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Abstract

This thesis explores strategies for improving the efliciency of thermoelec-
tric materials, with a particular focus on multiphase bismuth chalcogenide
compounds. The introduction and literature review provide the necessary
background on thermoelectricity and its applications, define key parameters
such as the dimensionless figure of merit 27, and outline established meth-
ods for optimising single and multiphase thermoelectric materials. The lit-
erature review chapter delves into important concepts and mechanisms such
as energy filtering, modulation doping, and phonon scattering in multiphase
systems. The experimental methods chapter then outlines the different mater-
ial synthesis techniques used, such as melting, ball milling, and spark plasma
sintering, as well as the analytical approaches used to study the materials, in-
cluding structural, electronic, and thermal transport characterisation.

'The subsequent results chapters examine the effects of incorporating mag-
netic dopants and secondary phases into bismuth sulphide, telluride, and selen-
ide host systems. A notable finding was that magnetic co-doping of Bi,S; with
chromium and chlorine significantly increased the thermopower and power
factor, attributed to a magnetic drag effect that increases the effective carrier
mass. The addition of a BijsTei3Sg secondary phase to Bi;Te; matrix com-
pounds was also investigated; the presence of this phase led to an energy fil-
tering effect that improved the thermopower but also introduced additional
phonon scattering at phase interfaces that reduced the lattice thermal con-
ductivity. Further studies of sulphur-containing Bi,Te; 7S¢ 3 revealed that
sulphur inclusion dramatically alters the density of states and native defect con-
centrations in both single and multiphase samples. Interestingly, multiphase
BiyTe; 7Seq 3 samples exhibited complex electronic behaviour, suggesting pos-
sible impurity band formation at higher secondary phase contents.

Further investigations Bi sSb; s Te; with added CrSb compounds showed
that small amounts of the magnetic secondary phase increased the thermo-
power via an increased effective mass, but higher CrSb contents degraded the
performance due to reduced carrier mobility. Finally, iodine doping of single
phase BijsTeq3Sg, an important component of the multiphase materials stud-
ied, was found to eftectively optimise the power factor and reduce the lattice
thermal conductivity, culminating in an improved figure of merit z7.

In summary, this work provides compelling evidence that strategies such as
energy filtering, modulation doping, and phonon scattering can be successfully
exploited to improve the efficiency of multiphase bismuth chalcogenide ther-
moelectric materials. The results provide valuable insights to guide ongoing
research and development efforts towards higher performance thermoelectric
materials for real-world applications.
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Introduction

1t ought to be remembered that there is nothing more difficult to take in
hand, more perilous to conduct, or more uncertain in its success, than to
take the lead in the introduction of a new order of things.

— Niccord MacH1AvVELLI, The Prince

Summary

This chapter serves as an introduction to the research, outlining its motiv-
ation, main aspects and achievements. It starts by presenting the idea be-
hind the use of thermoelectric materials and the driving force behind the
effort to improve their performance. The chapter also looks at the main chal-
lenges encountered during the research and provides a brief discussion of
these obstacles.

As a whole, this introductory chapter sets the stage for the following sections
by providing the reader with a clear understanding of the purpose and sig-
nificance of the research. It establishes the context for the study and lays the
foundation for the exploration of thermoelectric materials and their poten-
tial improvements.
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1.1 Broad view of thermoelectricity and its applications

Solid-state thermoelectric generators, which reversibly convert heat into elec-
tricity, are considered pioneering candidates for industrial waste heat recovery,
electronic cooling, and small spacecraft power. 'This field of study is exciting and
has been featured in articles in The New York Times [1, 2] and the Los Angeles
Times [3, 4].

'The massive reliance on nonrenewable energy sources is straining power sys-
tems worldwide. From the perspective of power engineers, thermoelectric (TE)
materials can be used to reduce the load on a power system without changing the
economic output by converting waste heat from industrial plants into electrical
energy. Taking a continental-sized power system such as the United States as
an example, approximately 26 quadrillion Btu (or 7.62 trillion kW.h) are wasted
annually in transportation and industry [5]. The Sankey diagram shown in fig-
ure 1.1 illustrates this concept.

Petroleum: 35.1 I Transportation: 26.9

Rejected Energy: 56.9

Natural Gas: 31.3 I I Industrial: 25.9

Coal: 10.5 I
Nuclear: 8.1 I Residential: 11.6

-
A
Renewable Energy: 12.2 I b \I

Electrical System Losses: 23.8
a G I
ial: 9.1
RIMGES * Energy Services: 43.1

Electricity Power Sector: 36.7
I Electricity Retail Sales: 12.9

Ficure 1.1. Sankey diagram of US energy inputs and outputs in 2022, all values
are in quadrillion Btu. 26 quadrillion Btu are lost as waste in industry and trans-
portation. Source: United States Energy Information Administration, Monthly
Energy Review (April 2022), tables 1.3 and 2.1-2.6 [5].

Thermoelectric waste heat conversion has been applied to high temperature
industrial exhaust systems (e.g. aluminium refining) [6] and medium temperat-
ure automotive exhaust systems [7] with limited scope. In these scenarios, TE
generators are particularly well suited, as they are both silent and motionless
and can be used in areas where a conventional higher efficiency thermal engine
would be inaccessible. Excitingly, thermoelectric generation could contribute 10
trillion Btu (2.93 billion kW.h) [6] to the US power system if used at scale.

'The best known use of thermoelectric generators is in space applications. For
example, NASA’s radioisotope thermoelectric generator (RTG) is used to power
deep space missions and Mars exploration rovers [8]. Unlike solar cells, RTGs
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do not depend on atmospheric conditions to generate power and this, combined
with their small size, makes them ideal for this type of application. As the gen-
erator is only a small part of the overall cost of the space programme, it is not
a budget constraint. However, the development of more efficient and cheaper
TE generators is needed for widespread use. An illustration of a thermoelectric
unicouple used for energy generation is shown in figure 1.2(a) and an image of

the RTG is seen on figure 1.2(b).
-
Thermoelectric
module

o

(b)

Ficure 1.2. (a) Model of a thermoelectric unicouple with the charges transport
detailed, and (b) radioisotope thermoelectric generator module. Adapted from
NASA. 2014. “MMRTG, or Multi-Mission Radioisotope Thermoelectric Gen-

erator.” NASA RPS: Radioisotope Power Systems. 2014. Accessed August 21,
2023. https://rps.nasa.gov/power-and-thermal-systems/power-systems/.

1.2 Enhancing the efficiency of thermoelectric materials

Existing TE materials have relatively low conversion efficiency and increasing it
is not an easy task as the variables involved in obtaining an efficient generator
are not additive and must be considered as a whole when designing new materi-
als. The efficiency of TE materials is characterised by a dimensionless figure of
merit, 27" = (XZO'T/(Ke +k;), where T', @, 0, k, and k; are the absolute temperat-
ure, the thermopower, the electrical conductivity and the electronic and lattice
components of the thermal conductivity (k), respectively. Most thermoelectric
materials used in commercial applications have a 7" of about 1 [9], which cor-
responds to an efficiency of approximately 10 percent in the mid-temperature
range [10]. To increase 27 it is necessary to increase both a and ¢ and decrease
k. However, these parameters are correlated. The electronic thermal conduct-
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ivity increases with increasing electrical conductivity, and a and o are inversely
proportional [11]. Optimisation of these parameters is therefore very challen-
ging and key to achieving higher efficiency.

Mathematically the “optimisation problem” for enhancing the efficiency of
thermoelectric materials can be stated as

max(|a(x)], o(x), —Kk(x)), (1.1)
xeX

where x denotes the thermoelectric parameters and X denotes the feasible set of
parameters. In multi-objective optimisation problems, there is rarely a solution
that minimises or maximises all the objective functions; what we are looking for
is the Pareto optimal solutions, i.e. solutions that cannot improve any of the
objectives without degrading at least one of the other. This argument shows that
traditional methods of improving TE require researchers to make concessions
when trying to improve z7.

One of the most successful approaches to improve the figure of merit is to
reduce the lattice thermal conductivity, and over the years, various phonon en-
gineering approaches have been used to enhance phonon scattering and decrease
k; by taking advantage of nanoprecipitates [12-14], alloying elements [15-17],
nanostructured grain boundaries [18-21], ionised impurities [22, 23], and su-
perlattices [24].

A variety of band structure engineering approaches have also been used to im-
prove electronic properties [25-27]. Strategies such as quantum confinement [28,
29], modulation doping [30-32], the introduction of resonance energy into the
electronic density of states (DOS) [33, 34], and energy filtering [35] are actively
pursued. These strategies have been adopted to modify the band structure and
transport properties of thermoelectric materials by tuning the electrical conduct-
ivity and thermopower independently or by increasing them simultaneously. In
practice, the best results are obtained with a significant increase in one of these
parameters and a slight decrease in the other, resulting in an increase in power
factor (a*c) and 2T

'The development of highly efficient thermoelectric materials reached a bot-
tleneck when the exploration of single phase alloys was exhausted. Therefore,
the investigation of multiphase compounds is the most viable strategy to im-
prove the thermoelectric performance of bulk materials, where higher degrees of
freedom are available to design new materials and tune their electronic transport
properties [36—38]. Figure 1.3 shows the number of annual publications on ther-
moelectric materials indexed by the Scopus database compared to the number of
papers published on multiphase/composite thermoelectric materials, indicating
an increasing interest in this topic by the research community over the last five
years.

'The combination of multiple phases can improve electrical conductivity, ther-
mopower and thermal conductivity [40]. The main strategies discovered so far
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FiGuUrE 1.3. Yearly number of publications on thermoelectric materials, com-
pared with publications on multiphase/composite thermoelectric materials. Ad-

apted from [39].

to increase the thermoelectric efficiency of multiphase materials include: (1) en-
ergy filtering, which creates potential barriers in the electronic band structure
of the main phase via interfaces with the secondary phases. This leads to an in-
crease in the overall thermopower [41-43]; (2) modulation doping, where the
heterojunctions between secondary phases with larger bandgaps and higher car-
rier concentrations than the matrix are used to significantly increase the electrical
conductivity of the multiphase compounds [44—46]; (3) phonon scattering by in-
terfaces, grain boundaries, and defects to reduce lattice thermal conductivity [47—
50]; and (4) magnetic effects using the magnon-drag mechanism in magnetic
materials [51-53], where semiconductors doped with magnetic elements [54—
56], or semiconductors containing secondary magnetic phases [57, 58] are used
to improve thermoelectric efficiency [59, 60].

1.3 Research aims and objectives

'The aim of this research was to investigate the thermoelectric properties of mul-
tiphase bismuth sulphide and bismuth telluride materials. Specifically, the fol-
lowing objectives were pursued:

* Synthesis of multiphase bismuth sulphide and bismuth telluride materials
using various processing techniques such as zone melting, ball milling, and
spark plasma sintering

* Characterisation of the microstructure and phase composition of the syn-
thesised materials using techniques such as X-ray diffraction (XRD)

* Measurement of the thermoelectric properties of the fabricated materials,
including electrical conductivity, thermopower, carrier concentration, and
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thermal conductivity, using a variety of techniques such as the four-probe
method, Hall effect, differential scanning calorimetry (DSC), and the laser
flash analysis (LFA) method

* Optimisation of the thermoelectric properties of the synthesised materials
by the addition of various dopants and by controlling the microstructure

* Investigation of the underlying mechanisms responsible for the changes in
thermoelectric properties through theoretical modelling and simulation

Overall, this thesis aimed to contribute to the development of high-performance
thermoelectric materials for energy conversion and waste heat recovery applica-
tions. The focus on multiphase bismuth sulphide and bismuth telluride materials
was expected to provide new insights into the design and optimisation of ther-
moelectric materials with enhanced properties.

1.4 'Thesis overview

'This thesis begins with the motivation for the study and a brief overview of the
research.

Chapter 2 reviews thermoelectricity, the thermoelectric effect, and techniques
for improving the efficiency of single and multiphase thermoelectric materials.
Chapter 3 discusses the synthesis methods used to produce the semiconductor
materials studied in this thesis. It also covers the rationale behind the analytical
techniques used to study the materials and the mathematical models used to
describe their transport properties and band structure.

Chapters 4-8 present the main results of the research. Chapter 4 examines
the performance of single phase bismuth sulphide (B12831), a key component
of the multiphase materials produced here. Chapter 5 focuses on the thermo-
electric properties of the multiphase material (BiyTe; 755 252), highlighting the
benefits of adding a secondary phase (Bij4Te13Sg) to a BiyTes matrix. Chapter
6 examines sulphur-added samples of Bi, Te, 7Seq 53, while chapter 7 looks at
CrSb added to BigsSby sTes* and CrSb added to Big sSby sTes 5°. Chapter 8
examines iodine-doped Bij4Te13S°. Finally, chapter 9 concludes with a sum-
mary of the main results.

1Bi,_/3Cry/3934Cl, (x = 0,0.005,0.01,0.015, and 0.02)

2Biy(Tey 75-/350.25-x/3)], x = 0, 0.005, 0.01, and 0.02

3Bi2(T€2.7SCO.3)1_x53x X = (0, 0003, 0008, 00016, 0025, 005, 01, and 02)
“Big sSby sTes with x wt.% CrSb (x = 0, 0.5, 1, 5, 10, 25, and 100)

SBig sSby sTes 3 with x wt.% CrSb (x = 0, 0.125, 0.25, 0.5, and 1)
6Bi2(T61.857sl.142)1,x1x X = 0, 0005, 001, 0015, and 0.02
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Literature review

2

Before getting into the subject for which I find neither a large nor a small
door; the best thing to do is to loosen the grip on my pen and let it wander

about until it finds an entrance. There must be one - it all depends on the
circumstances, a rule that is applicable as much to literary style as to life.
Each word draws another one along, one idea another, and that is how

books, governments, and revolutions are made.
— MacHADO DE Assis, Primas de Sapucaia!

Summary

This chapter serves as an introductory exploration of the concept of ther-
moelectricity. It begins with a discussion of the thermoelectric effect, ther-
mopower, and the electrical and thermal conductivity of semiconductors.
This is followed by a presentation of various techniques used to improve the
thermoelectric efficiency of single phase thermoelectric materials, including
approaches aimed at optimising thermopower, electrical conductivity, and
thermal conductivity.

This chapter also explains the motivation behind the study of multiphase
thermoelectric materials. The potential benefits of incorporating secondary
phases into thermoelectric materials to achieve improved performance are
explored, and a comprehensive review of research on multiphase thermoelec-
tric materials is presented, highlighting key findings and advances in the

Jreld.
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2.1 'Thermopower

The thermopower is the phenomenon whereby a temperature difference in a ma-
terial creates a difference in electrical potential. In a conducting material, such
as a metal or semiconductor, electrons on the hot side have higher thermal en-
ergy and diffuse to the cold side, where they accumulate, creating a difference in
charge density that is measured as an electrical potential. The thermopower (a)

is defined as
_ \YA4

VT’
where VIV and VT are the voltage and temperature gradients, respectively, in the
material. It should be noted that the thermopower is also known as the Seebeck
coeflicient, and S is also used to denote a in some texts.

When a semiconductor is subjected to a temperature gradient, both carriers
will diftuse to the cold side, accumulate, and create a charge difference oppos-
ite to the temperature difference, the magnitude of which depends on the ratio
between the concentrations of majority and minority carriers. Thus, to generate
a useful electromotive force, doping is required to achieve a significant difference
in carrier type.

At higher temperatures, thermally excited minority carriers can cross the band
gap and act as free carriers, contributing negatively to the thermopower. Ther-
mopower is therefore mainly a function of carrier density, temperature, and scat-
tering mechanisms.

(2.1)

2.2 Peltier effect

When an electric current flows through a thermocouple, a heat flow is generated
at the junction of the two materials. This is the so-called Peltier effect. 'The
Peltier coefhicient is determined as

7=, (2.2)
where O is the heat transfer rate and I is the electric current.

'The thermopower is closely related to the Peltier effect since, in a thermoelec-
tric circuit, the thermopower will generate a current, which will in turn transfer
heat from the hot to the cold junction via the Peltier effect. This result is ana-
logous to the back electromotive force generated in inductive circuits by Lenz’s
law.

Tlhe thermopower and Peltier coeflicient are related by the following expres-
sion

r=aT. (2.3)

1 Also known as Thomson’s relation.
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2.3 Electrical conductivity and resistivity

The electrical conductivity o of a material is determined as [61]
o =nqu, (2.4)

where n is the carrier concentration, ¢ is the elementary charge, and y is the
carrier mobility. For semiconductors, equation 2.4 can be modified as follows

C = nqu, + pqu,, (2.5)

where n and p are, respectively, the concentration of negative and positive carri-
ers; U, and i, are, respectively, the mobilities of the negative and positive carri-
ers.

The electrical resistivity p is the reciprocal of the electrical conductivity

p=—. (2.6)

(o

In literature, both properties are used to define the so-called power factor
(PF)

PF =—=qa"c. (2.7)

2.4 'Thermal conductivity

In thermoelectric power generation, thermal conductivity plays a crucial role. A
low thermal conductivity ensures that the established thermal gradient remains
large enough to generate a high voltage. In semiconductors, thermal conduc-
tion occurs through two phenomena: electronic conduction (heat transported
by electronic charges) and lattice conduction (heat transported by lattice vibra-
tions or phonons). The thermal conductivity (x) of a thermoelectric material is
thus the sum of the electronic thermal conductivity (k,) and the lattice thermal
conductivity (k;). However, in semiconductors, where both positive and negat-
ive carriers are present, it is possible for them to move in the same direction and
transport energy without an electric current. This effect is known as bipolar, and
it leads to an increase in the overall thermal conductivity, so that [62]

K =K, + K + Kp, (2.8)
% 2T (2.9)
Kb - O_n + O_p(an - ap) s .

where K, is the bipolar thermal conductivity, o, 6,, 6,, and ¢, are, respectively,
the electron conductivity, hole conductivity, the thermopower due to electrons,
and the thermopower due to holes. The thermal electronic conductivity is usually

determined by the Wiedemann—Franz law [63]
k, = LTo, (2.10)
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where the proportionality constant L is known as the Lorenz number. The de-
generate limit of L is 2.45 x 1078 V2. K2,

2.5 'Thermoelectric figure of merit z7°

Thermoelectric generators are, in essence, heat engines, and their efficiency is
limited by the Carnot efficiency [64]

n,=1--5, (2.11)

where T and T}y are the absolute temperatures of the hot and cold reservoirs,
respectively, and the efficiency #, is the maximum ratio of the work done by the
engine to the heat drawn out of the hot reservoir (to the engine). For thermo-
electric materials, the maximum efficiency (;) is given by [61]

Ty —Tc 14+27T-1
n, = HT . m T (2.12)
H + 2T+ <
—_—— R
Carnot efficiency g -
Thermoelectric weighting
where 27" is known as the figure of merit and is calculated as
2
T=%0p - PFp (2.13)
K K

Clearly, , « 27, so improving z7" is the key challenge for increasing the effi-
ciency of thermoelectric materials.

Since 27" is temperature dependent, not all materials will operate at all tem-
perature ranges equally. In fact, according to the end application, a family of
materials is selected. This phenomenon is illustrated in figure 2.1. In this work,
the focus is on thermoelectric materials for low temperature applications, so the
family of materials used was BST (B, Te, Se, and Sb).

In the next section, the conventional methods used to improve the figure of
merit are presented.

2.6 Methods for improving z7T°

'The main mechanisms in which z7" have been optimised over the years for single
phase compounds are

* optimising the carrier concentration [65];
* band engineering [66—69]; and
* nanostructure engineering [21, 70].

In sequence a brief discussion of each of the mechanisms previously mentioned
is shown.
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FiGURE 2.1. State-of-the-art 27" for low, mid, and high temperature range ther-
moelectric materials.

2.6.1 Carrier concentration optimisation

The carrier concentration n of semiconductor material is controlled either by
extrinsic doping or by intrinsic defects [71]. Defects in donors donate extra
electrons or, in the case of a vacancy, accept fewer electrons into the valence
band than without the defect [72].

'The challenge in optimising the carrier concentration is that both the conduct-
ivity and thermal conductivity increase with it and the thermopower decreases.
Therefore, z7" will not have a monotonic behaviour with respect to n, but it will
reach a maximum value at a certain carrier concentration. In figure 2.2, the be-
haviour of the thermopower, electrical conductivity, thermal conductivity, and
27" with respect to the carrier concentration according to the single parabolic
band (SPB) is shown. As can be seen, 7" will attain a maximum value at an
intermediary carrier concentration.

AN

A 4

In(n)

FIGURE 2.2. Variation of thermoelectric properties with respect to the carrier
concentration as evaluated by the single parabolic band model.
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2.6.2 Band engineering
Optimising the electron band structure involves two tasks:
* Tuning the band filling to achieve an optimal carrier concentration n

* Enhancing the electron density of states near the Fermi level E. to increase
the thermopower a

One way to control the electron density of states is to increase the gap energy
E,. At higher temperatures, thermal excitation of small carriers can increase the
charge density n, which in turn decreases @ and increases k,. In [25, 67] it can
be seen that the energy gap of semiconductors can be tuned by doping, and an
enlarged E, can shift the thermal excitation temperature of minor carriers to a
higher temperature range, suppressing the minor carriers.

For BiyTe;s, in particular, it was reported in [73] that the figure of merit 27"
was increased by reducing k;, and improving a. This result was achieved by in-
creasing the gap energy between the valence and conduction bands. Since
is proportional to temperature according to equation (2.9), reducing its value al-
lows for operation at higher temperatures. The overall result was an increase in
the 27" from ~0.76 to ~0.98 at 450 K.

A formal verification of the band engineering technique is now provided. The
carrier concentration is evaluated as [74]

400
n= / g(E)f(E)E, (2.14)
Ec
1
1+ exp <E_TEF),

where E is the conduction energy, g(E) is the DOS, and f(E) is the Fermi-
Dirac distribution. The Landauer expression for the conductivity is given by [75]

f(E) = (2.15)

, o 2¢* M(E)[ 0

o'(E) = - ME)—— (—a—Ef(E)>, (2.16)
+0o0

0(E)=/ o' (E)dE, (2.17)

where ¢’ is the differential conductivity, A(E) is the mean free path, M (E) is the
number of conducting channels at a given energy, and A is the conductor area.
'The derivative of the Fermi-Dirac distribution is given by

exp(E — Ef)

5 (2.18)
(1 + exp(E — EF))

a e
Sp/ (B) =

Since f(E) is a sigmoid function, its derivative is a bell-shaped curve centred at
Ep. Thus, from equations 2.16 and 2.17, the electrical conductivity will depend
on the DOS around the Fermi level.
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Besides controlling the bandgap, resonant states and band convergence have
been used by researchers to control the band structure and achieve a higher ther-
mopower [25, 66, 69, 76] and higher 27" (e.g. from ~0.2 to ~1.4 at 750K [77]).

To achieve a resonant state, the dopant energy level is chosen to be in the
conduction or valence band of the host band [78]. When this phenomenon
occurs, there is a distortion in the band that increases the density of states in the
resonant region. As the Fermi level approaches the resonant state, there is an
increase in a and consequently in z7.

Finally, the band convergence technique uses the convergence of multiple
degenerate valleys to increase the thermopower and achieving high z#~1.3 at
700 K for PbTe;_,Se, [79]. This increase occurs because increasing the valley
degeneracy N, also increases the effective mass of thermoelectric materials by a
factor of N 3/ 3 without any noticeable effect on mobility [80]. The overall effect
is a large increase in the power factor due to the increase in @, and possibly a
reduction in u due to intervalley scattering.

2.7 Nanostructure engineering

Typically, when the power factor is increased by doping [81] or alloying [82] with
other elements, the lattice thermal conductivity k; decreases due to the increased
phonon scattering introduced by dopant atoms or ions. However, such a reduc-
tion is also accompanied by an undesirable side effect: the increase in k, due to
the increase in carrier concentration. To reduce k;, nanostructure engineering
has been used as an effective approach to obtain a higher figure of merit 27" [19,
83]. 'The development of low-dimensional nanomaterials [84] has shown that
it is possible to enhance 27" as a consequence of the quantum confinement of
phonons [85], while nanowires have been predicted to exhibit ultra-high 27" of
up to 14 [86].
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2.8 Multiphase materials

Having introduced the techniques for improving 27" for single phase thermo-
electric materials, this section now provides an overview of those for multiphase
thermoelectric materials. The following subsections present the main ways in
which the 27" of multiphase TE materials can be improved.

2.8.1 Energy filtering

'The concept of energy filtering in thermoelectric materials was first introduced
and studied in the second half of the last century [87]. Research in this field
has been renewed since the 1990s. In general, the thermopower increases with
increasing barrier height [88, 89] while the electrical conductivity decreases [ 90—
92]. In the presence of multiple potential barriers, the bipolar effect can be
suppressed by reducing the flow of minority charge carriers and reducing the
decrease in electrical conductivity [93-96].

Conventionally, the energy filtering effect can be understood by solving
the Boltzmann transport equation (BTE) using the relaxation time approx-
imation [97, 98]. 'The BTE equation expresses all thermoelectric transport
coefhicients as a function of the energy dependent relaxation times of the car-
riers 7(E) and the Fermi level Ep. 'The energy filtering effect can be easily
verified by considering the thermopower expression [99]

1 [(E - Ep)s'dE

, 2.19
qT fa’dE ( )

where T is the absolute temperature, E is the charge carrier energy, Ef is the
Fermi level, and ¢’ is the differential conductivity. The thermopower, as shown
in equation 2.19, is the energy average weighted by the electrical conductivity

1
a = _q_T <E - EF)()" . (220)

'This implies that an asymmetry between the density of states and the Fermi level
can produce higher thermopower.

Energy barriers in thermoelectric materials are implemented in the form
of nanoparticles or grain boundary interfaces embedded in the bulk host mat-
rix [100]. At these interfaces, carriers with higher energy preferentially pass
through the interface, while carriers with lower energy are filtered out. A
high density interface ensures a positive carrier filtering effect [101]. Band
bending between the two materials creates an energy barrier that reflects the
carriers [102, 103]. Figure 2.3 illustrates the energy filtering effect; due to the
partial reflection of the low energy electron waves, the high energy electrons
contribute most to the thermopower.
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F1Gure 2.3. Illustration of the energy filtering effect, showing that lower energy
electrons are scattered by a potential barrier.

Multiphase materials are viable candidates to take advantage of energy filter-
ing. Due to the possibility of tuning the electronic band structure of each phase,
band bending can significantly enhance the energy filtering effect [104-111]. A
Schottky or ohmic barrier occurs at the interface with a metallic secondary phase,
while a heterojunction barrier occurs at the interface of the thermoelectric ma-
terial with a semiconducting secondary phase.

2.8.1.1 Energy filtering by metallic secondary phases

For energy filtering effect by metallic phases, the barrier height is proportional to
the work function of the metal and to the electron affinity of the semiconductor.
'The work function @ is defined as the minimum energy required to remove an
electron from the surface of a material, and its value is equal to the energy differ-
ence between vacuum and the Fermi level [112]. The electron affinity y is the
energy difference between the vacuum and the bottom of the conduction band.
At the metal-semiconductor junction, the Schottky—Mott rule [113] defines the
barrier height Ep as the difference between the work function of the metal ®,,
and the electron affinity of the semiconductor yg,

Small differences place few restrictions on the movement of electrons, and this
barrier is known as an ohmic barrier. Both work function and electron affinity
depend on surface impurities and crystallographic orientation.

Theoretically, the presence of metals can strongly influence the carrier relax-
ation time and consequently both the electrical conductivity and the thermo-
power [89, 114, 115]. 'The inclusion of metallic nanoparticles has been shown to
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FIGURE 2.4. (a) Schematic of randomly distributed metallic Pb secondary phase
in a PbTe matrix, (b) calculated potential V' (r) and energy diagram for PbTe at

300 K, carrier concentration of 2.5 x 10Y cm™, barrier height of 0.11 eV, and
radius of 1.5 nm, where Ep, is the Fermi level, E. is the energy at the bottom
of the conduction band, E, is the band gap, and E}, is the energy at the top of

the valence band, and (c) carriers’ relaxation time as a function of their energy.
Reprinted from [100].

mathematically enhance the thermopower [100]. The interface of n-type PbTe
with metallic Pb nanoparticles with a low work function effectively scattered
electrons and increased both the thermopower and the electrical resistivity. This
mechanism is schematically illustrated in figure 2.4, where spherical metallic
nanoparticles are randomly distributed in the host semiconductor. Experimental
results proved this concept [116-118], such as Pb precipitates in the matrix of n-
type PbTe, intrinsically doped with excess Pb, increased the thermopower and
the average resistivity from -98 pV.K™! and 1.2 mQ.cm for Pby g3Te to -130
uV.K! and 3.2 mQ.cm for Pby s Te at 300 K respectively [116]. The addition
of metallic Sn and Cr to CuyO doubled the thermopower from 700 |J.V.K_1 to
1400 pV.K_l. [118]. Platinum nanocrystals created energy barriers in p-type
Sb,Tes thin films [117] and caused a large reduction in carrier mobility of about
2.5 orders of magnitude due to additional carrier scattering compared to Sb,Tes
films without Pt nanocrystals. The carrier concentration increased, possibly due
to the overlap of energy bands [100]. The band overlap increases the distance
between the Fermi energy level and the valence band maximum, thereby increas-
ing the total concentration of holes in the semiconductor matrix.

Silver nanoparticles enhanced the thermopower of CdO-Ag compos-
ites [119]—a potential barrier of Ez = 0.1 ¢V between the work function of Ag
and the electron affinity of CdO increasing the resistivity from 1.5 mQ.cm to
1.7 mQ.cm for a sample with 0.03% Ag and increasing the thermopower from
-120 pV.K_1 for the pristine sample to -129 pV.K_1 for the sample with 0.03%
Ag at 800 K.



2.8. Multiphase materials

2.8.1.2 Energy filtering by semiconducting secondary phases

For a semiconductor secondary phase, the difference between the band gaps
and Fermi levels of the two phases gives rise to a potential barrier at their junc-
tion [120]. The barrier height will be proportional to the difference between the
electron affinity of the two semiconductors (y; and y,). Anderson’s rule [112] al-
lows a simple estimate of the barrier height at the conduction, E g, and valence,
Egy, bands
Epc=x2— 115 (2.22)
Egy = (Eyy — Eg) — Ege, (2.23)

where E,; and E,; are the bandgaps of the two semiconductors. This simple rule
has been employed as a rough estimate to design multiphase materials. However,
the actual curvature of the band bending can be found using Poisson’s equation
for the electric potential [121]

p_4p—n+Dj)
€ € ’

-V = (2.24)
where € is the permittivity of the material, p and n are the hole and electrons
concentrations, respectively, and D; is the concentration of ionised impurities
(extrinsic dopant). The relation between the barrier height and electrical con-
ductivity is suggested as being [122]

Ep

oo T2 k8T (2.25)

It should be noted that this equation was developed for homojunctions [123,
124]. However, the experimental data for heterojunctions fit this equation sur-
prisingly well [125]. Experimental results have shown that energy filtering by
dissimilar semiconducting phases can improve the power factor [126-129]. Sil-
icon oxide particles in the (BiyTes)y(SbyTes)o g bulk alloy increased the ther-
mopower from 182 }1V.K_1 for the pristine sample to 218 pV.K_1 for the sample
with 1.1% volume of SiO, at room temperature [126]. Yttrium oxide (Y,0O3)
particles embedded in a Bij5Sby sTe; matrix significantly increase the thermo-
power [130] and deviate significantly from the ideal Pisarenko relation. 'The
thermopower is inversely proportional to the carrier concentration n for degen-
erate semiconductors according to the Pisarenko relation [131] with a rate of
n~?. The deviation from this ideal relationship has been used as an indication
of changes in the electronic band structure of a material [132].

Randomly dispersed titanium dioxide nanoparticles (from 10 to 25 nm) in a
Baj 5,Co4Sby, matrix increase the thermopower [133]. Although the bandgap
for Bag 7Co4Sby; is unknown, given the large bandgap of TiO, (3.2 ¢V [134]),
the influence of energy filtering was assumed. At 300 K the electrical conductiv-
ity decreased from 2.9 x 10° S.m™! to 2.8 x 10° S.m™! and the thermopower in-
creased from -105 pV.K_1 for the pristine sample to -110 pV.K_1 for the sample
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with 0.8% volume of TiO,. The TiO, particles in the BiySes based materials in-
creased the overall power factor of the composite from 0.75 x 103 W.m™ K to
1.07 x 1073 W.m 1 K for the sample containing 10 wt.% titanium dioxide [135].
'The carrier concentration varied significantly with the concentration of TiO,,
possibly due to the formation of Ti%* ions during hot pressing under vacuum.

A double filtering effect has been reported for TiO, deposited on Ti;_, O,
@ TiOy, (x < 1,1 < y < 2) heterostructures [136]. TiC;_,O,, with a nar-
row bandgap and high electrical conductivity, in combination with TiO,, and
TiO, nanoparticles with wide bandgaps, provided an effective barrier height for
energy filtering. 'The thermopower and the resistivity of the samples increase
as a larger amount of TiO, is deposited. The maximum value obtained for
the thermopower at 973 K was -156 pV.K_1 with an electrical conductivity of
~4 x10*S.m™™.

Silicon-based materials, although not commonly used as thermoelectric ma-
terials, have also been shown to benefit from energy filtering [137-144]. For
instance, heavily doped silicon with boron and nanoparticles of Si have shown
increased thermopower and electrical conductivity in a particular range of dopant
concentrations [145]. The increased Fermi level of the bulk material explains the
increase in electrical conductivity, and the energy filtering effect justifies the in-
creased thermopower.

A half-Heusler compound of (Hfy ¢Zr( 4)NiSng 99Sbg g1 with added nano-
particles of tungsten (W) showed a maximum 27" of 1.4 at 873 K and an average
zT of 0.9 in the temperature range of 300—973 K for the alloy with 5 wt.%
tungsten nanoparticles [146].

Table 2.1 summarises the compositions and fabrication methods of recent
studies that reported energy filtering effects in multiphase thermoelectric mater-
ials.

2.8.2 Modulation doping

Modulation doping is a well established concept for increasing the conductivity
of heterojunction devices [161]. 'The basic idea behind modulation doping is
to use the offset in the band structure between two semiconductors in combin-
ation with heavy doping of the material with the wider band gap, so that there
is a transfer of carriers from the material with the wide band gap material with
the narrow band gap material. The transferred carriers create a two-dimensional
electron gas that is essentially separated from the donor phase, thereby increas-
ing the carrier mobility [162]. Conventionally, this strategy has been used to cre-
ate p-channel devices called modulation-doped field-effect transistors (MOD-
FETs) [163]. 'The difference between energy filtering and modulation doping
is shown schematically in figure 2.5. In the case of modulation doping, the sec-
ondary phase increases the conductivity by donating electrons to the host semi-
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Table 2.1. Compositions, fabrication methods, and corresponding references of

multiphase materials that benefited from the energy-filtering effect. Adapted

from [39]
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Modulation Doping Energy Filtering

Easy Electron Flow

Ficure 2.5. Comparison between a modulated doped semiconductor and a mul-
tiphase compound benefiting from energy filtering.

conductor, whereas in the case of energy filtering, the secondary phase scatters
electrons and reduces mobility.

'The thermoelectric research community has also used this mechanism to en-
hance the thermoelectric performance of materials [23, 30, 32, 38, 46]. For ther-
moelectric materials, a combination of two effects has improved thermoelectric
efficiency in modulated doped materials: first, a large increase in electrical con-
ductivity and carrier mobility [164] and second, a reduction in lattice thermal
conductivity as a result of phonon scattering by nanostructuring [32, 165].

Some attempts have also been made to explore the possibility of using mod-
ulation doping in structures similar to field-effect transistors (FETs) [163]. In
this structure, the thermoelectric semiconductor nanowire (channel) is enclosed
by a heavily doped layer (gate) [166-170]. A modest increase in power factor
has been achieved with this approach. Table 2.2 summarises the sample com-
positions, fabrication methods, and corresponding references of recent studies
that have used modulation doping to enhance the thermoelectric performance
of multiphase materials.

2.8.3 Phonon scattering

When designing a thermoelectric material, the main goal is to maintain a high
electrical conductivity while reducing the thermal conductivity [181]. Phonon
transport plays an important role in the thermal conductivity [182, 183]. In-
creasing phonon scattering has therefore emerged as a key strategy to improve
the efficiency of thermoelectric materials [184]. This is achieved mainly by nano-
structuring the material [80], introducing grains with sizes larger than the mean
free path of the carriers but smaller than the mean free path of the phonons [185],
alloy scattering with additional mass or strain fluctuation [186—188], nanocom-
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Table 2.2. Sample compositions and fabrication methods of references that em-

ployed modulation doping to enhance the thermoelectric performance of mul-

tiphase materials. Adapted from [39]
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posites [189-192], and embedding interfaces by creating a texture between the

two materials [193].
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Effective medium approximation can be used to assess the effect of a sec-
ondary phase in the material. The traditional mathematical treatment for TE
materials incorporates an interface resistance, called Kapitza resistance (R,.), in
series with the intergrain resistance [194]. This model is further developed to
consider the shapes, orientations, volume fractions, and thermal conductivities
of the phases [193]. For instance, the thermal conductivity of a two-phase ma-
terial with spherical inclusions is expressed by

K,(1+24) + 2K, + 21 [,(1 = 4) — i, ]
K* = , (2.26)
K,(1+24) + 2k, = 2f [,(1 = 4) — i, ]

where ,, is the thermal conductivity of the matrix, k, is the thermal conductivity
of the secondary phase, and f is the volume fraction of the secondary phase. The
non-dimensional parameter, A, is the ratio of the Kapitza length, L,, and the

secondary phase radius, a
L R
p= e I (2.27)

a a

An even simpler model than that has been used to describe the scattering
in multiphase materials is impedance mismatch [185]. The acoustic impedance
(Z) of a material is the analogue of the electrical impedance for electrical circuits.
In this case, the acoustic impedance measures the opposition of a system when
acoustic pressure is applied to it, and it is calculated as

Z=d-v (2.28)

where d is the density of the medium and v is the speed of the sound in the
medium. At the interface of two materials, the reflection () and transmission
(1) energy coeflicients are [195]

Z, - 7, 1?
2 1
47,7
f=— 12 (2.30)
(Z, + Z,)?

where Z| and Z, are the acoustic impedances of the two materials. Figure 2.6
illustrates phonon transmission and reflection between two dissimilar materials.

Experimentally, impedance mismatch between phases has been shown to re-
duce the thermal conductivity of the bulk material. The impedance mismatch
between the PbTe and PbS rich phases in (Pbg 955n( g5 Te)1_ (PbS), samples led
to an inhibition of the heat flow, with the lattice thermal conductivity reaching
0.4 W.m™1.K? for the sample with 8% PbS, an 80% reduction in the reported
values for the bulk material [196].
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F1GURE 2.6. Phonon transmission and reflection due to impedance mismatch.

In general, phonon scattering has proven to be an effective strategy to
reduce the lattice thermal conductivity in multiphase lead telluride-based
materials [197-200] and bismuth telluride-based [201-203] materials. For
instance, nano-engineered multiphase PbTe-x% InSb compounds showed an
exceptionally low minimum lattice thermal conductivity of ~0.3 W.m™1.K™?
at ~#770 K for 4% InSb and consequently a z7" value of ~1.83 at 770 K [204].
Even higher 27" values of ~2 were observed for Pby_Na,Teqs550255€0.1
compounds [36, 37], where the combined effects of phonon scattering at
nanoprecipitates and the increase in the power factor due to the heterogeneous
distribution of dopants between phases were recognised to be responsible for
the high TE efficiency. Nano and micro-sized precipitates in Pby_,Ga,Te
(x = 0.01,0.02,0.03, and 0.04) compounds have shown a reduction in the
lattice thermal conductivity, reaching 1.6 W.m LK1, The lattice thermal
conductivity of multiphase half-Heusler (Hfj¢Zrg4)NiSngg9Sbgo; material
was reduced from ~4.5 W.m 1. K™! for the pristine sample to 2.9 W.m™1.K!
for the sample with 20 wt.% of tungsten at 300 K [146]; the combined effects of
phonon scattering and energy filtering due to the presence of metallic tungsten

improved the 27" by 55%.

In contrast, a large fraction of a secondary phase with high thermal conduct-
ivity can increase the thermal conductivity of the bulk material, as reported for
PbTe-Ge, [205]. Five percent of GeTe reduced the lattice thermal conductivity
to 1.1 W.m 1. K1, while a sample with x = 0.2 showed a lattice thermal con-
ductivity similar to the pristine sample. Adding a secondary phase of TiO, to
a BiySes host increased the thermopower by energy filtering and simultaneously
reduced the lattice thermal conductivity by 45% [135].

'The lattice thermal conductivity values of several single-phase chalcogenides
are compared with their multiphase counterparts in figure 2.7. The data for single
phase materials was manually extracted from the Materials Research Laborat-
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ory Energy Materials Datamining website [206, 207]. This dataset contains
information on 573 thermoelectric materials from various combinations of host
materials and dopants, along with several thermoelectric properties measured ex-
perimentally at 300 K, 400 K and 700 K. Here, the lattice thermal conductivity
of chalcogenides measured at 300 K has been chosen for comparison. Where
the lattice thermal conductivity was not available, its value was evaluated us-
ing the Wiedemann—Franz law (see equation 2.10) and the Sommerfeld limit of
2.45 x 1078 V2. K2 for the Lorenz number. Both the bar and box plots show that
the multiphase materials have consistently lower values of the lattice thermal con-
ductivity. In particular, the box plot shows that the multiphase materials have,
on average, lower values of lattice thermal conductivity.

s

Smgle—phase Multlphase

6,
7 | ‘ O
0 | Il‘llllll‘lllllll“‘llll Illlllll“ Illllllllll‘ll

Ficure 2.7. 'The lattice thermal conductivity of multiphase thermoelectric ma-

terials compared with single phase counterparts, data extracted from [36-38, 49,
79, 135, 165, 204, 205, 208-239]. The inset shows a box plot of the same data.
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2.8.4 Estimating the transport properties of multiphase
thermoelectric materials

In general, multiphase materials can increase phonon scattering, increase the
thermopower due to energy filtering, and increase electrical conductivity due to
modulation doping. These micro and nano effects clearly influence the material
on a macroscale. It is, however, of interest to have simplified expressions to
predict the behaviour of these materials from based on their composition.

