directions (015), (1010) and (110), although in the UM powder the
directions (1010) and (0015) are not as intense as in the disc.

On the other hand, the peaks of the treated samples are wider than the reference,
indicating a reduction in the grain size”? (more polycrystalline samples). This is in
agreement with the SEM results that showed the reduction in the particle size by both BM
(Fig. 4.5) and UM (Fig. 4.14) treatments.

“ A BM_20-10 um
BM_45-20 um

J BM_106-45 pm
A
3

Intensity (a.u)

“ Reference
A A .

BiTe, ;45€ 5

0 10 20 0 40 50 60 70 80

26 (°)

Fig. 6.14. XRD patterns of n-type BiosTesSbis (blue), non-treated reference (red), after ball milling
treatment with particle size 106-45 pum (green), 45-20 um (pink), 20-10 um (grey) and after ultrasound
milling treatment (dark green).

° p-type BiosTesSbis:

The p-type XRD patterns for the UM material sintered at 350 °C and the reference
sample cut from the ingot are shown in Fig. 6.15. The peak intensity was normalised in all
the samples. As previously, all the XRD patterns present a single-phase Bi;Tez79S€0.21
corresponding to a rhombohedral crystal geometry (space group R-3m)®%) with no
detectable impurities of other phases. The UM sample presents the same priority

direction (015) than the theoretical pattern, with one more direction important (1010).
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These results are in agreement with the optimised UM powder sample (Fig. 4.20), which

shows the same priority direction (015) than the disc.
On the other hand, the peaks of the UM sample are broader than the reference,

indicating a finer grain-size particle” (more polycrystalline). This is in agreement with the

SEM images from the optimised UM powder sample (see Fig. 4.17).
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Fig. 6.15. XRD patterns of p-type BiosTesSbis (blue), reference cut from the ingot (red) and after
ultrasound milling experiment (dark green).

6.3.3 Optical microscope

e BM n-type BizTez79Sep + I

The process to reveal the microstructure of the samples, stain etching, of the samples

treated by BM are described in Table 6.3.

Table 6.3. Conditions of the stain etching treatment for the n-type samples treated by BM.

Solution
BM_106-45 pm Diluted 1:10 + 25 min +
BM_45-20 um Without dilution 10 min
BM_20-10 pm
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The microstructure of all the samples treated by BM process is shown in Fig. 6.16. It
can be observed that the grains of the samples preserve the dimensions of the starting
powder and also show some finer grains (in the range of few um). As previously, the
presence of these small grains may be due to the fact they can be attached to the larger
grains or break down during the hot pressing. The BM samples (Fig. 6.16) present more
uniform grain size distribution than the non-treated materials (Fig. 6.8 (c-f)).

A clear reduction in the grain sizes can be observed between the reference (Fig. 6.8
(a-b)) and the BM samples with the different size ranges Fig. 6.16. Although similar sizes
are presented in the non-treated (Fig. 6.8) and BM samples (Fig. 6.16), the thermal
conductivity of the former shows a reduction with the smaller sizes while the BM samples
do not follow any trend (Fig. 6.11 (a)).

BM~106-45

Fig. 6.16. Microscope images of n-type disc samples treated by ball milling using the optimum
conditions and separated in different size ranges (a) 106-45 um, (b) 45-20 um and (c) 20-10 pm.

An intense decrease in the electrical conductivity was observed for all the samples
after the BM but no significant differences are shown with the diminution of the size
ranges (Fig. 6.10 (c)). This reduction in the electrical conductivity is attributed to the
increase in the density of grain boundaries, clearly observed in Fig. 6.10 when the size
ranges are reduced. The fact that in BM materials the electrical conductivity is
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significantly lower than the non-treated samples (Fig. 6.10 (c)) could be due to possible

oxidation reactions experienced during the milling process.
o UM:

The stain etching conditions (Table 6.4) to observe the microstructure of samples
treated by UM process in the microscope are shown in Fig. 6.17.