Effective medium theory allows us to approximate the effective thermopower
and the electrical conductivity of multiphase materials [240]. There are two main
equations to evaluate these properties. The most common equation is the one
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derived from the usual effective medium theory [241]

&-¢&
Z VT s 0, (2.31)

where v; and &; are the volume fraction and property of phase i, respectively, and &
is the effective material property. The electrical conductivity can be calculated by
setting £ = o, and the thermopower can be calculated by setting & = a/o [242].
'The second equation is based on the generalised effective medium theory

1/s 1/s
Zv,.éli;f'gm =0, (2.32)
1 C
where s is a measure of the grain structure and morphology, and A, = (1-p,)/p,,
where p, is the percolation threshold. Both parameters can be determined by fit-
ting experimental data, and p, is estimated from the lattice type and dimensions
of the network [243]. The thermopower and the conductivity are estimated sim-
ilarly to the previous equation [244].

Recently, models based on electrical networks have also been introduced to
estimate the electronic properties [240, 245, 246]. These models divide the ma-
terial into pixel (for a 2D analysis) or voxel (for a 3D analysis) grids, where
each node corresponds to a fraction of the total volume. Each voxel or pixel is
required to be larger than the mean free paths of the carriers and phonons so
that the transport is diffusive. Each node is connected to its neighbours by a
resistance that is an electric resistance (to calculate the electrical conductivity)
and a thermal resistance (to calculate the thermal conductivity) in series with an
interface resistance if needed.

Following the construction of the grids, a nodal analysis will be conduc-
ted [247] to determine the temperature and voltage profiles of the grids. The
thermopower is estimated by assigning each node in the electric grid to a local
voltage source in series, representing the local Seebeck voltage. By using a
Norton equivalent of the voltage source [248], the usual nodal formulation can
be applied, and the bulk thermopower will be estimated. The general expression
is presented as [246]

0= VG + Y Iy, (2.33)
Py py

where V) is the voltage (or temperature) difference between nodes k and I, I, is
the current flowing between nodes k and /, and Gy, is the conductivity between
nodes k and /. The conductivity will be determined by the local thermoelectric
properties of the voxels or pixels as

-1

o = 0',;1 + Gl_l, (2.34)
~1

Ky = K;l + Kl_l, (2.35)
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where o, 0, is the electrical conductivity of nodes k and /, respectively, and ky, k;
is the thermal resistivity of nodes k and /.

'The main advantage of this approach is that this linear system of equations
can easily be solved by electric circuit solvers, and the results can be directly
interpreted by engineers. However, quantum effects are not approximated by
this model, so it provides similar accuracy to the more simple models described

earlier [245].

Overall, from a design perspective, these equations suggest that the incor-
poration of highly conductive phases (both thermally and electrically) results
in an overall increase in the conductivity of materials. This effect has been
experimentally proven for several materials. Graphene, a zero-bandgap ma-
terial [249], has been successfully used to create thermoelectric materials with
high conductivity [250-252], while the electrical conductivity of CoSbs; reached
1.3 x 10°S.m™, four times larger than the pristine sample at 300 K [251]. Cop-
per telluride in Biy sSby sTes [253] and a composite of ZnSb matrix with minor-
ity phases of Zn4Sbs, Zn3P,, and CusZng [254] have shown higher electrical
conductivity. High-temperature, oxide-based thermoelectric materials have also
been shown to benefit from the presence of secondary phases. A multiphase com-
pound of CazCo40Oy, matrimid polymer + Ag, and carbon black [50] showed
a reduction in the electrical conductivity compared to the porous CazCo40,
while the highly conductive phase of Ag reduced a significant deterioration of
conductivity. It should be noted that the values of electronic transport proper-
ties are greatly dependent on the fabrication methods [255], quality of the raw
materials, and oxidisation of the material [256—258].

'The equations described in this subsection do not take into account quantum
effects such as magnetic scattering, modulation doping, and energy filtering. For
more information, please refer to the rest of this chapter.

2.8.5 Magnetic effects

The effects of magnetism on the performance of thermoelectric materials have
been investigated for some time, but with less detailed analysis. The idea of
spin-wave scattering and magnon drag was proposed in the middle of the last
century, where magnon scattering was shown to contribute to an increase in the
thermopower [259]. Magnons are bosonic quasiparticles, the quanta associated
with spin waves [260]. When a magnetic material is subjected to a temperature
gradient, the hotter side contains a higher density of magnons that will diffuse
towards the cooler side; this magnon flux “drags” the free charge carriers due
to the electron—magnon collisions and gives rise to a second contribution to the
thermopower, called the magnon thermopower [261]. A hydrodynamical, Ga-
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lilean based expression for the magnon thermopower is [262]

amd = % : c_m : 11: ’ (2.36)

Tm

where ¢, is the magnon specific heat capacity per unit volume, 7,, is the transport
mean-free time for the magnons, 7,, is the relaxation time of magnons due
to magnon-electron collisions, ¢ is the elementary charge, and n is the carrier
concentration.

When dealing with magnetism in semiconductors, three main strategies have
been proposed to improve the thermoelectric efficiency: (1) optimise thermoelec-
tric properties of magnetic materials using strategies known for non-magnetic
materials [51-53, 263, 264]; (2) introduce a magnetic dopant in a non-magnetic
material [54-56, 265-268]; and (3) introduce a magnetic secondary phase in a
non-magnetic material [57, 58].

2.8.5.1 Magnetic semiconductors

Examples of magnetic semiconductors include FeSb, [269, 270], MnTe [271-
273], CryGe,Teg [274], MgAgSb [275], MnSe [276], and FeSe [277]. Ex-
perimental results have demonstrated their potential as thermoelectric materials.
For instance, a large thermopower of 27 mV.K™! has been reported for FeSb,
(albeit at a low temperature of ~12 K) [278]. However, it is difficult to estab-
lish a causal relationship between the magnetism and thermopower. A common
method is to check whether a heavily doped sample with a high carrier concen-
tration shows a large thermopower [279], since this indicates a possible effect of
electron—magnon scattering, which increases the thermopower. Fitting math-
ematical models to experimental data has also been proposed as a method to
identify magnetic thermopower [280]. However, measuring the transport prop-
erties as a function of the magnetic field is the best method for determining
magnetic thermopower [261, 281, 282].

A spin-dependent thermopower can also occur in magnetic semiconduct-
ors [283] since the thermopower for the two spin channels of spin-up (@ 1)
and spin-down (& |) are not equal, a spin current proportional to the difference
between a 1 and a | flows through the magnetic material even in the absence
of a charge current [284]. The literature refers to spintronics as the field of study
that investigates devices that exploit the properties of electron spins. In thermo-
electricity, this process is known as spin caloritronics [285]. This new field of re-
search has attracted the interest of the thermoelectric research community [286—

288].
2.8.5.2 Magnetic dopants in non-magnetic semiconductors

Doping non-magnetic thermoelectric materials with magnetic elements has
been shown to improve the power factor. Magnetic doping of CuGaTe, with
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manganese ions (Mn2+) increased the effective mass of the carriers owing to the
interaction of the magnetic ions and charge carriers and, consequently, increased
the thermopower [289]. 'This effect has also been reported for chromium-doped
BiyTe; [290]. The negative side effect of magnetic ion dopants is a decrease in
charge carrier mobility, which results in a reduction in electrical conductivity.
But, overall, it has been seen that the power factor increases [291-293].

2.8.5.3 Secondary magnetic phases

'The natural extension of magnetic elements involves the inclusion of magnetic
phases to enhance the performance of thermoelectric materials [289, 294, 295].
'The magnetic particles of BaFe ;019 in Bag 3Ing3Co04Sby, formed a magnetic
composite. BaFe;,019 nanoparticles trap electrons in the ferromagnetic phase
due to the spiral motion of electrons generated by non-uniform spherical mag-
netic fields. This effectively suppresses the deterioration of thermoelectric ef-
ficiency in the intrinsic excitation region [296]. In the paramagnetic phase (at
temperatures above the Curie temperature), the nanoparticles release the trapped
electrons to increase the carrier concentration in the intrinsic excitation. This ef-
fect enhances the overall performance of the thermoelectric material.

Coherent magnetic full-Heusler nanoparticles of Ti(Nig/3Fey/3)Sn in a half-
Heusler matrix composed of Tij 5Zr( 55Hfy sNiSng 9755bg 25 showed signific-
ant enhancements in both carrier mobility and thermopower [297]. The mag-
netic nanoparticles interact with the spin of itinerant carriers, leading to charge
localisation (which consequently leads to a decrease in the charge density) and
the formation of overlapping bound magnetic polarons (which leads to an in-
crease in mobility).

Some magnetic phenomena occur only when the particles are smaller than
a certain size [298]. Nanoparticles provide a good platform to take advantage
of these magnetic phenomena to optimise the thermoelectric performance of
materials. If the size of a ferromagnetic nanoparticle is small enough to have
only several magnetic domains, it can be magnetised similarly to a paramagnet
under an external magnetic field, except for a much greater magnetisation. This
mechanism is known as superparamagnetism (magnetisation of nanoparticles
can randomly flip direction under the influence of temperature, and they can be
magnetised similarly to a paramagnet under an external magnetic field [299]).
Experimentally, soft magnetic transition metal (Fe, Co, or Ni) nanoparticles
were embedded in a Bag3Ing3Co4Sbyy matrix [300]. The superparamagnetic
fluctuations of the nanoparticles resulted in the multiple scattering of electrons
and enhanced phonon scattering. These effects increased the overall thermoelec-
tric efficiency of the material.

In general, secondary magnetic phases introduce a new degree of freedom
to enhance thermoelectric materials. The effects of magnetism in semiconduct-
ors are not yet fully understood, and general expressions for the contribution
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of magnon-drag on the thermopower are not yet available. The need for further
experimental and theoretical investigations presents an opportunity for the devel-
opment of thermoelectric materials, which is studied in this thesis (see chapter 7)

Table 2.3 summarises the sample composition and fabrication techniques of
recent studies that reported magnetic effects in thermoelectric materials.
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Table 2.3. Sample composition, fabrication technique, and corresponding ref-

erences that studied magnetic effects in thermoelectric materials. Adapted

from [39]
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3

Experimental techniques

If I learned anything, I would need to learn more, and I would never be

satisfied.
— GraciLiANO Ramos, Vidas Secas

Summary

This chapter presents a discussion of the synthesis and characterisation tech-
niques used in this work. A discussion of each step of the fabrication process
is included in this chapter, as well as a brief mathematical derivation of the
characterisation techniques.
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In this chapter, the experimental techniques used in this work are discussed.
For the knowledgeable reader, this chapter provides an insight into the theory
of characterisation techniques used to measure the transport properties of ther-
moelectric materials and how to model them concisely. The body of the text is
divided into three main sections:

1. Characterisation techniques: where a discussion of all the characterisation
methods used in this work is performed

2. Modelling thermoelectric materials: where the models employed in this
work to study the transport properties of the material are discussed

3. Synthesis: where an overall discussion of the synthesis procedure used in
this work is discussed

3.1 Characterisation techniques

'The characterisation techniques used for thermoelectric materials are divided
into two groups. One that characterises the structural properties of the ma-
terials: XRD; and one that measures the transport properties of the materials:
thermopower and resistivity measurements, Hall eftect, laser flash analysis, and
differential scanning calorimetry.

'The equipment used for characterising the materials synthesised in this work
changed in every chapter, thus, the information regarding each measurement
device was added on a chapter basis.

3.1.1 Thermopower measurement

'The procedure for measuring the thermopower is as follows: a bar-shaped or
cylindrical sample is placed vertically between the upper and lower blocks in a
heating furnace. While the sample is heated and held at a specified temperature,
the lower part of the sample is heated by a heater in the lower block to provide
a temperature gradient. The thermopower is then calculated by measuring the
upper and lower temperatures, T} and T, and the thermal voltage, AV. 'The
schematic of the measurements is shown in figure 3.1.

To understand how the thermopower is calculated, one first needs to find its
integral form. From equation 2.1, it is possible to write

—VV = aVT. (3.1)

Since a is measured one-dimensionally, the partial differential equation can be
substituted by an ordinary differential equation as follows
dv

Q= —r = —adT =dV. (3.2)
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/ Upper Probe-Thermocouple Ta
Constant

Current Current Sample —> AV
Power Probe

Supply
Lower Probe-Thermocouple T
/ Heater

FiGure 3.1. Schematic of a thermopower and bulk resistivity measurement
device.

Integrating both sides of equation 3.2, the potential difference between the
probes is given by
T,
Vo=V, = AV = —/ adT. (3.3)
T

In a real experimental scenario, the voltage is measured by the same thermo-
couples that measure the temperature. Therefore, the measured voltage AV, is
not the actual voltage induced in the material, but rather the difference between
the voltage induced in the material AV and the voltage induced in the positive
and negative legs of the thermocouple AV, or

1, 1
AV, =AV + AV, = —/ adT + / a,dT, (3.4)
T T
T,
AV, = —/ a—a,dT, (3.5)
T,

1
where a, is the thermopower of the thermocouple. The integral of equation 3.5
can be approximated by using the midpoint rule [301] where we would obtain
AV, = (T, = T)) [a(T) — a (T)] , (3.6)
where T = 140

Since both the positive and negative legs can be used to measure the voltage,
the expression for the voltage measured in each leg is

AVy =(T,=T)) [« (T) —a_ (T)], (3.7)
AV,F = (T, -T)) [« (T) —ay (T)], (3.8)
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where AV, is the voltage measured by the negative legs, AV,’ is the voltage
measured by the positive legs, a_ (T) is the thermopower of the negative legs,

and a (T) is the thermopower of the negative legs. Solving each equation for
a wields

(Preg =~ 4 (T) (39)
a =———"+a_(), :
e T, -T,
Py = ~2X8_ 4 (T (3.10)
a =———+aq , :
pos T2 _ Tl +
where a(T),,, and a(T),,, are the thermopowers found using the negative and

positive legs, respectively.
In a practical scenario, a number of points with different temperature gradi-
ents will be measured, so equations 3.9 and 3.10 can be rewritten as

_ v _

a(T)neg = —W + a_ (T), (311)
_ v _

a(T)poy = ——2= +a, (D). (3.12)

'The slope of both equations can be obtained using a linear regression of the data.

3.1.2 Resistivity measurement

The resistance is measured with the same probe used to measure the thermo-
power. The method used to evaluate the resistance of semiconductors is known
as the Kelvin method or the 4-point probe method [302]. 'This technique is par-
ticularly useful for measuring small resistances or loads distant from the current
source. To understand why, it is necessary to compare a 2-point probe measure-
ment with a 4-point probe measurement.

In figure 3.2, the resistance is measured using (a) an ohmmeter and (b) a com-
bination of an ammeter and voltmeter. In the first case, the ohmmeter measures
the resistance of the probe summed with the resistance of the wire. Generally,
this is not an issue, as the wire resistance is usually very small in comparison to
the resistance being measured. However, since semiconductor samples have a
low resistance comparable to that of the wire, the measurement error introduced
by the wire resistance is significant. In the second case, this error is avoided be-
cause the current flow to the voltmeter is negligible, so the measured resistance
has no influence on the wire resistance value.

When measuring the resistance of semiconductor samples, the usual setup is
as shown in the figure 3.3 [303]. The Ry, term represents the wire resistance,
R represents the contact resistance, and Rg represents the resistance of the
sample.

To derive an expression for the resistance measured by the four probes, con-
sider that the sample dimensions are much larger than the distance between the



3.1. Characterisation techniques

(a) wire

CQ Ohmmeter Rsamp,e

Ammeter R
(b) /A\ wire
u | S|

_ Voltmeter sample

1
—

wire

FiGure 3.2. Resistance measurement using a (a) 2-point probe and (b) 4-point
probe scheme.

ot

RW1 RWZ RW3 RW4
L
RC1 RC2 AV RC3 RC4
RS1 RSZ R53

FiGure 3.3. 4-point probe scheme to measure resistance of semiconductor
samples.
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probes, so that the simple sample geometry shown in figure 3.4 can be used [304].
Assuming an infinitesimal point probe and a radial current distribution, the cur-
rent density can be evaluated as

> I
J = F. 3.13
275r2r ( )

The electric field and voltage will be

E = pJ, (3.14)
dv
=97 1
P (3.15)

FiGURE 3.4. Idealised current distribution for thick samples.

Using the boundary condition of a zero potential at infinity [305], the voltage
at a distance r from the probe will be

roq I
V=—/ P ar>y=2~ (3.16)
0

27r? C 2nr

For a four-point probe scheme with spacings of s, 5,, ands; between probes,
the voltage measured by probes 2 and 3 for a current flowing from probes 1 and

4 will be
1
Vz=—p<l— ! > (3.17)
2 S1 S2+S3
Ip 1 1
Vy=— -—, 3.18
3 2 <Sl+S2 S3> ( )

where the minus sign accounts for the current leaving probe 4. Finally, the meas-
ured voltage V53 = V, — V3 becomes

1
Vay = o <l -1 i) : (3.19)
2 \sy  Sp+S3 sy +s, oS3
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and the resistivity is given by

p _ 2r Va3
23,14 — ) :
1 1 1 LT,

(3.20)

S1 S2+S3 Sl+52 S3

Equation 3.20 is defined for a semi-infinite semiconductor slab, and it is only
valid if the sample thickness f is much larger than the probe spacing and the four
probes are far from the sample edge. For cases where these conditions do not
hold, the following expression is used [304]

p=F 271'5%, (3.21)

where F is a correction factor and s = 5 = 5, = s3.

Correction factors accounting, probe location near sample edges, sample
thickness, sample diameter, probe placement, sample temperature, and unequal
probe spacing have been calculated using the method of images [306, 307],
Laplace’s equation [308], and conformal mappings [309]. Each of these factors
is evaluated independently and the overall correction is obtained by multiplying
them.

The correction factor used for most measurements is the one that accounts
for a non-infinite thickness and is given as [310]

F= ts (3.22)

n ( sinh (¢/s) )
sinh (/2s)
For non-uniform samples, the formula devised in appendix C can be em-

ployed.

3.1.3 Uncertainty analysis in thermopower and resistivity
measurements

In this work, samples containing volatile elements have been studied. It is there-

fore essential to be able to assess the difference between compositional changes

and measurement errors. 'The first step is to review the common sources of error

for each type of measurement.

For resistivity measurements, the most common sources of uncertainty are
due to

1. Probes spacing — Arising from length measurements using a calliper
2. Sample dimensions — Arising from length measurements using a calliper

3. Voltage values — Arising from the data acquisition system (DAQ) for
voltage measurements

4. Current values — Arising from the DAQ for current measurement
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Errors in length measurements are due to the precision of the equipment
used, and it is common practice to assume the error to be + the precision of the
equipment. For callipers, this will be + 0.1 mm.

Voltage and current measurement errors are due to the accuracy of the DAQ_
equipment used. There are two main components of measurement accuracy:
gain error and offset value. The gain error is expressed as a percentage and is
defined as the error in the measurement at full scale. The offset error is meas-
ured as the difference between the ideal transfer function of the analog-to-digital
converter (ADC) and the measured function. This is illustrated in figure3.5(a).

'The offset values are due to the accuracy of the conversion; as ADCs convert
analogue signals to digital bytes, the values to be acquired are in fact discrete, and
the accuracy of the discretisation is related to the number of bits of the ADC.
The offset value is assumed to be the least significant bit (LSB) of the converter
and is shown in figure 3.5 (b).

(a) ADCs Gain Error (b) Offset value on ADCs
111+
o Ideal ADC Full scale £ 110
=} Transfer Function £
S & 101
= r
= ] 100
‘ed Measured ADC —
o= Transfer Function = 011
o o
&5 0104
0014
OOO I T T T T T T
Analog input (V) 0 1/8 1/4 3/8 1/2 5/8 3/4 7/8 1

Analog input (p.u.)

Ficure 3.5. Illustration of the sources of errors on analog-to-digital converters.

For thermopower measurements, the most common source of error is due to

1. Cold-finger effect — Arising from the temperature difference between the
thermocouple and sample temperature

2. Voltage values — Arising from the DAQ for voltage measurement
3. Absolute temperature values — Arising from thermopower from the wire

4. Estimate of the standard error from the slope approach method — Arising
from the least-squares method

The cold finger effect is caused by the thermal difference between a cooler
thermocouple and a hot surface being measured. Heat is transferred into the
thermocouple, creating a thermal gradient. Due to the thermal resistance of the
wire, this results in a slight underestimation of the actual surface temperature.
Equations modelling this effect can be found at [311] and are derived from a
finite element analysis of the system. Voltage errors are due to the same reasons
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as for resistivity measurements. The uncertainty in the temperature values is
due to the mismatch between the standard values for the thermocouples and
those used in the measurement. Finally, there is the error associated with slope
estimation when using ordinary least squares to calculate the thermopower, as
in equations 3.12 and 3.11 (for more details see [301]).

For assessing the final error values, error propagation techniques [312] or
Monte Carlo methods [313] can be employed. In this work the following sources
of error were considered

1. Resistivity: I) Probe spacing (+0.1 mm), II) bar dimensions (+0.01 mm),
II) voltage (+5%), and III) current (0.2% + 0.3 mA)

2. Thermopower: 1) Cold-finger effect (1 x 10*W2.m LK), 1) voltage
(+3%), I1I) absolute temperature (+2 K), and IV) estimate standard error
from the slope approach method
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3.1.4 Hall Effect measurement

'The Hall effect is the production of a voltage across an electrical conductor or
semiconductor when a magnetic field is applied in a direction perpendicular to
that of the flow of current [314] and it is used to measure the sheet resistance
and carrier concentration of materials. In figure 3.6, the Hall effect is illustrated
for a semiconductor slab when a magnetic field B, is applied transversally to the
current 1.

Ficure 3.6. Hall effect for a semiconductor slab.

Due to the presence of a magnetic field, the carriers will experience a force
called the Lorenz force

ﬁ=q<E+6x§). (3.23)

Assuming that the motions of the carriers are damped owing to scattering and
the average scattering time is 7, Newton’s second law for the carriers will be [315]
as follows _ _
m@=q<1§+5x§)—m—v. (3.24)
dr T
Following the convention determined in figure 3.6, the negative carriers are flow-
ing in the negative x-axis direction with a drift velocity v,. In a steady state

scenario, the net force is zero, thus

07 ([E.] [o.] [0 v,
ol=ql| E,|+|v,|x]| 0 ||-Z]0, ], (3.25)
| 0 E, | |v, B, T v,
[0 [E,] [v,B; U,
0|l=ql| E,[+] 0B, || - 20, |, (3.26)
0] o] Lo “lo
Rearranging equation 3.26, it can be seen that
v, LE.+LBuv,
vy|=|LE,~ LB,/ (3.27)
v, 0
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The current density in the y-axis direction is zero, thus the electric field is
lEX] _ |t (3.28)
K . .
EZ %BZEX

'The Hall voltage, defined as Vi = —%, is then given as

qr E,

Vy =—-———B8B,. 3.29

™ mw ™2 (3:29)

The current flowing in the x-axis direction is I, = tWJ, = tW E, o, where

_ ng’r . . . . . . .. .

o =——Iis the electrical conductivity. Plugging this expression in equation 3.29,
we find that I B

Vy = ——-=. 3.30

H ntq (3.30

Interestingly, the sign of Vj; allows us to determine if the semiconductor is p-
type or n-type. Since the carrier is always deflected to the left side, the build-up
charge will be the opposite for n-type and p-type materials.

A quantity of interest called the Hall coefficient can also be evaluated from
these measurements, and it is defined as

_ BVt 1
J.B, IL.B, nq

X

Ry (3.31)
Until now, it was assumed that the current flowing through the material was
due to only holes or electrons. In semiconductors, however, both carriers con-
tribute to the current, and the current density on the x-axis takes the following
form [315]

Jo=Jy + I, =e(puy +nu, )E,, (3.32)

er er e, o o

where u;, = o and p, = — are the hole and electron mobilities, respectively;

e

p is the hole carrier concentration; and # is the electron carrier concentration.
Using this new J, in the Hall coefficient expression, we obtain

Ry = —LHn " "He (3.33)

e (pup + npy)’

Experimentally, V;, t and W are measured, and the values of B, and I are set.
Thus, it is possible to calculate n and Ry. The mobility can be evaluated by
noting that

Ry = ppu. (3.34)

'The only step now is to find the resistivity. For this, the usual approach is
to employ a methodology known as the van der Pauw method. This method is
explained in the following section.
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3.1.5 Van der Pauw method

'The van der Pauw method is used to evaluate the resistivity of a sample of ar-
bitrary shape (shown in fig. 3.7), as long as the sample is approximately two-
dimensional (i.e. it is much thinner than it is wide), solid (no holes), and the
probes are placed on its perimeter [316].

‘e

03 / 4

FiGure 3.7. Sample with arbitrary shape for van der Pauw measurements.

For simplicity, let us assume a simpler geometry of an infinity half-plane as
seen in figure 3.8, where p;, p,, p3 and p, are the locations of the four probes
arbitrarily spaced.

(""L"")

b, D, by P,
Ficure 3.8. Probes location and current distribution in a semi-infinite half-

plane.

'The current will propagate radially in semicircles centred around the probe’s
location, as illustrated in figure 3.8, so the current density can be expressed as

I .
—F

J= . (3.35)
wrt

Once again, assuming the boundary condition of a zero potential at infinity, the
voltage at a point r distant from the current source is

V= _/ 104 v = —I—/t)lnr. (3.36)
0

Assuming a current flowing from points p; and p,, the voltage in points p; and
P4, will be

I 1
T T
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'The voltage between points p, and p5 is

1
1/43 = V4 - I/3 = —7[—¢ (ln d41 - ln d42 - lnd31 + ln d32) . (338)

The resistance Ry3 |5 is defined as

R — E — —ﬁlﬂ d41d32 — P ln d42d3l
43,12 I wt d42d31 wt d4ld32.

(3.39)

Now, we assume a current flowing from points p, and p;. Following the same
procedure as before, the voltage between points p; and py is

1
V14=I/1 _I/4=__¢ (lndlz—lndB—lnd42+1nd43). (340)
/s
The resistance Ry, 53 is defined as

R Va_ p duds  p dinde (3.41)
14,23 I t d13d42 t d12d43- )

Exponentiating both equations 3.39 and 3.41 and adding them [304], we find

it it
6_7R14’23 + 6_7R43’12 — d12d43 + d41 d32. (3.42)
dl3d42 d42d31
Since d;; = d;; and p; < p; < p3 < py,
nt nt
e o 1 TR (3.43)
Equation 3.43 is referred in some texts as the van der Pauw formula.
In practice, equation 3.43 is modified as follows
_7R_ _TR
e B +e R =1, (3.44)
where
R + R + R + R
R_ _ 23,41 41,23 y 32,14 14,23 , (3453)
R + R + R + R
Rl _ 12,34 34,12 " 21,43 43,21 ' (345b)

R_ and R, are known as the horizontal and vertical resistances, while R denotes
the sheet resistance. An advantage of this method is that the resistance values are
averaged and offset voltages are cancelled. Since equation 3.44 is transcendental,
R; is numerically found. This result holds for arbitrary shaped samples and is
denoted as the van der Pauw theorem, as stated in sequence.
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Theorem 3.1.1 (van der Pauw theorem). On an arbitrary simply connected region
Q with a positively oriented boundary, 082, take points wy, Wy, W3, W4 and measure
the quantities Ry 53 and Ry 1, as defined above, then p satisfies

_x

t
e o1 g T e (3.46)

Proof- To show that this result holds for a sample of arbitrary shape, we proceed
as follows: Let H = {p € C : J(p) > 0} be the semi-infinite half-plane with
PI<pPh<p3<ps€R=0H,andU = {l € C : |I| < 1} be the unit disc in
the complex plane.

From the Riemann mapping theorem [317], there is a conformal mapping f :
Q — U from Q onto U and a conformal mapping g : H — U from H onto
U. Since conformal mappings are bijective [318], there is a conformal map-

1 f‘g_l

ping f- g~ : Q - H from Q onto H, so that w;, w,, w3, w, € 0Q ——
P1> D2, P3. P4 € OH. 'This result is illustrated in figure 3.9.
w. U)4 1
) J9”
N <~
| g-f
w, Wy
0 py v b P, H
f g
1 g
U,] 'U,4
u2 u3
U

Ficure 3.9. Conformal mapping between regions Q, U and H.

'The current flowing from points w;, w ; will be the same as the current flow-
ing from p;, p;. Furthermore, by the invariance of the electric potential under
conformal mappings [319, 320], the potential difference between points w,,, w,
and py, p; will be the same. Thus, the resistance Ry ,; will be the same whether
evaluated on Q or H, and the formulation previously shown can be applied to a

sample of arbitrary shape. QED
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In practice, the following sample shapes are used in measurements, as seen in
figure 3.10

Circle Clover Leaf Square Rectangle Cross

F1Gure 3.10. Usual samples shapes for van der Pauw measurements.

3.1.6 X-ray diffraction analysis

XRD analysis is a non-destructive tool to analyse materials. The primary func-
tion of a XRD analysis is to identify the phases in the samples. The fundamental
idea behind this method is that at certain angles, the X-ray beams are scattered
in a mirror-like reflection, and the interference from successive crystallographic
planes is constructive [321]. The condition for this happening is given by Bragg’s
law [322]

nA = 2dsin0, (3.47)

where n is the diffraction order, 4 wavelength of the X-ray beam, d is the spacing
of the crystallographic planes, and 6 Bragg angle. Bragg’s law is illustrated in
figure 3.11.

FiGure 3.11. Mirror-like reflection of an X-ray beam following Bragg’s law.

Experimentally, the result of Bragg’s law is the X-ray diffraction pattern of the
phase, where the intensities of the scattered X-rays are plotted at different angles.
'This is usually obtained by following the arrangement shown in figure 3.12. At
each 20, the position of the rotating detector is recorded along with the number
of X-rays detected. This value is known as the intensity and is usually recorded as
counts or counts per second. This result is commonly presented as a diffraction
pattern containing 26 values in the x-axis and intensity values in the y-axis.

In real measurement data, the diffraction pattern contains noise and a su-
perimposed background (due to X-ray scattering from the equipment), and the
peaks are broadened due to the sample microstructure and equipment [323].
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X-ray “‘ Detector

FiGure 3.12. Illustration of an X-ray diffractometer.

Systematic errors due to sample displacement and diffractometer misalignment
(known as zero-point errors) can also be observed in diffraction patterns [323].

In practice, researchers use specialised software to analyse the diffraction pat-
terns. These programmes use data analysis to correct for the systematic errors
described above. The locations of all peaks are determined using profile fitting,
where the peaks are usually modelled as Gaussian, Lorentzian, Pseudo-Voigt, or
Pearson VII shapes [301] and the background is usually fitted using Chebyshev
polynomials [301].

After phase identification, the unit cell dimensions can be determined using
the Miller indices (hkl) of the diffraction peaks and the appropriate equation
relating d to the lattice parameters [321]. This type of profile fitting is useful for
indexing materials, but to accurately estimate the crystal structure of the sample,
a different type of profile fitting is used, called Rietveld refinement.

In Rietveld refinement, the profile is fitted by considering structural paramet-
ers (lattice parameters, fractional atomic coordinates, atomic site occupancies,
atomic displacement parameters, and preferred orientation), parameters describ-
ing the instrument calibration parameters (e.g. 26 zero-point offset), parameters
describing the 20-dependent intensity correction (e.g. due to absorption), para-
meters describing the peak shape, and parameters describing the background
between the Bragg peaks [324]. 'This fitting is typically done using the nonlin-
ear least-squares method [301].

Given the large number of variables, the refinement is performed iteratively
following a greedy algorithm structure [325]; where at each refinement cycle,
certain variables are fixed, and a minimisation routine is executed to improve
the model. This process continues until all the variables are optimised. Un-
fortunately, the heuristic behind the local optimal choice for each cycle is user-
dependent. Therefore, the quality of the model is not only dependent on the
initial guess and the quality of the data but also on the experience of the user.
Commonly used software packages for Rietveld refinement are GSAS-II [326]
and FullProf [327].
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3.1.7 Laser flash analysis

LFA is a technique used to measure the thermal diffusivity, D, of a sample. This
technique uses a short laser pulse that is absorbed by the front surface of the
sample while the temperature of the rear surface is recorded as a function of
time. From the evolution of the temperature signal, the thermal diftusivity D
can be determined. The LFA technique is illustrated in figure 3.13.

Detector

FiGure 3.13. Illustration of the laser flash analysis technique.

Fundamentally, the idea behind the LFA technique comes from the heat equa-
tion [64]
ou(x,y,z,t)
ot

where u(-) is the temperature as a function of space and time.

'The samples used for this type of measurement are thin (with thickness &) and
small, so it is possible to assume a one-dimensional heat flow. In addition, since
the measurements are done in a short span of time, the ends of the material are

assumed to be thermally insulated. With these assumptions, the initial boundary
value problem (IBVP) can be defined as [328]

= DVZu(x,y,z,1), (3.48)

u(x,1) _ p0%u(x,1)

= L xeh. >0, (3.49)
X

a”;?C’t)=a”g‘c’t)=oz>0, (3.50)

u(x, 0)= f(x) xe(0.h). (3.51)

'The general solution of the IBVP is given by [329]

1 [h 2 - Dn’n? nrx h nrx
u(x,t) = P’ A f(x)dx+z Zcxp T t COST ; f (x) cos de.
n=1
(3.52)

For LFA measurements, it is assumed that a pulse with radiant energy Q, is
instantaneously and uniformly absorbed in a small depth 6, so that f(x) can be

written as [330]
9O x=(0,6
fx) = { xR (3.53)
0 , x=(0,h)
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where d is the density of the material and ¢, is the specific heat capacity of the
material. Now, equation 3.52 can be written

1 /% 0 2 o Dn*7? nrx [° O nrx
)= — —dx + = - t ° dx,
u(x,t) n ), dc,s X . ; exp < " > cos A ic, cos Y X
(3.54)
o - Dn*z? nrx sinnwdlh
)= ——1+2 - t —_— . 3.55
LD = [ Z;CXP < 2 )COS h nxolh ] (3-53)

Since it was assumed that 6 is small, sinz6/h ~ z6/h, we can rewrite equa-
tion 3.55 as

0, - Dn*n? nTx
u(x,t) = 1+2 ) exp <— t)cos—]| . (3.56)
dc,h [ HZ{ h? h

Following equation 3.56, the time dependent temperature at a depth A is
expressed as

i 2.2
u(x=nh,t) = dth [1 +2 2 exp <—D’;2ﬂ t) cos I’lﬂ'] .
n=1

p

o 2.2
u(x=nh,t) = dgeh [1 +2 2 (—1)"exp (—D’;lzﬁ t>] . (3.57)
n=1

p

Since the maximum temperature at x = his T,,, = Q,-d ¢, h, the temperature
at u(h,t) can be normalised as follows

2.2

i (h, 1) = “;h’ D142 Y 1) exp <—D’;2” t>. (3.58)
n=1

max

Initially, Parker [330] proposed to calculate D from a first order approxima-
tion of the normalised temperature when i (A, 1) = 0.5 as follows

2
D Inl4n

, 3.59
72ty (3.59)

where #}/, is the time when i(h, t) = 0.5.
If Q, is known, then both specific heat capacity and thermal conductivity can
be calculated as

o,
_ , 3.60
= ant, (3.60)
k=D-d-c, (3.61)

Over the years, this simple model has been extended to include heat losses due
to radiation and convection, such as Cowan’s [331], Cape and Lehman’s [332],
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and Clark and Taylor’s [333] models, and non-instantaneous energy transfer
(see Larson and Koyama model [334]). For transparent and semi-transparent
samples, where the laser causes a near-instantaneous rise in the temperature on
the rear side, a method called the Radiation model [335] is employed.

In LFA measurements the estimated error for the thermal diffusivity is around
+3%

3.1.8 Differential scanning calorimetry

DSC is an important technique for measuring the thermal properties of a ma-
terial. DSC measures the changes in the physical properties of a material with
temperature and time. In this technique, the thermal apparatus measures the
heat flow radiated or absorbed by the sample based on the temperature difterence
between the sample and the reference material. Two main schemes are used in
DSC: heat-flux DSC and power compensated DSC. In the first one, the sample
and reference are connected by a low thermal resistance path and enclosed in a
furnace. Due to the heat capacity of the sample, a temperature difference AT
is created between the sample and reference pans, which is recorded. The heat
flow, Q, is then evaluated as

_AT

R,

) (3.62)

where R, is resistance of the thermal path.

In power-compensated DSC, the sample and reference are thermally insu-
lated and controlled separately using identical furnaces. The temperatures of the
sample and reference are controlled to be identical using a feedback loop that var-
ies the power input to the two furnaces. The thermal energy required to achieve
this condition is recorded and used as a measure of the enthalpy change in the
sample relative to the reference. This technique is illustrated in figure 3.14.

Sample Reference
:ﬁ resmtanie
ermometer — T — — 00—
Heating coil

Inert gas flow

FiGURE 3.14. Power-compensated differential scanning calorimetry scheme.
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3.1.8.1 Heat capacity measurements

In this work, the primary use of the DSC is to measure the heat capacity (Cp)
and specific heat capacity (cp) of semiconductor materials. Since the samples
are either enclosed or in contact with aluminium or alumina pans, the C, can be
calculated as

Qsample - Qempty

C,= , , (3.63)
! 0
where Qg,mple and Qe are the heat flows of the sample and empty pan, re-

spectively, and Q is the heating rate. Clearly, equation 3.63 assumes a perfect
calibration of the system. In reality, this is rarely the case, and it is desirable
to have a reference material to calibrate the heat flow measurements. The pro-
cedures for doing this are described in ISO 11357-4 [336], Japanese Industrial
Standard K 7123 [337] and ASTM E1269-11 [338]. The ASTM standard was

the one primarily used in this study and uses a sapphire reference for the analysis.
The method can be described as follows

1. Purge the DSC with an inert gas at a flow rate of 10 to 50 L.min"! during
the experiment

2. Weigh a clean, empty specimen holder plus lid to a precision of + 0.01 mg.

Record the weight and use as tare

3. Heat or cool the DSC test chamber to the initial temperature for the exper-
iment at 20 °C.min?

4. Hold the DSC chamber isothermally at the initial temperature for at least
4 min to establish equilibrium

5. Heat the empty specimen from the initial to the final temperature at a rate

of 20 °C.min"?
6. Record a steady-state isothermal baseline at the upper temperature limit
7. Cool the DSC test chamber to ambient temperature

8. Weigh the sapphire standard and the specimen holder plus lid if using a
different one

9. Follow steps 3-7

10. Weigh the test sample and the specimen holder plus lid if using a different
one

11. Follow steps 3-7

12. Finish the experiment
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3.1. Characterisation techniques

'The specific heat capacity can then be calculated as

W,

sapphire Qsample - Qempty sapphire

b, =Cp + AW, (3.64)

Qsapphire - Qempty I/I/salmple

where c), is the specific heat capacity of the test sample, Qmple> Qsapphire> Cempty
are the heat flows for the test sample, sapphire standard, and empty pan, respect-
ively, Weample> Waapphire> are the weights of the sample and sapphire standard,
respectively, AW is the weight difference between the sapphire and test sample
pans, and cgan is the pan specific heat capacity.

3.1.9 Modulated DSC

In this study, the modulated DSC technique was employed for higher temper-
ature measurements. This technique follows the previously discussed heat-flux
DSC scheme. The main difference is that, instead of applying a linear heating
hate, the heating profile is a straight line with a superimposed sinusoidal wave.
The standard used for this measurement is ASTM E2716-23 [339]. Since the
signal is being modulated, the resulting effect is that with a single run, two ex-
periments are being run at the same time, and the heat capacity can be evaluated

as K
A
c. = —2. " (3.65)
P w Ahr

where K, is the calibration constant evaluated from the sapphire standard, A,

is the heatmg flow amplitude, A, is the heating rate amplitude, and W is the
sample weight.

As covered by the measurements standards referenced in this chapter, the
estimated error for the calculated specific heat ranges from +2 — 5%.
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3.2 Modelling thermoelectric materials

3.2.1 'Thermopower, electrical conductivity, and carrier concentration

In this section, the models used in this work to study the several transport mech-
anisms of the thermoelectric materials are described. First, let us assume that
the material can be modelled by the SPB model as illustrated in figure 3.15.

E - E (eV)

= V = - =
r Z D
k - Wave Vector

FiGure 3.15. Illustration of the single parabolic band approximation.

For the SPB model with acoustic phonons as the main scattering mechanisms,
the thermopower, carrier concentration, Hall mobility (4451), and Lorenz number
are evaluated as

kg (2F
a=+-8 < 10 _ n) , (3.66a)
e \ Fo(m)
3/2
(2m ckgT)
_ DOS™B
n= 27[2h3 F1/2 (’7) » (366b)
eﬂh4C1 (3.660)
Hu = 2 5w 32 -66¢
\/E (kBT) E;ermy (mb)
kg \ * 3Fo(n) F>(n) — 4F,(n)?
/- <_B> o(m)F(m) : 10 (3.66d)
e Fo(m)
where e is the elementary charge, ky is the Boltzmann constant, € = % is the
B
reduced energy, n = kE—FT is the reduced Fermi level, 7 is the reduced Planck
B

constant, mEOS is the DOS effective mass, mZ is the single valley effective mass,
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3.2. Modelling thermoelectric materials

m7 is the inertial effective mass, Ey.¢ is the deformation potential for acoustic
phonon scattering, C; = dvl2 is the longitudinal elastic constant of the material,
which is related to its density d and longitudinal speed of sound v;. The DOS
effective mass is related to the single valley effective mass by mjj o = N, Y 3mb,
where N, is the valley degeneracy. F() is the Fermi-Dirac integral for an 1ndex

Jj and is defined as
F.(n):= . .
() /0 o —— lds (3.67)

Note that the Fermi-Dirac integral as defined above does not contain the
normalisation factor 1/I'(j + 1) as seen in other texts.

'The Hall mobility is related to the carrier mobility by the Hall factor

U3 F_ip(n)

ry=-——=2F : 3.68
Uy 2 1/2(’7)2Fo(11)2 68

At higher temperatures, ry is close to 1, and it is often omitted.

Since equation 3.66a is independent of 3.66b, the usual procedure for estimat-
ing the DOS effective mass is to first calculate the reduced Fermi level from the
thermopower measurement and then estimate mEOS from the measured carrier
concentration.

3.2.1.1 Beyond the single band model

If more than one band is necessary to explain the behaviour of the material, it is
possible to extend the SPB model to accommodate several parabolic bands. This
multiband model is described by the following set of equations

_ 2% (3.692)

(3.69b)

o= Z o; = Z n;u;e, (3.69¢)

where the index i represents the contribution of the i-th band.
'The bipolar and electronic contributions to the thermal conductivity in this
model are described by

k,=T Z L;o;, (3.70a)

iOj

2
k=T lz 0:0‘, ,01%) ] . (3.70b)

77



3. Experimental techniques

78

In the case of only one valence and one conduction band, the model is simplified
to

a0, + a0
a= %, (3.71a)
6,+0,
c=0,+t0, (3.71b)
o, = nu,e, (371C)
c, = PH,e, (3.71d)
K, = Z L;o;T, (3.71e)
i=p,n
0,0, 5
= — T, 3.71f
Kb ap n O_n (ap an) ( )

where @, @,, 6,, 0, are, respectively, the partial thermopower and electrical
conductivity of electrons and holes; u,, u,, n, p are, respectively, the carrier mo-
bility and carrier concentration of electrons and holes. For this case, the reduced
Fermi level of the valence band is 1, = —#, — €,, where 7, is the reduced Fermi

level for the conduction band, and ¢, = kE—gT is the reduced bandgap. Notably,

the expressions for k and k;, are the same as defined in equations 2.8 and 2.9,
respectively.

3.2.2 'Thermal transport

'The lattice thermal conductivity of thermoelectric materials is usually modelled
using the Debye-Callaway model

kg [ kgT 3 G?D x* exp(x)
e (1Y . om
2z \ N o gl (exp(x) - 1)

hw . .
where x = T i the reduced frequency, @ is the phonon angular frequency, v

is the average speed of sound in the material, 6, is the Debye temperature, and
7, the combined phonon relaxation time. The average speed of sound in the

materials is calculated as
-1/3
01_3 20,_3 (3.73)
= —+ : :
v 3 T3

where v; and v, are the longitudinal and transversal speed of the sound in the
material, respectively.
Matthiessen’s rule [340] is commonly employed to find the combined phonon

relaxation time as
’L'C_l = Z rl._l, (3.74)
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3.2. Modelling thermoelectric materials

where 7; is the relaxation time of the i-th scattering process. The scattering
mechanisms used in this work are discussed in sequence.
'The effect of phonon-phonon scattering from Umbklapp processes was accoun-

ted for as defined by Slack [341, 342]

hy*T 0
Tl = — L exp (——D> , (3.75)
Muv26,, 3T

where M is the average atomic mass and y is the Griineisen parameter.

'The phonon-phonon scattering arising from normal processes can be
expressed analytically, but experimentally, the following approximation has
successfully been used to determine its contribution to the relaxation time

’l'n_l ~ ﬂru_l. (3.76)

The relaxation time arising from the scattering due to point defects (Tpd) as-
sumed the form as defined by Klemens [343]

~ 4
o= T, (3.77a)
_ <§’;_4]‘§ ) (3.77b)

where V is the average atomic volume, I is known as the scattering parameter,
<\/(M )> is the stoichiometric average mass variance in the system, and M is
the stoichiometric average mass. The mass variance at a site i ((V(M));) for a
generic compound composed by a set of {Xi}c,. ,i=1,2,3,...,n, components

with ¢; stoichiometry, occupied by a set of {YJ }l. species, including the host atom
and defects, can be expressed as [344]

VMY =Y £ (M, - M), (3.78a)
J

M= ) fi:M,, (3.78b)
J

where f;; and M ; are, respectively, the j-th species site fraction and mass, M,
is the i-th site average mass. Finally, (V (M)) and <J\7[ > are evaluated as

(V(M)) = M (3.79a)
Zi ¢
(it = 2 (3.79b)

i Ci
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The relaxation time due to grain boundaries scattering (Tgb) was assumed to
have a Casimir [345] like form
-1 _ E
Ty = 7 (3.80)
where L is the average grain size.

'The scattering due to dislocation cores 7, and dislocation strain 7, were
found as [346, 347]

174/3
Td_cl = NDTG)?’, (381)
1 1 /1=2v\2 Ja(u 2)?
—1 2 2 —
—0.6:B2N, (v + A —+—< ) 1+v2 (2 ,
fds pNor+dryrels+ o (T2 [ (ut> ]

(3.82)

where the N and B, are the density of dislocations and effective Burger’s vector,
respectively, v is the Poisson’s ratio and Ay is the change in Griineisen parameter
due to impurity atmosphere [348]

I70COK o)
Ay = 297 (y A2 _ Af), 3.83
Y= T ( £) (3.83a)
V.-V,
A=-1_"0 (3.83b)
2
M, — M.
e i § (3.83¢)
2M,

where the indexes i and 0 refer to the impurity and host, M is the average atomic
mass, V' is the average atomic volume, K is the bulk modulus, T}, is the annealing
temperature, and ¢ is the impurity concentration.

The Debye-Callaway model is frequency limited, and its maximum frequency

is evaluated as
6,2\
wp = <7> 0 (3.84)

where v is the average speed of sound in the material. To understand the fre-
quency dependency of the lattice thermal conductivity over the phonon’s fre-
quency, the spectral lattice thermal conductivity (k) can be employed, and it is
evaluated as [81]

k kpT\®  x*ex (x)
Szzlz ( 1; > P . (3.85)
v (exp(x) — 1)
'The Debye temperature used in the model is evaluated as
o\ 113
0p = ki <6’;f > v, (3.86)
B



3.2. Modelling thermoelectric materials

where V' is the unity cell volume and # is the number of atoms in the unity cell.

3.2.3 Clarke model for the minimum value for the thermal
conductivity

Generally, the thermal conductivity of the materials decreases to a minimum
value as the temperature increases. Several models exist to calculate a theoretical
value for the minimum thermal conductivity, with the most famous ones being
the ones by Cahill [349] and Clarke [350]. In Clarke’s model, the minimum
thermal conductivity (k,,;,) is assumed to be the limit of the average phonon
mean free path (interatomic spacing) and is evaluated as

2
Kinin  0.93 -V 73 - kg - % (2-v,+v), (3.87)

where V is the average volume per atom, v, and v; are the transversal and lon-
gitudinal speed of sound in the material, respectively.

3.2.4 Density functional theory

To gain insight into the atomic interactions and electronic structure of the mater-
ials, one needs to study the materials at their most fundamental description. In
principle, this can be done by solving the many body Schrodinger equation [351]

HY = E¥(r)), (3.88)

where H is the Hamiltonian operator, E is the total ground state energy, and
¥ is the many body wave function for the N electronic eigenstates with {r; :
1,..., N} electronic coordinates. Upon adding atoms to the system, this pro-
cedure becomes computationally prohibitive. Density functional theory (DFT)
has been used as a method for an aé initio description of matter due to its ac-
curacy and numerical efficiency. The main idea behind DFT analysis comes
from the two Hohenberg-Kohn theorems [352], where it was established that,
given an external potential, the electronic structure of a material with N elec-
tronic eigenstates can be studied as a set of N one-electron Schrédinger equa-
tions, known as Kohn-Sham equations [353]. The drawback of DFT analysis
is that an exchange-correlation potential needs to be used to force the N non-
interacting electrons to have the same density of N interacting electrons under
the same potential; however, although it is shown that the functional exists, it is
generally unknown and an approximation needs to be used.

In this work, DFT analysis was employed to study the bandstructure of ther-
moelectric materials using the Quantum ESPRESSO suite [354].
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3.3 Synthesis

In this work, all the samples followed a similar fabrication route as described
in sequence. In every chapter, however, details such as composition, processing
time, and temperatures used are discussed individually and in detail.

3.3.1 Ingot fabrication

'The ingots in this study were fabricated via the direct reaction of the raw ma-
terials. In a controlled atmosphere glove box, high-purity raw elements were
weighed according to compound stoichiometry and placed inside a quartz tube.
'The tube was then temporarily sealed with a valve, removed from the glovebox,
evacuated, and permanently sealed with a flame. The tube was then placed in a
tube furnace for the melting process. The tube containing the melted materials
was removed from the furnace and quickly quenched in cold water to maintain
the composition of the ingot. The fabricated material was then annealed in a
muffle furnace at a certain temperature to optimise its crystal structure and elim-
inate stress. The as-cast ingots were then ground inside a controlled-atmosphere
glovebox using an agate mortar and pestle to prepare the powders for sintering.

3.3.2 Ball milling

Ball milling is a grinding method used to grind powders into fine particles and
has been widely utilised in the fabrication of thermoelectric materials [250, 355—
357]. In this study, a planetary ball mill was employed. In this setup, the jar (or
bowl) is attached to a disc that rotates around its central axis, while the jar sim-
ultaneously rotates around its own axis (see fig.3.16(a))[358]. In the cataracting
regime of the mill, the milling balls are carried along by the jar wall and then
detach due to the centrifugal force of the rotating disc, subsequently impacting
the opposite wall with high energy (as illustrated in fig.3.16(b))[359].

(a) (b)

w Rotation of the milling bowl

: Movement of the
~[ supporting disc

Centrifugal
force

F1GURE 3.16. (a) Schematic configuration of a planetary ball mill and (b) schem-
atic view of motion of the balls and powder mixture.



3.3. Synthesis

3.3.3 Spark plasma sintering

The spark plasma sintering (SPS) process uses specially designed mechanical
and electrical systems to produce small samples. The process uses an electrically
conductive die and punch system to sinter the desired material under controlled
conditions [360, 361]. Figure 3.17(a) shows a typical setup for the SPS process.
During sintering, a compaction force ranging from 40-300 kN and an electric
current ranging from 1-10 kA are applied to the punch as required. The SPS pro-
cess achieves fast heating, shorter processing times, and uniform densification
at lower temperatures. By increasing the compaction pressure, small powder ag-
glomerates can be effectively eliminated, resulting in more uniform densification
and grain growth. Figure 3.17(b) shows a typical circuit for current generation

in SPS machines [362].
(a)

Direct current

l

Graphite
spacer —®
Graphite
upper punch
Sample
Thermocouple P
hole
Graphite
die/mould
Graphite
lower punch
Graphite
spacer
(b)
A 2 2 S
F O - _{”_ -
Ld g Ql== E E
el V| T |
Three-phase X 21
voltage source
Rectifier Buck-Boost

DC-DC Converter

Ficure 3.17. (a) Working schematic representation of a spark plasma sintering

apparatus and (b) example of a current generation scheme used for spark plasma
sintering.
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3.3.4 Sample cutting

The sintered samples were cut into the shapes illustrated in figure 3.18.

Thermopower and resistivity Thermal diffusivity

-
// // 1L

Hall effect

S
1 ‘ // 1

F1cure 3.18. Shapes for the transport properties measurements of the sintered
materials along the parallel (//) and (L) directions to the sintering direction.
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‘Thermoelectric performance of n-type

magnetic element doped Bi,S;

Not all those who wander are lost.
—J. R. R. ToLk1EN, Lord of the Rings

Summary

In this chapter, Bi,S; is co-doped with Cr and CI to enhance its thermoelec-
tric properties is reported. An enhanced conductivity was achieved due to an

increase in the carrier concentration by the substitution of S with Cl. High

values of the thermopower were obtained despite high carrier concentrations,

this is attributed to an increase in the effective mass, resulted from the mag-
netic drag introduced by the magnetic Cr dopant. A peak power factor of
566 uW.m™1. K2 was obtained for the cast sample of Biy_y3Cry /385 Cly

with x = 0.01 at 320 K, as high as the largest values reported in literat-
ure for the sintered samples. These results support the success of co-doping

thermoelectric materials with isovalent magnetic and carrier concentration

tuning elements to enhance the thermoelectric properties of eco-friendly ma-
terials.
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4.1 Introduction

Magnetic interactions, as discussed with more details in chapter 2, have been pro-
posed as a strategy to enhance the thermopower in thermoelectric materials such
as BiyTes [279, 289, 291, 363-365]. Carriers interact with the local magnetic
moments, effectively dragging the carriers, which results in an increased effect-
ive mass, increasing the thermopower, and decreasing carrier mobility. Overall,
this has resulted in an increased power factor [279, 289-291, 363-365].

Tellurium based thermoelectric materials such as BiyTe; have been employed
as power generators and refrigerators in lower temperature applications (<500
K). However, tellurium is expensive and rare, which can hinder the movement
towards mass adoption of TE generators. Sulphur, another element from
Group 1V, is inexpensive, non-toxic, and a sustainable alternative. Bismuth
sulphide (Bi,S3), in particular, has low thermal conductivity and a large
thermopower [366, 367]. However, its high resistivity results in a low 27" [368].
Several dopants have been used to optimise the electronic transport properties of
Bi,S3, including CuBr, [369], Sb [370], Cu [371], Ag [372],1[373], C1 [374],
Se [374, 375], InCl; [376], BiCl; [377], and NbCls [378]. A lower thermal
conductivity was also obtained in Bi,S3 by nano structuring [371, 379-381].

'The thermoelectric figure-of-merit of pristine Bi,S3 was also increased to 0.11
from 0.09 at 623 K by texturing through hot forging and introducing sulphur
vacancies [382]. PbBr, doping of bulk Bi;S; has significantly improved its elec-
trical conductivity by modulation doping and reduced the lattice thermal con-
ductivity by introducing nanoprecipitates, resulting in a peak z7" value of 0.8 at
673 K [383].

It has been widely shown that the charge density is increased when halogen
group elements (Cl, Br, and I) are doped at the sulphur sites [369, 373, 374].
Here, bismuth sulphide was doped with chromium chloride (CrCls) to obtain
samples of Biy_,/3Cry/35;_,Cl, (x = 0, 0.005, 0.01, 0.015, and 0.02). Doping
with chlorine increases the number of free carriers in the material, leading to
a reduction in the electrical resistivity, while the magnetic effect of chromium
results in an increase in the carrier effective mass and, consequently, in the ther-
MmOopower.

4.2 Experimental details

4.2.1 Synthesis

Ultra-high purity bismuth pieces (99.999%, Sigma Aldrich), sulphur pieces
(99.9995%, Alfa Aesar Puratronic) and chromium chloride powder (99.99%,
Sigma Aldrich) were mixed stoichiometrically to obtain Biy ,/3Cr,/353_,Cl, (x
=0, 0.005, 0.01, 0.015, and 0.02) ! in vacuum-sealed quartz ampoules, prepared

1One sample was prepared for each composition.
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in an inert atmosphere (nitrogen) glove box. In a tube furnace, the tubes were
heated up to 350 °C at a rate of 87.5 K.h!, maintained at this temperature for
4 h, heated up to 850 °C at a rate of 150 K.h™!, held at this temperature for 4 h,
heated up to 1000 °C at a rate of 37.5 K.h7!, held at this temperature for 2 h,
and, finally, quenched in cold water. The samples were then annealed at 450 °C
for 2 days.

'The cylindrical ingot samples of 10 mm diameter were then cut into disc
shapes of 10 mm in diameter and ~1.5 mm thickness for Hall effect measure-
ments and bars of 2 X 2 X 10 mm? for electrical properties measurements. The
electrical resistivity and thermopower were measured simultaneously under 0.1
bar of helium from room temperature to 483 K using an LSR-3 Linseis unit.
Hall effect measurements were performed on an Ecopia HMS-3000 Hall Meas-
urement System at room temperature. The density of the samples was determ-
ined from the bar-shaped samples using their dimensions and mass. All samples
were then manually ground to fine powders by using an agate mortar and pestle.
Three samples with x = 0,0.005, and 0.01 were sintered in a 10 mm diameter
graphite die under an axial pressure of 63 MPa at 450 °C for 5 min under vacuum,
and the sample with x = 0.01 broke during sintering. To avoid this repeating,
the sintering temperature was reduced to 350 °C for the samples with compos-
ition of x = 0.015 and 0.02. 'The measured density is shown in tables 4.1(a)
and (b) for the cast and sintered samples, respectively. The relative density was
calculated using the theoretical density of 6.8 g.cm'3 [384].

Table 4.1. Density/Relative density of Biy ,3Cr,35;,Cl,  (x =
0,0.005,0.01,0.015, and 0.02) samples

(a) Cast samples

X Density (g.cm_3 ) Relative density (%)

0 6.59 96.9
0.005 6.55 96.3
0.01 6.65 97.8
0.015 6.45 94.9
0.02 6.68 98.2
(b) Sintered samples
x Density (g.cm_3 ) Relative density (%)
0 6.65 97.8
0.005 6.70 98.5
0.015 6.48 95.3
0.02 6.63 97.5
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4.2.2 Material characterisation

powder X-ray diffraction (PXRD) analysis was performed via an OX’Pert PRO,
PANalytical diffractometer using Cu-Ka1 radiation (4 = 1.540 59 A) to identify
the crystal structure of each sample. Rietveld refinement was performed using

GSAS-II [326] to obtain the lattice parameters for all samples.

4.2.3 'Thermoelectric transport properties

To investigate the electrical and thermal transport properties parallel and per-
pendicular to the sintering direction, the sintered samples were cut and pol-
ished into discs (10 mm in diameter and ~1.5 mm in thickness, perpendicu-
lar to the pressing direction) and slabs of 8 x 8 x 2 mm?, parallel to the press-
ing direction for Hall effect and thermal diffusivity measurements, and bars of
2%x2x% 10 mm? (parallel and perpendicular to the pressing direction) for elec-
trical properties measurements. 'The thermal conductivity (k) was calculated
from the thermal diffusivity (D), specific heat capacity (c,), and density (d);
x = D-c,-d. The temperature-dependent thermal diffusivity D was measured on
disc-shaped samples using the laser flash diffusivity method in LFA-467 Hyper-
flash®(Netzsch). The temperature-dependent heat capacity was derived using a
standard sample (Pyroceram-9060). Thermopower and resistivity measurements
were carried out at three different thermal gradients: 3 K, 5 K and 8 K, three
times each. The resulting thermopower was evaluated using equation 3.11. LFA
measurements were taken in both the heating and cooling cycles, with three
measurements taken at each temperature. The directions of measurement and
sample shapes are illustrated in figure 4.12.

4.2.4 Electronic structure calculation

DF'T calculations were employed to qualitatively study the electronic band struc-
ture of the doped and pristine samples. The Perdew-Burke-Ernzerhof (PBE)
and generalised gradient approximation (GGA) exchange-correlation function-
als were used [385]. Monkhorst-Pack procedure was used to generate 12x12x12
k-points for the Brillouin zone [386]. The plane wave/pseudopotential approach
was employed, with a kinetic energy cut-oft of 45 Ry for the wavefunctions and
360 Ry for the electron density. Spin polarisation was considered for the mater-

ials doped with Cr.

2The sample shapes and measurement directions are the same as seen in chapter 3 figure 3.18
and have been redrawn here simply to emphasise the difference in the measurements made on the
cast and sintered samples.
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(@) Castsamples (b)  Sintered samples
Thermopower, Thermopower and resistivity Thermal diffusivity
resistivity,
and Hall effect
/s J r //1 LJ
»

Hall effect

J_\ //\ B

FiGURE 4.1. Shapes of (a) cast and (b) sintered samples used for measurement
of the properties of the samples.

4.3 Results and discussion

4.3.1 Structural analysis

Figure 4.2 shows the PXRD patterns of both the cast and sintered samples. All
patterns confirm the presence of a single phase Bi,S3 (Materials Project ID mp-
22856), orthorhombic crystal structure in the Pnma space group. The diffrac-
tion patterns did not show any Cr or Cl due to the low percentage of dopant.
The lattice parameters and cell volume of all the samples were determined by
the Rietveld refinement of the PXRD patterns (shown in tables 4.2 and 4.3 for
the cast and sintered samples, respectively). No variation of the lattice paramet-

ers was detected due to comparable ionic radius values of §% (1.84 A) and ci-

(1.81 A) [387]. Although there is a difference in the ionic radii of Bi** (1.03 A)

and Cr’*/ (0.615 A) [387], the amount of chromium introduced to Bi,Ss is one-
third of the chlorine atomic ratio, and therefore no noticeable difference was
detected in the lattice parameters. In figure 4.3, the lattice parameter variation
with dopant presence is shown graphically.
The lattice parameter values are consistent with the values reported in the liter-
ature (a = 11.269 A, b = 3.972A, and ¢ = 11.129 A) [388].

'The intensity of the peaks corresponding to the {111} crystal plane for the x =
0.015 sample was higher than for the other samples. This might be attributed to
the preferred orientation caused by the non-uniform hand milling of the samples

used for the PXRD analysis.

4.3.2 Band structure analysis

To understand the effect of dopants on the electronic band structure of Bi,S3,
the band structure of Bi,S; and doped sample of Biy3Cr;S33Cls, for spin-up
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F1GURE 4.2. Powder X-ray diffraction patterns of (a) cast Biy_,/3Cr,/353_,Cl,
(x =0, 0.005, 0.01, 0.015, and 0.02) and (b) sintered Bi,_,3Cr,/35;_Cl, (x =
0, 0.005, 0.015, and 0.02) in the range of 5° to 108°.
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Table 4.2. Rietveld refined lattice parameters of cast Biy_,/3Cr,/3535_Cl, (x =0,
0.005, 0.01, 0.015, and 0.02)

X a (A) b (A) c (A) V (A%)

0 11.29000(8) 3.98000(1) 11.1400(1)  500.567(6)
0.005 11.2900(2) 3.9900(8) 11.14003)  501.8(1)
0.01 11.2800(5) 3.990 00(3) 11.1400(5)  501.38(3)
0.015 11.2900(2) 3.9800(1) 11.1400(3)  500.57(2)
0.02 11.2900(2) 3.9800(2) 11.1400(4)  500.57(3)

Table 4.3. Rietveld refined lattice parameters of sintered Biy_/3Cr,/355_Cl, (x
=0, 0.005, 0.015, and 0.02)

X a (A) b (A) c(A) V (A3)
0 11.2900(3) 3.9800(1) 11.1400(4)  500.57(3)
0.005 11.2900(2) 3.99000(9) 11.1400(2)  501.82(2)
0.015 11.2900(2) 3.98000(8) 11.1400(2)  500.57(2)
0.02 11.2900(2) 3.9800(2) 11.1400(5)  500.57(3)
11.35
11.30 . P
11.25
I 11.20
v 1115 . . . .2
'3 11.10
4.00
3.98 ] s— 88— 0 v
3.96 ¢
H H B Sintered ® ® o Cast
o.bo o.olos 0.61 o.o|15 0.62
X

Ficure 4.3. Rietveld refined lattice parameters of Biy ,/3Cr,/35;_,Cl;, (x = 0,
0.005, 0.01, 0.015, and 0.02) samples as a function of the dopant concentration.
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and spin-down states, were calculated (figs. 4.4(a), (b), and (¢), respectively).
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FIGURE 4.4. Electronic band structure of (a) Bi,Ss, (b) Biy3Cr;S33Cl3 spin-up
(1) state, and (c) Biy3Cr;S33Cl; spin-down () state.

'The calculated bandgap of the pristine material is ~#1.25 ¢V, which is in good
agreement with the reported experimental values of ~1.3 eV [376, 389, 390].
Both spin-up and spin-down states showed a reduced value of 0.6 eV and
~0.92 eV for the band gap, respectively. 'The reduction in the band gap for
the spin-up state was due to the presence of an additional impurity band.

It is worth noting that these numerical results should only be discussed qual-
itatively due to the rather high concentration of dopant. The effective masses
were calculated for both heavy and light bands in the spin-up (D point) and
spin-down (I" point) band structures using a parabolic band approximation for
the band extrema and are shown in figure 4.5.

The electrons of both heavy and light bands show similar values of effective
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mass (m’
k
heavy

my is the electron rest mass) so band degeneracy does not play a key role in the
transport properties of the material.

heavy 0.48m( and ml ot 0.41m, for the spin-up band diagram, and

m ~ 0.35mg and ml aht R 0 21my for the spin-down band diagram, where

4.3.3 'Transport properties analysis

'The thermopower, the electrical resistivity, and the carrier concentration of the
cast samples of Biy_,/3Cr,/35; (Cl, with (x = 0, 0.005, 0.01, 0.015, and 0.02)
and sintered samples with (x = 0, 0.005, 0.01, 0.015, and 0.02) measured parallel
to the direction of sintering are presented in figure 4.6. The negative thermo-
power indicates an n-type semiconductor behaviour (figs. 4.6(a) and (b)). The
thermopower for the cast pristine Bi,S3 sample ranges from -96 pV.K‘1 at ~320
K to -135 pV.K ™! at ~480 K. These values are considerably smaller than the re-
ported values of -380 to -498 uV.K! for Bi,S; seen in the literature [367, 381].
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F1GURE 4.6. 'The (a), (b) thermopower; (c), (d) electrical resistivity; and (e), (f)
Hall carrier concentration of cast Bi,_,3Cr, 353, CL, (x =0, 0.005, 0.01, 0.015,
and 0.02) and of sintered Biy ,/3Cr,/353 (Cl, (x = 0, 0. 005 0. 015 and 0. 02),

parallel to the direction of sintering as a function of temperature, respectlvely

0.015 x=10.02

Following Mott’s formula for the therrno]power3 [391], the sharp decrease in
the thermopower can be explained by an increase in the carrier density in the
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material. This is supported by the electrical resistivity values for these samples,
which varied from 3.16 mQ.cm at 320 K to 4.82 mQ.cm at 480 K (fig. 4.6(c)).
'These values, including for x = 0, are significantly smaller than the reported val-
ues of #2400 mQ.cm [382] and %7460 mQ.cm [392] for the pristine sample of
Bi,S;3. These results can be explained by the volatile nature of sulphur during
sample fabrication, as a single sulphur atom vacancy donates two free electrons
to the bulk material. Vacancies in bismuth sulphide have been previously repor-
ted [378, 381] and they commonly occur in chalcogenides [393, 394]. 'This is
supported by the high carrier concentrations measured for both cast and sintered
samples (figs. 4.6(e) and (f)). This also greatly reduces the resistivity for the heav-
ily doped samples, reaching 4.82 mQ.cm at circa 480 K for x = 0.02 compared
to 7.46 mQ.cm for the pristine sample at room temperature. The increase in
carrier concentration with the addition of dopants may be due to the successful
substitution of S with CL
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Ficure 4.7. 'The (a) thermopower, (b) electrical resistivity, and (c) Hall carrier
concentration of sintered Biy_,3Cr,/35;_,Cl, (x = 0, 0.005, 0.015, and 0.02),
perpendicular to the direction of sintering as a function of temperature, respect-
ively.
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No significant difference was observed in the thermopower values of the
sintered samples for both measurement directions. However, the electrical res-
istivity of the samples parallel to the direction of sintering is slightly lower than
the ones perpendicular to the sintering direction (fig. 4.7(a)). The thermopower
values of sintered samples are very similar to the values obtained from ingots
(figs. 4.6(a) and (b)), except for the thermopower of the sample with x = 0.02,
for which the thermopower was reduced from ~-100 pV.K™! to ~-60 uV.K1.
Overall, the electrical resistivities of the sintered samples are lower than those of
their cast counterparts. This is attributed to the improved mechanical integrity of
sintered samples relative to cast samples. The sintered samples with x = 0.015
and 0.02 showed a smaller reduction in resistivity compared to the ones with
x = 0 and 0.005, due to the changes in the sintering conditions that made the
former samples less dense than the latter (the sintering temperature was reduced
from 723 K to 623 K for the samples with x = 0.015 and 0.02).

To check if there was any influence of the volatile sulphur in the resistivity
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and thermopower, the reproducibility of the results was verified by repeating the
experiments several times, as shown in figure 4.8. The error bars were estimated
using the error analysis discussed in chapter 3 using a Monte Carlo sampling
algorithm with 1 x 10* samples4. The measured values fall within the estimated
error bar, indicating that the difference between the measurements is due to
errors in the measurement rather than changes in the transport properties of the
material.

“The term sample is used here in the statistical sense: “a subset of data from a larger group of
data (called the population)”. In this case, the samples were generated numerically based on the
measurements and sources of error presented in chapter 3.
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Ficure 4.8. Cyclic measurements and errors bars for the (a) thermopower and
(b) electrical resistivity of sintered Biy_,/3Cry/355_Cl, (x = 0, 0.005, 0.015, and
0.02) perpendicular to the direction of sintering as a function of temperature;
(c) thermopower and (d) electrical resistivity of sintered Bi, ,/3Cr,/355 ,Cl,
(x = 0, 0.005, 0.015, and 0.02) parallel to the direction of sintering as a
function of temperature; (e) thermopower and (f) electrical resistivity of cast

Bi,y_,/3Cr, 353 ,Cl, (x = 0, 0.005, 0.01, 0.015, and 0.02) as a function of tem-
perature.
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'The power factor (P F) of the cast and sintered samples was measured parallel
to the direction of sintering (fig. 4.9). The PF values of the doped samples are
much higher than those of the pristine samples due to the optimisation of the
electrical conductivity and thermopower. The cast Bi;S3 sample with moderate
doping (x = 0.01) exhibited the highest PF value (about 566 yW.m 1. K2 at
320 K), which was circa 2.3 times higher than that of the undoped Bi,S; sample
(about 243 pVV.m'l.K'2 at 320 K). The sintered sample with x = 0.01 was un-
available for measurement, though. The highest power factor for the sintered
sample (x = 0.005), measured along the parallel direction to the sintering pres-
sure, was of 367 pW.rn_l.K_2 at 480 K (fig. 4.9(b)).
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F1GURE 4.9. The (a), (b), and (c) power factor of cast Biy_,/3Cr, /353 ,Cl, (x =0,
0.005, 0.01, 0.015, and 0.02) and of sintered Bi,_,/3Cr,/355_,Cl, (x = 0, 0.005,
0.015, and 0.02) along the parallel and perpendicular directions of the sintering
pressure as a function of temperature, respectively.

'The PFs obtained in this work are compared with the data reported in the
literature (fig. 4.10). The results presented here are comparable with the highest
values reported in the literature at the same temperature.

Since the samples in the current study have been co-doped with Cr and Cl,
the relation between the measured thermopower and carrier concentration from
the cast samples is now compared with previous studies of Bi,S; doped with

BiCl, [377], InCl;5 [376], LaCl; [390], CuBr, [369], and CI [395], to illustrate
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F1GURE 4.10. Power factor comparison of n-type Bi,S; with those reported in

the literature of BiyS; doped with BiCl;, LaCl;, CuBr,, and CL
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the effect of doping with chromium [396] (see fig. 4.11). The effective mass was
evaluated using the SPB model (see chapter 3).
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—e— This work
Biswas et al. Bi, Ss + BiCls

e Guoetal Bi;S;+InCl3
= 400 *» Wuetal.Bi, S; + LaCl3
X N + Liuetal Bi, S; + CuBr;
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S 200

0 T T

n(x 10" cm3)

F1Gure 4.11. Hall carrier concentration dependence of room temperature ther-
mopower of n-type cast Biy_,/3Cr,/35;_,Cl, compared to those reported in the
literature of BiyS; doped with BiCl;, LaCl;, CuBr,, and CL

For degenerate semiconductors, according to the Pisarenko relation [131],
the thermopower is inversely proportional to the carrier concentration with a
dependence of n~23. The experimental data of this study deviates from this
ideal relationship, which indicates the changes in the electronic band structure
of the material [132]. In particular, the thermopower values of the current study
are higher than values predicted by the SPB model and experimental data of
samples doped only with C1[376, 377] (as seen in fig. 4.11).This can also be seen
in samples doped with La [376] (due to the presence of La nanoprecipitates) and
CuBr; (due to the energy filtering effect [114]).

'The higher values of the thermopower obtained in the current study could
be attributed to a magnetic drag effect generated by the magnetic chromium
dopant [279, 289, 291, 363-365]. For example, it has been shown that in the
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case of magnetic materials, an additional contribution to the thermopower is
observed when the materials are subjected to a temperature gradient due to the
flux of magnons [261, 262]. The interaction between magnons and carriers leads
to an overall increase in the effective mass and, consequently, in the thermo-
power [280]. Similar enhancement has been observed for non-magnetic mater-
ials doped with magnetic elements [289-291, 364]. A more detailed discussion
is seen in chapter 2.

In the present study, the effective mass of the cast samples increased signific-
antly from 0.7my, for the pristine sample to 2.1m for the sample with x = 0.02
(see table 4.4), where my, is the electron rest mass. This enhanced mass contrib-
uted to the higher thermopower compared to materials doped only with C1 [377,
395] and supports the hypothesis of carrier interactions with magnetic elements.

"The carrier mobilities also decreased with the increase in the concentration of
chromium (as seen in table 4.4). The decrease in carrier mobility is responsible
for a decrease in the electrical conductivity [397, 398]. However, the overall
effect was an increase in the power factor for the lightly doped sample due to the
enhanced thermopower from the increased effective mass.

Table 4.4. Carrier concentration, mobility, and calculated effective mass of cast

Bi2—x/3crx/353—xC1x

X n(x10%em™>)  u(ecm?VisT) m*/my
0 3.44 15.1 0.76
0.005 3.14 28.2 0.79
0.01 1.79 24.5 0.83
0.015 4.35 16.7 0.75
0.02 22.4 7.59 2.10

The measured carrier concentrations were of 2.54 x10Y, 2.56 x 10",
3.08 x 10Y, and 1.2 x 10%° cm™ and the mobilities were of 60.4, 47.8, 40, and
53.3 cm?.V 157! for the sintered Bi,_,/3Cr,/355_,ClL, (x = 0, 0.005, 0.015, and
0.02) (see table 4.5).

Table 4.5. Carrier concentration and mobility of sintered Biy_,/3Cr,/3535_,Cl,

X n(x10%em™>) u(em?V-1isT)
0 2.44 60.4
0.005 2.56 47.8
0.015 3.08 40

0.02 12.0 53.3

'The temperature dependence of k, k, and k; for sintered Bi,_,/3Cr,/35;_Cl,
(x =0, 0.005, 0.015 and 0.02) samples measured parallel to the sintering direc-
tion are shown in figure 4.14. The measured specific heat capacity is shown in
figure 4.13.
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Ficure 4.12. The Lorenz number of Bi,_,3Cr, /353 ,CL, (x = 0, 0.005, 0.015,
and 0.02) parallel to the direction of sintering as a function of temperature.
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F1GURE 4.13. 'The specific heat capacity and Biy ,/3Cr,/35;_(Cl, (x = 0, 0.005,

0.015, and 0.02) parallel to the direction of sintering as a function of temperat-
ure.

The electronic thermal conductivity was calculated according to the
Wiedemann-Franz law as presented in chapter 3 (see equation 2.10) with the
Lorenz number (see in figure 4.12) evaluated using the SPB model.

The electronic thermal conductivity values (fig. 4.14(b)) are larger for the
doped samples due to their higher carrier concentrations (fig. 4.6(f)). The lat-
tice thermal conductivity values for all samples are very close to the k values
(fig. 4.14(c) and (a)), due to a small contribution of the electronic thermal con-
ductivity to the thermal conductivity of Bi,S3. The measurements in the perpen-
dicular direction are shown in figure 4.15.

'The k values of all samples ranged from 0.8 ~ 1.1 W.m .K™ at 320 K and
from 0.6 ~ 0.8 W.m LK1 at 480 K (fig. 4.14(a)). 'The samples sintered at a
lower temperature of 673 K (x = 0.015 and x = 0.02) have higher thermal
conductivity. Nevertheless, all samples have similar values of lattice thermal
conductivity (fig. 4.14(c)).
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F1GURE 4.14. 'The (a) thermal conductivity; (b) electronic thermal conductivity;
and (c) lattice thermal conductivity (the dashed lines are the calculations based

on the Debye-Callaway model) of sintered Bi,_,/3Cr,/35;_,Cl, (x = 0, 0.005,

0.015, and 0.02) parallel to the direction of sintering as a function of temperat-
ure.
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F1GURE 4.15. The (a) total thermal conductivity; (b) electronic thermal conduct-
ivity; and (c) lattice thermal conductivity of sintered Bi,_,/3Cr, /353 ,Cl, (x =0,
0.005, 0.015, and 0.02) perpendicular to the direction of sintering as a function
of temperature.

To further study the changes in k for all samples and the effect of the dopant
on the scattering mechanism of phonons in these samples, the Debye-Callaway
model was adopted to evaluate the thermal conductivity as previously discussed
in chapter 3 (see equations 3.72 and 3.74). For this set of samples, the combined
relaxation time (z,) expression was simplified to

-1

Tc

= Tp_dl L Tg_bl = Aw* + pr;t + BuTa)ze_Z_lT) + %, (4.1)
where 7,,, 7,,, 7, and 7, are, respectively, the relaxation times for points defects
scattering, normal three phonon process, Umklapp process, and grain-boundary
scattering, L is the average grain size, and the coefhicients A, f, and B, are fitting
parameters. The values of 8, = 283 K and v = 2775 m.s™! were adopted from
the literature [399].

Table 4.6 presents the calculated parameters for all sintered samples parallel to
the direction of sintering. The average grain size was obtained from the Rietveld
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refinement of the PXRD patterns. The fitted values are shown as dashed lines
in figure 4.14(c).

Table 4.6. Calculated parameters for the Debye-Callaway model for sintered
Biy_,/3Cr,/353_Cl, (x = 0, 0.005, 0.015, and 0.02) samples parallel to the dir-

ection of sintering.

X A0y g B, (108sK) L (um)
0 49 22 3.6 1.3
0.005 7.3 6.3 1.4 1.4
0.015 56 6.4 2.0 1.3
0.02 3.5 2.4 3.9 1.5

'The results show a significant increase in point defect scattering with increas-
ing dopant concentration. In general, the thermal conductivity values of the
sintered samples are similar for all samples. The changes in f and B, indicate
that the main mechanism causing these difterences is due to changes in phonon-
phonon scattering.

Again, the reproducibility of the results was verified by repeating the exper-
iment several times, and the results are shown in figure 4.16. There was no
noticeable change in the measured thermal conductivity values, again indicating
that no changes in material composition occurred during heating and cooling.
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Ficure 4.16. Cyclic measurements for the thermal conductivity of
Biy_,/3Cr,/353_,Cl, for (a) x = 0, (b) x = 0.005, (b) x = 0.015, and (d) x

= 0.02 parallel to the direction of sintering as a function of temperature.

4.3.4 Figure of merit zT

Figure 4.17(a) shows the 27" values for the sintered samples (measured paral-
lel to the sintering direction). The maximum z7" value of ~0.25 was obtained
for the sample with x = 0.005 at 480 K. It is worth noting that the sample
Biy_/3Cr,/3531Cl, (x = 0.01), with the potentially highest 27" value, was not
available for measurement in the sintered form. Figure 4.17(b) compares the 27"
values of the samples in the current study with the highest values reported in
the literature at the same temperature. There is a difference in the 27" values ob-
tained from measurements performed parallel and perpendicular to the direction
of sintering due to the crystal structure of Bi,S3 (fig. 4.17(c)).
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FiGURE 4.17. (a) 2T values of sintered Bi,_,/3Cr,/35;_(Cl, (x =0, 0.005, 0.015,
and 0.02) parallel to the direction of sintering as a function of temperature; (b) 27"
of sintered Biy_,/3Cry/353_(Cl, (x = 0.005) at 480 K compared to Bi,S; doped
with BiCl; [377], InCl;5 [376], LaCl; [390], and CuBr, [369]; and (c) 27" values
of sintered Biy_,/3Cry/35;_xClx (x = 0, 0.005, 0.015, and 0.02) perpendicular to
the direction of sintering as a function of temperature.

4.4 Conclusion

In this chapter, Bi;S; with added CrCl; was fabricated using a melt anneal-
ing technique followed by sintering via SPS. The electronic properties of both
the cast and sintered samples were measured. Compared to samples with non-
magnetic dopants, the thermopower increased at a similar carrier concentration.
This increase might be attributed to the magnetic drag effect, where the interac-
tion between magnetic moments and carriers effectively increases the effective
mass of the carriers and consequently the thermopower. The increase in effect-
ive mass resulted in a decrease in carrier mobility and electrical conductivity in
samples with higher carrier concentrations. Thermal conductivity measurements
of the sintered samples showed similar values for all samples, with variations due
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to carrier concentration and increased scattering caused by impurities. The 27"
values obtained in this study are comparable to the highest values reported in
the literature and provide experimental evidence that the inclusion of magnetic
dopants can improve the overall efliciency of thermoelectric materials. It should
be noted that the samples studied in this chapter were codoped with Cr and
Cl, which means that the conclusions drawn here regarding the contributions of
each individual dopant are only indicative. In order to have a complete picture,
samples containing only Cr would have to be prepared, as samples prepared with
only Cl have already been seen in the literature and have been discussed in this

text.
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5

Multiphase iodine doped Bi, Te;-Bi,;, Te,;Sq:
effects of phonon scattering and bipolar
effect suppression

Do not disturb thyself by thinking of the whole of thy life. Let not thy
mind wander up and down, and heap together in her thoughts the many
troubles and grievous calamities which thou art as subject unto as any
other. But on every occasion, put this question unto thyself, and say:
What is it that in this present matter, seems unto thee so intolerable? For
thou wilt be ashamed to confess it. Then upon this presently call to mind,
that neither that which is future nor that which is past can hurt thee; but
that only which is present.

— Marcus AureL1ius, Meditations. 8.36

Summary

Bismuth telluride based alloys are known to have the highest efficiencies
for low temperature (<500K) applications among thermoelectric materials.
Despite significant progress in improving the efficiency of p-type BiyTes-
based materials by engineering the electronic band structure via the con-
vergence of multiple bands, the n-type counterparts still suffer from poor
efficiency. In this chapter, multiphase BiyTes-Bi Te;58g compounds have
been fabricated to take advantage of phonon scattering to improve the over-
all efficiency of these materials.