Table 6.4. Conditions of the stain etching treatment for the n- and p-type samples treated by UM.

Solution
Diluted 1:10 5 min |

UM _n-type
UM_p-type

Fig. 6.17 shows the microstructure of all the samples treated by UM process. The
grains of the UM samples present a rounder shape than the samples treated by the BM
method (Fig. 6.16). Many of them are also smaller, although larger grains are also
present. However, by looking at the largest magnifications (Fig. 6.17 (b and d)), it can be
seen that the large grains are actually formed by very fine grains, which provide a kind
of granular texture, more significant in the p-type material (Fig. 6.17 (d)). The large
reduction observed in the thermal and electrical conductivities in the UM samples (Fig.
6.11 (a) and Fig. 6.10 (c) for the n-type and Fig. 6.13 (a) and Fig. 6.12 (c) for the p-type)
can be attributed to this granular texture, which effectively scatters the electrons and
achieve a drastic reduction in the electronic thermal conductivity (Fig. 6.11 (b) and Fig.
6.13 (b) for n- and p-type respectively).

This granular texture, originated from the agglomerates identified in the UM powders (
Fig. 4.14 and Fig. 4.17 for n- and p-type respectively) is not produced in the BM method
and it is a unique feature of the UM process, which provides the capability to achieve
ultra-low thermal conductivity values, although significantly lowering the electrical
conductivity. The existence of nano-grains can be deduced from the largest
magnification images (larger magnifications were not possible due to equipment
limitations) and apparently the nanoparticles of the powders are maintained when they

are pressed into discs.
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Fig. 6.17. Microscope images of n- (a-b) and p-type (c-d) disc samples treated by ultrasound milling.

6.4 Conclusions

The thermoelectric, structural and morphological characterisation of bismuth telluride
discs prepared from a very simple crushing pre-treatment (non-treated samples), BM and
UM powders, were performed in this chapter for both n-type and p-type materials (except for
the BM where only the n-type was analysed). For non-treated and BM powders, a separation

into different particle size fractions was performed before compaction.

For the non-treated samples the absolute value of the Seebeck coefficient is reduced with
respect to the ingot reference sample in the case of the n-type material, and slightly
improved in the p-type counterpart. The in-plane electrical conductivity is higher than the
reference for the n-type samples at the larger particle size ranges, but lower when size is
reduced. For the p-type all the samples significantly reduced (around 50 %) their electrical
conductivity and also a decrease of this parameter with the particle size ranges was
observed. A remarkable reduction of the cross-plane thermal conductivity in both n- and p-
type samples respect to the ingot was achieved. The lowest values achieved for the n- and
p-type materials were 0.70 and 0.52 W/Km, respectively. The latter is lower than state-of-

[ 14
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the-art bismuth telluride materials. The highest ZT obtained for the n-type material was 1.04,
significantly higher than the reference. For the p-type material the highest ZT value was
1.42, close to state-of-the-art bismuth telluride materials and higher than for the best bismuth
telluride samples prepared by ball milling method. However, these should be considered

carefully due to possible anisotropy in the samples.

For the nanostructured bulk materials prepared by UM method the absolute value of the
Seebeck coefficient was reduced with respect to the reference for both n- and p-type
samples, but this reduction was less significant than for the samples obtained by BM. The in-
plane electrical conductivity was drastically reduced by the UM process, reaching values of
26 and 36 (Qcm)* for the n- and p-type samples, respectively. Although samples treated by
BM also significantly reduced their electrical conductivity, it was not so pronounced as in the
UM method. The cross-plane thermal conductivity presented remarkably low results (0.51
and 0.34 W/Km for the n- and p-type samples, respectively) for UM samples, which are
lower than in state-of-the-art bismuth telluride materials. Moreover, the value for the p-type
sample is similar to the lowest reported in the literature and close to the lowest found for
non-polymer thermoelectric materials. The microstructure analysis revealed that a unigue
feature in the UM samples is the presence of very fine grains, which provide a granular
texture, more significantly in the p-type material. Despite the ultra-low thermal conductivity
values achieved, UM samples show quite low ZT values compared to the reference and BM

materials, mainly attributed to the drastic decrease of the electrical conductivity.