The inclusion of a secondary phase, Bi; Te;3Sg, within the BiyTe; matrix
resulted in the formation of an energy barrier at the interface, leading to
higher thermopower and consequently higher power factor in the multiphase
compounds compared to the single phase alloys.
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5.1 Introduction

Bismuth telluride alloys have the highest efficiencies among thermoelectric ma-
terials for room/low temperature applications. Significant progress has been
made in improving the efficiency of p-type BiyTes-based materials, in particular
(Bi,Sb),Tes, by introducing secondary phases [60, 110, 154, 203, 252, 400, 401],
nanostructuring [357, 402, 403], and liquid phase sintered Bi 5Sby 5Tes [347].
'The development of n-type Bi,Tes alloys has not enjoyed the same level of im-
provement as its n-type counterpart, mainly due to the fact that the band struc-
ture of bismuth telluride favours the development of p-type materials, since the
band degeneracy of the valence band is three times greater than that of the con-
duction band [404].

In this chapter, a series of multiphase samples of BiyTes-Bij4Tei35g with a
composition of Biy(Te; 75_,/350.25-x/3)1x (x = 0, 0.005, 0.01 and 0.02) are in-
vestigated. This work was motivated by the results presented in the first section
of [405],where multiphase pseudobinary compounds of BiyTe; and Bi,S; were
studied, and the best composition was BiyTe, 755 2s.

5.2 Experimental details

5.2.1 Synthesis

A set of Biy(Tey 75_/350.25-x/3)Lx (x = 0, 0.005, 0.01, and 0.02) samples were
synthesised by direct reaction of stoichiometric amounts of high purity Bi
(99.999%, Alfa Aesar), Te (99.999%, Alfa Aesar) shots, dried S (99.99%, Alfa
Aesar) powder, and Bil3 (99.999%, Alfa Aesar Puratronic®) powder in vacuum
sealed quartz tubes in an inert atmosphere glovebox. The tubes were homogen-
ised at 850 °C for 16 h, quenched in cold water, and annealed at 450 °C for 72
h. 'The resulting ingots were ground by hand into fine powders using an agate
mortar and pestle housed in an inert atmosphere glovebox. The powders were
then loaded into a graphite die and sintered under vacuum to produce 11 mm
diameter rods using SPS at 400 °C and an axial pressure of 50 MPa for 5 min.
The relative density of the sintered samples, calculated from the weight and
dimensions of the rods, was <92% for all the samples.

5.2.2 Materials characterisation

Phase purity and crystal structure of the sintered samples were characterised
by PXRD using a PANalytical X'Pert PRO X-ray diffractometer with Cu-Ka1
radiation (4 = 1.54059 A, 40 kV, 40 mA). Rietveld refinements were performed
on the acquired diffraction patterns using the GSAS-II software [326].

'The electronic transport properties of the sintered samples were investigated
in parallel to the sintering direction by cutting ~2 X 2 X 8 mm? bars from the



5.2. Experimental details

sintered rods. Measurements were carried out from room temperature to 530 K
under a helium atmosphere using a Linseis LSR-3 apparatus.

'The thermal transport properties of the samples were also investigated in the
parallel direction to the sintering direction by cutting discs of ~#10 mm of dia-
meter and ~1.5 mm of thickness. The thermal conductivities (k) were calculated
from the thermal diffusivity (D), specific heat capacity (c,), and density (d) of
the samples: k = D - c,-d. 'The thermal diffusivity was measured using a Netz-
sch LFA-467 Hyperflash®instrument. The specific heat capacity was measured
using the sapphire standard test ASTM E1269-11(2018) (see section 3.1.8.1)
with a PerkinElmer-DSC 8000 differential scanning calorimeter.

'The disc-shaped samples were also used to measure the carrier concentration
and electronic mobilities using the van der Pauw technique with an ECOPIA
HMS 3000 Hall measurement system.
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5.3 Results and discussion

5.3.1 Structural and phase analysis

Figure 5.1 shows the diffraction patterns of these samples. All patterns confirm
the presence of a primary phase of trigonal Bi,Te; belonging to the R3m space
group (Materials Projec ID mp-568390) and a secondary phase of rhombohedral
Bij4Te13Sg belonging to the R3 space group (Materials Projec ID mp-557619).

N

3 Ly \ x=0.01

U N

2 L | \ x=0.015

(] |

c

E __._l_»...- M—‘ X=o
ol Ll e e BiigTepsSe
| /H/ll/ pTes
T L TI S - I.‘l.u .'-.u .‘. S ...,‘. P
20 40 60 80 100

20 (degree)

FiGure 5.1. Room temperature XRD patterns of Biy(Tes 75_1/350.25-x/3)1x (x =
0, 0.005, 0.01, and 0.02) in the range of 5° to 108°. Inset shows a zommed area
between 27° and 29°.

'The quantitative phase compositions obtained from the Rietveld refinement
of the diffraction patterns and the weighted profile R-factor! (Rwp) are given in
table 5.1. The Rwp values are within the acceptable range [407] and given the
phase percentage estimates and attributed errors, all samples can be assumed to

have the same phase composition2 .

Table 5.1. Quantitative phase analysis of Biy(Te; 75_,/350.25-x/3)1x (x = 0, 0.005,
0.01, and 0.02) obtained from the Rietveld refinement of the diffraction patterns

X B12TC3 (Wt%) Bi14T61388 (Wt%) RWp (%)

0 75.3(18) 24.7(15) 8.95
0.005 75.1(21) 24.9(5) 12.15
0.01 78.8(17) 21.2(10) 10.78
0.02 78.3(21) 21.7(15) 12.43

Refinement plots are shown in figure 5.2.

1See definition in [406].
2The lattice parameters and unit cell volumes are all presented in the appendix E
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F1GurE 5.2. Rietveld refinement plots of Biy(Te; 75-,/350.25-x/3)1x, X = (a) O,
(b) 0.01, (c) 0.015, and (d) 0.02.

5.3.1.1 Control of the sintering procedure

'The sintering machine used for these samples (KCE FCT-H HP D-25 SD,
FCT Systeme GmbH, Rauenstein, Germany) has a suboptimal force control
for the desired pressure range used in this set of samples. This resulted in a lower
effective pressure than the set one, resulting in low density samples (less than

92% of nominal). However, the sintering temperature was accurately controlled.

Figures 5.3(a) and (b) show the measured sintering temperature and force for
sample x = 0.005. The inset in figure 5.3(a) shows that the temperature of the
process was accurately controlled, while the sporadic behaviour of the measured
force seen in figure 5.3(b) demonstrates the poor pressure control applied by the
SPS machine. The non-oscillatory overshoot behaviour of the temperature is
indicative of a closed-loop system with a PI controller and a stable open-loop
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transfer function, so it is not surprising that the closed-loop system is stable 3
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F1GURE 5.3. Measured (a) temperature during the sintering process with the
inset showing the accurate temperature control and (b) force applied during the
sintering process for x = 0.005.

5.3.2 'Transport properties analysis and figure of merit 7"

'The Hall carrier concentration and mobility measured at room temperature of
all samples are shown in table 5.2.

Table 5.2. Room-temperature Hall carrier concentration (nyy) and Hall mobil-
ity (uyy)

X ng(x 10 em™)  pgy (em?.V-1sh)
0 0.95 55.0
0.005 -1.7 232.9
0.01 -4.1 314.2
0.02 -4.3 374.5

'The temperature dependent thermopower, electrical conductivity, thermal
conductivity, and figure of merit 27" of the iodine-doped multiphase Biy Te; 755 25
compound measured parallel to the sintering direction in the temperature range
of 300 to 530 K are shown in figures 5.4(a)-(d). The samples are labelled with
their Hall carrier concentrations in figure 5.4 for ease of comparison.

'The positive sign of the thermopower of x = 0 indicates that it is a p-type
material, and conversely, the negative sign of the thermopower for the doped
samples indicates that the samples are n-type. Both the undoped sample
(0.95E19) and the doped x = 0.005 sample (1.7E19) display non-degenerate

semiconductor behaviour (positive do/dT’), probably due to their low carrier

3For a more detailed explanation, see appendix D.
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concentrations. The lower density of these samples also induced an increase in
carrier scattering at the pores [267, 408], resulting in a decrease in their conduct-
ivity but a decrease in their thermal conductivity. The low carrier concentration
of the doped samples and the p-type behaviour of the undoped sample indicate
the presence of hole-generating defects in the material, in particular antisite
defects from Bi atom hopping to Te atom sites [409].

This compound of Biy Tes-Bi4Te;3Sg has a peak thermopower of #-162 pV.K
for the sample x = 0.005 (the one with the lowest carrier concentration of
1.7 x 10" em™), a value much higher than that of the single phase BijTe;
(~-120 pV.K_l) prepared by a similar procedure [405].

The higher values of the thermopower (see fig. 5.4(a)) and low values
of thermal conductivity (see fig. 5.4(c)) led to the highest value of z7" (see
fig. 5.4(d)) for x = 0.005. The overall efficiency of was limited due to its low
electrical conductivity (fig. 5.4(b)).
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FiGURE §5.4. Temperature dependence of the (a) thermopower, (b) elec-
trical conductivity, (c¢) thermal conductivity, and (d) figure of merit 27, of
Biy(Te) 75-%/350.25-x/3)1x (x = 0, 0.005, 0.01, and 0.02) samples between 300
and 530 K measured parallel to the sintering direction.
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In order to understand the optimum carrier concentration range for this set
of samples, the transport properties of the doped samples are compared with
those of an intrinsic sample prepared by a similar procedure [405] and shown in
figure 5.5. 'The sintering of this intrinsic sample was performed on a different
SPS furnace which led to a higher density (>99% of the nominal density).
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Ficure 5.5. Temperature dependence of the (a) thermopower, (b) elec-
trical conductivity, (c) thermal conductivity, and (d) figure of merit 27, of
Biy(Tey 75-4/350.25-x/3)1x (x = 0.005, 0.01, and 0.02) samples between 300 and
530 K measured parallel to the sintering direction, compared with the intrinsic

sample of [405].

'The intrinsic sample has a slightly lower carrier concentration (1.2 x 10" em™)
[405] than the lightly doped sample (1.7 x 10Y cm™3), resulting in a similar
value of thermopower (fig. 5.5(a)), while the electrical conductivity of the lightly
doped sample was lower, despite having a higher carrier concentration, due to
the increased carrier scattering at the pores (fig. 5.5(b)).

'The high porosity of the sample also led to an increase in phonon scattering,
resulting in a lower thermal conductivity (fig. 5.5(c)). Overall, this resulted in a
similar z7" for both the intrinsic and lightly doped samples (fig. 5.5(d)), indic-
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ating that the optimal carrier concentration for this composition is in the lower
range of X 10%.

To understand the effects of structure on the behaviour of the optimal sample,
both the intrisic sample and the single phase BiyTe; were modelled using the
multiband model described in chapter 3. In this chapter, the inertial effective
mass (m7) was assumed to have the same value as the single valley effective mass
(my). Since the effective mass of the density of states (mEOS) is related to mj

by ming = N Y 3mz, where N, is the valley degeneracy, the model is simplified
to calculate only either m; or mik)OS' For the model used in this chapter, only
the influence of the maximum valence and minimum conduction bands on the
transport properties of the material has been considered.

'The measurements of the thermopower, carrier concentration, and electrical
conductivity (as seen in [405]) were used to estimate the density of states effect-
ive mass my, ¢ for both hole and electrons, deformation potential (Eg,s), and
reduced Fermi level for both samples. The bandgap (E,) and valley degeneracy
of both Bi,Te; and Bij4Te 3Sg were obtained from literature and are shown in
table 5.3. The longitudinal elastic constant was calculated following C; = d - v;?,
where the density (d) and longitudinal speed of sound (v;) were obtained from
the literature and are also shown in table 5.3. These values were linearly inter-
polated considering the sample phase composition determined by the Rietveld
refinement of the powder diffraction data (see table 5.1).

Table 5.3. Parameters used for the multiband modelling of BiyTe; and
Biy4Teq3Sg

Composition E,(eV) N,(VB) N,(CB) d (g.cm‘3) v, (ms™?)  C, (GPa)

BiyTes 0.15[410] 2[411] 6[411] 7.80[412] 2668 [413] 55.52
BisTe13Sg 0.28 [414] 2[411] 6[411] 7.55[415] 2693 [413] 54.75

'The measured thermal conductivity of the intrinsic BiyTe; 755 25 and BijTes
is shown in figure 5.6(a), while the modelled electronic, bipolar, and lattice
thermal conductivities are shown in figures 5.6(b)-(d), respectively.

'The thermal conductivities of the samples exhibit a behaviour typical of in-
trinsic narrow-gap semiconductors with a large bipolar contribution [416, 417].
In addition, they exhibit distinct trends as a function of temperature and sec-
ondary phase fraction (figs. 5.6(a)-(d)). In particular, the bipolar thermal con-
ductivity experiences a decrease with increasing secondary phase fraction (see
fig. 5.6 (c)). As discussed in chapter 2, bipolar conduction occurs due to the
presence of excited minority charges and is, in fact, exponentially proportional
to the bandgap [418] as can be seen in the following equation [419]

E 0
Kp xexp | — s ) o & <0. (5.1)
2kpr) . OE,
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FiGurke 5.6. Temperature dependence of the (a) thermal conductivity, (b) elec-
tronic thermal conductivity, (c) bipolar thermal conductivity, and (d) lattice
thermal conductivity, of BiyTe; and BiyTe, 755¢ 25 samples between 300 and
530 K measured parallel to the sintering direction.

The negative sensitivity of k;, with respect to E, implies that larger bandgaps
have a diminishing effect on bipolar conduction. The small bandgap of Bi,Te;
is therefore the culprit for the observed large bipolar effect in this sample set.
As already discussed, the heterostructure of the band structure of the two-phase
material caused scattering of the majority carriers and increased the bulk thermo-
power. The downward trend of the bipolar thermal conductivity with increasing
secondary phase shows that the minority charges were also filtered, contributing
to its decrease.

'The multiphase sample displayed a lower lattice thermal conductivity (fig.
5.6) compared to BiyTes, mainly due to additional phonon scattering at defects,
grain boundaries, and interfaces between the two phases [420—-423]. 'This result
is in agreement with the experimental results discussed in chapter 2, where it
was seen that multiphase thermoelectric materials can indeed be used to reduce
the lattice thermal conductivity of materials.
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5.3.3 Average zT comparison

The average 27" over 300-500 K ((z7)) 4 of the best sample (1.7E19) was com-
pared with results seen in literature and commercially available material [366,
424-426] and are seen figure 5.7. Our results are lower than the best seen in
literature, but better than those seen in commercial BiyTejs.

'I -
0.9
=
N 0.8 Li
1 This work
0.7 | &?4&&-’5
{ Commercial : ‘
0.6-

Ficure §5.7. Average z7' comparison of best sample (1.7E19) with the ones
seem in literature and commercial BiyTes [366, 424—426].

5.4 Conclusions

In conclusion, the results show that the inclusion of a secondary phase increases
the overall performance of BiyTe; with a nearly constant value of 27" in the tem-
perature range 300 ~ 530 K. The average 27" over 300-500 K are lower than
the best seen in literature, but better than those seen in commercial BiyTes;. The
origin of the lower higher values of 27" was the enhancement of the thermo-
power and lower lattice thermal conductivity due to additional scattering inter-
faces in the multiphase material. The iodine doped samples confirmed the res-
ults obtained for a previous pristine sample of BiyTe, 755 25 and showed that
thei9optirr31al carrier concentration for this compound was in the lower range of
1077 ecm™.

#The average 27 is defined as (z7) = ™ I_Tc fTTC" zTdT, where T}, is the hot side temperature and

T, is the cold side temperature in a given temperature range.
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6

Enhanced thermoelectric performance of
sulphur added Bi, Te, - Se;, ; compounds
through synergistic tailoring of band
structure and phonon transport

Life is the art of encounter, although there is so much misencounter

throughout life.
— Vinicius DE MoORAES, Samba da Bengio

Summary
This chapter examines the thermoelectric performance of Biy1e, ;8ey 5 com-
pounds with added sulphur. Since Biy(Te,Se); materials are the best per-
formers for room temperature applications, this study is a natural progres-
sion from the previous chapter where sulphur was added to BiyTe;. Here it
is shown that the inclusion of sulphur changes the bandstructure of the ma-
terial, increasing the thermopower while providing additional scattering
mechanisms for phonons and reducing the thermal conductivity.
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6.1 Introduction

Alloys of chalcogenide (Te and Se) and pnictogenide (Bi and Sb) materials have
shown the best thermoelectric performance for thermoelectric refrigeration and
power generation [411, 427, 428]. In particular, binary p-type (Bi,Sb),;Te; and
n-type Biy(Te,Se); compounds are the best performing materials at around room
temperature [429-431]. The presence of Se at Te sites in Biy(Te,Se); creates
donor levels that increase the carrier concentration, and alloying decreases the
thermal conductivity [80, 88]. 'The anisotropy of the layered crystal structure
also plays an important role in its efficiency [432, 433].

'The addition of dopants such as Cl [420], Cu [409], Zn [434], I [435], and
Cul [436] has been shown to improve the power factor of Biy(Te,Se)s, while
nanoinclusions have also been proposed as a method to decrease the thermal
conductivity and increase z7" [437-440]. Isovalent substitutions have been util-
ised to make profound changes in the thermopower and electrical resistivity with
band structure changes [428], enhanced effective mass [441], and changes in
the presence of defects [442]. Recently, there has been great interest in the use
of sulphur as an isovalent substitution for Te sites in p-type [443, 444] and n-
type [428, 445] pnictogen chalcogenides. 'The presence of sulphur effects the
presence of naturally occurring defect antisites and vacant Te sites, which in-
crease the carrier concentration of these alloys [428]. The presence of secondary
phases owing to the addition of sulphur has also been verified in these mater-
ials [366, 446]. The compounds with secondary phases showed a decrease in
thermal conductivity but also a decrease in mobility, which increased the elec-
trical resistivity of the samples [366]. Secondary phase of Bi,S3 [423, 439] has
been used to introduce multiscale scattering of phonons and decrease the thermal
conductivity of the compounds.

'This chapter investigates the thermoelectric performance of compounds in-
corporating sulphur in BiyTe, 7Seq 3. The previous chapter focused on sulphur
addition to BiyTes due to its excellent performance in room-temperature applic-
ations. As a natural progression, this chapter demonstrates that the introduc-
tion of sulphur alters the bandstructure of the material. This alteration leads
to an improvement in thermopower while also introducing additional scattering
mechanisms for phonons, thereby reducing thermal conductivity.

6.2 Experimental details

6.2.1 Synthesis

High purity elements of bismuth shots (Bi, 99.999%, Alfa Aesar), tellurium
chunks (Te, 99.999%, Alfa Aesar), selenium shots (Se, 99.999%, Alfa Aesar),
and sulphur pieces (S, 99.99%, Alfa Aesar) were weighted according to the
stoichiometry of Biy_,;3Cry3[(Tey 7Se03)1-Sx]Cl,, where x = (0, 0.003,



6.2. Experimental details

0.008, 0.0016, 0.025, 0.05, 0.1, and 0.2) and y = 0.05. Since the dopant
concentration remained constant, these samples are referred to in the text as
Biy(Te; 7S€0.3)1-xSx. The raw elements were loaded into vacuum sealed quartz
ampoules in a glove box and sealed under vacuum. The ampoules were heated
to 850 °C, held at this temperature for 12 h, quenched in cold water, and
annealed at 450 °C for 72 h. The resulting ingots were then ground by hand into
fine powders in an agate mortar and pestle housed in a glove box and sintered
under vacuum to produce 11 mm diameter rods using SPS (KCE FCT-H HP
D-25 SD, FCT Systeme GmbH, Rauenstein, Germany) at a pressure of 50
MPa and a temperature of 400 °C for 5 min. The densities of all samples were
measured from the dimensions and weight of the rods. The average density of
the samples was approximately 85% of their theoretical density. The samples
exhibited a significant degree of porosity due to the low force applied by the
SPS equipment, resulting in an effective pressure lower than the set pressure
and consequently a low density. Figure 6.1 illustrates the poor force control of
the SPS apparatus for the samples Biy(Te, 7Se(3)1_xS, with x = 0.1 with the
measured temperature (shown in black) and the applied force (shown in pink).
'The applied force shows that once again (as discussed in chapter 5) it was not
properly controlled.

5.5
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Ficure 6.1. Measured temperature (shown in black) and applied force (shown
in pink) for the sintering process of Biy(Te; 75¢eq3)1_S, with x = 0.1.

6.2.2 Materials characterisation

PXRD measurements were conducted on a PANalytical X'Pert Pro diffracto-
meter with Cu-Ka1 radiation (4 =1.5406 A, 40 kV, 40 mA). The lattice para-
meters, atomic sites, and quantitative phase percentages were determined by
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the Rietveld refinement method, which was performed using the GSAS-II soft-
ware [326].

6.2.3 'Thermoelectric transport properties

'The simultaneous measurement of electrical resistivity and thermopower coeffi-
cient was conducted on a commercial system (LSR-3, Linseis). Thermal con-
ductivity was calculated as k = D - ¢, - d, where D, c,, and d are the thermal
diffusivity, specific heat capacity, and density, respectively. Thermal diftusiv-
ity was measured by the LFA method using an LFA 467 HyperFlash®, Net-
zsch. The specific heat capacity was determined using a differential scanning
calorimeter (DSC 8000, PerkinElmer) following the sapphire standard method
(ASTM Standard E1269 [338]), as described in chapter 3.

'The room temperature Hall coefficient (Ry;) measurement was carried out
on an ECOPIA 3000 Hall Effect Measurement System with a magnetic field
of 0.55T.

'The longitudinal speed of sound was measured using the pulse-echo method
at room temperature via an ultrasonic thickness gauge (38DL PLUS, Olympus).

6.3 Results and discussion

6.3.1 Structural and phase analysis

'The PXRD patterns of Biy(Te, 7S¢ 3)1-xS34, x = (0, 0.003, 0.008, 0.0016, 0.025,
0.05, 0.1, and 0.2) are shown in figure 6.2. All samples showed a hexagonal
BiyTe, 7Seq 3 primary phase (space group R3m) and samples with x > 0.025
contained an orthorhombic crystal structure of Bi,S3 secondary phase1 (space
group Pnma). The estimated phase composition is given in table 6.1, the refined
lattice parameters are presented in table 6.22, and refinement plots are presented
in figure 6.3.

6.3.2 'Transport properties analysis

'The temperature dependence of electrical resistivity (p), thermopower (&) and
thermal conductivity (k) was measured in both perpendicular (in-plane) and par-
allel (cross-plane) directions relative to the sintering direction. The thermoelec-
tric properties of the samples along the in-plane direction are discussed in this
text, while the cross-plane data are presented at the end of the chapter.

Figure 6.4 shows the electrical resistivity, thermopower, power factor (PF,
a?/p), and thermal conductivity® of Biy(Te, 7Seq 3)1-xS3x, X = (0, 0.003, 0.008,
0.0016, 0.025, 0.05, 0.1, and 0.2) samples. The electrical resistivities of the single

"Materials Project ID mp-22856.
2The unit cell volumes of all samples are presented in appendix F.
3Measurements of thermal conductivity for x = 0.0016 and 0.1 were unavailable.
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Table 6.1. Quantitative phase analysis of Biy(Te;7Se( 3)1-xS3x, x = (0, 0.003,
0.008, 0.0016, 0.025, 0.05, 0.1, and 0.2) obtained from the Rietveld refinement
of the powder X-ray diffraction patterns

X B12T€2.7SCQ.3 (Wt%) Bi283 (Wt%)

0 100
0.003 100
0.008 100
0.016 100 ...
0.025 94.9(4) 5.1(4)
0.05 88.4(16) 11.6(16)
0.1 83.9(13) 16.1(13)
0.2 77.0(4) 23.0(4)
—x=0 ——x=0.003
—— x=0.008 ——x=0.016
——x=0.025 x=0.05
—x=0.1 x=0.2
— \ | BizTGz.7SEo,3 1 Bi253
=2
2
g
2l
| I | I mmin : mmE m IIIIII nmii IIIIIIII mm IIIIIIIIIIIIIIII L 1] 110 IIIIIII-IIIIIIIIIIIIIII-III-II-IIII-.III I
20 40 60 80 100

20°

FiGure 6.2. Powder X-ray diffraction patterns of Biy(Te; 7Se( 3)1-xS3,, x = (0,
0.003, 0.008, 0.0016, 0.025, 0.05, 0.1, and 0.2). The inset shows the zoomed
area around the largest peak.

Table 6.2. Refined lattice parameters of Biy(Te, 7S¢(3)1-xS3x, x = (0, 0.003,
0.008, 0.0016, 0.025, 0.05, 0.1, and 0.2)

B12T62_7SCO.3 Bi283

X a=b(A) c(A) a (A) b (A) c(A)
0 4.3605(5) 30.2661(19)

0.003 4.3751(4) 30.3880(18)

0.008 4.3844(7) 30.2565(28)

0.016 4.3803(5) 30.3250(26)
0.025 4.3492(3) 30.3002(22) 11.505(13) 4.090(5) 11.142(15)
0.05 4.3600(29) 30.153(15) 11.446(30) 4.159(12) 10.687(21)
0.1 4.3988(5) 30.0163(27) 11.756(15) 3.8969(27) 11.667(6)
0.2 4.3733(7) 30.416(5) 11.239(10) 4.0609(15) 11.492(8)
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F1Gurke 6.3. Refinement plots of Biy(Te; 7Se( 3)1-xS3x, X = (a) 0, (b) 0.003, (c)
0.008, (d) 0.0016, (e) 0.025, (f) 0.05, (g) 0.1, and (h) 0.2 samples.

phase x = 0, 0.003, 0.008, and 0.0016 samples (see fig. 6.4(a)) display intrinsic
semiconductor behaviour with values decreasing with temperature [447]. 'The
electrical resistivity of the multiphase samples with x = 0.025, 0.05, and 0.1
shows the same intrinsic behaviour as the single phase samples, whereas the
resistivity curve of the sample with x = 0.2 shows a weak metallic behaviour
with a small positive slope of dp/dT [447]. The low carrier concentrations (as
seen in table 6.3) explain the intrinsic character of the samples.

'The addition of sulphur to the samples increases the electrical resistivity of
the samples at concentrations of x = 0.003, 0.008, 0.0016, 0.025, and 0.05. 'The
resistivity values reported here are larger than those reported in the literature
for BiyTe; 7Se( 5 [448, 449] but similar for porous samples [70]. The density of
our sintered samples was approximately 85%, indicating the presence of a high
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FiGUrE 6.4. Temperature dependence of the (a) electrical resistivity, (b) thermo-
power, (c) power factor, and (d) thermal conductivity of Biy(Te, 7Se( 3)1-xS3x, X
= (0, 0.003, 0.008, 0.0016, 0.025, 0.05, 0.1, and 0.2) samples. Measurements of
thermal conductivity for x = 0.0016 and 0.1 were unavailable.

Table 6.3. Hall carrier concentration and mobility for Biy(Te, 7Seq 3)1-S35, X
= (0, 0.003, 0.008, 0.0016, 0.025, 0.05, 0.1, and 0.2) samples

x npp(X 10" cm™3) M (cm2.V-1s71)
0 1.57 224.0

0.003 2.74 81.19
0.008 2.58 131.0

0.016 1.29 120.7

0.025 1.42 76.75

0.05 1.88 73.06

0.1 1.11 82.76

0.2 7.73 47.55
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proportion of porosity. These pores scatter charge carriers, resulting in reduced
carrier mobility and consequently increased electrical resistivity [450].

The observed changes in the carrier concentration of the sulphur alloyed
samples can be explained by the defect control in the system. Bismuth telluride
alloys typically exhibit three major atomic defects [409]: antisite defects of Bi
at Te sites (Bi,, which contributes one hole per defect); vacancies at Te sites
(VT., which contributes two electrons per defect); and vacancies at Bi sites
(Vg{, which contributes three holes per defect) [451, 452] (represented using
the Kroger-Vink notation [453]). 'The presence of selenium in these alloys
tends to increase the number of vacancies in the material (Te (V7T.) and Se
(V3e)) since the enthalpy of evaporation of Se (95.48 kJ.mol™! [454]) and Te
(1141 k].rnol_1 [454]) is much lower than that of Bi (178.632 k].rnol_1 [455]);
this increases the carrier concentration of electrons and contributes to the n-type
behaviour of these materials with high carrier concentrations [456, 457]. 'The
low value of the thermopower (fig. 6.4(b)) for the sample with x = 0 at room
temperature (~-12.5 pV.K'l) indicates that vacancy of Te and Se is not the
most prevalent mechanism in our samples, but most likely antisite defects are
responsible for the changes in carrier concentration of single phase samples in
our study [428, 443, 458, 459]. However, the mechanisms are different for the
multiphase samples.

'The general effective medium theory (see equations 2.31 and 2.32) can be used
to estimate the behaviour of the mixture of different phases [460]. Figure 6.5(a)
shows the variation of the electrical resistivity values as a function of the weight
fraction of the secondary phase in samples with x = 0%, 0.025, 0.05, 0.1, and
0.2 extracted from XRD analysis at 512 K. The simple composite rule [461], is
shown to be able to fit the data for x = 0.025, 0.05, and 0.1. This confirms that
the addition of a phase with high electrical resistivity, in this case Bi,S3 [462],
increases the overall resistivity of the medium as expected. Despite this, the rule
fails to predict p for x = 0.2, suggesting that additional mechanisms are involved
in this sample.

'The sudden decrease in electrical resistivity for the sample with x = 0.2 sug-
gests either the formation of a new phase with a different composition and elec-
tronic band structure or a sharp change in the band structures in both phases.
XRD analysis did not reveal any compositional changes, suggesting band struc-
ture changes were due to the increased presence of the secondary phase rather
than formation of a distinct new phase.

To investigate this, Hall effect measurements were performed at 300 K to
measure the Hall coeflicient of the samples and to evaluate their Hall carrier
concentration (ny = 1/(Ryy - e)) and Hall carrier mobility (uy; = Ry/p), as
shown in table 6.3. The single phase sample x = 0 shows a carrier concen-
tration of 1.57 x 10" cm™ and a carrier mobility of 224 em?.V-1s71 at 300 K.

4Single-phase sample.
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Ficure 6.5. (a) Electrical resistivity at 512 K versus secondary phase fraction.
'The red dashed line indicates a simple composite rule for a binary mixture and
the blue dashed line indicates the threshold at which the rule fails to predict the
mixture behaviour. (b) Carrier concentration and carrier mobility.

The observed trend of the mobility is one of decreasing values, with the second-
ary phase inclusion reaching the lowest value of 47.55 cm?.V-1.s7! for the mul-
tiphase sample x = 0.2, probably due to the increased scattering at the interfaces
between the two phases. On the other hand, the carrier concentration shows
the opposite trend to the resistivity, with its maximum value of 7.73 x 10" cm™
for the sample with the largest secondary phase inclusion sample x = 0.2. Fig-
ure 6.5(b) shows this dependence of the carrier concentration and mobility on
the sulphur concentration.

'The relationship shown in figure 6.5(b) provides some insight and indicates
that the deterioration in electrical resistivity is due to the decrease in carrier mo-
bility, while the large improvement for x = 0.2 is due to the increase in carrier
concentration.

'This unique electronic behaviour suggests that high energy donors are now
accessible from the conduction band of the Bi,Te; 7Se( 3 matrix and contribute
to the electronic conduction. A possible explanation for this effect is that the
interplay between the two phases forms an intermediate band of impurity states.
It can then be concluded that the presence of this impurity band is responsible
for the deviation from the monotonic change in electrical resistivity.

'The plateau-like nature of the carrier concentration for 0.025 < x < 0.2 can
be explained by noting that as the secondary phase fraction reaches the percola-
tion limit, x = 0.025, the sulphur defects (V§', which contribute to two electrons
per defect) on the sulphur rich phase appear to balance out the reduction (frac-
tional) of the V7, and V&g, defects present on the BiyTe, 7Se( 3 phase, maintain-
ing a relatively constant carrier concentration.

'The electrical resistivity of the samples x = 0.025, 0.05, and 0.1 follows an
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Arrhenius like form [463]

Ea
P = Py Xp kB_T ; (6.1)

where py is the resistivity prefactor and E, the activation energy. The value of
the activation energy increases with the presence of the secondary phase, with
a minimum of 10.8 meV for x = 0 and a maximum of 28.8 meV for x = 0.1,
implying that the effective band gap of the samples increases as the secondary
phase inclusion increases, explaining the different dp/dT of the samples.

'The thermopower for all samples has negative values at room temperature, in-
dicating n-type conduction (fig. 6.4(b)). The linear dependence of thermopower
on temperature up to 350 K for all samples indicates that in this temperature
range the main parameter of thermopower generation is the thermal diffusion of
electrons, as predicted by Mott’s formula [391]. This linear relationship between
thermopower and temperature is observed over the temperature range for the
concentrations of the sulphur-free and sulphur-alloyed samples: x = 0, 0.003,
0.008, and 0.0016.

It is well known that the thermopower is strongly dependent on the band
structure and the DOS around the Fermi level (Er) [65, 220] and given the
high sensitivity of the thermopower values to the sulphur concentration, it can
be inferred that the presence of sulphur in the materials dramatically changes
the DOS around Ef. This significant dependence of DOS on sulphur content
was previously observed in a BiysSby sTes alloy [458]. The magnitude of the
thermopower of the samples with added sulphur was generally higher than that
of the sample without sulphur. (~-12.5 pV.K_l) and ranged from ~-46.8 pV.K_1
for the sample with x = 0.008 to ~-173.9 pV.K_1 for the sample with x = 0.025.

'The set of multiphase samples x = 0.025, 0.05, 0.1, and 0.2 were those with the
highest values of @, comparable to those found in the literature [431, 436, 464],
and exhibited nonlinear behaviour at higher temperatures, consistent with the
presence of bipolar conduction in the material [465]. The observed improvement
in the secondary phase materials can be explained by a twofold mechanism [405].
First, using the same approach as previously used to analyse the resistivity of the
samples, effective medium theory shows that the inclusion of a phase with large
negative thermopower values will naturally increase the thermopower of the bulk
material. In this case BiyS3 shows large values of a, up to ~-183 pV.K™1, as
discussed in chapter 4 [462], which confirms the previous argument.

Secondly, similar to what has been discussed in previous chapters, the pres-
ence of additional phases in a material with highly mismatched band structures
can introduce the energy filtering effect. This effect screens out low energy car-
riers using a potential barrier that is proportional to the difference in electron

affinity of the materials, resulting in an increased thermopower of the bulk ma-
terial [110, 111, 114, 405].
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In figures 6.6(a) and (b), the electrical resistivity and carrier concentration/-
mobility of the single-phase samples are plotted as a function of sulphur con-
centration. Compared to the multiphase samples, the resistivity of the sulphur
alloyed samples does not follow a clear trend. As can be seen in figure 6.6(b), the
presence of sulphur ions decreases carrier mobility due to increased carrier scat-
tering. 'The carrier concentration of this set of samples does not follow a clear
trend, as can also be seen in figure 6.6(b). The carrier concentration in these
samples appears to be primarily a function of the defects in the system; alloying
with sulphur causes changes in the DOS but it does not appear to follow a clear
trend or relationship.
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Ficure 6.6. (a) Electrical resistivity at 300 K versus sulphur concentration in
the material fraction, (b) carrier concentration and carrier mobility as a function
of the sulphur concentration on the material.

Given the low values of a for the sulphur-free sample, the power factor of
all samples with added sulphur was higher than that of the sulphur-free sample
(fig. 6.4(c)). The combination of low resistivity and relatively high thermopower
of the sample with x = 0.02 resulted in the highest PF for this sample.

In general, the thermal conductivity of the sulphur-containing samples is
lower than that of the single-phase sulphur-free sample, except for the sample
with x = 0.08, as shown in figure 6.4(d). To understand the contribution of phon-
ons and both majority and minority carriers to the heat transport mechanisms
in the materials, the two-band model shown in chapter 2 was used to evaluate
the lattice thermal conductivity of the material.

Measurements of the thermopower, carrier concentration, and electrical
resistivity were used to estimate the density of states effective mass my, g for
both holes and electrons, the deformation potential E;,, of the conduction
and valence bands, and the reduced Fermi level. 'The valley degeneracies of
the valence and conduction bands were obtained from the literature (shown in
table 6.4), and these values were linearly interpolated considering the composi-
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Table 6.4. Longitudinal speed of sound and valley degeneracy of Bi, Tes, BiySes,
Bi,S;

Material v, (m.s71) N, (VB) N, (CB)
Bi,Te; 2668 [413] 6[433] 2 [433]
Bi,Se; 3390 [466] 1[433] 1[433]
Bi,S; 4267 [399] 3[467] 2 [467]

tion of each sample.

'The calculated values of the electronic, bipolar and lattice contributions to
the thermal conductivity of the samples are shown in figures 6.7(a), (b) and (c)
respectively. 'The electronic contribution, k,, follows the same behaviour as the
electrical resistivity, with the low resistivity samples showing higher values. The
bipolar thermal conductivity values show an exponential increase with temper-
ature due to the thermal activation of minority carriers [465]. The presence of
sulphur reduced the values of «,, with lower values for the samples with added
sulphur up to 450 K, possibly due to the presence of additional majority carriers

in these materials.
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Ficure 6.7. Temperature dependence of the (a) electronic, (b) bipolar, and

(c) lattice thermal conductivities (estimated from the two-band model and the
Wiedemann-Franz law; see text for details) of Biy(Te, 7S€3)1-xS35, x = (0,
0.003, 0.008, 0.0016, 0.025, 0.05, 0.1, and 0.2).

'The lattice thermal conductivity of the samples with added sulphur decreased
significantly compared to the single-phase sulphur-free sample, except for the
sample with x = 0.008. It is noteworthy that the multiphase sample with the
highest sulphur concentration and the largest proportion of secondary phase,
x = 0.2, had a surprisingly low value for k;, approaching Clarke’s limit [350]
of K,;, ~ 0261 W.m™1.K™! for BiyTes at higher temperatures (calculated
as shown in chapter 2). 'The behaviour of k; is mainly determined by the
phonon scattering mechanisms that occur in the materials, including phonon-
phonon normal/Umklapp process scattering, boundary scattering and pore
scattering [468].

'The two main reasons for the remarkably low values of lattice thermal con-
ductivity in these sample sets are: 1) the porosity of the samples due to the low
density of the samples, which created additional scattering centres [220, 469];
and 2) the presence of a secondary phase, which created additional boundary
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scattering (as discussed in chapter 2).

To understand these changes in the lattice thermal conductivity of the sample,
the material was modelled using the Debye-Callaway model for k;. The scatter-
ing mechanisms used to model these materials were Umklapp processes, normal
processes, point defects, grain boundaries, and dislocations. The measured lon-
gitudinal speed of sound and calculated Debye (calculated as seen in chapter 3)
are given in table 6.5. The used value of for the transverse speed of sound was

1600 m.s™* [470] and the average speed of sound was calculated using equa-
tion 3.73.

Table 6.5. Longitudinal speed of sound and Debye temperature of
Biy(Tey 7Sep 3)1-4534, x = (0, 0.003, 0.008, 0.0016, 0.025, 0.05, 0.1, and

0.2).
x v (m.s71) 0p (K)
0 2320 166
0.003 2286 163
0.008 2012 151
0.016 2300 164
0.025 2203 158
0.05 2256 161
0.1 2195 157
0.2 2320 166
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'The parameters used in the Debye-Callaway model are shown in tables 6.6
and 6.7.

Table 6.6. Parameters used in the lattice thermal conductivity model for
BiyTe; 7Seq 3

Parameters  Description Value Reference

v, longitudinal speed of sound (m.sh) 2320 Experimental

v, transverse speed of sound (m.s™H) 1570 [471]

v average phonon speed (m.sh) 1712 Calculated

y Griineisen parameter 1.51 Fitted

r scattering factor 1.55x 1073 Calculated

Mp; Te, 5¢,, average atomic mass of BiyTe; 7Seq 3 (kg) 2.61x107%
proportionality constant for normal process 0.18 Fitted

VBiTe,,Sep;  Average atomic volume of BiyTe; 7Seq 3 (m3) 3.45x107%
average grain size (um) 5 Fitted

Np density of dislocations (cm™?) 2.3 %1010 Fitted

By effective Burger’s vector (nm) 1.2 [472]

v Poisson’s ratio 0.26 Calculated

K bulk modulus of BiyTe; (GPa) 37.4 [470]

o concentration of BiySes in BiyTe, 7Seq 3 0.1 Calculated

T, sample annealing temperature (K) 723.15

My, e, average atomic mass of BiyTes (kg) 2.66 x 1072

My, s, average atomic mass of BiySe; (kg) 217 x107%

Mg, atomic mass of Bi (kg) 3.47 x107%

Mr, atomic mass of Te (kg) 212x107%

Mg, atomic mass of Se (kg) 1.31x107%

Bi,Tes average atomic volume of BiyTe; (m?®) 3.39 x 107

Bi,Se; average atomic volume of Bi,Te; (m?) 2.82x107%

|4 volume of the unit cell (m?) 5.04x 10728

0p Debye temperature (K) 166 Experimental

Table 6.7. Parameters used in the lattice thermal conductivity model for
BiyTes 165€0.2450.6

Parameters Description Value Reference
v longitudinal speed of sound (m.s™h) 2320 Experimental
v, transverse speed of sound (m.s™) 1570 [471]
v average phonon speed (m.s?) 1712 Calculated
y Griineisen parameter 0.124 Fitted
r scattering factor 5.69 Calculated
MBi2T52.16550.2450.6 average atomic mass of BiyTe; 145¢€ 2450 6 (kg) 243x107%
] proportionality constant for normal process 0.36 Fitted
VB12T62.16860424SO.6 average atomic volume of BiyTe, 14Se0.2450,6 (m®)  3.3261 x 107%°
L average grain size (pm) 5 Fitted
N, density of dislocations (cm™) 6.99 x 10° Fitted
By effective Burger’s vector (nm) 1.2 [472]
v Poisson’s ratio 0.26 Calculated
K bulk modulus of Bi,Tes (GPa) 37.4 [470]
o concentration of Bi,Ses in Bi, Te, 7Seq 3 0.1 Calculated
T, sample annealing temperature (K) 723.15
My, ., average atomic mass of BiyTe; (kg) 2.66 x 1072

Mp; s, average atomic mass of Bi;Se; (kg) 217 x107%
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Table 6.7 (continued)

Parameters Description Value Reference
My, atomic mass of Bi (kg) 3.47 x 1072

Mo, atomic mass of Te (kg) 2.12x107%

Mg, atomic mass of Se (kg) 1.31x10°%

M atomic mass of S (kg) 0.532x107%

BiyTes average atomic volume of Bi,Tes (m®) 3.39x107%

Bi,Ses average atomic volume of BiyTez (m®) 2.82x107%

14 volume of the unit cell (m?) 5.04x 10728
0p Debye temperature (K) 166 Experimental

Figure 6.8(a) shows the fitted lattice thermal conductivity with the scattering
mechanisms as described above. The relaxation times of all scattering mech-
anisms are seen in figure 6.8(b) while the spectral thermal conductivity is seen
in figure 6.8(c) considering U (Umklapp processes), N (Normal processes), PD
(point defects), GB (grain boundaries), and D (dislocations). As can be seen in
figures 6.8(b) and (c), U + N + PD introduces high-frequency phonon scattering,
while GB introduces low-frequency scattering. D improves the scattering with
wide-frequency phonon scattering. Therefore, point defects, grain boundaries,
and dislocations play major roles in the thermal conductivity in this sample.
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Ficure 6.8. (a) Fitted lattice thermal conductivity, (b) relaxation times for the
various scattering mechanisms, and (c) calculated spectral thermal conductivity
for the various scattering mechanisms for BijTe, 7S¢ 3

Figure 6.9(a) shows the fitted lattice thermal conductivity with the scatter-
ing mechanisms as described above for Biy(Te, 7Seq 3)1-S3, with x = 0.2. 'The
relaxation times of all scattering mechanisms are seen in figure 6.9(b) while the
spectral thermal conductivity is seen in figure 6.9(c) considering U (Umklapp
processes), N (Normal processes), PD (point defects), GB (grain boundaries),
and D (dislocations). Differently from the sample with no sulphur, this sample
has a higher contribution of PD scattering, which is consistent with the intro-
duction of the secondary phase of sulphur and can be observed in the increased
I" value. As can be seen in figures 6.9(b) and (c), U + N + PD introduces high-
frequency phonon scattering, while GB introduces low-frequency scattering. D
improves the scattering with a wide-frequency phonon scattering similar to the
sample with no sulphur.
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F1GURE 6.9. (a) Fitted lattice thermal conductivity, (b) relaxation times for the

various scattering mechanisms, and (c) calculated spectral thermal conductivity
for the various scattering mechanisms for Biy(Te; 7Se 3)1-xS3,, X = 0.2.

6.3.3 Figure of merit T

'The temperature dependence of 27" is shown in figure 6.10. It is clear that z7°
is significantly increased in the sulphur-added samples compared to the sulphur-
free sample. The maximum value of about 0.55 was obtained for the sample
with x = 0.2. 'The increase in the figure of merit is due to the simultaneous
improvement in the thermopower and decrease in the thermal conductivity.

These samples showed low values of z7" when compared to those reported
in the literature, which can reach up to 1.2 [41, 148, 409, 423, 437, 438, 440,
448, 473, 474]. 'The main reason for this low performance was the low density
of the samples, which caused the high resistivity values. It should be stated,
however, that the samples have the same conditions and that the conclusions
and arguments of the text remain valid.
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Ficure 6.10. Temperature dependence of z7" for Biy(Te; 7S¢ 3)1-xS3x, x = (0,
0.003, 0.008, 0.025, 0.05, and 0.2) samples.

6.4 Conclusion

Chapter 6 shows that adding sulphur to BiyTe; 7Se( 3 samples altered their ther-
moelectric properties significantly. When low sulphur concentrations were ad-
ded to the composition, it changed the density of states and defect chemistry,
thus inducing major changes in electrical resistivity and thermopower.

At higher sulphur concentrations, a secondary phase of Bi,S; developed5 .
'The bulk electrical transport properties of the multiphase samples followed a
simple composite rule (given by the effective medium theory) at lower fractions,
increasing electrical resistivity and thermopower as expected. However, at the
maximum sulphur level, the transport properties departed from this simple prin-
ciple, probably due to the formation of an impurity band between the two phases,
which increased electron donation and, by consequence, reduced electrical res-
istivity.

'The use of multiphase samples with a Bi,S3 secondary phase was shown to be
highly effective for reducing thermal conductivity. The sample with the highest
fraction of the Bi,S; phase displayed remarkably low lattice thermal conductivit-
ies, approaching the theoretical minimum for BijTes. This significant reduction
was attributed to the introduction of the secondary phase, which substantially in-
creased phonon scattering at the boundaries. Additional defects, such as poros-
ity, further suppressed lattice thermal conductivity.

Overall, sulphur inclusion successfully reduces thermal conductivity while en-
hancing thermopower in both single-phase and multiphase samples. The highest
figure of merit 27" of 0.55 was achieved at x = 0.2.

'This chapter demonstrates how sulphur alloying can improve band struc-

5The composition of the samples was estimated from their diffraction patterns; however, XRD
analysis does not provide information on the distribution of the secondary phase or the elemental
composition. Therefore, the conclusions presented here are limited by the scope of the experiments
conducted in this chapter.
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ture and phonon transport to enhance the thermoelectric performance of
BiyTe, 7Se( 3-based compounds. The presence of a secondary phase has been
found to significantly alter the electrical resistivity, thermopower, and thermal
conductivity of the material, potentially enabling the development of highly
efficient thermoelectric materials. The significant reduction in thermal conduct-
ivity obtained by incorporating a secondary phase highlights the advantage of
using multiphase thermoelectric materials to achieve higher z7.

The set of samples studied in this chapter demonstrate rather low thermoelec-
tric transport properties compared to values reported in literature. This is attrib-
uted to the poor mechanical properties of the samples investigated here. While
the conclusions drawn are valid for these specific low-quality samples, they may
not extend to higher quality samples with improved mechanical properties and
transport characteristics.
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7

‘Thermoelectric performance of CrSb added
Bi,, sSb, s Te; compounds

Let no one be discouraged because their cradle was not generous, let no one
consider themselves ill-fated because they lack in birthright wealth and
qualities. In all of this, there are no surprises that cannot be expected
from tenacity and sanctity in work.

— Rut BarBosa, Oragio aos Mogos

Summary

This chapter investigated the effects of the inclusion of a secondary magnetic
phase on the thermoelectric performance of BiSbTe materials and was di-
vided into two parts. In the first part, samples with varying percentages
(0.5 to 25 wt. %) of the CrSb phase in a BiysS8b; sTe; matrix were pre-
pared by direct reaction of the raw elements and SPS. The inclusion of small
amounts of CrSb was found to improve the thermal performance due to an
increased effective mass due to the presence of magnetic drag effects. How-
ever, higher percentages of CrSb resulted in reduced carrier mobility and
an overall decrease in 21" and power factor, probably due to increased car-
rier scattering. ‘The optimum composition contained 0.5 wt.% CrSb and
showed improved thermopower without a significant decrease in electrical
conductivity. In the second, a new set of samples with lower CrSb contents
were prepared by ball milling followed by SPS and confirmed these initial
results. This work demonstrates the complex interactions between magnetic
phases, charge carriers and thermoelectric properties. While small additions
of secondary phases can improve performance through magnetic drag effects,
larger percentages are detrimental, highlighting the need for precise control
of multiphase compositions.
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7.1 First part - mixing and melting raw elements

7.1.1 Introduction

As mentioned earlier in this thesis, bismuth telluride alloys are considered to
be the most efficient thermoelectric materials for room temperature applica-
tions. Alloying BiyTe; with Sb,Tes can tune the carrier concentration, reduce
the lattice contribution to the thermal conductivity and induce band conver-
gence, which contributes to an increase in 7" [411, 475].

In chapter 4 it was shown that magnetic dopants have been proposed as a
more recent strategy to increase the thermopower in thermoelectric materials,
with the same result also observed in the literature [279, 289, 291] (see chapter 2
for more details). In summary, the carriers interact with the local magnetic mo-
ments, which effectively drag the carriers, resulting in increased carrier eftective
mass, increased thermopower, and decreased carrier mobility. However, the
overall effect is an increase in power factor [290, 365]. Also, as discussed in
the literature review chapter (see chapter 2), the addition of secondary magnetic
phases has also been proposed to improve thermoelectric properties [294, 295,
297], as the combination of several phases can improve electrical conductivity,
thermopower, and thermal conductivity [40, 157].

In this study, a series of samples of Biy 5Sby 5Tez with x wt.% CrSb (x = 0,
0.5, 1,5, 10, 25, and 100) were first prepared by casting and powder processing
using SPS. CrSb was chosen because it is a p-type antiferromagnetic semicon-
ductor with a high Néel temperature (680 ~ 710 K), which makes it suitable
for studying its magnetic properties in the low temperature range of thermo-
electric applications. Here, it is shown that by adding small percentages of a
magnetic secondary phase, it is possible to increase the thermoelectric power of
the composites. However, the electrical conductivity of the composite sample is
significantly reduced. In the next section of this chapter, a new series of samples
of BigsSby sTes 3 with x wt.% CrSb (x = 0, 0.125, 0.25, 0.5, and 1) have been
prepared by ball milling and SPS to verify the conclusions drawn in this first
part.

'This chapter builds on the foundations laid by the previous ones. 'The in-
clusion of the magnetic secondary phase is a natural extension of the results
presented in chapter 4 and is consistent with the review presented in chapter 2.

7.1.2 Experimental details
7.1.2.1 Synthesis

A series of polycrystalline samples of Big 5Sbq 5Tez with x wt.% CrSb (x =0, 0.5,
1, 5, 10, and 25) were synthesised by direct reaction of stoichiometric amounts
of high purity elements of Bi shots (99. 999%, Alfa Aesar), Te pieces (99.999%,
Alfa Aesar), Sb shots (99.999%, Alfa Aesar), and Cr 60 mesh powder (99.95%,
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Alfa Aesar) in vacuum sealed quartz ampoules loaded in an inert atmosphere
glove box. The ampoules were heated up 850 °C for 12 hours, homogenised at
1000 °C, quenched in cold water, and then annealed at 400 °C for 72 h. The
resulting ingots were ground by hand into fine powders in an agate mortar and
pestle in an inert glove box. The powders were then loaded into a graphite die and
sintered under vacuum to produce 11 mm diameter rods using SPS (KCE FCT-
H HP D-25 SD, FCT Systeme GmbH, Rauenstein, Germany) at a pressure
of 50 MPa for 5 min and a temperature of 400 °C. The densities of all samples
were measured from the dimensions and weight of the rod. The average density
of the samples was approximately 85% of their nominal density.

'The suboptimal force control of the SPS equipment resulted in an effective
pressure lower than the set one, which caused the powders to be consolidated
only by Joule heating of the particles, resulting in a high degree of porosity in
the samples and,consequently, a low density [476, 477]. In figure 7.1 the temper-
ature (in black) and the applied force (in pink) are shown for the sintering process
of Big 55bq 5Tes with 0.5 wt.% CrSb. As can be seen, similarly to chapter 5, the
temperature control was stable and the force control was poor.
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Ficure 7.1. Temperature (shown in black) and applied force (shown in pink)
curves versus time for the sintering process of Big 55b; sTes with 0.5 wt.% CrSb.
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A pristine CrSb sample was also synthesised by loading stoichiometric
amounts of Cr 60 mesh powder (99.95%, Alfa Aesar) and Sb shots (99.999%,
Alfa Aesar) into a vacuum sealed quartz ampoule. The ampoule was heated to
850 °C for 24 hours, mixed every 4 hours, homogenised at 1160 °C for 1 hour,
and allowed to cool naturally in the furnace. The resulting ingot was ground
by hand with an agate mortar and pestle housed in a glove box, loaded into a
vacuum sealed quartz tube, and annealed at 900 °C for 24 hours to eliminate
the presence of a CrSb, impurity phase. The annealed powder was then loaded
into a graphite die and sintered under vacuum to produce 11 mm diameter rods
using SPS (KCE FCT-H HP D-25 SD, FCT Systeme GmbH, Rauenstein,
Germany) at a pressure of 50 MPa for 20 min at a temperature of 1173 K. 'The
sample had a density of 99.9% of the nominal value. The selected temperatures
are shown in the Cr-Sb phase diagram in figure 7.2 [478].
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FiGure 7.2. Cr-Sb binary phase diagram. Adapted from [478].

7.1.2.2 Materials characterisation

Phase purity and crystal structure of the sintered samples were characterised by
PXRD usingoa PANalytical X'Pert Pro diffractometer with Cu-Ka1 radiation
(A =1.5406 A, 40 kV, 40 mA).

7.1.2.3 'Thermoelectric transport properties

Electrical conductivity (o) and thermopower (@) were measured parallel to the
sintering direction of the samples by cutting ~#2x2x 8 mm?3 bar specimens from
the rods. Measurements were conducted from room temperature to 523 K under
a helium atmosphere using a Linseis LSR-3 apparatus.
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'The thermal diffusivity (D) of all samples was measured by the LFA method
using a NETZSCH LFA 467 HyperFlash®instrument. Heat capacity measure-
ments were conducted from room temperature to 473 K using a PerkinElmer
DSC 8000 according to ASTM sapphire standard method E1269 and from
473 K to 773 K using a TA Instruments SDT 650 simultaneous thermal ana-
lyser according to ASTM modulated DSC method E2716 (both discussed in
chapter 3).

Slab-shaped samples were also cut to measure the room temperature Hall
coeflicient (Ry) under a £0.55 T magnetic field using an ECOPIA 3000 Hall
Effect Measurement System. The Hall carrier concentration (npy) was calculated
as nyy = 1/(e - Ryy).

'The speed of sound was measured for the sintered pellets using the pulse-echo
method at room temperature with an Olympus 38DL PLUS apparatus.
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7.1.3 Results and discussion
7.1.3.1 Structural and phase analysis

'The phase purity and crystal structure of all samples were determined by index-
ing their PXRD patterns (see fig. 7.3). Two distinct phases were identified: a
primary rhombohedral BiysSby 5Tes phase, and a secondary hexagonal CrSb
phase!. The mixing ratio between the phases was extrapolated using the full-
pattern summation method [479] on the PANalytical X’Pert HighScore Plus
software package, as shown in table 7.1.

T

100 wt.%
LA JL A JL)\LJ\_JL,A_UJ\__L;LJ\_L

L)

Intensity (a.u

0 wt.%

}_ I . Bio,sShy.sTes
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CrSb
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FiGure 7.3. Powder X-ray diffraction patterns of BipsSby sTe; with x wt.%

CrSb (x = 0, 0.5, 1, 5, 10, 25, and 100). The inset shows the zoomed area
around the peak with highest intensity.

Table 7.1. Mixture ratio of Biy 5Sb; sTes with x wt.% CrSb (x =0, 0.5, 1, 5, 10,

25, and 100)

X Bio_sSbleeg (Wt%) CrSb (Wt%)
0 100 0

0.5 100 0

1 100 0

5 94.5 5.5

10 87.2 12.8

25 73.3 26.7
100 0 100

"Materials Project ID mp-1641
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7.1.3.2 'Transport properties analysis

Figure 7.4 shows the temperature dependent electrical transport properties of
the Big sSby sTe; with x wt.% CrSb (x = 0, 0.5, 1, 5, 10, 25, and 100) samples
measured perpendicularly to the sintering direction. The electrical conductivity
of all samples decreases with the temperature, typical behaviour of degenerate

semiconductors (see fig. 7.4(b)) and the conductivity of all samples decreased
with the increase in the secondary phase.
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FiGure 7.4. Temperature dependence of the (a) thermopower, (b) electrical con-
ductivity, and (c) power factor of Big 5Sbq sTe; with x wt.% CrSb (x = 0, 0.5, 1,
5,10, and 25) samples.

A first attempt to understand the behaviour of the electrical conductivity can
be by using the effective medium approximation discussed in more details in
chapter 2. From equation 2.31, the electrical conductivity of two phase material

can be expressed as
01— 0, 6y — O,

" o, + 20, V20'2 + 20, (7.1)

where v; is the volume fraction of phase i, o; is electrical conductivity of phase i
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Ficure7.5. Temperature dependence of the (a) thermopower, (b) electrical con-
ductivity, and (c) power factor of the pristine CrSb sample.

and the identity matrix, and o, is the effective electrical conductivity.

Equation 7.1 indicates that the effective conductivity of the material is propor-
tional to both the volume fraction of phase i and its conductivity (o, ||nu,~0'l~ ||)
Given the high conductivity values of the secondary phase (see fig. 7.5(b)), it was
expected that the multiphase samples would show higher electrical conductivity
values, which does not happen. This implies that there are additional transport
mechanisms that are not accounted for by the effective medium approach.

To gain insight into this, Hall effect measurements were carried out on these
samples at room temperature and are shown in table 7.2. It was observed that the
non-pristine samples exhibited lower values of Hall mobility (4p) compared to
the pristine Biy sSby sTes sample. The reduction in electrical conductivity can be
explained by a twofold mechanism: first, the introduction of a secondary phase
into the material creates additional scattering centres for the charges and reduces
their mobility. This mechanism has been widely discussed and is a common oc-
currence in multiphase thermoelectric materials [50, 480]. Secondly, according
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to the results presented in chapter 4 and in [279, 289, 365], the presence of
magnetic phases, particles, and dopants in the materials can adversely affect the
carrier mobility. The combination of these two effects was hypothesised to be
responsible for the changes in Hall mobility.

'The Hall carrier concentration of the composite samples showed higher val-
ues compared to the BiysSby sTe; sample, as it seems that the presence of an
additional phase with a higher carrier concentration (11.5 x 10" cm™3 in CrSb
compared to 1.57 x 101? em™ for pristine Bij 5Sby 5Tes) has increased the car-
rier concentration of the bulk material. This is evidenced by the overall trend of
increasing ny with respect to secondary phase inclusion.

This discussion suggests that the reduction in electrical mobility was the
primary factor that led to the decrease of the electrical conductivity in the
samples.

Table 7.2. Hall carrier concentration, Hall carrier mobility, thermopower, and
effective mass of Big sSbq sTes with x wt.% CrSb (x = 0, 0.5, 1, 5, 10, 25, and
100) measured at room temperature

x (wt.%) npp (X 10') UL (em?2.V1is!) « (pV.K’l) m*/my

0 1.57 285 94  0.28
0.5 1.77 221 215 0.57
1 2.24 109 99  0.38
5 4.04 159 81  0.45
10 3.36 215 44 0.24
25 5.12 143 65  0.42
100 11.5 383 12 0.13

All samples showed a positive thermopower a (figs. 7.4(a) and 7.5(a)),
which indicates p-type semiconductors and is consistent with the Hall ef-
fect measurements (table 7.2). 'The low values of the thermopower for the
samples (295 pV.K™1) are in agreement with experimental [481] and ab initio
calculations [427] where no Te excess was added to the material.

'The change in the slope of the thermopower and electrical conductivity of the
pure CrSb sample (fig. 7.5(a) and (b)) is due to a change in the magnetic regime
of the material. As discussed in chapter 2, the thermopower due to the presence
of magnons is dependent of the scattering rates of carriers and magnons and the
magnons specific heat which follows a T3 [482]. Around 680K, the material
changes from an ordered antiferromagnetic (AFM) regime, where magnons ex-
ist, to a disordered magnetic regime, where magnons do not exist and there is
no contribution to the thermopower, changing the slope of both « and o.

Except for the sample with 0.5 wt.% CrSb, all multiphase samples showed
lower power factors as a result of lower thermopower and electrical conductivity
(see fig. 7.4(c)). The power factor showed a higher value for the sample with
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0.5 wt.% CrSb compared to pristine Big 5Sb; sTes at room temperature due to
its higher thermopower (22500 pW.m_l.K_l) compared to the latter’s value of
(%1750 yW.m 1K),

To examine the influence of the secondary phase on thermopower, the ma-
terials were modelled using the SPB model as discussed in chapter 3. Table 7.2
lists the calculated hole effective mass (m™). The sample with the lowest CrSb
concentration (0.5 wt.%) revealed an increase of around 46% in m™*, consistent
with what was observed in chapter 4 and [289, 290]. However, in the samples
with a higher percentage of the secondary phase, an increase in eftective mass
does not overwrite the impact of an increased carrier concentration, leading to
lower values of thermopower.

To gain more insight of the band structure of the materials the weighted
mobility uy, of the materials was calculated with the following expression [483]

3n6 B
8me(2mykgT)3?

oo (ol o 3 dal
P\ kple 2 kple
|

+
1+exp<—5<&—l>) 1+exp<5 k;'g—l))

Hw =

and their values are plotted in figure 7.6.
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F1cure 7.6. Room temperature weighted mobility of Bij 5sSby sTe; with x wt.%
CrSb (x =0, 0.5, 1, 5, 10, 25, 100) samples.

Equation 7.2 is based on the SPB model. However, this equation provides
an independent method of evaluating the band structure of the material, as it
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does not rely on the Hall effect measurements. The weighted mobility increases
significantly for the samples with a low percentage of the secondary phase. This
suggests that there is a notable increase in the effective mass (m*)>? of the dens-
ity of states. However, as the percentage of the secondary phase increases, py,
declines rapidly and falls below the values of pristine BijsSby 5Tes. These res-
ults agree with the Hall effect measurements, but they are independent of them.
'Therefore, they support the conclusions reached previously.

Heat capacity measurements were carried out for all the samples, and they are
displayed in figure 7.7. 'The behaviour of the heat capacity of the CrSb sample
can be understood by recognising that, for temperatures below the Néel tem-
perature of the material [482], the magnon contribution in the AFM regime
followed a T law [280], whereas the lattice contribution at higher temperat-
ures was almost constant, as predicted by the Dulong and Petit law (proofin the
appendix). Figure 7.7(b) readily shows this finding. At temperatures exceeding
roughly 680 K, which is the Néel temperature of the material [482], the magnon
contribution is insignificant, and only the lattice contribution is observed. It
should be noted that CrSb exhibits mostly linear behaviour in the specific heat
capacity for temperatures up to 450 K. This behaviour provides an explanation
for the linear relationship observed in the set of samples with x wt.% CrSb (x =

0.5, 1, 5, 10, and 25) in B10.5Sb1_5TC3.

(a) (b)
0.35 0.5
o 0 wt.% 10 100 wt.%
2 1o 0.5 wt.% 2 0.454
£ = ]
§A 0.3 § 04
o S% 035
S oo 0.25 T o ]
== <= 0.3
:E < 2 & ]
'g 0.2 = 0.254
-2 g 1
@ %] 0.2 §_ prest
| #33332Y ¥
0.15 L L L L - 0.15 ‘ . ‘ . ‘ . ‘

325 350 375 400 425 450 475 400 500 600 200

Temperature (K) Temperature (K)

Ficure 7.7. Temperature-dependent specific heat capacity of (a) Big 5Sby sTe;
with x wt.% CrSb (x = 0, 0.5, 1, 5, 10, and 25) and (b) CrSb samples. The

dashed line represents a linear fit of the data for (a) and a cubic Hermite spline

for (b).

The thermal conductivity (k) of the samples is shown in figure 7.8(a). As
the temperature increases, the thermal conductivity (k) of all samples begin to
increase. The electronic contribution to the thermal conductivity (k,) is shown
in figure 7.8(b), and it was estimated using the Wiedemann-Franz law [391]
(k, = LoT) as discussed in chapter 3, where L represents the Lorenz number.

165



7. 'Thermoelectric performance of CrSb added Bij 5Sb; s Te; compounds

166

The values of L were calculated using the SPB model and are depicted in fig-
ure 7.8(d). Since multiphase samples have a lower electrical conductivity, «,
is reduced accordingly. The bipolar (x}) and lattice (x;) contributions to the
thermal conductivity were computed as x; + k, = k — k,, and are shown in
figure 7.8(c). All samples show an exponential pattern with k; + k;, indicating
a significant bipolar contribution to the thermal conductivity [429, 465].
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Ficure 7.8. Temperature dependence of the (a) thermal conductivity, (b) elec-

tronic thermal conductivity, (c) lattice and bipolar thermal conductivity, and (d)
Lorenz number of Big 5Sbq s Te; with x wt.% CrSb (x = 0, 0.5, 1, 5, 10, and 25)
samples.

'The measured longitudinal speed of sound (v;) of all samples is given in
table 7.3. Transversal measurements were not available, so the average speed
of sound was estimated (according to equation 3.73) using the literature value of
1533 m.s™! [484]. The Debye temperature is also given in the table 7.3 and was
estimated using the equation 3.86.

All samples had similar average speed of sound and therefore Debye temper-

ature values. This clarifies the similar values of heat capacity for Biy5Sby 5Tes
with x wt.% CrSb (x = 0, 0.5, 1, 5, 10 and 25) (see figure 7.7(a)).
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Table 7.3. Measured longitudinal speed of sound at room temperature, calcu-
lated average speed of sound, and calculated Debye temperature of Big 5Sb; sTe;
with x wt.% CrSb (x = 0, 0.5, 1, 5, 10, and 25)

x (wt%) v, (msh) v(ms?t) 6 (K)

0 1750 1593 195
0.5 2140 1658 203
1 2230 1668 204
5 2270 1673 206
10 1890 1621 200
25 1960 1633 205

Due to their higher carrier concentrations, the samples with lower CrSb
content (x = 0.5 and 1) have suppressed the bipolar conduction up to about
350K (see figure 7.8(c)), which allowed the use of the Debye-Callaway
model [485, 486] to understand the lattice thermal conductivity behaviour of
these two samples. For this set of samples, the expression for the combined
relaxation time (z,) followed the same expression as seen in chapter 4

=t v v = A0 + g+ B Tole 5 + 22 (7.3)

c pd n u gb u u L’ .

where 7,4, 7,,, 7, and 7, are the relaxation times for point defect scattering, nor-
mal three phonon process, Umklapp process, and grain boundary scattering re-
spectively, L is the mean grain size and the coefficients A, f and B, are fitting
parameters. The values of the speed of sound and the Debye temperature have
been measured (see table 7.3) while L has been estimated from the fitted dif-
fraction pattern. Table 7.4 shows the fitted parameters and the average grain
size.

'The sample containing 0.5 wt.% of CrSb had a more significant point defect
scattering than the sample containing 1 wt.% of CrSb, which explains the lower
values of the lattice thermal conductivity. As per [344, 486], point defect scatter-
ing is directly proportional to the mass fluctuations in the material. Therefore,
it is likely that the changes in the secondary phase distribution on the mater-
ial led to this effect. Currently, microscopy data is unavailable, but it will be
investigated in future studies.

Table 7.4. Calculated parameters for the Debye-Callaway model for
Big 5Sbq sTe; with x wt.% CrSb (x = 0.5 and 1)

x A10%s) g B,(102°sK) L (um)

0.5 283 1.0 1.02  0.1367
1 135 0.9 0.88 0.1276
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Figure 7.9 depicts the modelled lattice thermal conductivity and the measured
values. The dashed lines represent the values calculated by the Debye-Callaway
model, and the arrows indicate the point at which bipolar conduction begins to
make a significant contribution to the thermal conductivity, causing the model
to fail in predicting the behaviour of k; + k.
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F1Gure 7.9. Modelled lattice and bipolar thermal conductivity of Big 5Sbq 5Tes
with x wt.% CrSb (x = 0.5 and 1) samples. The dashed lines represent the values
calculated by the Debye-Callaway model.

7.1.3.3 Figure of merit 27

'The dimensionless figure of merit z7" of Biy sSby sTez with x wt.% CrSb (x =
0,0.5,1, 5, 10 and, 25) is shown in figure 7.10. The higher power factor of the
sample containing 0.5 wt.% of CrSb enabled a higher figure of merit up to 375
K compared to the single phase Big 55b; sTes;. Due to the combination of lower
power factor and higher thermal conductivity, the rest of the multiphase samples
exhibit reduced values.

It is worth noting that the z7" values of this sample set are lower than pre-
viously reported in the literature, where values greater than 1 have been ob-
served [154, 402, 484, 487]. 'The main reasons for the low efficiency are the
non-doped nature and low density of these samples. In the next part of this
chapter, these two factors will be addressed by doping the samples with excess
Te and sintering them on a different SPS furnace (to obtain denser samples).

7.1.4 Partial conclusion

In this first part of the study, multiphase samples of Big 5Sb; sTes with x wt.%
CrSb (x = 0, 0.5, 1, 5, 10 and 25) were successfully prepared by melting the
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Ficure 7.10. Temperature dependence of z7" of BigsSby 5Tes with x wt.%
CrSb (x =0, 0.5, 1, 5, 10, and 25) samples.

raw elements and sintering. Electronic transport measurements showed that
the sample with a lower percentage of magnetic phase exhibited a large increase
in thermopower due to an increased effective mass. The conductivity of the
multiphase samples is significantly reduced compared to their single phase coun-
terparts due to the greatly reduced mobility. The thermal conductivities of the
multiphase samples are slightly reduced. The sample containing a low percentage
of CrSb (x = 0.5) showed a larger 27" at room temperature. However, samples
with higher percentages showed a deterioration in performance.
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7.2 Second part - ball milling

7.2.1 Introduction

After preparing a set of samples by direct mixing of all the raw elements, it
was found that the optimum composition was between 0 and 1 wt.% CrSb in
Bip5Sby sTes. To verify the assumption that the addition of small amounts of
CrSb improves the thermoelectric properties and to avoid a non sequitur, a new
set of samples was prepared by wet ball milling of stoichiometric Biy 5Sby 5Tes
10 at.% Te-rich and CrSb. Wet ball milling was used as it provides smaller
particles [488—491], sharper particle size distribution [491], and it hinders the
oxidation process as the powder is not in contact with the atmosphere. Excess
tellurium was added to the system as Te-rich bismuth telluride and bismuth
antimony telluride alloys have shown high thermoelectric performance with a
significant reduction in lattice thermal conductivity and suppression of defects
in the system [427, 477, 487, 492, 493].

'The impact of defects, such as tellurium vacancies (VT., which are electron
donor defects), on thermoelectric properties is addressed in chapter 6. Inclusion
of excess Te suppresses the defects caused by its easy volatilisation during the SPS

process [494]. 'This strategy was shown to result in more efficient thermoelectric
materials [427].

7.2.2 Experimental details

A set of multiphase polycrystalline samples of Big 5Sby 5Tes 3 with x wt.% CrSb
(x =0,0.125, 0.25, 0.5, and 1) were synthesised by ball milling previously pre-
pared Big 5Sby sTes 3 and CrSb following the same procedures as described in
the first part of this chapter. The cast ingots were manually pre-milled by hand
using an agate mortar and pestle housed inside a glovebox.

'The powders were weighed and placed in a 250 mL agate jar along with 20
mm agate balls and ethanol absolute (99.97%, VWR). The ball to powder ratio
was 15:1, and the ratio of solvent to powder used was 100 ml to 10 g [356].

'The milling process was conducted using a Retsch Planetary Ball Mill PM
100 at 300 rpm for 4 h in 15 min intervals with a 5 min break and a change of
direction half way through the milling process. The purpose of the breaks and
intervals was to prevent heat buildup and breakage of the jar’s seal. The change
in direction was made to ensure the milling process was more uniform.

Following the milling, the jar was opened, the balls were removed with the
help of a forceps and washed with isopropyl alcohol (99%, VWR) to minimise
powder loss. Subsequently, the jar was placed in a desiccator for a minimum of
15 h. The dried powders were then placed into a graphite die and sintered under
vacuum to fabricate 11 mm diameter rods utilising SPS. Samples were sintered
at a pressure of 50 MPa for 5 min at a temperature of 400 °C. The densities of
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all samples were measured from the rod dimensions and weight. The samples
had an average density of approximately 95% of their nominal density.

7.2.3 Materials characterisation and thermoelectric transport
properties

The samples were characterised and their properties measured using the same
procedure as described in the first part of the chapter. The diffraction patterns
of the ball-milled samples were obtained using a PANalytical Empyrean dif-
fractometer with Co-Ka1 radiation (A = 1.7889 A, 40 kV, 40 mA). Bar-shaped
specimens (72 x 2 X8 mm?), cut perpendicular to the direction of sintering pres-
sure, were used to measure their electrical conductivity (o) and thermopower ().
Measurements were performed from room temperature to 523 K under a helium
atmosphere using a Linseis LSR-3 apparatus.

Additionally, circular samples were cut to measure the room temperature Hall
coeflicient (Ry;) under a £0.55 T magnetic field using an ECOPIA 3000 Hall
Effect Measurement System. The Hall carrier concentration (ng;) was calculated
as nyy = 1/(e - Ryy).

7.2.4 Results and discussion
7.2.4.1 Selection of the ball milling parameters

Ball milling experiments for thermoelectric materials can range from 1 ~ 60 h
at 100 ~ 500 rpm [495-497]. From a practical perspective, one would assume
that these variables (or factors) are discrete, with certain “levels”, and could use
a full factorial experiment to determine the effects of the factors on the particle
size [498]. However, the number of runs (or trials) required to complete a full
factorial experiment increases rapidly; in fact, the number of runs required for
a no repetition experiment with X, Y, Z, .. .factors with x, y, z, ...levels is x -
Y-z - ..., which makes the experimental design logistically infeasible. A more
sensible approach would be to use previous experimental results as a guide, and
this was the approach taken in this work.

To obtain an indication of the best values for speed and milling time of the
experiment, the values of particle size, speed and milling time from the refer-
ences [356, 499, 500] were normalised® and analysed. As can be seen in fig-
ure 7.11(a), the relationship between milling time and particle size follows ap-
proximately an exponential decay followed by a plateau like behaviour, indicat-
ing that long milling times do not necessarily lead to smaller values of particle
size in a feasible time. On the other hand, the relationship between rpm and
particle size follows an inverted bell curve, i.e. as rpm increases, particle size
initially decreases (for the same milling time) until it reaches a minimum value

X~ Xmin

2Here, normalisation is defined as x «
Xmax~Xmin
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and then starts to increase; thus, the lowest particle size values are obtained for
intermediate rpm.

'Therefore, an optimal experiment would be in the middle range for rpm and
the middle range for milling time (as shown by the heat map in figure 7.11(b)).
Following this analysis, the chosen levels were 150 and 300 rpm and 4 and 8 h.
'The full factorial design is shown in table 7.5.

(a)

azis apised pasijewioN

Normalised particle size

Normalised rpm

; 02
W -~ 0.4
...... . 0'?4 ormalised rpm

Ficure 7.11. (a) 3D surface plot of normalised rpm, milling time, and particle
size and (b) heatmap of normalised rpm, milling time, and particle size. All data
was extracted from [356, 499, 500].

Table 7.5. Design of experiments table for ball milling

Trial rpm Milling time

1 300 4
2 150 4
3 300 8
4 150 8

'The results of each trial are shown in sequence.

7.2.4.2 Crystallite size

'The crystallite size of the powder were estimated using XRD. A silicon standard
was used to determine the instrument contribution for the peaks shapes. Scher-
rer equation

KA
L.=——, 7.4
‘ ﬂstruct Cos 0 ( )

where L, is the crystallite size, K is the Scherrer constant (0.9), 4 is the X-ray
beam wavelength, B;,,.; is the full width at the half maximum (FWHM) of the
peak, and @ is the Bragg angle, was used to calculate the crystallite size [501].
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Table 7.6. Measured parameters used in Scherrer equation and calculated crys-
tallite size for ball-milled Biy 5Sby 5Tes 3 for 300 rpm and 4 h of milling time

Number S, ) Binst ) 20 ) Bgtruer ©) Crystallite size (nm)
1 0.263  0.086 10.198 0.177 52.27
2 0.186  0.086 20.426 0.100 93.46
3 0.357 0.086 32.412 0.271 35.45
4 0.498  0.086 44.500 0.412 24.22
5 1.013  0.087 59.365 0.926 11.47
6 1.438  0.103 87.556 1.335 9.57
7 1.120  0.112 98.329 1.009 13.99

Average crystallite size = 34 nm

— Silicon
— Ball-milled sample

NI

.

| ZIO | 4IO | 6IO | 8IO IT(I)OI 1I20I 140
20°
FiGgure 7.12. X-ray diffraction patterns of silicon standard and ball-milled
Bij 5Sby 5Te; using 300 rpm and 4 h of milling time from 5°to 140°.

Intensity (a.u.)

'The instrument contribution to the measured FWHM (f,,,) was corrected by
subtracting the value of the FWHDM silicon standard (;,,5,); thus, B uer = Bops—
ﬁinst'

Detailed values are presented in table 7.6 and the diffraction patterns are
shown in figure 7.12 for the first trial using 300 rpm and 4 h of milling time.
'This analysis was repeated for the rest of the trials and the results are presented

in table 7.7.

Table 7.7. Trial results for the designed experiments

Trial rpm Milling time Result

1 300 4 34
2 150 4 84
3 300 8 37
4 150 8 72

Table 7.8 displays the two-way ANOVA analysis of the data presented in
table 7.7. Changes in the rpm factor account for approximately 96% of the
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total variation, indicating that the crystallite size for the hand-milled sample
was already at the tail of the decaying exponential curve for the 150 rpm trials;
hence, attaining a bigger change would take more time. Nevertheless, slight
variations observed in the 300 rpm trials indicate that the plateau value for the
employed setup is around 34 ~ 37 nm. 'The p-value of the rpm factor is 0.11,
slightly higher than the usual value of 5%. However, this result is reasonable
given the lack of repetition in the study [502].

Table 7.8. Two-way ANOVA of ball milling

Source of variation % of total variation p-value

rpm 95.94 0.1112
Milling time 1.076 0.6560

7.2.4.3 Structural and phase analysis

PXRD measurements were conducted on a PANalytical X'Pert Pro diffracto-
meter with Cu-Ka1 radiation (4 =1.5406 A, 40 kV, 40 mA). The phase purity
and crystal structure of all samples were determined by indexing their PXRD pat-
terns, as shown in figure 7.13. All samples matched a single phase rhombohedral
Bip 5Sbq sTes phase, with no impurity phases detected. It should be noted that
the detection range for XRD phase analysis is typically 5 ~ 10% [503]. There-
fore, given the low concentration of this set of samples, it was already expected
that no CrSb peaks would be observed. The refinement of the diffraction pat-
terns was not carried out for the same reason.

Intensity (a.u.)

0.125%

Sb, [ Te,
[ T

Bi
RN R I T T T T PO
L s B B B B BB B B E

. el
10 20 30 40 50 60 70 80 920 100 110
20°

Ficure 7.13. Powder X-ray diffraction patterns of Bij sSby 5Tes 5 with x wt.%
CrSb (x =0, 0.125, 0.25, 0.5, and 1) samples. The inset shows the zommed area
around the highest intensity peak.
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7.2.4.4 Transport properties

Figure 7.14 displays the thermopower, electrical conductivity, and power factor
of Bi 5Sbq 5Tes 3 with x wt.% CrSb (x =0, 0.125, 0.25, 0.5, and 1), which were
measured perpendicular to the direction of sintering. All samples showed a pos-
itive thermopower (fig. 7.14(a)), indicating a p-type semiconductor behaviour.
'The electrical conductivity exhibits metallic behaviour, with decreasing values at
higher temperatures, as shown in figure 7.14(b). At higher temperatures, the
samples containing an added secondary phase showed a large contribution from
the bipolar effect, as observed by the upward trend of the electrical conductiv-

ity [418].

(a) (b)
300 = 4
owt% ®  0.5wt% £ owt% ®  0.5wt.%

- 0.125wt.% = 1 wt.% “ 0.125wt.% = 1 wt.%
g. 0.25 wt.% vo 3.5 1 0.25 wt.%

>1 250 1 =

= X |

S o 3

- z‘, ]

g 200 £ 25 .y et g
o "3 .\.\l_//n/./
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£ » | 3T
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Temperature (K)

Power factor, PF (mW.m"1.K2)
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FiGure 7.14. Temperature dependence of the (a) thermopower, (b) electrical
conductivity, and (c) power factor of ball milled Bij sSby sTes 3 with x wt.% CrSb
(x =0,0.125, 0.25, 0.5, and 1) samples.

'The thermopower of this new set of samples is greatly increased compared
to the non-excess Te samples seen in the first part of this chapter. The room
temperature values of & increase from ~94 pV.K™! to ~238 uV.K! for the single
phase sample and from ~215 pV.K_1 to ~270 pV.K‘1 for the 0.5 wt.% CrSb.
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Introducing Te into the system decreases the electrical conductivity of
the single phase sample from ~20 x 10*S.m™ to ~2.7x 10*S.m™! and from
~5x10*S.m™! to ~2.1 x 10* S.m™L.

Table 7.9 shows the Hall carrier concentration and mobility of the samples.
'The carrier concentrations are lower than those observed in the literature (e.g.
~1 x 10" cm™ [427]) and the non-excess Te ones, explains the lower overall
electrical conductivity of the samples. The mobility value of 232 em?.V1s!
of the single phase samples are similar to the ones reported in literature (e.g.
248 cm?. V1571 [487)).

'The values for n range from 7.7 ~ 7.1 108 ecm™3, indicating that the addition
of Te to the system has stabilised the carrier concentration for the samples. How-
ever, the mobility decreased with the inclusion of the secondary phase, which is
a consistent behaviour of multiphase materials [117, 439] and it was seen in

chapter 6 and 5.

Table 7.9. Hall carrier concentration and mobility of ball milled Big 5Sb; 5Tes 3
with x wt.% CrSb (x = 0, 0.125, 0.25, 0.5, and 1) samples

X np (X 10" cm™3) HH (em?.V-1sh
0 7.7 232.0
0.125 7.7 203.9
0.25 7.6 203.7
0.5 7.3 185.5
1 7.1 161.6

The thermopower of the CrSb added samples shows an overall increase with
secondary phase inclusion. Since the carrier concentration of all samples has
similar values, these changes cannot simply be attributed to changes in the values
of n.