The BM materials presented higher values of cross-plane thermal conductivity than UM
samples and similar to the ones obtained from the samples prepared by the simple crushing
pre-treatment. Their ZT values lie around 0.1, higher than UM but much lower than the
reference and the samples obtained with the pre-treatment.

As a novel technique for the fabrication of nanostructured bismuth telluride materials, UM
provides better results than BM for the Seebeck coefficient and especially the thermal
conductivity. However, the method drastically reduces the electrical conductivity and due to
this there is no overall gain in the ZT. If the electrical conduction could be improved, it could

represent a promising method for nanostructuring bulk thermoelectric materials.
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Chapter 7

7.1 Introduction

This chapter includes the fabrication and characterisation of thermoelectric modules
fabricated employing the materials characterised in the previous chapter. The main objective
is to demonstrate the integration of the materials into a device and the enhancement in the
performance when the optimised materials fabricated in this thesis are used.

The fabrication procedure is first described in the next section. Then, the modules
fabricated employing the original (ingot) and optimised materials, are characterised by the
module ZT using impedance spectroscopy. Finally the main conclusions are made.

7.2 Module fabrication procedure

Thermoelectric modules consisting of nine couples of BixTez79Seo21 n-type and
BiosTesSbis p-type thermoelements, from the original ingots (used as a reference) and
optimised nanobulk discs were fabricated. The sides of the discs that are going to join the
Cu strips on the ceramic plates were metallised using a nickel plating pen (Hunter Products
Inc., see Fig. 7.1. (a)). Then, the metallised disc (goldish colour) was fixed onto a plate using
wax (Aquabond 65, Importe) to be diced. Each dice was cut with a cross sectional area of
1.7 mm x 1.7 mm using a Struers Accutum-100 cutter (Fig. 7.1. (a)). Then, the wax was
removed using a hot solution (100 °C) of 2 g of Aquaclean900 in tap water (200 mL).

A next step consists in the preparation of the substrates (Fig. 7.1. (b)). They are 16
mm X 13 mm alumina plates with attached Cu strips (2 mm x 5 mm with a 0.15 mm
thickness) provided by European Thermodynamics Ltd. The Cu strips were covered by
soldering flux paste purchased from RS. Onto the Cu strips, a solder material (Sn/Pb, 60/40
with a melting point of 188 °C) previously cut to a similar cross-sectional area to the
thermoelements was attached (Fig. 7.1. (b)). The solder material was then covered with the

same soldering flux paste. Apart from the conventional Sn/Pb solder, a solder paste was
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also employed in some cases (Sna2Biss with lowest melting point=138 °C). This paste does

not require the use of flux.
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Metallisation with Ni Place soldering flux
on the contacts
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60/40) onto Cu contacts

Place soldering flux onto
the solder material
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Fig. 7.1. Schemes of (a) material and (b) substrate preparation for the thermoelectric module
fabrication.
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Once the legs were cut and the substrates ready with the soldering flux and the
soldering material, the next step is the assembly of all the parts (Fig. 7.2). Firstly, all the
elements of the assembly kit were sprayed with graphite spray to prevent the solder to join to
the components of the assembly kit. Then, all the kit elements were placed in the assembly
forming a grid where the n- and p- legs were alternatively positioned in the grid gaps. A thick
lid is placed onto the assembled module to provide some pressure to the assembly (see Fig.
7.2). Once assembled, the set up was placed into a quartz tube furnace under argon
atmosphere for soldering. The soldering conditions are optimised in the next section. After
the soldering process, the set up was removed from the interior of the furnace and cooled
down to room temperature under Ar atmosphere. Then, the assembly kit was carefully

extracted and the kit elements removed until the fabricated module is obtained.