'The behaviour of the band structure with the CrSb inclusion was analysed
by modelling the thermopower and Hall carrier concentration using the SPB
model. The single parabolic band method described in chapter 3 may not fully
and accurately determine the behaviour of Biy 5Sbg 5Tes 3 due to the presence of
bipolar conduction, complex scattering processes, and the non-parabolic nature
of the valence band. However, this approach can provide an indication of a trend
in the calculated effective mass m* of the fabricated samples [484, 504-506]. The
calculated effective mass for all samples is listed in table 7.10.

'The effective mass of the samples increases overall with the presence of the
secondary phase in alignment with the trend of the thermopower. This trend is
visible in both table 7.10 and in the dependence between thermopower a, carrier
concentration n and m™ shown in the Pisarenko plot in figure 7.15.

As discussed in chapters 3 and 4, the thermopower for a degenerate semicon-
ductor, with a parabolic band and energy-independent scattering approximation,
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Table 7.10. Room temperature thermopower, Hall carrier concentration, and

effective mass of ball milled Bij5Sb; 5Tes 3 with x wt.% CrSb (x = 0, 0.125,

0.25, 0.5, and 1) samples

X a (pV.K‘l) n(x 10" cm™) m*/my
0 238 7.7  0.90
0.125 252 7.7 1.16
0.25 246 76  0.96
0.5 273 7.3 1.06
1 280 7.1 1.21
can be written as [507]
8712k 2/3
a= ~ B 1 <l> , (7.5)
3qh? 3n
where m™ is the effective mass of the density of states.
o 0 wt.% 0.5 wt.%
= 30015 . m0.125Wt% 1 wt%
¥ Faul® 0.25 wt.%
E‘ 2507 //\ \::\ N
S I /’ RN
dh; 200 , ‘\:\\\
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Ficure 7.15. The Pisarenko plots (thermopower versus Hall carrier concentra-
tion) at room temperature for ball milled Big sSbq 5Tes 3 with x wt.% CrSb (x =
0,0.125,0.25, 0.5, and 1). 'The dashed lines represent the calculated values from
the single parabolic band model using the effective masses as shown in the inset.

Equation 7.5 shows a direct proportionality between the thermopower and
the effective mass. Drawing a parallel analysis from chapter 4, we observe a
striking similarity between the results presented here and those of the single-
phase samples of Bi,S; codoped with Cr. This suggests that the presence of a
magnetic phase within the material can lead to an increase in the eftective mass
of the sample and consequently an increase in the thermopower, similar to what

occurred in the presence of a magnetic dopant.
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'The combined decrease in carrier mobility due to the presence of an additional
phase and the possible dragging effect caused by the magnetic phase, however,
severely degrades the electrical conductivity of the multiphase samples. As a
result, there was only a marginal increase in the power factor PF (as shown in
fig. 7.14(c)).

For comparison with the first part of this chapter, in figure 7.16, the Hall
carrier concentration (in purple), the Hall mobility (in ) and the weighted
mobility (in ; calculated using the equation 7.2) are plotted against the
weight percent of CrSb in the samples. Due to the lower effective mass, the
0.25 wt.% CrSb sample also has lower weighted mobility, but the overall trend
is an increase in uy, due to the increased effective mass. This result is similar to
that seen for the no-excess Te samples (see fig. 7.6).
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Ficure 7.16. Hall carrier concentration (in purple), the Hall mobility (in )
and the weighted mobility (in ; calculated using the equation 7.2) of ball
milled Big 5sSbq sTes 3 with x wt.% CrSb (x = 0, 0.125, 0.25, 0.5, and 1).



7.2. Second part - ball milling

7.2.5 Partial conclusion

In the second part of this study, a series of multiphase samples of Biy 55bq sTes 3
with varying CrSb content were synthesised and analysed. The samples were suc-
cessfully prepared using a combination of ball milling and sintering techniques,
ensuring control over their composition and microstructure. The main goal of
this study was to systematically investigate the impact of low CrSb concentra-
tions on the thermoelectric properties of the material. It aimed to validate and
extend the preliminary conclusions from the initial stage of this chapter.

In the first part of the study, it was found that the sample with the lowest
magnetic phase content (0.5 wt.%) showed a significant enhancement in ther-
moelectric performance. This leads to the hypothesis that the incorporation of
lower concentrations of CrSb could yield similarly advantageous results. Con-
sequently, a new set of samples with low CrSb concentrations was synthesised
for analysis. In addition, excess Te was added to the samples to improve the
material’s thermoelectric performance.

'The results obtained from this new set of samples provided evidence to sup-
port the conclusions drawn in the first part of the study, in particular, that the
presence of small amounts of magnetic phases can in fact enhance the thermo-
electric performance. The inclusion of the secondary phase was found to sig-
nificantly increase the thermopower of the samples by enhancing the effective
mass of the charge carriers similarly as it was seen in the first party of this study.
However, it was observed that the introduction of the secondary phase had a
detrimental effect on the electrical conductivity of the samples. Despite similar
carrier concentrations, the carrier mobility was significantly reduced, leading to
lower electrical conductivity values.

'The interplay between the enhanced thermopower and the degraded electrical
conductivity resulted in only marginal gains in power factor, highlighting the del-
icate balance required to optimise thermoelectric efficiency in such multiphase
systems.
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7.3 Final remarks

This study was conducted in two parts. In the first part, a set of samples was
fabricated by melting the raw elements of Bi, Sb, Te, and Cr, followed by hand
milling the resulting ingots and sintering the materials. The XRD analysis re-
vealed the presence of two phases: BigsSbysTe; and CrSb. The samples were
designed to cover a wide range of second-phase contents, spanning from 0.5
wt.% to 25 wt.%. Notably, the thermoelectric performance of the samples with
higher percentages of CrSb exhibited significant degradation, resulting in re-
duced values of the figure of merit (277) and power factor. The sample with the
best performance was the one with the lowest percentage of secondary phase in-
clusion, specifically 0.5 wt.%. For this sample, the thermopower was enhanced
due to an increase in the effective mass.

Based on these initial findings, a new set of multiphase samples, featuring
lower percentages of CrSb, was fabricated using ball-milling and SPS. The res-
ults from this new set corroborated those obtained in the first part of the study.

Interestingly, the results presented here in this chapter allow for a parallel ana-
lysis with those in chapter 4. In the previous chapter, the addition of a magnetic
dopant resulted in an increase in thermopower due to the presence of magnetic
drag. Analogously, this effect seems to manifest in the samples investigated
in this chapter. Indeed, this current chapter was inspired by the previous one,
representing a natural extension, where instead of a magnetic co-dopant, a mag-
netic phase was introduced. The inclusion of a secondary magnetic phase, in
small amounts, similarly influenced the material by enhancing the thermopower
through an increased effective mass. However, the presence of this drag effect,
combined with carrier scattering introduced by the secondary phase, reduced
the carrier mobility of the materials, leading to lower electrical conductivities
and consequently only modest enhancements in the power factors.

Including large amounts of the CrSb magnetic phase resulted in an over-
all decrease in the performance of the material. It was concluded that adding
significant amounts of CrSb failed to enhance the overall performance of the
multiphase material. These findings underline the complex interplay between
magnetic phases, charge carriers, and thermoelectric properties, providing use-
tul insights to optimise the development of advanced thermoelectric materials.
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‘Thermoelectric properties of single phase

n-type Bi14T61388

Remember ye not the former things, neither consider the things of old.

Behold, I will do a new thing; now shall it spring forth; shall ye not know

it? I will even make a way in the wilderness, and rivers in the desert.
— Isa1amn, 43:18-19

Summary

This chapter investigates the thermoelectric properties of iodine-doped
Bi;1%,58¢ single phase samples. Bij Te;3Sg is an important thermoelec-
tric material in this work that has been relatively unexplored compared to
the widely studied BiyTe; and BiyS;. The Biy(Te; 95787 140)1-xIx (X =
0 t0 0.02) samples were synthesised by direct reaction and spark plasma
sintering. X-ray diffraction analysis confirmed the single-phase rhombo-
hedral structure. First-principles calculations revealed a direct bandgap
semiconductor with a bandgap of ~0.14 eV. The electronic transport
properties showed optimised electrical conductivity and thermopower at
an iodine doping level of x = 0.01 to 0.015, although Hall measurements
indicated that the carrier concentration was only significantly increased
above x = 0.02. This highlights the relative ineffectiveness of iodine doping
in this system. Analysis of the effective density of states and the Pisarenko
plot suggests a lighter band structure compared to BiyTe;. The lattice
thermal conductivity has been reduced by increased point defect phonon
scattering from the iodine dopant atoms. An improved figure of merit 2T°
of ®0.29 at 520 K was obtained for x = 0.01 and 0.015, mainly due to
the reduced lattice thermal conductivity. Owerall, this work demonstrates
that the thermoelectric performance of the relatively unexplored Bi;,Te;3Sg
system can be improved by optimising the carrier concentration and
reducing the lattice thermal conductivity. The results provide insight into
the improvement of the multiphase thermoelectric materials containing this
phase shown in this thesis.
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8.1 Introduction

In this chapter, the properties of single phase samples of iodine doped Biy4Teq35g
are investigated. In a previous chapter of this thesis (chapter 5), the character-
istics of the multiphase BiyT'5-Bij4Te13Sg system were examined. It is therefore
a natural progression that the properties of the single phase compounds should
now be studied. BiyTe; has been the focus of extensive research within the ther-
moelectric community for many decades, and its properties have been thoroughly
documented since the 1950s, as evidenced by numerous studies (e.g. [47, 73, 78,
485, 508-510]). In contrast, the properties of Bij4Teq3Sg have rarely been ex-
plored experimentally (as discussed in [413]), and a comprehensive investigation
of this phase spanning from electronic band structure calculations to experiment-
ally measured figure of merit 27" values has not yet been reported in the literat-
ure, to the best of my knowledge. Therefore, this chapter focuses on studying
the thermoelectric properties of Bij4Teq3Sg.

8.2 Experimental details

8.2.1 Synthesis

A set of Biy(Teq 85751 142)1-4L (x = 0, 0.005, 0.01, 0.015, and 0.02) samples
were synthesised by direct reaction of stoichiometric amounts of high purity Bi
(99.999%, Alfa Aesar), Te (99.999%, Alfa Aesar) shots, dried S (99.99%, Alfa
Aesar) powder, and Bil3 (99.999%, Alfa Aesar Puratronic®) powder in vacuum
sealed quartz tubes in an inert atmosphere glovebox. The tubes were homogen-
ised at 850 °C for 16 h, quenched in cold water, and annealed at 450 °C for 72
h. The obtained ingots were hand-ground into fine powders in an agate mortar
and pestle housed inside an inert atmosphere glovebox. The powders were then
loaded into a graphite die and sintered under vacuum to produce 11 mm dia-
meter rods using SPS (Dr. Sinter-1080 SPS system, Fuji-SPS, Japan) at 400 °C
and an axial pressure of 50 MPa for 5 min. 'The relative density of the sintered
samples, calculated from the weight and dimensions of the rods, was >99% for
all the samples.

8.2.2 Materials characterisation

Phase purity and crystal structure of sintered samples were characterised by
PXRD using a PANalytical X'Pert PRO X-ray diffractometer with Cu-Kal
radiation (4 = 1.54059 A, 40 kV, 40 mA). Rietveld refinements were performed
on the acquired diffraction patterns using the GSAS-II software [326].

'The electronic transport properties of the sintered samples were investigated
in the parallel direction to the sintering pressure by cutting 2 X2 X 8 mm?3 bars
from the sintered rods. The measurements were carried out from room temper-
ature to 520 K under a helium atmosphere using a Linseis LSR-3 apparatus.



8.2. Experimental details

'The thermal transport properties of the samples were investigated parallel to
the sintering pressure by cutting out a disc with a diameter and thickness of
approximately 10 mm and 1.5 mm, respectively, from the sintered rods. The
thermal conductivities (k) were calculated using the thermal diffusivity (D), spe-
cific heat capacity (c,), and density (d) of the samples, x = D-c,-d. The thermal
diffusivity was measured using a Netzsch LFA-467 Hyperflash®instrument. The
specific heat capacity was measured using a PerkinElmer-DSC 8000 differential
scanning calorimeter in compliance with the sapphire standard ASTM E1269-
11(2018) test (refer to section 3.1.8.1).

'The disc-shaped samples were also used to measure carrier concentration and
electronic mobility using the van der Pauw technique with an ECOPIA HMS

3000 Hall measurement system.

8.2.3 Electronic structure calculation

DFT calculations were employed to qualitatively study the electronic band struc-
ture of the pristine sample. The PBE and GGA exchange-correlation function-
als were used [385]. Monkhorst-Pack procedure was used to generate 10x10x10
k-points for the Brillouin zone [386]. The plane wave/pseudopotential approach
was employed, with a kinetic energy cut-oft of 45 Ry for the wavefunctions and
360 Ry for the electron density. The crystal structure used was that of the Ri-
etveld refined pristine sample.
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8.3 Results and discussion

8.3.1 Structural and phase analysis

Figure 8.1 depicts the XRD patterns of all samples analysed. 'The diffraction
patterns confirm the existence of a single rhombohedral phase of Bij4Teq35g
crystal, which belongs to the space group R3 (PDF Card - 04-009-4602).

The lattice parameters for each sample were determined using Rietveld re-
finement of the XRD patterns and are presented in table 8.1. As shown in fig-
ure 8.3, the lattice parameters exhibit considerable variation with the presence of
the dopant, where a = b parameters show an overall decreasing trend, while the
¢ parameter fluctuates, decreasing and increasing with the dopant concentration.
These changes in the lattice parameters can be attributed to the differences in
ionic radii of $*~ (1.84 A), Te? (2.21A), and - (2.2 A) [511]. Similar beha-
viour was observed in iodine-doped Bi,Tes, albeit to a lesser extent due to the
relatively similar radii of Te?™ and 1 [435, 512]. Nevertheless, the obtained
values are consistent with literature-reported values (a = b = 11.269A and ¢ =
11.129 A) [415].

It is worth noticing that all samples exhibited a preferred orientation in
the {006} lattice plane, as illustrated in figure 8.4. This was already seen for
samples of BiyTe, ,S;_, [413] and it is likely due to the preferred crystal
growth in the basal plane parallel to the ingot growth direction [508, 513]. 'This
indicates that the samples show a large degree of anisotropy of the transport
properties with a preferred orientation of the layers of the materials. Much

like Biy T3, BijsTe 3Sg exhibits three covalently bonded quintuple layers of
[Te(l)/S(l) ~Bi—-S?_Bi- Te(l)/S(l)] sheets stacked along the c-axis [508,

514-516]. 'These sheets interact weakly through van der Waals interac-
tions [513]. Here, the superscripts (1) and (2) were used to distinguish the two
types of atomic bonding, where (1) denotes a weak van der Waals attraction and
(2) denotes a covalent bonding [517]. Note that this crystal structure has been
erroneously referred to as “BiyTe,S” in some works [518, 519]. Historically, in
the 1970s, Linus Pauling [415] realised that the “BiyTe,S” crystal structure was
unlikely to be stable at this stoichiometry due to a substantial strain localised
on the internal sulphur layer within the stacking sequence. This strain is due
to the considerable difference in ionic radii between S and Te, which would
result in a large size mismatch between the hexagonal, closely packed S and Te
layers. To relieve this strain and stabilise the structure, Pauling suggested that
the formula should incorporate S atoms into the Te layers (and Te into the S
layers), resulting in the proposed formula of Bij4Te3Ss.

Figure 8.2 presents the refinement plots. As pointed out earlier, the samples
have a preferred orientation along the {006} lattice plane, represented by the
elongated peak corresponding to this plane. This effect was corrected in the
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Ficure 8.1. X-ray diffraction patterns of Biy(Teq g5751.142)1-x1x (x =0, 0.005,
0.01, 0.015, and 0.02) in the range of 5° to 108°. 'The inset shows the zoomed

area around the largest intensity peak.

Rietveld refinement procedure by applying the March-Dollase preferred orient-
ation model [520, 521] as implemented in GSAS-II [326]. Despite applying
the model, the R, values remained high, but the overall fitness was reason-

able [407].

Table 8.1. Refined lattice parameters of Biy(Teq 85751 142)1-4Ix (x = 0, 0.005,
0.01, 0.015, and 0.02)

x a=b(A) c (A)

0 11.21983(12) 29.65397(29)
0.005 11.2174(12) 29.6318(27)
0.01 11.2210(10) 29.6279(26)
0.015 11.2140(9) 29.6473(26)
0.02 11.2128(12) 29.6494(31)

8.3.2 Bandstructure analysis

The calculated electronic band structure of Biy4Teq35g using the refined lattice
parameters for the original sample as described in table 8.1 is shown in figure 8.5.
'The band structure shows that this is a direct bandgap semiconductor, with the
conduction band minimum and the valence band maximum centred around the
I" point in reciprocal space.

'The band gap obtained for Biy4Te 3Sg was about 0.14 eV. Note, however,
that it is well known that traditional DFT calculations such as PBE (used in
this work) underestimate the value of the band gap [522-526], with the errors
mainly due to: (1) self-interaction errors due to interactions of an electron with
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Ficure 8.2. Rietveld refinement plots of Biy(Teq g5751.142)1-x1x, X = (a) 0, (b)
0.005, (c) 0.01, (d) 0.015, and (e) 0.02.
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Ficure 8.3. Variation of lattice parameters a = b and ¢ with the dopant concen-
tration x.

Ficure 8.4. Crystal structure of Bij4Te;35g and {006} crystal plane.

itself in the Coulomb repulsion term of the density functional [525, 527]; and
(2) the Kohn-Sham eigenvalues, which stem from using the differences of the
ground state energies of the Kohn-Sham system as the band gap [528, 529].
'The value calculated here is smaller than those presented in the Open
Quantum Materials (~0.5 €V') [530], JARVIS-DFT (~0.36 ¢V) [531], and
Materials Project (~0.55 ¢V) [532, 533] databases, and it also differs from
those presented in [534] of 0.9 eV, in [515] of ~0.34 ¢V using PBE +

191



8. 'Thermoelectric properties of single phase n-type Bij4Teq35g

192

2573
202K
1548
1.0
0.51
0.0 oo
-0.51
~1.01

E - EF (eV)

k - Wave vector
Ficure 8.5. Bandstructure of BijsTe;3Sg.

spin-orbit coupling [535, 536], and of ~0.68 ¢V using hybrid functionals [537]
+ spin-orbit coupling. However, the overall trend points out that Bij4sTe;3Sg is
a narrow band semiconductor with a larger band gap compared to BiyTes, in
agreement with the fact that the higher electronegativity of S (compared to Te)
should reduce the valence band maximum of the material [538].

8.3.3 'Transport properties analysis and figure of merit 27"

'The temperature dependent thermopower and electrical resistivity of all samples
are shown in figures 8.6(a) and (b). All samples show a negative value for the
thermopower, indicating n-type semiconductor behaviour. At room temperat-
ure, the values of the thermopower vary between ~-130 pV.K‘1 for the undoped
sample to ~-44 nV.K™! for the heavily doped sample with x = 0.02.

The electrical resistivity showed an inverse trend if compared to the thermo-
power, with the highest value of about 5.8 mQ.cm for the undoped sample and
the lowest value of about 1.2 mQ.cm for the heavily doped sample with x = 0.02.
All samples exhibited a metallic behaviour, with the electrical resistivity increas-
ing with temperature. In particular, the thermopower and electrical resistivity
showed similar values for the samples with x = 0.005, x = 0.01, and x = 0.015.

'The choice of iodine as a dopant in BijyTes is typically effective, leading to
noticeable changes in electrical resistivity due to controlled variations in carrier
concentration [512, 539-541], given to the similarity in radii between Te?” and
I'". In the case of Bi,S;, doping with iodine does increase the conductivity and
carrier concentration; however the effect does not follow a clear trend [373].

In this set of samples, both Te and S are present, and both have been ac-
counted for by substitution with I. Assuming that the changes are caused by the
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Ficure 8.6. Temperature dependence of the (a) thermopower and (b) electrical
resistivity of Biy(Teq g5751.142)1-x1x (x = 0, 0.005, 0.01, 0.015, and 0.02) from
300 and 520 K.

Table 8.2. Room-temperature Hall carrier concentration (nyy) and Hall mobil-

lty (,LIH) OfBiZ(Tel.857sl.142)1—xIx (X =0, 0005, 0.01, 0015, and 002)

X ny (x 10Y em™)  ppy (em?.V1sh)
0 -1.41 75.24
0.005 -5.3 68.50
0.01 -5.47 68.22
0.015 -5 64.68
0.02 -22.8 22.29

incorporation of I at the sites of both Te and S, the carrier concentration would
be governed by the following defect chemistry defect reaction

Bi14T613_1'85§88_1_15§Ix - (185§I:Te + 185§C,> + (115%1.5 + 115§C,> .
(8.1)
Equation 8.1 predicts that the incorporation of high concentrations x of iod-
ine will increase the carrier concentration in Bij, Te 3Sg. To test this hypothesis,
room temperature Hall effect measurements were conducted on samples with
varying iodine doping levels. The results, summarised in table 8.2, reveal that
while carrier mobility (uy) decreases monotonically with increasing iodine con-
centration from a maximum of 75.24cm2.V-1.s71 at x = 0 to a minimum of
2229 cm?.V-1s1 at x = 0.02, the dependence of carrier concentration on iod-
ine doping is more complex. Specifically, the carrier concentration remains rel-
atively constant for x = 0.005, 0.01, and 0.015 before increasing significantly at
x = 0.02. These data suggest that iodine doping increases the carrier concentra-
tion only above a critical threshold between 0.015 < x < 0.02.
'The trends in electrical resistivity (see fig. 8.6(b)) further illustrate the effect
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of doping on the carrier concentration. The resistivity p shows a marked decrease
from its maximum value for the undoped sample, maintaining similar values of
~1.7mQ.cm for 0.05 < x < 0.015 before dropping abruptly to its minimum at
x =0.02.

Similarly, given the inverse relationship between carrier concentration and
thermopower @, the undoped sample has the largest thermopower magnitude
due to its lowest carrier concentration, whereas the x = 0.02 sample has the smal-
lest thermopower magnitude corresponding to its highest carrier density. Since
the samples with x = 0.005, 0.01, and 0.015 have comparable carrier concentra-
tions, they achieve similar thermopower values of —80 ~ —70 pV.K'l. Overall,
the transport data confirm the existence of a critical iodine doping threshold
between 0.015 < x < 0.02.

At room temperature and with similar carrier concentrations, the thermo-
power value for BiyTe; (~-238 pV.K_1 at ny = 1 x 10" em™ [475)) is larger
than the one presented here, which indicates that this compound has a lower ef-
fective mass than both BiyTe;. However, thermopower measurements of Bi,S3
of ~-320 |le.K’1 at lower carrier concentrations of ny; = 0.45X% 10" em™3 [542]
suggests a similar density of state effective mass between the samples and Bi,S;.

To understand the influence of the band structure on the thermopower, the
SPB model was used to analyse the measured transport and carrier concentra-
tion data. The fitted density of state effective mass was found to be m* ~ 0.65my,.
The measured thermopower and carrier concentrations follow the trend pre-
dicted by the SPB model, as shown in the Pisarenko plot in figure 8.7. Un-
derstandably, the relatively low effective mass of Bij4Te13Sg compared to Biy T3
(m* =~ 1.06m [411, 475]) can explain the low thermopower values observed
even at lower carrier concentrations as predicted by Mott’s rule.

For comparison, data from pristine BiyTe; samples [475, 509, 510] and
Bi,S; samples [368, 462, 509, 542], and samples of similar composition to that
used in this work of chlorine doped BiyTe; 9357 97-,Cl, and BiyTe; g35; 17 [413]
was added to the plot. As can be seen from the Pisarenko plot, BijsTeq3Sg
closely follows the band structure of both Bi,S3 and similar compositions of
BiyTeq 9351 97-yCl, and BiyTeq ¢354 17.

Figure 8.8 shows the power factor (PF) values for all samples. Despite the
reduced electrical resistivity, the reduced thermopower at higher doping con-
centrations resulted in similar, modest power factor values of approximately 2.8
mW.m2.K™ for the undoped, x = 0.005, and x = 0.015 samples. The heavily
doped x = 0.02 sample exhibited the lowest power factor of ~1.5 mW.m 2K,
while x = 0.01 gave the optimum PF of ~3.5 mW.m2.K.

To understand the heat transport mechanisms existent in the material, high
temperature measurements of the specific heat capacity of pristine Biy4Teq35g
were conducted and are exhibited in figure 8.9(a). At this temperature range of
300 ~ 500 K, the specific heat capacity has values very close to those predicted
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Ficure 8.7. 'The Pisarenko plot (thermopower versus Hall carrier concentra-
tion) at room temperature of Biy(Teq g5751142)1-x1x- The dashed line represents
the calculated values from the single parabolic band model using the fitted ef-

fective mass. Data from BiyTes [475, 509, 510], Bi,S5 [368, 462, 509, 542],
BiyTe; 9351 97-,Cl, and BiyTe; ¢354 17 [413] are included for comparison.

by the Dulong-Petit law [543]%, with a linear trend (¢, =0.16500(8) + 1.769(19)

1A formal derivation of this law from the Debye model can be found in the Appendix.
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Ficure 8.8. Temperature dependence of the power factor of
Biy(Teq 85751 142)1-x1x (x = 0, 0.005, 0.01, 0.015, and 0.02) from 300 and
520 K.
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X 107°T J.g7L.K™1). At this temperature range, the specific heat capacity can be
fitted using the Debye model as seen in chapter 3, which leads to a Debye tem-
perature of 8 = 190.0(2.3) K and an average speed of sound of v = 2001(24)
m.s ™!, The fitted model versus the measured values is shown in figure 8.9(b). It
is worth noticing that due to the non-availability of lower temperature measure-
ments to fit the specific heat capacity, these values can only be understood as

approximations [544, 545].

(a) (b)

0221, Dsc data ! ] = DSCdata

| - - Linear fit- 0.165068 + 1.769 x 105 T 6&‘ - - Debye model
-+~ Dulong - Petit limit ~ |%
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FiGure 8.9. (a) Temperature dependence of the specific heat capacity of
Bij4Te 3Sg between 300 and 550 K. The linear fit of the data is shown in red
and the Dulong-Petit limit value for the hear capacity is shown in green. (b)
'The specific heat plotted as cp/T3 versus T', the modelled heat capacity is shown
in purple.

It is worth mentioning that the curve fitting problem used to find the Debye
temperature and the speed of sound in the material involves fitting a parameter
used in the limits of an integral, which can be computationally taxing, especially
since we need the numerical derivative of ¢, when using gradient-based optim-
isation methods. A common approach in numerical analysis is to first simplify
the problem, find an approximate solution, and use this initial guess to solve the
full problem. Since the approximate solution is assumed to be close to the true
solution, the more complex model typically converges within a few iterations.
In this case, the integral in the expression of ¢, can be approximated using a
Newton-Cotes quadrature such as Simpson’s rule [301] to obtain an initial guess
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as follows

/HD/T x* exp(x)
—— dx =~
0 (exp(x) — 1)?
4 4
% lgD (4(9D/2T) exp(@p/2T)  (Op/T) exp(eD/T)> +0 (0T —

2T\ (exp(0,2T) — 12 (exp(6p/T) — 1)

2 4 4
Nig <1) 4(OD/2T) exp(0p/2T) N (Op/T)" exp(0p/T) (82)
0p (exp(0p/2T) — 1)? (exp(0p/T) — 1)?

c, ~

p

| W

'The thermal conductivity (k) as a function of the temperature is shown fig-
ure 8.10(a). The thermal conductivity of the samples increases with the presence
of the dopant. The electronic contribution to the thermal conductivity, i.e. the
electronic thermal conductivity «,, was determined from the Wiedemann-Franz
law (see chapter 3) using the Lorenz number estimated using the SPB model
and is exhibited in figure 8.10(b). As expected, with the increase in electrical
conductivity with the dopant addition, the electronic thermal conductivity also
increased for the doped samples. The lattice thermal conductivity was estimated
from the relation k; = kK —k, as it is plotted in figure 8.10(c). With the presence
of the dopant, the lattice thermal conductivity was reduced. This kind of beha-
viour can be readily found in literature [546-550] and the reason behind it is
that dopants act as point defects in the system, scattering phonons and, thus, re-
ducing k; (for more details of the relation between the relaxation time and point
defects, see chapter 3).

At room temperature, the maximum value of k; was seen for the undoped
sample with ~0.69 W.m.K™! and a minimum of ~0.47 W.m™1.K™! for the
sample with x = 0.015 (as seen in fig. 8.10(c)). The values exhibited by this
material are in the lower range of the ones observed for telluride materials, as
can be seen in the violin plot shown in figure 8.10(d) [67, 68, 79, 204, 208,
357, 416, 417, 431, 469, 551-635]. Specifically, the k; values for the iodine-
doped Biy(Teq g5751.142)1-x1x compositions lie below the first quartile of the lat-
tice thermal conductivity data compiled from the references.
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FiGure 8.10. Temperature dependence of the (a) thermal conductivity, (b)
electronic thermal conductivity, and (c) lattice thermal conductivity of
Biy(Teq 85751 142)1-x1x (x = 0, 0.005, 0.01, 0.015, and 0.02) between 300 to 520
K; (d) violin plot of lattice thermal conductivity data of literature data compared
with this work, all values are at room temperature.
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8.3.4 Figure of merit 27T

'The figure of merit 27" for the samples can be observed in figure 8.11. 'The
samples with x = 0.01 and 0.015 achieved a maximum value of 27" of ~0.289 at
520 K. The presence of dopants resulted in a shift of the higher value of 27" to-
wards higher temperatures. The increase in figure of merit was mainly due to the
optimised power factor and a sharp reduction in the lattice thermal conductivity
when compared to the undoped sample.



8.4. Conclusions

0.5
] e x=0

'E 044 =x=0005
o 4 x =0.01
= 1 & x=0.015
g 0-3'_ X =0.02
)
o 0.2
S
o 0.1
m -

0.0

300 350 400 450 500 550
Temperature (K)

Ficure 8.11. Figure of merit 27" of Biy(Teq 85751 142)1-x1x (x = 0, 0.005, 0.01,
0.015, and 0.02) between 300 to 520 K.

8.4 Conclusions

This chapter presents an investigation of the thermoelectric properties of iodine-
doped Biy4Teq3Sg single-phase samples. The Bij4Teq3Sg compound, which has
remained largely unexplored, was produced, and its structure was confirmed
through X-ray diffraction as single-phased with the rhombohedral crystal struc-
ture. First principles calculations revealed Bij4Teq3Sg to be a direct bandgap
semiconductor with a calculated bandgap of approximately 0.14 eV.

'The electronic transport properties demonstrated enhanced electrical resistiv-
ity and thermopower upon iodine doping levels of x = 0.01 to 0.015. Neverthe-
less, carrier concentration was only significantly increased above x = 0.02 accord-
ing to Hall effect measurements, illustrating the limited effectiveness of iodine
as a dopant when substituting both tellurium and sulphur in this system. The
Pisarenko plot and single parabolic band model were employed to analyse the
experimental data, which revealed that Bij4Te 3Sg has a lower effective mass for
density of states compared to BiyTes. This explains the low thermopower values
even at the lower carrier concentrations.

The lattice thermal conductivity decreased with increasing iodine doping as
a result of enhanced phonon scattering from point defects introduced by the
dopant atoms. A peak z7" of approximately 0.29 was obtained at 520 K for
x values of 0.01 and 0.015. 'This was primarily due to the lowered electrical
resistivity and lattice thermal conductivity.

Overall, this chapter has demonstrated that the thermoelectric properties of
the relatively unexplored Bij4Te;3Sg system can be enhanced by targeted tuning
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of the carrier concentration, resulting in an increased power factor, and by redu-
cing the lattice thermal conductivity via iodine doping. These findings provide
a blueprint for optimising complex multiphase thermoelectric materials contain-
ing the Bij4Teq3Sg phase.
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Ignorance, the root and stem of all evil.
— PrATO, The Republic
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'This thesis has shown that the integration of secondary phases into thermo-
electric materials can be a viable approach to developing high efficiency materials
suitable for room temperature applications.

'The research began with the study of magnetically doped bismuth sulphide,
specifically BijS; co-doped with chromium and chlorine. It was found that the
magnetic dopants increased the thermopower and power factor of Bi,S; due to
a magnetic drag effect that increased the effective mass of the charge carriers.
'This initial finding highlighted the potential of magnetic dopants and phases
to beneficially manipulate the thermoelectric transport behaviour. In addition,
the promising performance of doped Bi,S; suggested that sulphur-containing
materials warranted further exploration.

In sequence, the properties of multiphase BiyTes-BijsTe13Sg compounds
were investigated in detail. The incorporation of the secondary phase Bij4Te;3S5g
resulted in the presence of the energy filtering effect where charge carriers
are scattered by potential energy barriers, increasing the thermopower and
power factor of the multiphase material. Furthermore, the additional interfaces
between the phases introduced phonon scattering which reduced the lattice
thermal conductivity. Taken together, these effects improved the figure of merit
2T compared to single phase Bi,Tes.

Based on the promising results for the Bi,Tes-based system, an investigation
of similar sulphur-containing multiphase materials based on BiyTe; 7Se( 3 was
undertaken. Both single phase and multiphase BijTe, 7Se( 3 samples with vary-
ing sulphur contents were synthesised using direct reaction and spark plasma
sintering techniques. Characterisation revealed that in the single phase alloys,
sulphur incorporation significantly altered the density of states and helped to
modulate native defect concentrations arising from antisite disorder and chalco-
gen vacancies. The multiphase samples exhibited a unique bandstructure beha-
viour at higher secondary phase contents, suggesting the possible formation of
impurity bands with high energy states accessible to carriers. In both the single
and multiphase cases, the addition of sulphur favourably increased the thermo-
power and reduced the thermal conductivity.

The effects of integrating magnetic phases have been studied by adding an-
tiferromagnetic CrSb to BiysSby sTe; matrix compounds. Small amounts of
the CrSb secondary phase (0.5 wt%) increased the thermopower as a result of
an increased effective mass attributed to magnetic drag effects. However, higher
percentages of CrSb degraded performance due to decreasing carrier mobility as-
sociated with additional scattering at phase boundaries. This highlights the del-
icate balance and complex interdependencies involved in optimising multiphase
thermoelectric materials.

Finally, single-phase iodine-doped BijsTeq3Sg, an important component
of the multiphase compounds, was also studied. Iodine doping optimised
the power factor and reduced the lattice thermal conductivity, resulting in
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an improved figure of merit z7. This shows that the relatively unexplored
Bi;4Teq3Sg system is promising for thermoelectric applications.

In summary, this thesis has systematically investigated various multiphase
bismuth chalcogenide systems and demonstrated that mechanisms such as en-
ergy filtering, modulation doping and phonon scattering can be advantageously
exploited to improve thermoelectric efficiency. The results provide valuable in-
sights into the synergistic phenomena that govern the transport properties in
multiphase thermoelectric materials, paving the way for further advances in this
promising class of materials.

9.1 Future work

While I am confident that the results presented in this thesis encompass a com-
prehensive analysis of the thermoelectric materials under study and reflect our
utmost efforts, it is important to acknowledge the potential for further experi-
ments. Nevertheless, it was my inherent curiosity as a researcher that led to the
inclusion of this section.

Ab initio simulations were carried out using the Quantum ESPRESSO suite
and the band structures of pristine Bi,S3, doped Bi,S; and pristine Bij4Teq3Sg
were evaluated in this work. For BijsTe;3Sg, the transport properties calculation
using a Boltzmann transport relaxation approximation may be something that
can be explored further, as it is a material that is relatively unexplored in the
thermoelectric community. A theoretical analysis of the phonon dispersion may
also be of interest, as it was found in this study that this material has a lattice
thermal conductivity comparable to that of BiyTes. Unfortunately, these calcu-
lations demand a long computing time as they are extremely intensive, requiring
the use of larger clusters or supercomputers, which made their inclusion in the
scope of this study unfeasible.

Chapter 7 shows that the presence of a magnetic phase was shown to increase
the power factor and 27" This preliminary result is an indication that this can be a
promising area for advancement in thermoelectricity. New multiphase materials
using different kinds of magnetic phases can drive a new generation of thermo-
electric materials. Particularly, focusing on n-type materials holds interest but
poses challenges of its own, such as identifying magnetic semiconductors with
high Curie or Néel temperatures.

Experimentally, scanning electron microscopy (SEM) combined with
elemental analysis using electron energy spectra (EDX) could also be used to
critically analyse the phase and grain distribution of the materials discussed here.
Magnetic measurements could also be used to provide direct evidence of the
magnetic moments introduced by the magnetic dopants and magnetic phases.
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B

Specific heat capacity behaviour at high

temperatures

The specific heat capacity in the Debye model is given by

3 0p/T 4
B T D X" exp(x)
¢, =9Nkg <—0D> /0 —(exp(x) 1 dx (B.1)

where 6, is the Debye temperature, N is the number of atoms in 1 g of the
material, kg is the Boltzmann constant, and T is the absolute temperature.
The integrand in equation B.1 can be rewritten as

x4 exp(x) x* exp(x) 3 x4 (B.2)
(exp(x) ~ 17 exp(20) = 2exp(0) + 1 exp(x) = 2+ — '
Using the power series for the exponential function, we can write
4 4
X X
= ) (B.3)
_ _ _ 00 k ) )k
(exp(x) — 1) + (exp(—x) — 1) >, % —1+ Y%, % 1

Looking at the denominator of equation B.3, we have

2 3 4 5
x° X7 X x 6
~1+(1 SR R M S
+< +X+2+6+24+720+ (x))
2 3 4 5
x° X7 X x 6
S R [ [ S S S SR B.4
+< T T 24 0" (x)>’( )

which simplifies to
4

X2 X 8
2<7+ﬁ+(9(x )>. (B.5)
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B. Specific heat capacity behaviour at high temperatures

Plugging this result in equation B.2 yields

x4

2 ("72 +Z 4 (9(x8)>

I
(3 + 2 +0Gh)
2x2 24

: (B.6)

D | —

which can be compactly written as

-1
1 © k=2

- . (B.7)
2 (kzoz;t (k + 2)!)

Using only the first term of equation B.7 we get

x4 exp(x)

_— 5 2. .
exp— 12 (B8

Thus, the heat capacity is approximately given by

3 TiOp 3 0.\3
¢, ~ ONkg | / Pdx=oNksT (=) -1 (22) ) B9
P o) Jo 0,) 3\T

Cp ~ 3NkB (B].O)

'This result is known as the Dulong-Petit limit for Cp-

or
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C

Non-uniform samples in resistivity
measurements

Let a, b, c,and d be the sides and L the length of the rectangular cuboid shown
in figure C.1.

<>

a b
Ficure C.1. Rectangular cuboid with sides a, b, ¢, d and length L.

In general, the resistance R is given by

R= / dR = p%. (C.1)

Assuming a uniform variation between the opposite sides of the rectangular
cuboid, we can write the area as a function of the length

c—a d—>
A—< 7 y+a>'(Ty+a’>. (C.2)
'The infinitesimal resistance is then given by
dR = p dy (C.3)

(Frva) - (Fr+a)

and the overall resistance is given by

L

_[" dy
R_/O p(ﬂy+a>~<%y+d). ©d
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C. Non-uniform samples in resistivity measurements

Solving the integral above wields

R _ Llog(b/d)  Llog(alc)
p  bc—ad bc —ad

(C.5)

Simplifying, we obtain

R log <% )
27 —"7 (C.6)
P ad — bc
Equation C.6 holds for rectangular cuboid with equal sides. To prove this
statement, let

(C.7)

From the monotone convergence theorem [636], each limit can be evaluated
separately and in any order, thus

log ad logi
fim [ Tim LM = Llim—2t =L (C.8)
p—d|a—=c ad — fic p—d cd — fc cd

Finally, the resistance for this case is

L
R =p—= C.9
pcd’ ( )

that is the usual result for sides with same length, QED.
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D

SPS furnace control loop

A temperature controlled system can be modelled as [64]
T =-T + Bu +c, (D.1)

where T is the temperature, u is the control signal, B is the constant that relates
the temperature control signal to the heat flow, ¢ is a constant that relates the
ambient temperature to the controlled system, and 7 is the time constant that
relates the stored energy to the thermal resistance.

'The Laplace transform of D.1 is given by

5T (s) = =T(s) + Bu(s) + g (D.2)

Ignoring the constant ¢, we obtain

_T(s) B
T ou(s)  Ts+ 1

G(s) (D.3)

'The pole of G(s) is p = —1/7, which implies that the open-loop response is
stable since 7 > 0 [637].
A PI controller have the following transfer function

K.
Cs) =K, <1 + —’) : (D.4)
S

where K, and K; are, respectively, the proportional and integral constants of the
controller.

'The transfer function of the controlled closed-loop is as follows
G(s)C(s) B BKps + BKpKi
1+G()C(s) 152+ (BK,+ Ds + BK,K;
227
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D. SPS furnace control loop

Using the System Identification Toolbox on MATLAB and fitting the SPS

data, the following transfer function was obtained

0.04609s + 0.005239
+0.04817s + 0.005329°

The poles of H,(s) are p;, = —0.024085 + 0.0689124. Note that since
Re(p;5) < 0, the system is stable [637]. The complex component of the poles
are the responsible for the oscillation seen in the controlled temperature.

In figure D.1, the fitted model of the sintering furnace compared to measured
temperature values as exhibited in chapter 5.

He(s) = (D.6)

400+ /»—\

S i
<~ 300-
o
= i
b
® 200-
(7]
o i
£
2 100+

| — Measured temperature

0 ---- Fitted model

T T T T T T T
0 1,000 2,000 3,000 4,000

Time (s)

Ficure D.1. Fitted model of the sintering furnace compared to measured tem-
perature values.
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E

Additional data for chapter 5

In table E.1, the lattice parameters and unit cell volumes of the samples of
chapter 5 are shown.

Table E.1. Lattice parameters and unit cell volume of Biy(Te; 75_/350.25-x/3)Lx

(x =0, 0.005, 0.01, and 0.02) obtained from the Rietveld refinement of the
diffraction patterns

Bi2T€3 Bi14T61388
x a=bA) c(A) V@A) a=b@A) cA) V@AY
0 4.40 30.45 510.00 11.24 29.60 3238.19
0.005 4.40 30.46 509.98 11.24 29.60 3238.93
0.01 4.40 30.46 509.85 11.25 29.67 3249.89
0.02 4.40 30.40 508.62 11.25 29.62 3246.46
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F

Additional data for chapter 6

F.1 Additional XRD data

In table F.1, the unit cell volumes of the samples of chapter 6 are shown.

Table F.1. Unit cell volumes of Biy(Te; 7Se3)1-xS34, x = (0, 0.003, 0.008,
0.0016, 0.025, 0.05, 0.1, and 0.2)

Bi2T€2.7SCO.3 Bi283

X V(A VA
0 575.48(14)

0.003 581.67(11)

0.008 581.62(19)

0.016 581.85(14)
0.025 573.14(9) 524.3(11)
0.05 573.2(8) 508.7(22)
0.1 580.80(14)  534.5(8)
0.2 581.73(21)  524.5(6)

F.2 Measurements along the parallel direction

In the main body of the text, the thermoelectric properties along the perpen-
dicular direction to the sintering direction of the materials have been discussed.
Subsequently, the transport properties measured along the parallel direction to
the sintering direction are presented in figure F.1. The discussion remains the
same as the trends are the same for both directions and the data are included for
completeness.
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Ficure F.1. Temperature dependence of the (a) electrical resistivity, (b) thermo-
power, (c) power factor, and (d) thermal conductivity of Bijy(Te, 7Seq 3)1-xS3x,

x = (0, 0.003, 0.008, 0.0016, 0.025, 0.05, 0.1, and 0.2) samples measured along
the parallel direction to the sintering direction.



F.3. Specific heat capacity measurements

F.3  Specific heat capacity measurements

'The specific heat capacity was measured using DSC for x = (0, 0.025 and 0.2), i.e.
the extreme values and the median, and is shown in figure F.2, where the dashed
lines represent a linear fit of the data. Taking into account a measurement error
of 5% [338], the values are similar.

By calculating the theoretical specific heat capacity using the Debye model
(see appendix B) using the measured longitudinal speed of sound in the material
given in table 6.5, it can again be verified that ¢, is similar for all samples, as
shown in figure F.3.

Therefore, the value of ¢, used to calculate the thermal conductivity was x =
0.2, as it was the intermediate range of measured specific heat capacities of x =

0 and 0.025.
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Ficure F.2. Measured specific heat capacity of Biy(Te, 75¢(3)1-xS3,, x = (0,
0.025, and 0.2) samples. The dashed lines represent a linear fit of the data.
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Ficure F.3. Modelled specific heat capacity of Biy(Te; 75¢g3)1-xS3x, X = (0,
0.003, 0.008, 0.0016, 0.025, 0.05, 0.1, and 0.2) samples using the Debye model.
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ABSTRACT: Bismuth telluride-based alloys possess the highest . @% “
efficiencies for the low-temperature-range (<500 K) applications SS I gk

among thermoelectric materials. Despite significant advances in the
efficiency of p-type Bi,Te;-based materials through engineering the
electronic band structure by convergence of multiple bands, the n-
type pair still suffers from poor efficiency due to a lower number of
electron pockets near the conduction band edge than the valence
band. To overcome the persistent low efficiency of n-type Bi,Te;-
based materials, we have fabricated multiphase pseudobinary
Bi,Te;—Bi,S; compounds to take advantages of phonon scattering
and energy filtering at interfaces, enhancing the efficiency of these
materials. The energy barrier generated at the interface of the secondary phase of Bi;,Te 3Sg in the Bi,Te; matrix resulted in a higher
Seebeck coeflicient and consequently a higher power factor in multiphase compounds than the single-phase alloys. This effect was
combined with low thermal conductivity achieved through phonon scattering at the interfaces of finely structured multiphase
compounds and resulted in a relatively high thermoelectric figure of merit of ~0.7 over the 300—550 K temperature range for the
multiphase sample of n-type Bi,Te, ;5S,,s, double the efficiency of single-phase Bi,Te;. Our results inform an alternative alloy design
to enhance the performance of thermoelectric materials.

——— V.

Bi,Te,

KEYWORDS: multiphase, thermoelectric, energy filtering, phonon scattering, bismuth telluride-based

1. INTRODUCTION temperature,é’7 the n-type pair still suffers from poor efficiency,
and the zT of ~0.9 is still the highest value at room
temperature,” resulting in low generated power by the TEG.
This is associated with the lower number of electron pockets
near the conduction band edge of Bi,Te; than the valence
band, failing to take advantages of the power factor, S,
enhancement through engineering the electronic band
structure by convergence of multiple bands.” Therefore, a
new approach is required to tackle its persistent low zT.
Recently, multiphase thermoelectric materials have attracted
the attention of the thermoelectric research community'® due
to higher degrees of freedoms that these materials provide to
design high-performance compounds through phonon scatter-
ing at interfaces,'"'? energy ﬁltering,12’13 modulation dop-

Two-thirds of the world’s energy is wasted as heat, with low-
grade waste heat, up to 500 K, accounting for 60% of this lost
energy.’ Thermoelectric generators (TEGs) that convert
thermal energy to electricity and vice versa are a pioneer
recovery technique for low-grade waste heat; several promising
materials have been explored for power generation applications
including GeTe,” PbTe,” and silicide.* However, there are only
a few thermoelectric materials that perform relatively well in
TEGs within this temperature range, with a conversation
efficiency of <10% over a narrow temperature range.’
Therefore, further development is required to improve the
conversion efliciency of current thermoelectric materials,

2
aoc

defined by the dimensionless figure of merit, 2T = —T, ing,"'> and potentially benefiting from incorporating mag-
e 1
where @, 0, k., and K are the Seebeck coefficient, the electrical
. EEIAPPLIEI
conductivity, the electronic thermal conductivity, and the Received:  February 12, 2023
lattice thermal conductivity, respectively. Accepted:  March 27, 2023
The state-of-the-art thermoelectric material for the low- Published: April 4, 2023

temperature range (<500 K) is based on Bi,Te; alloys. Despite
significant advances in the conversion efficiency of p-type
Bi,Te;-based materials, upon reaching zT of ~1.5 at room

© 2023 The Authors. Published b
American Chemical Societz https://doi.org/10.1021/acsami.3c01956
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netic interaction.'”'” The energy filtering effect creates
potential barriers in the electronic band structure of the
matrix through interfaces with the secondary phases, resulting
in an increase in the overall Seebeck coefficient.'”'® The
secondary phases with the larger band gaps and higher carrier
concentrations than the matrix can increase the electrical
conductivity of the multiphase compounds called modulation
doping.">'” These strategies are adopted to improve the
thermoelectric performance, mostly by enhancing the power
factor (a’c); however, the lattice thermal conductivity is
influenced at the presence of secondary phases.'””’

Here, we have selected a pseudobinary Bi, Te;—Bi,S; system,
which contains multiphase compounds of Bi,Te,S and Bi,Te,
or Bi,S; phases. Both phases of Bi,Te,S (~0.28 eV)*' and
Bi,S; (1.3 eV)”* have higher band gaps than Bi,Te; (~0.15
eV).”> We have shown that n-type multiphase pseudobinary
Bi,Te,S—Bi,Te; compounds possess a higher power factor and
simultaneously provide lower total thermal conductivities than
single-phase counterparts, resulting in a relatively high
thermoelectric figure of merit of ~0.7 over the temperature
range of 300—550 K, compared to ~0.3 for the Bi,Te; sample.
These new findings will inform the design of next-generation,
multiphase compounds with enhanced thermoelectric perform-
ance for low-grade waste heat recovery applications.

2. MATERIALS AND METHODS

2.1. Synthesis. A set of polycrystalline Bi,Te,_,S, (x = 0, 0.25,
0.5, 0.75, and 1.0) samples were synthesized by direct reaction of
stoichiometric amounts of high-purity Bi (99.999%, Alfa Aesar), Te
(99.999%) shots, and dried S (99.99%) powder in vacuum-sealed
quartz ampoules in an Ar glove box. The ampoules were homogenized
at 1123 K for 10 h, quenched in cold water, and annealed at 673 K for
72 h. The obtained ingots were hand-ground to fine powders in an
agate mortar and pestle housed inside an Ar atmosphere glove box.
The powders were then loaded into a graphite die and sintered under
vacuum to produce rods of 6 mm in diameter and 12—14 mm in
length, using spark plasma sintering at 633 K and an axial pressure of
50 MPa for S min. The density (p) of samples was measured via the
Archimedes method such that the relative densities were >99% for all
samples.

The multiphase samples of BizTews(l—g)so.zs(l—{)ly (y = 0.005,

0.01, and 0.02) that are iodine-doped samples of multiphase
Bi,Te,,5Sg,s were fabricated to ingots by direct reaction of
stoichiometric amounts of high-purity Bi (99.999%, Alfa Aesar), Te
(99.999%) shots, dried S (99.99%) powder, and Bily (99.999%, Alfa
Aesar Puratronic), using the abovementioned heat treatment
procedure. The hand-ground powders were then loaded into a
graphite die and sintered under vacuum to produce pellets using spark
plasma sintering (FCT System GmbH, KCE FCT-H HP D-2S SD,
Rauenstein, Germany) at 673 K and an axial pressure of 50 MPa for §
min, obtaining samples with 11 mm in diameter and ~12 mm height.
Although the same sintering parameters were used to sinter these
samples, the change in the SPS equipment resulted in samples with
densities (p) of >90% of the relative densities, lower that the densities
of >99% of the theoretical density for previous samples.

2.2. Material Characterization. The phase purity and crystal
structure of sintered samples were characterized by powder X-ray
diffraction (XRD) using a PANalytical X'Pert PRO X-ray diffrac-
tometer with Cu Ka radiation (1 = 1.5406 A, 40 kV, 25 mA). The
lattice parameters were determined by Rietveld refinement of the
collected diffraction patterns using the FullProf program.

For the microstructure and chemical mapping, samples were cut
from the sintered disk cross section of Bi,Te;_,S, (x = 0 and 0.5)
ingots such that the compression direction was parallel to the sample
surface. The sample surface was polished up to 1 ym diamond and
then subjected to Ar-ion milling on a Leica EM RES101 at 4 kV for 1

h. The grain and phase distribution and chemical composition of
samples were characterized using a JEOL JSM-7001F field emission
gun scanning electron microscope (SEM), equipped with an Oxford
Instruments 80 mm?* X-Max energy-dispersive spectroscopy (EDS)
detector and a Nordlys-S(II) electron backscattering diffraction
(EBSD) detector working concurrently with the OI Aztec acquisition
software. Combined EBSD and EDS maps were collected from 480 X
360 um’ areas at an accelerating voltage of 15 kV, a probe current of
~5.5 nA, and a step size of 0.24 um. In the Bi,Te; and Bi,Te, Sy
samples, overall indexing rates of ~91.5 and 92.2% were obtained
such that most zero solutions were located at grain boundary regions.
The maps were cleaned by removing wild orientation spikes and
filling-in zero solutions via cyclic extrapolation down to five neighbors
and processed using the OI HKL Channel-5 analytical software suite.
The parameters used to collect and process the combined EBSD and
EDS maps are detailed in our previous study.”*

2.3. Electronic Transport Property Measurements. The
electrical conductivity and Seebeck coeflicient were measured
perpendicular and parallel to the compression/sintering direction of
the pellet and rod samples, respectively, by cutting ~2 X 2 X 9 mm?®
specimens from the pellet. The measurements were carried out from
room temperature to 523 K under a helium atmosphere by using a
Linseis LSR-3 apparatus.

The laser flash diffusivity method (Linseis LFA 1000) was used to
measure the thermal diffusivity of the pellet and rod samples. The
thermal diffusivity (D) of all samples was measured parallel to the
compression/sintering direction. The thermal conductivities (k) were
calculated by x = D X C, X p. The heat capacity (C,) of all samples
was measured according to the ASTM-E1269-11 standard test using a
differential scanning calorimeter (PerkinElmer-DSC 8000). The
density (p) of samples was measured via the Archimedes method.

The samples were cut with their long axis perpendicular to the
sintering direction of samples to measure the Hall coefficient (Ry)
from transverse electrical resistivity measurements using the DC
transport option of a Quantum Design physical property measure-
ment system (PPMS) at temperatures between S and 400 K under a
+2 T magnetic field. The Hall carrier concentration (ny;) and Hall
carrier mobility (uy;) were calculated using ny = 1/(Rye) and pyy =
o/ (nye), respectively. The room-temperature Hall coefficient (Ry) of
doped samples was measured through van der Pauw method, using an
ECOPIA-HMS-3000 apparatus to obtain the room-temperature Hall
carrier concentrations and electronic mobilities.

3. RESULTS AND DISCUSSION

3.1. Composition and Microstructure Analysis.
According to the pseudobinary phase diagram of Bi,Te;—
Bi,S,” (Figure 1), Bi,Te; S, (x = 025, 0.5, and 0.75)
compounds comprise two phases, namely, Bi,Te; and Bi,Te,S.

— 7004 Liquid
3) 700
5
)
E —
E 600 - 2
286 =
2 —\ E
g g
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v
sood 2 [2 |5
1] 1 1]
x = =
. T T T T -
Bi2Te3 20 40 60 80 Bi2S3
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Figure 1. Phase diagram of Bi,Te;—Bi,S;, adapted from ref 25,
indicating the composition of samples Bi,Te,_,S, (x = 0, 0.25, 0.5,
0.75, and 1).
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The purity and crystal structure of the undoped Bi,Te;_,S,
(x = 0, 0.25, 0.5, 0.75, and 1) samples are determined by
indexing the powder X-ray diffraction (XRD) patterns, shown
in Figure 2. All samples exhibit trigonal crystal structures. The

—_ BizT@QS
i BiyTe 255075
_,? BiyTe».5S0.5
g BiyTez 7550.25
E o Bi2T83
L Bi4Tei3Ss
L |‘| T : Bi‘ZTe3

20 40 60 80 100

20 (degree)

Figure 2. Room-temperature X-ray diffraction patterns of Bi,Te;_,S,
(x =0,025,05, 075, and 1).

Bi,Te; sample is a single phase belonging to the R3m space
group with the lattice parameters a = b = 4.39 A, c = 3047 A,
= f =90° and y = 120°. However, the sample stoichiometri-
cally referred to as Bi,Te,S comprises two phases, namely,
Bi,Te; and Bi;4Te;3Ss. The latter phase belongs to the R3
space group with the lattice parameters a = b = 418 A, ¢ =
29.45 A, a@ = f = 90° and y = 120°. The tetradymites Bi,Te,
are based on five layers in three blocks in a [Te,—Bi—Te;—Bi—
Te, Jo — [Te,~Bi—Te,~Bi—Te,],; — [Te,~Bi—Te,—Bi—
Te,],/; sequence with the subscripts indicating the z
translation of the blocks within the hexagonal unit cell.*®

In the case of Bi,Te,S, it was initially proposed that the S
atoms substituted at Te sites.”” However, this structure was
unstable at that composition due to the high strains on the
internal sulfur layer caused by the electronegative anion of
sulfur and the very different ionic radii of Te and S, resulting in
a large size mismatch of the hexagonal-close-packed Te and S
layers. Therefore, a more complex formula, Bi Te ;S; was
suggested for the single-phase structure where S only occupies
the Te, sites in the Bi,Te, structure.”*** This phase has an
orthorhombic crystal structure, belongs to the R3 space group
with lattice parameters of a = b = 1124 Aand a = f =y =
56.83° or a corresponding hexagonal structure with lattice
parameters of a = 425 A, ¢ =29.6 A, a = f=90° and y =
120°.%* The stoichiometrically prepared sample of Bi,Te,S
contains less sulfur than single-phase Bi,, Te ;S, and therefore,
as XRD results indicate, it contains a secondary Bi,Te; phase
within the Bi;,Te 3Sg matrix.

It is worth noting that this crystal structure has been indexed
as Bi,Te,S in the XRD databases of the Inorganic Crystal
Structure Database (ICSD) and Open Quantum Materials
Database (OQMD). Consequently, we used this to identify
phases in our previous work,”* and in fact, the phase labeled
the Bi,Te,S phase in our previous report™® is the Bij,Te;3Sg
phase. We acknowledge the incorrect labeling of the Bi ,Te 3Sg

phase as Bi,Te,S in our previous study and refer to it as
Bij,Te,3Sg in this work. Rietveld refinement was also employed
via the FullProf software suite to determine the proportion of
phases, summarized in Table 1.

The electronic transport properties of bismuth chalco_ge—
nides are affected by the fraction of individual phases.”””
Therefore, we employed a combination of an EBSD technique
and EDS mapping to discriminate the Bi,Te; and Bij,Te;3Sg
phases.”*

Figure 3a,c shows the band contrast maps of the Bi,Te;_,S,
(x = 0 and 0.5) sample cross section, the surface parallel to the
sintering direction, respectively. The low-angle grain bounda-
ries (LAGBs) are defined as misorientations between 2 < 6 <
15° in blue and high-angle grain boundaries (HAGBs) as
misorientations >15° in black. Since the powder was hand-
ground from an annealed ingot in an agate mortar and pestle, it
resulted in a large variation in grain sizes, with some grains
exceeding 100 ym. In general, most large grains are elongated
perpendicular to the direction of sintering. The latter is along
the map vertically.

Figure 3d shows the phase distribution maps of Bi,Te; (red)
and Bi;,Te3S; (blue) phases in the multiphase sample of
Bi,Te,Sps. Although the same fabrication method was
employed to prepare these samples, the grain sizes in the
multiphase Bi,Te, S, s sample are much smaller than in single-
phase Bi,Te; (compare Figure 3a,c). The phase diagram of
Bi,Te;—Bi,S;”° (Figure 1) shows that there is a eutectic
transformation between Bi,Te; and Bi;,Te;3Ss following
which a lamellar structure is expected in the final ingot. This
has resulted in much finer grain size in the multiphase sample
of Bi,Te, Sy than in the single-phase Bi,Te; sample.

Figure 3b shows the EBSD image of the Bi,Te; phase in a
single-phase sample of Bi,Te;, and Figure 3e,f shows the EBSD
image of Bi,Te; and Bij,Te 3S; phases, respectively, in the
multiphase sample of Bi,Te,;Sys. These images show the
orientation of the unit cells’ c-axis of each phase relative to the
compression axis. The grains sizes of both phases in the
Bi,Te, Sy s sample are very similar and elongated perpendic-
ular to the sintering direction, similar to the single-phase
sample.

3.2. Electronic Transport Properties of Bi,Te;_,S, (x =
0, 0.25, 0.5, 0.75, and 1) Samples. Figure 4 shows the
temperature-dependent thermoelectric properties of the
undoped Bi,Te; .S, (x = 0, 0.25, 0.5, 0.75, and 1) samples
between 300 K and 500 K. All thermoelectric properties of this
set of samples were measured parallel to the sintering
direction.

All samples show negative Seebeck coeflicient values, which
indicates that electrons compose most charge carriers. The
Seebeck coefficient (Figure 4a) of all samples with x = 0.5 and
0.75 decreases with temperature, exhibiting a temperature
dependence behavior typical of intrinsic semiconductors. The
Bi,Te,S and Bi,Te; samples show a bipolar effect within the
range of 400—500 K that is typical behavior of narrow band
gap degenerate semiconductors®’ where the intrinsic carriers

Table 1. Estimated Mass Ratio of the Phases in the Bi,Te;_.S, (x = 0, 0.25, 0.5, 0.75, and 1) Samples Obtained by Rietveld

Refinement
x 0 0.25
Bi,Te, 100 839 + 1.5
Bi,Te,;Ss 16.1 + 0.8

0.5 0.75 1
554 +£ 0.7 334 £ 1.8 189 + 0.3
44.6 +£ 0.5 66.6 + 0.7 81.1 +£ 0.8

https://doi.org/10.1021/acsami.3c01956
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Figure 3. (a) Band contrast and (b) EBSD image of the Bi,Te; sample, indicating a single-phase compound with grains elongated normal to the
direction of sintering. (c) Band contrast, (d) phase distribution map of Bi,Te; (red) and Bi;,Te;Ss (blue), (e) EBSD image of the Bi,Te; phase,
and (f) EBSD image of the Bi;,Te,3Ss phase in the Bi,Te, S, s sample, showing the sample containing both phases with grains sizes much smaller
than the single-phase Bi,Te; sample. EBSD images indicate the orientation of the unit cells’ c-axis of each phase relative to the compression axis.

are excited and compete with the extrinsic carriers, which in
turn decreases the Seebeck coeflicient with increasing the
temperature as a result of the combined contribution of
negative and positive charge carriers.

The electrical conductivity (Figure 4b) of all samples, except
for samples with x = 0 and 0.25, increases with temperature
and exhibits a temperature dependence behavior, typical of
intrinsic semiconductors. The highest value of power factors,
~1.75 mW/m-K* (Figure 4c) was obtained in the multiphase
Bi,Te, 75505 sample (containing roughly 16 wt % of Bi;, Te;3Sg
in the matrix of Bi,Te;) at around room temperature with a
Seebeck coefficient of ~150 uV/K and above 1.5 mW/m-K?
over the whole temperature range. This marks a significant
increase from ~1.25 mW/m-K? for the single-phase Bi,Tes.

The temperature-dependent Hall coeflicient, Ry, of
Bi,Te;_,S, (x = 0, 0.25, 0.5, 0.75, and 1) samples between
10 and 400 K (Figure S) shows that the Hall coefficient of
multiphase samples with x = 0.5 and 0.75 decreases with
temperature, while the values are constant over the whole
temperature range for the rest of samples. The Hall carrier

concentrations (ny) of all samples were calculated at 350 K
and are summarized in Table 2. These samples are all undoped
and the charge carriers are caused by the structural defects.
The multiphase samples of Bi,Te;_,S, (x = 0.5, 0.75, and 1)
with a larger fraction of the Bij,Te ;Sg secondary phase show
very low charge carrier concentrations (~10'® cm™), while the
carrier concentration of the multiphase sample of Bi,Te, ;5S s
is ~1.2 X 10, similar to the charge carrier concentration of
Bi,Te; (~1 X 10'), explaining the higher electrical
conductivity and the behavior, typical of a degenerate
semiconductor. The optimum thermoelectric performance of
n-type Bi,Te; is usually achieved at carrier concentrations in
the lower range of X10" cm™,*" similar to the single-phase
sample of Bi,Te; and the multiphase sample of Bi,Te,-sS,s.
All samples of this study are undoped, and these results suggest
that the variations in the charge carrier concentrations in these
materials might not be solely due to a substitutional effect of
Te with S in Bi,Te; but likely due to the random formation of
antisites and vacancy defects and various ratios of each phase
in these samples. Table 2 summarizes the Seebeck coeflicient,

https://doi.org/10.1021/acsami.3c01956
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Figure S. Temperature dependence of the Hall coeflicient, Ry, for
Bi,Te;_,S, (x = 0, 0.25, 0.5, 0.75, and 1) samples between S and 400
K.

carrier concentration, and mobility of Bi,Te;_.S, (x = 0, 0.25,
0.5, 0.75, and 1) samples at room temperature.

Although the point defects have controlled the carrier
concentration of samples and effects on their electrical
conductivity significantly, regardless of the carrier concen-
trations, all multiphase samples of Bi;,Te;;Ss—Bi,Te;
(Bi,Te,_,S, (x = 025, 0.5, 0.75, and 1)) show much higher
Seebeck coefficients than the single-phase Bi,Te;. The
Bi,Te,5Sp,s sample with carrier concentration similar to
Bi,Te; (~1.0 X 10") have shown the Seebeck coefficient of

19224

Table 2. Room-Temperature Resistivity (), Seebeck
Coefficient (&), Hall Charge Carrier Concentration (ny),
and Hall Mobility () of Bi,Te;_,S, (x = 0, 0.25, 0.5, 0.75,
and 1) Samples

Seebeck Hall carrier

resistivity, coefficient, concentration, ny  Hall mobility,

x p (mQ-cm) a (uV/K) (em™3) pyy (cm?/V-s)
0 0.94 —-118 1.0 x 10" 655
0.25 1.80 -153 1.2 x 10* 284
0.5 17.9 —-136 1.9 x 10'® 183
0.75 17.2 -210 1.7 x 10" 213
1 14.3 —147 2.7 x 10" 161

~150 pV/K, much higher than the value of ~120 xV/K for
single-phase Bi,Te; at room temperature (Figure 4a). This can
be explained by the energy filtering effect, where the potential
barriers generated in the electronic band structure of the
matrix through interfaces with the secondary phases increases
the overall Seebeck coefficient.'”'® In this effect, low energy
carriers are scattered by potential barriers formed at the
junction of the two phases. The barrier height can be
approximated as a function of the difference between the
electron affinity of two phases. The multiphase samples of
Bij,Te;;Ss—Bi,Te; (BiyTe;_,S, (x = 0.25, 0.5, 0.75, and 1))
have an estimated barrier height of & 0.7 eV, considering the
electron affinity, ¥, of ~5.26 eV for Bi;,Te;;Ss’> and ~4.5 eV
for Bi,Tes,*” schematically demonstrated in Figure 6.

https://doi.org/10.1021/acsami.3c01956
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Figure 6. Schematic diagram of the energy filtering effect at the
interface between Bi,Te; and Bi  Te5Ss.

The temperature dependence of the total thermal con-
ductivity, k, between 300 and 500 K for all Bi,Te;_,S, (x = 0,
0.25, 0.5, 0.75, and 1) samples is presented in Figure 4d. The
total thermal conductivity of all samples increases with
temperature, indicating low carrier concentrations in these
samples. In general. all multiphase samples of Bi,Te;_,S, (x =
0.25, 0.5, 0.75, and 1) show the total thermal conductivities
much lower than the single-phase Bi,Te; sample. The total
thermal conductivity of the highly conductive multiphase
Bi,Te, 75Sy,5 sample, with similar charge carrier concentration
to Bi,Te;, is below ~1.1 W/m-K over the temperature range as
a result of the finer microstructure (Figure 3).

To understand the effect of the microstructure on the lattice
thermal conductivity of these samples, a multiband parabolic
model with one electron (n) band and one hole (p) band was
employed to calculate the electronic and bipolar contributions
of the thermal conductivity for all samples.”* The multiband
model considers both holes and electrons, and the overall
Seebeck coefficient and electrical conductivity of samples can
be described by

S ano, + a0,
- o, + 12 (1)
o=o0,+ o, (2)
where @,, ,, 6,, and 6, are the partial Seebeck coefficient and

electrical conductivity of electrons and holes, respectively. The
electronic (k,) and bipolar (k,) contributions of the thermal
conductivity are given as

O O,
“_P(an _ aP)ZT
o, T o,

Ky, =

(4)

where L, and L, are the Lorenz numbers of the conduction
and valence bands, respectively. More details of the
calculations are provided in the Supporting Information. The
electronic (x.), bipolar (x;), and lattice (x, = k — k, — Kp)
thermal conductivities of Bi,Te;_,S, (x = 0, 0.25, 0.5, 0.75, and
1) samples are presented in Figure 7. The most electrically
conductive samples (x = 0 and 0.25) show higher values of
electronic contribution to the total lattice thermal conductiv-
ities than the less conductive ones (Figure 7a). The bipolar
thermal conductivity of all samples increases with temperature
and decreases with an increase in the fraction of the secondary
phase (Figure 7b) due to the larger band gap of Bij,Te;5Ss.
The lattice thermal conductivity of all samples decreases with
the temperature, indicating the phonon scattering mecha-
nisms.>> All multiphase samples with a fine microstructure (x =
0.25, 0.5, and 0.75) show lower lattice thermal conductivity
than Bi,Te;, most likely due to additional scattering of
phonons at the defects, the grain boundaries, and the interfaces
between two phases. The bipolar and lattice thermal
conductivities of samples are calculated according to the
multiband model. This model is developed for single-phase
compounds, whereas there is a significant fraction of secondary
phase existing in the samples of the current study; this
introduces substantial errors in the calculated values of bipolar
and lattice thermal conductivities of multiphase samples.
Overall, the combination of low total thermal conductivity
and high power factor in the highly conductive multiphase
Bi,Te, 75Sg,5 sample results in a reasonably high figure of merit
of ~0.7 (Figure 8) with values higher than 0.6 over the full
temperature range of 300—500 K.

The multiphase samples of Bi,Te,;sSg,s, containing
Bi,Te;3Sg and Bi,Te;, were doped with iodine to obtain
samples of Bi,Te,5(1-7)So25(1-), (y = 0.00s, 0.01, and

0.02), with various charge carrier concentrations. The
thermoelectric performance of these samples was measured
for both directions parallel and perpendicular to the sintering
orientation.

3.3. Electronic Transport Properties of (y = 0.005,
0.01, and 0.02) Samples. The temperature-dependent
Seebeck coefficient, electrical conductivity, total thermal
conductivity, and figure of merit of iodine-doped multiphase
Bi,Te,,5S,5 compound, measured parallel to the sintering
direction at the temperature range of 300—530 K, are shown in

k,=(Lo0, +Lo,)T . . .
.= (Lo, P P) ©) Figure 9a—d, respectively. The thermoelectric performance of
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Figure 7. Temperature dependence of the (a) electronic thermal conductivity; (b) bipolar thermal conductivity; and (c) lattice thermal
conductivity for Bi,Te;_,S, (x = 0, 0.25, 0.5, 0.7, and 1) samples between 300 and S00 K measured parallel to the sintering direction.
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Figure 8. Temperature dependence of the figure of merit, zT, for
Bi,Te;_,S, (x = 0, 0.25, 0.5, 0.75, and 1) samples between 300 and
500 K measured parallel to the sintering direction.

these samples was also measured at the direction perpendicular
to the sintering direction (detailed in the Supporting
Information). The electronic transport properties of these
samples are compared with the intrinsic sample, shown in
Figure 4. The samples are named with their Hall carrier
concentrations in Figure 9 for simplicity of comparison. The
electrical conductivity has been increased and the Seebeck

coeflicient has been reduced by the increase in the carrier
concentration, as expected; the intrinsic sample has shown
only slightly lower charge carrier concentrations (1.2 X 10"
cm™®) than the slightly doped sample (1.7 X 10" cm™);
however, it has higher electrical conductivity and higher
thermal conductivity than the slightly doped samples. We have
used the same fabrication method to prepare doped samples as
the intrinsic ones; however, the SPS equipment used to sinter
these samples was changed, which had lower accuracy in the
pressure control system at lower ranges, resulting in samples
with densities (p) more than 90% of the relative densities,
much lower than the density of intrinsic samples (>99% of the
theoretical density) that were prepared by different equipment.
The porosities in the doped samples resulted in lower electrical
conductivity of samples with the same chemistry and carrier
concentrations due to scattering of electrons.*® However, it
also reduced the thermal conductivity (Figure 9¢) of samples
due to the scattering of phonons in the porous structure. This
resulted in a similar figure of merit for both samples, showing
that optimum charge carrier concentrations for this composi-
tion is also in the lower range of x10Y cm™3, similar to the
single-phase n-type Bi,Te; sample.”’ The intrinsic Bi,Te,
sample prepared in this study (Table 2 and Figure 4) showed
the charge carrier concentrations at the lower range of x10"
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direction, compared with the intrinsic sample shown in Figure 4.
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cm™>, proving a reasonable comparison of the thermoelectric
performance of multiphase samples with the single-phase n-
type Bi,Tes.

These results suggest that there is a possibility to obtain high
room temperature and/or over a wide temperature range
thermoelectric performance in the multiphase pseudobinary
Bi ,Te 3Sg—Bi,Te; alloys. These samples exhibit a high power
factor and simultaneously provide low total thermal con-
ductivities.

4. CONCLUSIONS

In summary, multiphase pseudobinary Bi;,Te ;Sg—Bi,Te;
compounds are promising high-performance thermoelectric
materials around room temperature. We have shown that the
finely distributed secondary phase of Bi;,Te,3Sg with a larger
band gap and electron affinity than the matrix Bi,Te; increased
the Seebeck coeflicient through the energy filtering effect. This
resulted in a higher power factor of multiphase compounds
relative to single-phase Bi,Te;. Simultaneously, the increased
number of interfaces between the two phases formed through
eutectic transformation during solidification of the compounds
added additional scattering centers for phonons, leading to a
decrease in the lattice thermal conductivity of multiphase
samples. The combination of these beneficial effects resulted in
a reasonably high figure of merit of ~0.7 over the temperature
range of 300—550 K for the multiphase sample of
Bi,Te, 75Sy,5, doubling the efficiency of single-phase Bi,Te;.
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ABSTRACT: Thermoelectric technology offers great potential for converting waste heat into electrical energy and is an emission-
free technique for solid-state cooling. Conventional high-performance thermoelectric materials such as Bi,Te; and PbTe use rare or
toxic elements. Sulfur is an inexpensive and nontoxic alternative to tellurium. However, achieving high efficiencies with Bi,S; is
challenging due to its high electrical resistivity that reduces its power factor. Here, we report Bi,S; codoped with Cr and CI to
enhance its thermoelectric properties. An enhanced conductivity was achieved due to an increase in the carrier concentration by the
substitution of S with Cl. High values of the Seebeck coeflicients were obtained despite high carrier concentrations; this is attributed
to an increase in the effective mass, resulting from the magnetic drag introduced by the magnetic Cr dopant. A peak power factor of
566 yW m™' K™% was obtained for a cast sample of Bi,_,/3Cr,/3S;_,Cl, with x = 0.01 at 320 K, as high as the highest values reported
in the literature for sintered samples. These results support the success of codoping thermoelectric materials with isovalent magnetic
and carrier concentration tuning elements to enhance the thermoelectric properties of eco-friendly materials.

KEYWORDS: thermoelectric, power factor, magnetic element, bismuth sulfide, chromium

Bl INTRODUCTION modulation doping,*™"® and energy filtering'®'” are being
Solid-state-based thermoelectric (TE) materials can directly actively pursued.

and reversibly convert heat into electricity. The efliciency of Magpnetic interactions have been proposed as a strategy to
thermoelectric materials is given by the figure of merit, zT = enhance the Seebeck coefficient in thermoelectric materials
(S*T)/pKiory where S is the Seebeck coefficient, T is the such as Bi,Te,.'* > Charge carriers interact with the local
absolute temperature, p is the electrical resistivity, and Ko is magnetic moments, effectively dragging the carriers, which

the thermal conductivity.

To increase zT, one needs to increase the power factor (S*/
p) and/or decrease Kk,,. One of the most successful
approaches to improve the figure of merit is reducing the

results in an increased charge carrier effective mass, an
increased Seebeck coefficient, and a decreased carrier mobility
(u). Overall, this has resulted in an increased power

lattice thermal conductivity, and over the years, various factor.*~**

phonon engineering approaches have been used to enhance

phonon scattering and decrease x; by taking advantage of Received: January 27, 2022 a2

nanoprecipitates,” alloying elements,”* nanostructured grain Accepted:  February 22, 2022 ¥

boundaries,”® and ionized impurities.”* Published: March 1, 2022 M,{
A series of band structure engineering approaches have also PO

been employed to improve the power factor of TE -

. 9—11 . 12
materials. Strategies such as quantum confinement,
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Tellurium-based thermoelectric materials such as Bi,Te,
have been employed as power generators/refrigerators in
lower-temperature applications (<500 K). However, tellurium
is expensive and rare and can hinder the movement toward the
mass adoption of TE generators. Sulfur, another element from
group IV, is an inexpensive, nontoxic, and sustainable
alternative. Bismuth sulfide (Bi,S;), in particular, has low
thermal conductivity and a large Seebeck coefficient.”*>°
However, its high resistivity results in a low zT.”” Several
dopants have been used to optimize the electronic transport
properties of Bi,S;, includin CuBr,,** Sb,” Cu,* Ag,31 L*
CL> Se,**** InCl,,*® BiCl;,”® and NbCli.*” A lower thermal
congi(}l%csti\[r}i(;ty was also obtained in Bi,S; by nanostructur-
ing.” ™"

The thermoelectric efficiency of pristine Bi,S; was also
increased to 0.11 from 0.09 at 623 K by texturing through hot
forging and introducing sulfur vacancies."' PbBr, doping of
bulk Bi,S; has significantly improved its electrical conductivity
by modulation doping and reduced the lattice thermal
conductivity by introducing nanoprecipitates, resulting in a
peak zT value of 0.8 at 673 K.*

It has been widely shown that the charge density is increased
when halogen group elements (Cl, Br, and I) are doped at the
sulfur sites.”®”>** Here, we doped bismuth sulfide with
chromium chloride (CrCl;) to obtain samples of
Bi,_,/3Cr,/3S5_.Cl, (x = 0.00, 0.00S, 0.01, 0.015, 0.02). Doping
with chlorine increases the number of free carriers in the
material, leading to a reduction in the electrical resistivity,
while the magnetic effect of chromium resulted in an increase
in the carrier effective mass and, consequently, in the Seebeck
coefficient.

B EXPERIMENTAL SECTION

Sample Fabrication. Ultrahigh-purity bismuth pieces (99.999%,
Sigma-Aldrich), sulfur pieces (99.9995%, Alfa Aesar Puratronic), and
chromium chloride powder (99.99%, Sigma-Aldrich) were mixed
stoichiometrically to obtain Bi,_,/;Cr,/3S;_,Cl, (x = 0.00, 0.00S, 0.01,
0.015, 0.02) in vacuum-sealed quartz ampules, prepared in an inert-
atmosphere glovebox. The tubes were heated in a tube furnace to
1000 °C. After being quenched in cold water, the samples were
annealed at 450 °C for 2 days.

The cylindrical ingot samples of 10 mm diameter were then cut
into disk shapes of 10 mm diameter and ~1.5 mm thickness for Hall
effect measurements and bars of 2 X 2 X 10 mm® for electrical
property measurements. The electrical resistivity and Seebeck
coefficient were measured simultaneously under 0.1 bar of helium
from room temperature to 483 K using an LSR-3 Linseis unit. Hall
effect measurements were performed with an Ecopia HMS-3000 Hall
Measurement System at room temperature. The density of the
samples was determined from the bar-shaped samples using their
dimensions and masses. All samples were then manually ground to
fine powders by using an agate mortar and pestle. Three samples with
x =0, 0.00S, and 0.01 were sintered in a 10 mm diameter graphite die
under an axial pressure of 63 MPa at 723 K for 5 min under vacuum;
the sample with x = 0.01 broke during sintering. To avoid this, the
sintering temperature was reduced to 623 K for the samples with
compositions of x = 0.015, 0.02. The measured densities of all
samples are presented in Tables SI and S2 in the Supporting
Information.

Material Characterization. To investigate the electrical and
thermal transport properties parallel and perpendicular to the
sintering direction, the sintered samples were cut and polished into
disks (10 mm diameter and ~1.5 mm thickness, perpendicular to the
pressing direction) and cuboids of 8 X 8 X 2 mm?® parallel to the
pressing direction for Hall effect and thermal diffusivity measurements
and bars of 2 X 2 X 10 mm® (parallel and perpendicular to the

3846

pressing direction) for electrical property measurements. The total
thermal conductivity (k) was calculated from the thermal
diffusivity (D), heat capacity (C,) and density (p): K = DCpp.
The temperature-dependent thermal diffusivity D was measured on
disk-shaped samples by a laser flash diffusivity method using a
Netzsch LFA-467 Hyperflash instrument. The temperature-depend-
ent heat capacity was derived using a standard sample (Pyroceram-
9060). The directions of measurement and sample shapes are
illustrated in Figure 1. X-ray powder diffraction analysis was

(a) Castsamples (b) Sintered samples
Seebeck,
A Seebeck and e
Resistivity, Resistivity Thermal Diffusivity

and Hall Effect

4

/! }
Hall Effect

L} //\

Figure 1. Measuring directions and sample shapes of the (a) cast
samples and (b) sintered samples.

//}

performed with a PANalytical X'Pert PRO instrument, using Cu
Kal radiation (1 = 1.54059 A) to identify the crystal structure of each
sample. Rietveld refinement was performed using GSAS-II* to obtain
the lattice parameters for all samples.

Electronic Structure Calculation. Density functional theory
(DFT) calculations were employed to qualitatively study the
electronic band structure of the doped sample. The Perdew—
Burke—Ernzerhof (PBE) and generalized gradient approximation
(GGA) exchange-correlation functionals were used** with the
Quantum Espresso package.** A Monkhorst—Pack procedure was
used to generate 12 X 12 X 12 k-points for the Brillouin zone.** The
plane wave/pseudopotential approach was employed, with a kinetic
energy cutoff of 45 Ry for the wave functions and 360 Ry for the
electron density. Spin polarization was considered for the materials

doped with Cr.

B RESULTS AND DISCUSSION
Materials Characteristics. Figure 2 shows the XRD

patterns of samples Bi,_,;Cr,/3S;_,Cl, (x = 0.00, 0.005,
TR x =002
= L \ ) \ X=0.015
=]
s l \ B
] DO A L\.‘L_,J.MJ‘Lu,'JLM'\_N"‘\J‘»'»W‘x««_d,\&f\,mtw\,wx,)\,w X7 ng*,,
[
g | X =0.005
E— ‘ | -
L ||“[l Lo ‘I.m N BiSs
1 1 1 ) ) 1 1 1 1 1
10 20 30 40 50 60 70 8 90 100
20 (deg.)

Figure 2. Powder XRD patterns of Bi,_,;Cr,/3S;_,Cl, (x = 0.00,
0.00S, 0.01, 0.015, 0.02) samples in the range of S—108°.

0.01, 0.015, 0.02). All patterns confirm the presence of a single-
phase Bi,S;, orthorhombic crystal structure with space group
Pnma. The lattice parameters of all the samples were
determined by the Rietveld refinement of the XRD patterns
(Table S3 in the Supporting Information). No variation of the

https://doi.org/10.1021/acsaem.2c00295
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lattice parameters was detected, due to the comparable ionic
radii of $*~ (1.84 A) and CI” (1.81 A)."” Although there is a
difference in the ionic radii of Bi** (1.03 A) and Cr** (0.615
A),*” the amount of chromium introduced to the Bi,S; is one-
third of the chlorine atomic ratio, and therefore no noticeable
difference was detected in the lattice parameters.