149



Chapter 7: Thermoelectric Modules Fabrication
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Spray graphite Set up the ceramic plate and Set up the ceramic plate and grids
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Fig. 7.2. Scheme of the assembly process for the module fabrication.

7.3 Module characterisation

Several modules were prepared utilising the original ingot materials (used as
reference) and the n- and p-type materials with the best performance from chapter 6 (size
range 250-106 um for both n- and p-type non-treated materials). The length of the legs
corresponds to the thickness of the disc (cross-plane operation). These modules were
characterised by impedance spectroscopy. This technique can be considered as an
advanced Harman method and is able to determine the module ZT.®®® The characteristic

impedance response of a thermoelectric module is shown in Fig. 3.15 .94

The module ZT value can be calculated by (ZT)moduie = };ﬁ, as described in section
Q

3.4.5, with Rre the thermoelectric resistance, given by the difference between the high and
low frequency intercepts with the real impedance axis (Fig. 3.15). Rq is the total ohmic
resistance of the device and it is given by the high frequency intercept.

For the optimisation of the soldering conditions the (ZT)modue value was used as
guidance. The temperature (read at the furnace display) and treatment duration were the
soldering conditions evaluated. The use of the Sns;Bisg solder paste was also explored.

In an initial step, different modules were fabricated employing the reference material
(n- and p-type bismuth telluride directly cut from the ingot). The conditions and the (ZT)module

values obtained for each module are shown in Table 7.1.

150



Chapter 7: Thermoelectric Modules Fabrication

Table 7.1. Experimental conditions, total ohmic resistance, leg length and (ZT)modue results for
different modules prepared with original ingot materials.

: Temperature | Time Rao Length Solder
Sl (°C) (min)  (Q)  (mm) material (ZT)moaute

A 30 | 008 | 200 0.47
B 370 20 | 026 | 162 0.27
C 15 | 053 | 200 | Sn/Pb60/40 554
D 400 10 | 056 | 1.92 0.13
E 340 10 0.34 1.92 Sn4,Bisg paste 0.29

In experiments A, B and C the soldering temperature was fixed and different times
evaluated for the Sn/Pb solder. The increase of the ohmic resistance when the soldering
time was reduced indicates a higher contact resistance contribution (poor soldering). The
highest (ZT)moaue Was 0.47 and the lowest ohmic resistance 0.08 Q, both obtained for
module A. When the temperature was increased and the time shortened the module
performance was degraded, providing the lowest (ZT)modue Value (0.13) and highest ohmic
resistance (0.56 Q). The use of the soldering paste did not enhance the performance and
the conditions of module A are considered as optimum.

In a second step the best performing bismuth telluride materials identified in the
previous chapter (non-treated n- and p-type discs with a size range 250-106 um) were
employed to fabricate modules under the optimised conditions. The results are shown in
Table 7.2. It should be mentioned that module F burnt (Fig. 7.3. (a)) after the soldering
treatment, so the soldering time was reduced in the next experiments to 25 min, where

shinier joints were observed (see Fig. 7.3. (b)).

Fig. 7.3. (a) Burnt and (b) shiny joints in the fabricated modules after soldering treatment for 30 and
25 min, respectively.
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Table 7.2. Experimental conditions, total ohmic resistance, leg length and (ZT)modue results for the

modules prepared using materials prepared from powders with particle size (250-106 pum).

Temperature

Time

Length

Experiment

G
H
[

(°C)

370

(mln) RQ (Q) (mm) (ZT)moduIe
30 0.89 2.49 0.23
0.87 2.97 0.27
25 0.44 1.89 0.35
0.48 1.88 0.26

The highest (ZT)modue Obtained corresponds to 0.35 for module H, which also shows

the lowest total ohmic resistance. Unexpectedly, this value is lower than for the best module

fabricated with the ingot materials (0.47). The explanation to this behaviour is not very clear.

A possible reason is a higher contact resistance for module H (non-treated material), since
its ohmic resistance is significantly higher (0.44 Q) than in module A (0.08 Q, ingot sample).

In addition, it could be due to the electrical conductivity results obtained when the materials

were characterised in the previous chapter. The equipment employed for this is not able to

determine independently the cross-plane electrical conductivity, which is the direction

evaluated in the (ZT)module.
In Fig. 7.4 the impedance results of the modules with the largest (ZT)modaue from both

the reference and prepared materials are shown.
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Fig. 7.4. Impedance spectra of the best modules prepared with the (blue) reference and (red)

prepared material with particle size range 250-106 pm.
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7.4 Conclusions

Thermoelectric modules were fabricated using the original ingot materials and the best
performing materials prepared in this thesis. Their performance was evaluated by the
module ZT calculated by impedance spectroscopy. The module fabrication method is
described and the optimum conditions for the soldering process evaluated (soldering
temperature and duration and the use of different solders) using the original materials.
Although the prepared materials present higher ZT values than the ingot materials, their
(ZT)moduie is lower. A possible reason is a higher contact resistance for the module from the
prepared materials. On the other hand, it could be due to the electrical conductivity
measurements of the discs samples which were not calculated in the same direction than

the current flow in the modules.
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Chapter 8

8.1 Conclusions

The main objective of the work presented in this thesis was the evaluation of a novel
technique, ultrasound milling, for the preparation of nanostructured bismuth telluride powder
and its use to prepare nanobulk thermoelectric materials. The production of nanoparticles is
mainly useful in reducing the thermal conductivity of materials to enhance the figure of merit.
This objective has been reached for both n- and p-type bismuth telluride through a
systematic experimental work where solvent to be used, time of the milling process, the
presence of additive, amplitude of the ultrasound, number of cooling systems and powder

concentration were optimised.
The principal attainments are as follows:

e A systematic experimental investigation was conducted to analyse the feasibility of
producing bismuth telluride nanoparticles by ultrasound milling. Changes in the
parameters mentioned before were performed to obtain the minimum particle size. From
the experimental results, the optimised conditions to produce nanoparticles for n- and p-
type bismuth telluride using ultrasound milling were 100 % amplitude, [powder]=0.0166
M, 2 cooling systems, 8 h and 1-butanol as solvent. At these conditions, most of the
particles are in the 500-1000 nm range for the n-type material. For the p-type, both
coarse particles of few microns and fine particles in the 200-1000 nm range were

obtained.

e Nanoparticles in the ultrasound milling powders appear to form characteristic
aggregates that look like large particles. This is not observed by ball milling method and
it is a unique feature of the ultrasound milling technique. It was evaluated by XRD
analysis that the single phase structure of the original Bi,Tes materials is not altered by

the ultrasound milling method.
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o The well-known ball milling technique was also employed, only for comparison, to
produce nanopatrticles. An optimisation of the ball milling was conducted for the n- and
p-type bismuth telluride where treatment duration and balls:powder weight ratio were
evaluated. In this case, the optimised conditions were different for both materials, 24 h
and 5:1 balls:powder weight ratio and 8 h and 20:1 ratio for the n- and p-type materials,
respectively. The smallest particle sizes achieved under the optimised conditions were
200 nm and 300 nm for n- and p-type bismuth telluride. Similarly to the ultrasound
milling process, the ball milling technique did not modify the single phase structure of
the initial sample, as it was shown from XRD results.

e The time consumed in the milling processes to prepare similar smallest particle sizes
is 3 times shorter in the case of ultrasound milling technique than in the ball milling for
the n-type material. In the p-type material, similar milling times and particle sizes were
obtained, but larger amounts of more homogeneous nanoparticles are produced by the
ultrasound milling method. The reduction in the milling time when ultrasound milling
method is employed for some materials implies a substantial decrease in time and

power consumption, which is an important consideration.

¢ Regarding morphology, the powders produced by ultrasound milling process showed
rounder and smoother particles than the ball milling treatment for the n-type material at
short times (30 min). In the p-type material, this difference in morphology is not
observed since the analysis was only conducted at longer times (8 h).

e A standard press station was remodelled to fabricate a hot press and the optimal
conditions to prepare highly compacted samples, based on the density and power factor
values, were identified. Pressure, time and temperature were the parameters optimised
using the n-type material. A pressure of 1513.70 MPa applied for 30 min at 250 °C were

the optimum parameters.

o The performance of the nanostructured bulk samples prepared from the ultrasound
milling powders was evaluated. Ultrasound milling produces very low thermal
conductivity materials, within the lowest values reported in the literature (0.50 and 0.35
for n- and p-type respectively). This reduced thermal conductivity values are due to the
presence of the highly aggregated nanoparticles that form a uniform granular
microstructure after compaction. Unfortunately, electrical conductivity is also reduced

significantly, which led to no significant final improvement in ZT.

e The ultrasound milling process is preceded by a simple crushing pre-treatment

performed employing a micro hammer-cutter mill, producing mainly micrometre size
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powder. Powders obtained in this way, separated in different particle sizes, provided ZT

values (=1.4 for p-type material) close to the best ones reported in the literature.

e Thermoelectric modules were fabricated using the best performing nanobulk samples
prepared in this thesis. The module fabrication method was described and the optimum
conditions for the soldering process evaluated, obtaining a soldering temperature of 370
°C and 30 min soldering timefor Sn/Pb 60/40 solder. Their performance was analyzed
by impedance spectroscopy to determine of the module ZT. Although the prepared
materials present higher ZT values than the ingot materials, their (ZT)modue IS lower,
which could be due to a higher contact resistance and/or the anisotropy in their electrical
conductivity, difficult to identify by the four probe method utilised in the characterisation.

8.2 Future work

As a new technique, the use of ultrasound milling offers a lot of possibilities for future
investigations. Here we present some of the possible studies for future work:

¢ Bismuth telluride has been analysed in this thesis but this method could be applied to
other established materials such as silicides, SiGe, etc. It should be very interesting to
test if the same or similar features produced in Bi;Tes can be achieved in other

materials.

e The usage of different solvents in the ultrasound milling process could significantly
modify the results achieved, especially solvents of higher viscosity could be interesting

since the ultrasound waves will possibly propagate differently.

e The use of atomic precursors (Bi, Te) instead of formed compounds (Bi;Tes) could be

interesting, as frequently performed in ball milling.

e To identity a process to remove possible organic compounds from the solvent that

could be adsorbed on the surface of the nanopatrticles limiting the electrical conductivity.

e Potential improvement in the electrical conductivity could be obtained by performing
the ultrasound milling process in an inert atmosphere, which could avoid possible

oxidation reactions.

e Measuring the electrical conductivity of the disc samples in the direction of operation
with a more suitable method for a more precise evaluation of the performance should be

considered.
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e Examining the thermoelectric properties of a sample prepared from powder produced
by the simple crushing pre-treatment without size separation (all sizes produced
together) could be interesting. Possibly, a good performance could be also obtained

without the need to perform a separation process.

e Further optimisation of the soldering conditions to prepare a thermoelectric modules
using the material fabricated in this thesis should be taken into account to enhance the
(ZT)moduIe-
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Fig. A.1l. Particle size distribution in volume density of n-type Bi.Tes after ball milling using
balls:material ratio 20:1 at different times.
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Fig. A.2. Particle size distribution in volume density of n-type Bi:Tes after ball milling using
balls:material ratio 5:1 at different times.
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Fig. A.3. Particle size distribution in number density of n-type Bi:Tes after ball milling using
balls:material ratio 5:1 at different times.
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Fig. A.4. Particle size distribution in volume density of n-type Bi:Tes after ball milling using different
balls:material ratio at 24 h.
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Fig. A.5. Particle size distribution in number density of n-type BizTes after ball milling using different
balls:material ratios at 24 h.
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Fig. A.6. Representation of the smallest particle size achieved for n-type Bi:Tes after ball milling under
different times and ratio balls:material 5:1.
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Fig. A.7. Representation of the number of particles with a size smaller than 1 pum achieved for n-type
Bi-Tes after ball milling under different times and ratio balls:material 5:1.
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Fig. A.8. Particle size distribution in volume density of p-type Bi:Tes after ball milling using
balls:material ratio 20:1 at all the different times performed.
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Fig. A.9. Particle size distribution in number density of p-type Bi:Tes after ball milling using
balls:material ratio 20:1 at all the different times performed.
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Fig. A.10. Particle size distribution in volume density of p-type Bi-Tes after ball milling using different
balls:material ratio at 8 h.

[ 172




Appendix A

18 1 —— Reference
16 - ——Ratio 20:1
14 - Ratio 10:1
S12- P\ ——Ratio 5:1
% 10 - r\ ——Ratio 2:1
c
3 8-
3o
E 4
z
? J
0 T T LI e s | T T T T T T T y T LI s e |
0.1 1 10 100
Particle size (um)

Fig. A.11. Particle size distribution in number density of p-type BizTes after ball milling using
different balls:material ratio at 8 h.
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Fig. A.12. Representation of the smallest particle size achieved for p-type Biz2Tes after ball
milling under different times and ratio balls:material 20:1.
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Fig. A.13. Representation of the number of particles with a size smaller than 1 um achieved
for p-type Bi:Tez after ball milling under different times and ratio balls:material 20:1.
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Fig. A.14. Density measurements of the n-type Bi>Tes discs prepared by ultrasound milling
(2 h, 100 % amplitude and 2 coolers) using different solvents.
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Fig. A.15. Seebeck coefficient results of the n-type BizTez discs prepared by ultrasound milling
(2 h, 100 % amplitude and 2 coolers) using different solvents.
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Fig. A.16. Electrical conductivity results of the n-type Bi:Tes discs prepared by ultrasound
milling (2 h, 100 % amplitude and 2 coolers) using different solvents.
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Fig. A.17. Power factor results of the n-type Bi:Tes discs prepared by ultrasound milling (2 h,
100 % amplitude and 2 coolers) using different solvents.
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Fig. A.18. Particle size distribution in volume density of n-type Bi.Tes powder after ultrasound milling
treatment performed without PG additive at 100 % amplitude, 2 coolers and at different times.
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Fig. A.19. Particle size distribution in number density of n-type BizTes powder after ultrasound milling
treatment performed without PG additive at 100 % amplitude, 2 coolers and at different times.
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Fig. A.20. Particle size distribution in volume density of n-type Bi:Tes after ultrasound milling
performed at 100 % amplitude, 2 coolers, 1 % of additive PG and at different times.
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Fig. A.21. Particle size distribution in number density of n-type BizTes powder after ultrasound milling
experiments performed at 100 % amplitude, 2 coolers, 1 % of PG additive and at different times.
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Fig. A.22. Particle size distribution in volume density of n-type Bi:Tes after ultrasound milling
performed at 60 % amplitude, 2 coolers and at different times.
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Fig. A.23. Particle size distribution in number density of n-type Bi:Tes after ultrasound milling
experiments performed at 60 % amplitude, 2 coolers and at different times.
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Fig. A.24. Particle size distribution in volume density of n-type Bi:Tes after ultrasound milling
performed at 60 % of amplitude, 1 cooler and at different times.
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Fig. A.25. Particle size distribution in number density of n-type Bi:Tes after ultrasound milling

performed at 60 % amplitude, 1 cooler and at different times.
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Fig. A.26. Particle size distribution in volume density of n-type Bi.Tes powder after ultrasound milling

experiments which produce the smallest particle size under different conditions.
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Fig. A.27. Particle size distribution in volume density of n-type Bi:Tes after ultrasound milling
experiments performed at 100 % amplitude, 2 coolers, double powder concentration (0.0166 M) and

at different times.
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Fig. A.28. Particle size distribution in number density of n-type Bi:Tes after ultrasound milling
experiments performed at 100 % amplitude, 2 coolers, double powder concentration (0.0166 M) and

at different times.
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Fig. A.29. Representation of the smallest particle size achieved for n-type Bi:Tes after ultrasound
millings which the smallest particle size is achieved for every different variable changed.
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Fig. A.30. Representation of the number of particles smaller than 1 um achieved for n-type Bi-Tes after
ultrasound millings which the smallest particle size is achieved for every different variable changed.
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Fig. A.31. Particle size distribution in volume density of p-type Bi:Tes after ultrasound milling
experiments performed at 100 % amplitude, 2 coolers and at different times without PG additive.
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Fig. A.32. Particle size distribution in number density of p-type Bi:Tes after ultrasound milling
experiments performed at 100 % amplitude, 2 coolers and at different times without PG additive.
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Fig. A.33. Particle size distribution in volume density of p-type Bi:Tes after ultrasound milling
experiments performed at 100 % amplitude, 2 coolers, 1% of additive (PG) and at different times.
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Fig. A.34. Particle size distribution in number density of p-type Bi:Tes after ultrasound milling
experiments performed at 100 % amplitude, 2 coolers, 1 % of additive (PG) and at different times.
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Fig. A.35. Particle size distribution in volume density of p-type Bi:Tes after ultrasound milling
experiments performed at 60 % amplitude, 2 coolers and at different times.
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Fig. A.36. Particle size distribution in number density of p-type Bi:Tes after ultrasound milling
experiments performed at 60 % amplitude, 2 coolers and at different times.
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Fig. A.37. Particle size distribution in volume density of p-type Bi:Tes after ultrasound milling
experiments performed at 60 % amplitude, 1 cooler and at different times.
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Fig. A.38. Particle size distribution in number density of p-type Bi:Tes after ultrasound milling
experiments performed at 60 % amplitude, 1 cooler and at different times.
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Fig. A.39. Particle size distribution in volume density of p-type Bi:Tesz after ultrasound millings
experiments of optimum conditions.
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Fig. A.40. Particle size distribution in volume density of p-type Bi:Tes after ultrasound milling

experiments performed at 60 % amplitude, 1 cooler, 4 h and at different concentrations.
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Fig. A.41. Particle size distribution in number density of p-type Bi:Tes after ultrasound milling
experiments performed at 60 % amplitude, 1 cooler, 4 h and at different concentrations.
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Fig. A.42. Representation of the smallest particle size achieved for p-type Bi:Tes after ultrasound
millings which the smallest particle size is achieved for every different variable changed.
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Fig. A.43. Representation of the number of particles smaller than 1um achieved for p-type Bi2Tes after
ultrasound millings which the smallest particle size is achieved for every different variable changed.
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Fig. A.44. Theoretical XRD pattern of non-treated n-type Bi>Te2.79Seo0.21 (blue), particle size 250-106
um (red), particle size <106 um (green), particle size 106-45 um (pink) and particle size 45-20 um

(grey) powder.
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Fig. A.45. Theoretical XRD pattern of non-treated p-type BiosTesSe1s (blue), particle size 250-106 pm
(red), particle size <106 pum (green), particle size 106-45 pum (pink) and particle size 45-20 um (grey)
powder.
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Fig. A.46. F value corrections to calculate the electrical conductivity measured by 4-probe technique
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Fig. A.47. C value corrections to calculate the electrical conductivity measured by 4-probe technique.
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