The lattice parameter values are consistent with the values
reported in the literature (a = 11.269 A b=3972A and ¢ =
11.129 A).*

The intensity of the {111} plane peaks for the x = 0.01S
sample was higher than those for the other samples. This might
be attributed to the preferred orientation, caused by nonuni-
form hand milling of the samples used for the XRD analysis.

An XRD analysis was also performed on the sintered
samples (Figure S1 in the Supporting Information), and the
lattice parameters were calculated by a Rietveld refinement
(Table S4 in the Supporting Information). The Ilattice
parameter values of Bi, ,/;Cr,/;S; ,Cl, (x 0.00, 0.00S,
0.01, 0.015, 0.02) samples versus the dopant concentration (x)
of cast and sintered samples are shown in Figure 3.

Biz-x/3crx/3SS-XC|x

1130_ ] ] ° . .
11.25—
g 11.20—

o 115+ . R R 2
=m0/
4.00 (
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Figure 3. Rietveld refined lattice parameters of Bi,_,/;Cr, 3S;_,Cl, (x
= 0.00, 0.00S, 0.01, 0.01S, 0.02) samples as a function of the dopant
concentration.

To understand the effect of dopants on the electronic band
structure of Bi,S;, the band structures of Bi,S; and the doped
sample Biy;Cr;S;;5Cl;, for spin-up and -down states, were
calculated (Figure 4a—c, respectively). The calculated band
gap of the pristine material is ~1.25 eV, which is in good
agreement with the reported experimental values of ~1.3

eV.?>*3% Both spin-up and spin-down states showed reduced
values of ~0.6 and ~0.92 eV, respectively. The reduction in
the band gap for the spin-up state was due to the presence of
an additional impurity band. It is worth noting that the
numerical results, presented in this calculation, should only be
discussed qualitatively due to the rather high concentration of
the dopant. The effective masses of electrons were calculated
for both heavy and light bands in the spin-up (D point) and
spin-down (I" point) states of the electronic band structures,
using the parabolic band approximation for the band extrema.
The results are shown in Figure S2 in the Supporting
Information. The electrons of both heavy and light bands
show similar values of effective mass (#y.,,* ~ 0.48 and
Mg ~ 041 for the spin-up state and my,,* ~ 0.35 and
Myghe™ ~ 0.21 for the spin-down state), indicating that the
electronic band degeneracy plays an insignificant role in the
transport properties of the material.

Electronic Transport Properties. The Seebeck coefhi-
cient, the electrical resistivity, and the carrier concentration of
the cast samples of Bi,_,/3Cr,/3S;_,Cl, (x = 0.00, 0.00S, 0.01,
0.015, 0.02) and sintered samples of Bi,_,/;Cr,/3S;_,Cl, (x =
0.00, 0.005, 0.015, 0.02) measured parallel to the direction of
sintering are presented in Figure 5. The negative Seebeck
coefficient indicates an n-type semiconductor behavior (Figure
Sa,b). The Seebeck coefficient for the cast pristine Bi,S,
sample ranges from —96 pV K™' at ~320 K to —135 uV
K ! at ~480 K. These values are considerably smaller than the
reported values of —380 to 498 xV K' for Bi,S; in the
literature.”>** Following Mott’s formula for the Seebeck

kT { dn(B) 1 | du(E) 1 }
)
E=E;

3q dE n dE u
decrease in the Seebeck coefficient can be explained by an
increase in the charge carrier density in the material. This is
supported by the electrical resistivity values for these samples,
which varied from 3.16 m cm at ~320 K to —4.82 mQ cm at
~480 K (Figure Sc). These values, including for x = 0, are
significantly smaller than the reported values of ~2400*" and
~7460 mQ cm” for the pristine sample of Bi,S;. These results
can be explained by the volatile nature of sulfur during the
sample fabrication. A single sulfur atom vacancy donates two
free electrons to the bulk material. Atom vacancies in bismuth
sulfide have been previouslzr reported,””** and they commonly
occur in chalcogenides.”* This is supported by the high
charge carrier concentrations measured for both cast and
sintered samples (Figure Se,f). This also greatly reduces the

coefficient,”’ § = the sharp

(a) (b)

(c)

SRR ATININTR V i EEE=il
ol 7%1“/ i - -
¥ 1256V, uf S %Q(f L~
§old 8 Y 1 &, 0.2V
SRR e |
= AN \_ / cx’\ xf = ’\/3
i% FQQ/JM N B B %zg
5 AN wl EesEE | B

k - Wave Vector

k - Wave Vector

k - Wave Vector

Figure 4. Electronic band structure of (a) Bi,S;, (b) Bi,;Cr;S33Cl; spin-up (1) state, and (c) Bi,3Cr,S33Cl; spin-down () state.
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0.01, 0.015, 0.02) and sintered Bi,_,/;Cr,/3S;_,CL, (x = 0.00, 0.00S, 0.015, 0.02), parallel to the direction of sintering as a function of temperature,
respectively.

resistivity for the heavily doped samples, reaching 4.82 m€2 cm (a) 600

at ~480 K for x = 0.02 in comparison to 7.46 m€ cm for the S Xm0t o xmo e
pristine sample at room temperature. No significant difference & 500+ 2 x=00

was observed in the Seebeck coefficient values of sintered ‘_!

samples for both measurement directions. However, the s 4004

electrical resistivity of the samples parallel to the direction of % 300 ‘:“\‘\ﬁ%
sintering is slightly lower than those perpendicular to the e . I S—
sintering direction (Figure S3 in the Supporting Information). o 200

The Seebeck coefficient values of sintered samples are very

similar to the values obtained from ingots (Figure Sa,b), except 100

T T T
300 350 400 450 500

for the Seebeck coefficient of the sample with x = 0.02, for TK)

which the Seebeck coefficient decreased from ~—100 to ~—60
uV KL Overall, the electrical resistivities of the sintered 600
samples are lower than those of their cast counterparts. This is
attributed to the improved mechanical integrity of sintered
samples relative to the cast samples. The sintered samples with
x = 0.015, 0.02 showed a smaller reduction in resistivity in
comparoson to those with x = 0, 0.005, due to the changes in
the sintering conditions, which caused the former samples to
be less dense than the latter (the sintering temperature was 200
reduced from 723 to 623 K for the samples with x = 0.015, ,/k_’/'/a‘/.
0.02). The reproducibility of the results was verified by 100 T T T

. . . R . 300 350 400 450 500
repeating the experiments several times (shown in Figure S§ in

-o- x=0.02 -e- x=0.005
500 -~ x=0.015-* x=0

400+

007 e e
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the Supporting Information). T

The power factors (PFs; S*/p) of the cast and sintered Figure 6. Power factors of (a) cast Bi,_,/3Cr,/3S;_.Cl, (x = 0.00,
samples were measured parallel to the direction of sintering 0.00S, 0.01, 0.015, 0.02) and of (b) sintered Bi,_,/3Cr,/3S;_,Cl, (x =
(Figure 6). The PF values of the doped samples are much 0.00, 0.00S, 0.015, 0.02) along the parallel direction of the sintering
higher than those of the pristine samples due to the pressure as a function of temperature.
optimization of the electrical conductivity and Seebeck
coefficient. The cast Bi,S; sample with moderate doping (x The PFs obtained in this work are compared with the data
= 0.01) exhibited the highest PF value (~566 yW m™" K™* at reported in the literature (Figure 7). Our results are
320 K), which was about 2.3 times higher than that of the comparable with the highest values reported in the literature
undoped Bi,S; sample (about 243 gW m™ K™ at 320 K). at the same temperature.
However, the sintered sample with x = 0.01 was unavailable for Since the samples in the current study have been codoped
measurement. The highest power factor for the sintered sample with Cr and C], the relation between the measured Seebeck
(x = 0.00S, measured along the parallel direction to the coefficient and carrier concentration from the cast samples are
sintering pressure) was ~367 uW m™' K2 at 480 K (Figure compared with those of 0previous studies of Bi,S; doped with
6b). BiCl,,*° InCl,,*® LaCl,,*° CuBr,*® and CI,*° to illustrate the
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Figure 7. Power factor comparison of n-type Bi,S; doped with 0.5%
mol of BiCl,,*® 2% mol of InCl,,*® 2% of LaCl,,*® and 1% of CuBr,**
with sintered Bi,_,/3Cr,/3S;_,Cl, (x 0.005) and cast
Bi,_,/3Cr,/3S5_,ClL, (x = 0.01) as a function of temperature.

effect of doping with chromium®® (Figure 7). The effective
mass was evaluated using the single parabolic band (SPB)
model with acoustic phonon scattering.”” The model uses a
Fermi integral of*>’

o

o= [ e 0

where = Ep/(kyT) is the reduced Fermi level and ¢ is the
reduced energy of the electron state. The Seebeck coefficient
and the carrier concentration are given by

de

g ks| 2R() _ ]
q| En) (2)
(2m™k T)‘?’/2
- R o

where m* is the effective mass.

For degenerate semiconductors, according to the Pisarenko
relation,” the Seebeck coefficient is inversely proportional to
the carrier concentration, n, with a dependence of n~3. The
experimental data of this study deviates from this ideal
relationship, which indicates the changes in the electronic band
structure of the material.®" In particular, the Seebeck
coefficient values of the current study are higher than values
predicted by the SPB model and experimental data of samples
doped only with CI***° (as seen in Figure 8). An increase in
the Seebeck at a particular carrier concentration was observed
in samples doped with La> (due to the presence of La
nanoprecipitates) and CuBr, (due to the energy filtering
effect®®). It is worth noting that although Cu is not a magnetic
element, it interacts with magnets.

The higher values of the Seebeck coeflicient obtained in the
current study might be attributed to a magnetic drag effect
generated by the magnetic chromium dopant.'®™>* It has been
shown, for example, in the case of magnetic materials that an
additional contribution to the Seebeck coeflicient is observed
when the materials are subjected to a temperature gradient,
due to the flux of magnons.”*** The interaction between
magnons and carriers results in an overall increase in the
effective mass and, consequently, in the Seebeck coefficient.”®
Similar Seebeck enhancement effects have been observed for
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Figure 8. Hall carrier concentration dependence on the room-
temperature Seebeck coefficient of n-type cast Bi,_,3Cr,/3S;_Cl,
compared to those reported in the literature of Bi,S; doped with
BiCI3,13 LaCl3,35 CuBr,,* and CL*

nonmagnetic materials doped with magnetic elements,
L 18,19,21,24

similarly to the present case. In the present study,
the effective mass of the cast samples increased significantly
from 0.7m, for the pristine sample to 2.1m, for the sample with
x = 0.02 (Table 1), where m, is the electron rest mass. This

Table 1. Carrier Concentration, Mobility, and Calculated
Effective Mass of Cast Bi,_,/;Cr,/3S;_,Cl,

sample (Bi,_,/3Cr,/3S;_CL,) n (10" cm™) p (ecm? V7's7™!)  m*/m,
x=0 3.44 15.1 0.76
x = 0.00S 3.14 282 0.79
x = 0.01 1.79 24.5 0.83
x = 0.015 4.35 16.7 0.75
x = 0.02 224 7.59 2.10

enhanced mass contributed to the higher Seebeck coefficient in
comparison with materials doped only with CL***> and it
supports the hypothesis of carrier interactions with magnetic
elements. The carrier mobilities also decreased with an
increase in the concentration of chromium (Table 1). The
reduction of charge carrier mobility is responsible for a
decrease in the electrical conductivity.*”” However, the
overall effect was an increase in the power factor for the
lightly doped sample, given the enhanced Seebeck coefficient
due to the increased effective mass.

For the sintered samples, the measured carrier concen-
trations were 2.54 X 10", 2.56 x 10, 3.08 x 10%, and 1.2 X
10% cm™ and the mobilities were 60.4, 47.8, 40, and 53.3 cm?
V~'s7! for sintered Bi,_, ;Cr,/3S;_,Cl, (x = 0.00, 0.005, 0.015,
0.02), respectively.

The temperature dependences of K, k. and ki, for sintered
Bi,_,/3Cr,/385_,Cl, (x = 0.00, 0.00S, 0.015, 0.02) samples
measured parallel to the direction of sintering are presented in
Figure 9. The total thermal conductivity is the sum of the
electronic and lattice thermal conductivity ky = Ky — K

The electronic thermal conductivity, k., was obtained using
the Wiedemann—Franz law, which is expressed as x, = LoT.
The Lorenz number (L) values as a function of temperature
were estimated from the SPB model (Figure S4 in the
Supporting Information):*’

https://doi.org/10.1021/acsaem.2c00295
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Figure 9. (a) Total thermal conductivity, (b) electronic thermal
conductivity; (c) and lattice thermal conductivity (the dashed lines
are the calculations based on the Debye—Callaway model) of sintered
Bi,_,sCr.58;,.Cl, (x = 0.00, 0.005, 0.015, 0.02) parallel to the
direction of sintering as a function of temperature.

2
[
q

The values of the electronic thermal conductivity (Figure 9b)

are larger for the doped samples. given their higher carrier

concentrations (Figure Sf). The values of the lattice thermal

conductivity for all samples are very close to the values of ki

(Figure 8a,c), due to a small contribution of electronic thermal
conductivity to the total thermal conductivity of Bi,S;.

The K values of all the samples ranged from ~0.8 to ~1.1
Wm™' K™ at 320 K and ranged from ~0.6 to ~0.8 Wm™' K™
at 480 K (Figure 9a). The samples that were sintered at the
lower temperature of 673 K (x = 0.01S, 0.02) have greater

3E(n)E(n) — 4F(n)
Fy(n)

(4)
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thermal conductivity. Nevertheless, all samples have similar
values of lattice thermal conductivity (Figure 9c). The
reproducibility of the thermal diffusivity results was verified
by repeating the experiment several times; the results are
shown in the Figure S6 in the Supporting Information.

To further study this and the effect of the dopant on the
scattering mechanism of phonons in these samples, the
Debye—Callaway model was adopted to evaluate the thermal
conductivity®**”

x'e

ky (ksTY [oo/T
ky = l; [B—) / —1 2 d
27y \ 7 0 7o (e = 1) (s)

where x = Aiw/kyT is the reduced frequency, @ the phonon
angular frequency, ky the Boltzmann constant, v, the speed of
sound, 7 the reduced Planck constant, 8y the Debye
temperature, and 7. the combined phonon relaxation time.
The values of O, = 283 K and v, = 2775 m s~ were adopted
from the literature.”’

Four mechanisms of phonon scattering were considered:
point impurities, a normal three-phonon process, an Umklapp
process, and boundary scattering.”' Matthiessen’s rule’” is
employed to find the combined phonon relaxation time

4 x

X

-1 _

-1 -1 -1 -1
Tc Tty Ty R

v
= Aw* + ﬂTUl + ByTa’ e 03T 4 f ©)
where 7y, Ty, Ty, and 7y are respectively the relaxation times for
points impurity scattering, a normal three-phonon process, an
Umbklapp process, and boundary scattering, L is the average
grain size, and the coefficients A, f, and By are fitting
parameters. Table 2 presents the calculated parameters for all

Table 2. Calculated Parameters for the Debye—Callaway
Model for Sintered Bi,_,/;Cr,/3S;_,Cl, (x = 0.00, 0.005,
0.015, 0.02) Samples Parallel to the Direction of Sintering

x A (107 §%) B By (107" s K) L (um)
0 4.9 2.2 3.6 1.3
0.00S 7.3 6.3 1.4 1.4
0.015 5.6 6.4 2.0 1.3
0.02 3.5 2.4 3.9 1.5

sintered samples parallel to the direction of sintering. The
average grain size was obtained from the Rietveld refinement of
XRD patterns obtained from samples. The fitted values are
shown by dashed lines in Figure 9c.

The results show a noticeable increase in the scattering by
point defects with increasing dopant concentration. In general,
the thermal conductivity values of the sintered samples are
similar for all samples. The changes in # and By indicate that
the main mechanism causing these differences was due to
changes in the phonon—phonon scattering.

Figure 10 shows the zT values for the sintered samples
(measured parallel to the direction of sintering). The
maximum zT value of ~0.25 was achieved for the sample
with ¥ = 0.005 at 480 K. It is worth noting that the sample
Bi,_,/3Cr,/385_,Cl, (x = 0.01) with the potentially highest zT
value was unavailable in the sintered form for measurement.
Figure 10b compares the zT values of the samples in the
current study samples with the largest values reported in the
literature at the same temperature. There is a difference in the
2T values obtained from measurements performed parallel and

https://doi.org/10.1021/acsaem.2c00295
ACS Appl. Energy Mater. 2022, 5, 3845—3853



ACS Applied Energy Materials

Www.acsaem.org

-~ x=0.02 -e- x=0.005
-~ x=0.015-+

x=0

500

Bi,S; + CuBr,
4 Bi,S3 + LaCly

[ Bi,S; +InClg
_| Bi,S;+ BiCly
I T T T

0.0 0. 0.2 0.3

ZzT at480 K

0.4 0.5

Figure 10. (a) zT values of sintered Bi,_,/;Cr,/3S;_,Cl, (x = 0.00,
0.00S, 0.015, 0.02) parallel to the direction of sintering as a function
of temperature. (b) zT values of sintered Bi,_,/;Cr,/3S;_,Cl, (x =
0.005) at 480 K in comparison to those of BiCl,*® 2 mol % of InCl,,**®
2 mol % of LaCl,,*° and 1 mol % of CuBr,.”®

perpendicular to the direction of sintering, due to the crystal
structure of Bi,S; (Figure S3 in the Supporting Information).

B CONCLUSIONS

Bi,S; was successfully doped with CrCl; using a melting—
annealing technique followed by sintering by the SPS. The
electronic properties were measured for both the cast and
sintered samples. In comparison to samples with nonmagnetic
dopants, the Seebeck coeflicient increased at the same carrier
concentration, which was most likely due to the magnon drag
effect, where the interaction between magnons and carriers
effectively increases the effective mass of the carriers and
consequently the Seebeck coefficient. The increase in the
effective mass led to a decrease in the carrier mobility and the
electrical conductivity of the samples with higher carrier
concentration. Thermal conductivity measurements of the
sintered samples showed similar values for all the samples, with
differences arising from the carrier concentration and increased
scattering due to impurities. The zT values of this work are
comparable to the largest values reported in literature and
provided experimental evidence that the presence of magnetic
dopants can increase the overall efficiency of thermoelectric
materials.
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Abstract: Thermoelectric materials, which directly convert thermal energy to electricity and vice
versa, are considered a viable source of renewable energy. However, the enhancement of conversion
efficiency in these materials is very challenging. Recently, multiphase thermoelectric materials have
presented themselves as the most promising materials to achieve higher thermoelectric efficiencies
than single-phase compounds. These materials provide higher degrees of freedom to design new
compounds and adopt new approaches to enhance the electronic transport properties of thermoelec-
tric materials. Here, we have summarised the current developments in multiphase thermoelectric
materials, exploiting the beneficial effects of secondary phases, and reviewed the principal mecha-
nisms explaining the enhanced conversion efficiency in these materials. This includes energy filtering,
modulation doping, phonon scattering, and magnetic effects. This work assists researchers to design
new high-performance thermoelectric materials by providing common concepts.

Keywords: thermoelectric materials; multiphase; composite; energy filtering; magnetic effect;
phonon scattering

1. Introduction

Thermoelectric (TE) materials have been attracting a great deal of interest because of
their applications in energy recovery from industrial waste heat and high-efficiency cooling
of next-generation integrated circuits [1]. The efficiency of TE materials is characterised
by a dimensionless figure of merit zT = S20T/ (ke + K1), where T, S, 0, ke and k; are
the absolute temperature, Seebeck coefficient, electrical conductivity, and electronic and
lattice components of the total thermal conductivity (), respectively. Most thermoelectric
materials used in commercial applications have a zT of around 1 [2], which corresponds
to an efficiency of roughly 10% in the medium temperature range [3]. To increase zT, one
would need to increase S and ¢ and decrease ;. These parameters are interrelated though;
the electronic thermal conductivity increases with the increase of electrical conductivity,
and S and ¢ are inversely proportional [4]. Therefore, optimising these parameters is very
challenging and the key to achieving higher efficiency.

One of the most successful approaches to improve the figure of merit is reducing the
lattice thermal conductivity, and over the years, various phonon engineering approaches
have been used to enhance phonon scattering and decrease k| by taking advantage of
nanoprecipitates [5-7], alloying elements [8-10], nanostructured grain boundaries [11-14],
ionised impurities [15,16], and superlattices [17].

A series of band structure engineering approaches have also been employed to im-
prove the electronic properties [18-20]. Strategies such as quantum confinement [21,22],
modulation doping [23-25], introducing resonance energy to the electronic density of
states [26,27], and energy filtering [28] are being actively pursued. These strategies are
adopted to modify the band structure and transport properties of the thermoelectric mate-
rials by either tuning the electrical conductivity and the Seebeck coefficient independently
or by increasing them simultaneously. In practice, the best results were achieved with a
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significant increase in one of these parameters and a slight decrease in the other, resulting
in an increase in the power factor (S?c’) and zT.

The development of highly efficient thermoelectric materials encountered a bottleneck
when the exploration of single-phase alloys was exhausted. Therefore, investigating multi-
phase compounds is the most viable strategy to enhance the thermoelectric performance
of bulk materials, where higher degrees of freedom are available to design new materials
and tune their electronic transport properties [29-31]. Figure 1 presents the number of
yearly publications on thermoelectric materials, indexed by the Scopus database, compared
with the numbers of papers published on multiphase/composite thermoelectric materials,
indicating an increasing interest of the research community on this topic over the last
five years.

s 1500
g —e— Total publications on TE materials
e —s=— Total publications on multiphase/composite
-3 TE materials
8 1000~
o)
=
o
L]
g 500~
£
=
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2
= 0 I I
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Figure 1. Yearly number of publications on thermoelectric materials, compared with publications on
multiphase /composite thermoelectric materials.

The combination of several phases can improve the electrical conductivity, Seebeck
coefficient, and thermal conductivity [32]. Here, we summarise the main strategies dis-
covered to date to increase the thermoelectric efficiency in multiphase materials. This
includes: (1) energy filtering, creating potential barriers in the electronic band structure of
the main phase through interfaces with the secondary phases. This results in an increase
in the overall Seebeck coefficient [33-35]; (2) modulation doping, where the heterojunc-
tions between secondary phases with larger bandgaps and higher carrier concentrations
than the matrix are used to greatly increase the electrical conductivity of the multiphase
compounds [36-38]; (3) phonon scattering by interfaces, grain boundaries, and defects to
reduce the lattice thermal conductivity [39-42]; and (4) magnetic effects, which utilises the
magnon-drag mechanism in magnetic materials [43-45], semiconductors doped with mag-
netic elements [46-48], or semiconductors containing secondary magnetic phases [49,50] to
improve the thermoelectric efficiency [51,52].

2. Energy Filtering

The concept of energy filtering in thermoelectric materials was first introduced and
studied in the latter half of the last century [53]. The research on this field has been renewed
and developed since the 1990s. In general, the Seebeck coefficient increases with an increase
of the barrier height [54,55] while the electrical conductivity decreases [56-58]. In the pres-
ence of multiple potential barriers, the bipolar effect can be suppressed, decreasing the flow
of minority charge carriers and reducing the decrease in the electrical conductivity [59-62].
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Conventionally, the energy filtering effect could be understood by solving the Boltz-
mann transport equation (BTE) using the relaxation time approximation [63,64]. The BTE
equation expresses all thermoelectric transport coefficients as a function of the energy-
dependent relaxation times of the charge carriers T(E) and the Fermi level Er. The energy
filtering effect can be readily verified considering the Seebeck coefficient expression [65]:

1 [(E—Ef)d(E)dE
~ qT  [J(E)dE

)

where T is the absolute temperature, E is the charge carrier energy, Er is the Fermi level,
and ¢ is the differential conductivity. The Seebeck coefficient, as shown in Equation (1), is
the energy average weighted by the electrical conductivity:

S =~ {E~Ery @
implying that an asymmetry between the density of states and the Fermi level can create
higher Seebeck coefficients.

The implementation of energy barriers in thermoelectric materials is made in the form
of either nanoparticles or grain boundary interfaces embedded in the bulk host matrix [66].
At these interfaces, the carriers with higher energy will pass the interface preferentially,
while the carriers with lower energy are filtered out. A high density of the interfaces ensures
the positive carrier filtering effect [67]. The band bending between the two materials creates
an energy barrier that reflects the charge carrier [68,69]. Figure 2 illustrates the energy
filtering effect: given the partial reflection of the lower energy electron waves, the high
energy electrons mostly contribute to the Seebeck coefficient.

Figure 2. Energy filtering effect, showing that lower energy electrons are scattered by a potential barrier.

Multiphase materials present themselves as viable candidates to take advantage of
energy filtering. Given the possibilities of tuning the electronic band structure of each
phase, the band bending can noticeably enhance the energy filtering effect [70-77]. In the
following sections, the energy filtering effect will be discussed in multiphase materials.
A Schottky or ohmic barrier will appear at the interface with a metallic secondary phase,
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while a heterojunction barrier will present at the interface of thermoelectric material with a
semiconducting secondary phase.

2.1. Energy Filtering by Metal Secondary Phases

For metallic phases, the barrier height will be proportional to the work function of both
the semiconductor and the metal and the electron affinity of the semiconductor. The work
function, ®, is defined as the minimum energy required to remove an electron from the
surface of a material, and its value is equal to the energy difference between the vacuum
and the Fermi level [78]. The electron affinity, x, is the energy difference between the
vacuum and the bottom of the conduction band. At the metal-semiconductor junction,
the Schottky-Mott rule [79] defines the barrier height, Ep, to be the difference between the
metals” work function, @), and the semiconductor electron affinity, xs:

Ep = ®Ppm — Xs 3)

Small differences cause few restrictions on the movement of the electrons, and this
barrier is known as ohmic. Both the work function and electron affinity depend on the
surface impurity and the crystallographic orientation.

Theoretically, the presence of metals can strongly affect the carrier relaxation time and
consequently affects both the electrical conductivity and the Seebeck coefficient [54,80,81].
The inclusion of metallic nanoparticles was shown to enhance the Seebeck coefficient
mathematically [66]. The interface of n-type PbTe with metallic Pb nanoparticles, with
a low work function, effectively scattered the electrons and increased both the Seebeck
coefficient and electrical resistivity. This mechanism is illustrated schematically in Figure 3,
where spherical metallic nanoparticles are randomly distributed in a host semiconductor.

By , . : :
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Figure 3. (a) Schematic of randomly distributed metallic Pb secondary phase in a PbTe matrix (b) Cal-
culated potential V(r) and energy diagram for PbTe at 300 K, carrier concentration of 2.5 x 101 cm~3,
barrier height of 0.11 eV, and radius of 1.5 nm, where Ep is the Fermi level, Ec is the energy at the
bottom of the conduction band, Eg is the band gap, and Ey is the energy at the top of the valence
band (c) Carriers’ relaxation time as a function of their energy. Reprinted with permission from
ref. [66]. Copyright 2008 Copyright American Physical Society.

Experimental results have proved this concept [82-84]: for instance, Pb precipitates
in the matrix of n-type PbTe, intrinsically doped with excess Pb, increased the Seebeck
coefficient and the average resistivity from —98 pV/K and 1.2 mQ cm for Pby g3Te to
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—130 uV/K, and 3.2 mQ) cm for Pby g Te at 300 K, respectively [82]. The addition of metallic
Sn and Cr to Cu,O doubled the Seebeck coefficient from 700 uV /K to 1400 uV /K [84].
Platinum nanocrystals created energy barriers in p-type Sb, T3 thin films [83] and caused a
large reduction in carrier mobility in about 2.5 orders of magnitude due to the additional
scattering of charge carriers compared to Sb,Tes films without Pt nanocrystals. The carrier
concentration increased, possibly due to the overlapping of energy bands [66]. The band
overlapping increases the distance between the Fermi energy level and the valence band
maxima, thereby increasing the total concentration of holes in the semiconductor matrix.

Silver nanoparticles enhanced the Seebeck coefficient of CdO-Ag composites [85]—a
potential barrier of Eg = 0.1 eV between the work function of Ag and the electron affinity
of CdO increased the resistivity from 1.5 m() cm to 1.7 mQ) cm for a sample with 0.03%
of Ag and increased the Seebeck coefficient from —120 uV /K for the pristine sample to
—129 uV/K for the sample with 0.03% of Ag at 800 K.

2.2. Energy Filtering by Semiconducting Secondary Phases

For a semiconductor secondary phase, the difference between the bandgaps and
Fermi levels of the two phases gives rise to a potential barrier at their junction [86]. The
barrier height will be proportional to the difference between the electron affinity of the
two semiconductors (x1, x2). Anderson’s rule [78] allows a simple estimate of the barrier
height at the conduction, Epc, and valence, Egy, bands:

Epc = x2 — x1 4)

Epy = (Eq1 — Eg2) — Epc ®)

and it has been employed as a rough estimation to design multiphase materials. The
actual curvature of the band bending can be found using Poisson’s equation for the electric
potential [87]:

qg(h—n+ D)

w2y =P =
& &

(6)

where ¢ is the permittivity of the material, # and n are the holes and electrons densities,
respectively, and D is the concentration of ionised impurities (extrinsic dopant). The
relation of the barrier height and conductivity is suggested as [88]:

1 _ EB
ocox T 2¢ kT )

It should be noted that this equation was developed for homojunctions [89,90]. How-
ever, experimental data for heterojunctions fit this equation surprisingly well [91]. Exper-
imental results show that energy filtering caused by dissimilar semiconducting phases
can improve the power factor [92-95]. Silicon oxide particles in the (Bi;Te3)o2(SbyTes)o s
bulk alloy increased the Seebeck coefficient from 182 uV/K for the pristine sample to
218 uV/K for the sample with 1.1% volume of SiO; at room temperature [92]. Yttrium
oxide (Y,O3) particles embedded in a Bip 5Sb; 5Te; matrix increased the Seebeck coefficient
significantly [96], deviated considerably from the ideal Pisarenko relation. The Seebeck
coefficient is inversely proportional to the carrier concentration, 7, by a rate of n~2/3 for
degenerate semiconductors, according to the Pisarenko relation [97]. The deviation from
this ideal relationship has been used as an indication of changes in the electronic band
structure of the material [98].

Randomly dispersed titanium dioxide nanoparticles (ranging from 10 to 25 nm) in
a Bag 20Co4Sb1y matrix increased the Seebeck coefficient [99]. Although the bandgap for
Bag 220Co45b1, was unknown, given the large bandgap of TiO; (3.2 eV [100]), some influence
of the energy filtering was assumed. At 300 K, the electrical conductivity decreased from
2.9 x 10° S/K to 2.8 x 10° S/K, and the Seebeck coefficient increased from —105 uV/K
for the pristine sample to —110 uV /K for the sample with 0.8% volume of TiO,. The TiO,
particles in BiSes based materials increased the overall power factor of the composite
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from 0.75 x 1073 W/m K to 1.07 x 103 W/m K for the sample with 10 wt.% of titanium
dioxide [101]. The charge carrier concentration varied greatly with the concentration of
TiO,, possibly due to the formation of Ti?* ions during hot pressing under the vacuum.

Interestingly, a double-filtering effect has been reported for a deposited TiO; on
TiC1,O,@TiOy (x < 1, 1 <y < 2) heterostructures (Figure 4) [102]. TiC;_,Oy, with a
narrow bandgap and high electrical conductivity, in combination with TiOy and TiO,
nanoparticles, with wide bandgaps, produced an effective barrier height for energy filtering.
The Seebeck coefficient and resistivity of the samples increased where a larger amount of
TiO, was deposited. The maximum value obtained for the Seebeck coefficient at 973 K was
—156 uV/K, with an electrical conductivity of ~4 x 10%S/m.

CB
. interfacial
cpe=e=e. bamerVB Eg

/ TiO,

. - 1 : .
VB TiICO TiOy
Figure 4. Band diagrams of the TiC; _,Ox@TiOy-TiO; heterostructured interface, where CB is the
conduction band, VB is the valence band, and Er is the Fermi level. Reprinted from [102].

Silicon-based materials, although not common in thermoelectricity, have also been
shown to benefit from energy filtering [103-110]. For instance, heavily doped Si with B with
nanoparticles of Si has shown an increased Seebeck coefficient and electrical conductivity
in a particular range of dopant concentrations [111]. The increased Fermi level for the bulk
material explains the increase of the electrical conductivity, and the energy filtering effect
justifies the increased Seebeck coefficient.

A half-Heusler compound of (Hfy¢Zrg4)NiSngg9Sbg g1, with added nanoparticles
of tungsten (W), showed a maximum zT of 1.4 at 873 K and average zT of 0.9 in the
temperature range of 300-973 K for the alloy with 5 wt.% tungsten nanoparticles [112].

Table 1 summarises the compositions and fabrication methods of recent studies that
reported energy filtering effects in multiphase thermoelectric materials.

Table 1. Compositions, fabrication methods, and corresponding references of multiphase materials that benefited from the

energy-filtering effect.

Composition Fabrication Technique Ref.

Casting (Bip 5Sb1 5Te) + ball milling of Big5Sby 5Te and

Bi5Sb15Te + (0, 1.0, 2.0, 4.0, and 6.0 wt.%) nanoparticles of Sb,O3 commercial powder of SbyOs+ sintering [113]
. . Solution-based synthesis of Bi-Te-Se powder + atomic layer
Bi; Te; 7Sep 3 powder + ~2 nm layer of film of ZnO deposition of ZnO + hot pressing [114]
Bi;_,Sby (x =0, 0.10,0.12, 0.13, 0.14, 0.2) + 3 wt.% - . .
1=x9Px carbon nanotubes ) Ball milling + cold pressing + annealing [115]
Big.46Sb154Tes + (0, 0.1, 0.2, and 0.3 wt.%) SiC Ball milling + sintering [70]
Big 4Sby ¢Tes + (0.1%, 0.2%, and 0.3 wt.%) CulnTe; Casting each phase separately + ball milling + sintering [116]
Lug1Bij9Tes + (0, 0.0, 0.05, 1) wt.% carbon nanotubes Hydrothermal synthesis + grinding + hot pressing [117]
. o . Hydrothermally synthesised BaTiO3 + Commercial ingots of
Big5Sb15Tes + (0, 0.1, 0.2, 0.3, 0.4 wt.%) BaTiO3 Big5Sby 5 Tez were grinded and sintered [74]
Big5Sby 5Tes + STiOs Big5Sby5Tes fllmsbwere grown on SrTiOj substrates [118]
y co-sputtering
. . e Radio-frequency magnetron sputtering of Bi, Tes /Big 5Sb1 5Tes
BigTes + Big55by 5 Tes thin films layers on a SiO, /Si(001) substrate [119]
Big4Sb1¢Tes + (0, 0.2, 0.4, and 0.6 vol.%) CuGaTe, Vacuum melting + hot pressing [120]
. o . Powders for each phase were prepared by induction melting then
Blo_5$b]_5T€3 +2wt.% (GdzOg, Gd]_ggBlg'ozos) mixed by spray pyrolysis " sintering [] 2]]
BiyTes + (1,2, and 5 wt.%) SnS Commercial powders were mixed, cold pressed, and annealed [122]
Big3Sby 7 Tes + (0, 0.25, 0.50, and 0.75 wt.%) TiC Ball milling + sintering [123]

BiyTe; + ~4 wt.% of Cuy 5Te Solution-based synthesis (each phase separately) + hot pressing [124]
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Composition Fabrication Technique Ref.
. . CulnTe; was formed by cation exchange of Sn by Cu and In on
Coated grains of SnTe with CulnTe, the surface of ball-milled SnTe powder [125]
Big 5Sb1 5Te3-Cuggy + (0, 0.5, and 1.0 wt.%) HfO, Water atomisation + ball milling + sintering [126]
SiGe + (2, 4, 6, 8, 10 wt.%) TiB, Ball milling + hot pressing [108]

3. Modulation Doping

Modulation doping is a well-recognised concept to increase the conductivity in het-
erojunction devices [127]. The main idea behind modulation doping is to use the offset in
the band structure between two semiconductors in combination with heavy doping of the
material with a wider bandgap so that there is a transfer of carriers from the wide bandgap
to the narrow bandgap material. The transferred carriers create two-dimensional electron
gas, and they are essentially separated from the donor phase, which consequently increases
the charge carrier mobility [128]. Conventionally, this strategy was employed to create
p-channel devices, called modulation-doped field-effect transistors (MODFET) [129]. The
difference between energy filtering and modulated doped samples is shown schematically
in Figure 5. In the case of modulation doping, the secondary phase increases the conductiv-
ity by donating electrons to the host semiconductor, while in the case of energy filtering,
the secondary phase scatters electrons and reduces mobility.

Modulation Doping Energy Filtering

Figure 5. Comparison between a modulated doped semiconductor and a multiphase compound
benefiting from energy filtering.

The thermoelectric research community has also used this mechanism to enhance the
thermoelectric performance of materials [15,23,25,29,38]. For thermoelectric materials, a
combination of two effects has enhanced the thermoelectric efficiency in the modulated
doped materials: firstly, a large increase in the electrical conductivity and mobility of the
charge carriers [130], and secondly, a reduction in the lattice thermal conductivity as a
result of the scattering of phonons by nanostructuring [23,131].

Some attempts have also been made to explore the possibility of using modulation
doping in structures similar to field-effect transistors (FETs) [129]. In this adopted structure,



Materials 2021, 14, 6059

8 of 26

the thermoelectric semiconductor nanowire (channel) is enclosed by the heavily doped layer
(gate) [132-136]. A modest increase in the power factor was achieved by this approach.

Table 2 summarises the sample compositions, fabrication methods, and corresponding
references of recent studies that employed modulation doping to enhance the thermoelectric
performance of multiphase materials.

Table 2. Sample compositions and fabrication methods of references that employed modulation doping to enhance the

thermoelectric performance of multiphase materials.

Composition Fabrication Method Ref.
Bag(AlyGaj_y)16Geso (x =0, 0.20, 0.23, 0.25, 0.33, 0.50, and 1) Casting (each phase separately) + ball milling + sintering [137]
AgBiSe; + BiySe3 [138]
CuySnSs + (0, 1, 3, and 5% mol) CuCo,S4 Casting (each phase separately) + ball milling + sintering [25,139]
Sig(MgySi + x at. % Bi)i—, (a = 0.39, 0.50, 0.56, 0.59, and 0.67; Bi-doped Mg,Si fabricated using induction melting + melt
.. A . [140]
x=0.3,08,1.3,18,2.5) spinning si + sintering
p-type organic conducting polymer PEDOT:PSS + Ge PEDOT:PSS coated with Ge layer [141]
(GepTep)x(CulnTep)q—y (x =98, 95, 90, 87.5, 85, 70, 30, and 10%) Casting + hand milling + hot pressing [142]
BiCuSeO + Big sPbg »Cuig sNig 2SO Each phase was fabrlcateq by Mech.amc;.al alloying + ball milling [143]
of mixture + sintering
. . Each phase was fabricated by ball milling + sintering. The final
BiCuSeO + Big gEro,CuSeO composition was obtained by ball milling + sintering [144]
BiCuSeO + Big gBag,CuSeq sTep20 Each phase was fabrlcatgd by mec.ham.cal alloying + milling the [145]
mixture + sintering
Pb1_x)NayTeg6550.255€e0.1 (x = 0.005, 0.01, 0.0015, 0.02, 0.025, Casting PbSe and PbS + mixing stoichiometric amounts of PbSe, [29]
and 0.03) PbS, Pb, Te, and Na (casting) + sintering
Pbg.97Nag g3 Te(1—y)Sx (x = 0.1, 0.15, 0.2, 0.25, 0.3, and 0.35) Casting + hand milling + sintering [146]

4. Phonon Scattering

When it comes to designing a thermoelectric material, the main goal is to maintain
a high electrical conductivity while, at the same time, reduce the thermal conductivity to
reach an amorphous solid [147]. In semiconductors, phonon transport plays a significant
role in thermal conductivity [148,149]. Increasing phonon scattering has, therefore, proven
to be a key strategy to improve the efficiency of thermoelectric materials [150]. This is
mainly performed by nanostructuring of the material [151], introducing grains with sizes
larger than the mean free path of the charge carriers but smaller than the mean free path
of the phonons [152], alloy scattering with additional mass or strain fluctuation [153-155],
nanocomposites [156-159], and embedding interfaces by creating texture between the two
materials [160].

In thermoelectric materials, the phonon-scattering mechanisms are assessed using
models for the total thermal conductivity. Traditional models are from Klemens [161],
Holland [162], and Callaway [163]. Impurity scattering, boundary scattering, three-phonon
normal process, and Umklapp process are considered in these models, and Matthiessen’s
rule is employed to determine the overall relaxation time.

The Klemens model has been successfully used to evaluate the contribution of each
phase on the lattice thermal conductivity [164,165]. In this model, the thermal conductivity
for each type of scattering mechanism is evaluated independently, and the overall thermal

conductivity is given by [161]:
Kigt = ZK: ! ®)
1

For phonon-point defects, the relaxation time is given by [161]:

v o,
= —w
4mvd
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where v; is the average sound speed on the material, V is the average atomic volume, and
I is the mass-fluctuation, phonon-scattering parameter [166]:

2
r-AM (10)
2

M

where M = %{;”M’”, AM = Lntnki fi’i”fﬁi’”iM") 2, M, = ¥ finMin, cn is the stoi-
chiometry of the n-th component and f; ,, is the fraction of the i-th element that is presented
in the n-th component. Using this formulation, the effect of the material composition can
be inferred from the lattice thermal conductivity.

Effective medium approximation, on the other hand, presents a more simplified
version of the formula described above. The model incorporates an interface resistance,
called Kapitza resistance (Ry), in series with the inter grain resistance [167]. This model
is further developed to consider the shapes, orientations, volume fractions, and thermal
conductivities of the phases [160]. For instance, the thermal conductivity of a two-phase
material with spherical inclusions is expressed by:

o (14 20) 4 20 £ 2f [y (1~ ) — 1]
" Kp(1+20) + 21 — f[1p(1 — &) — 1)

(11)

where xy, is the thermal conductivity of the matrix, x; is the thermal conductivity of the
secondary phase, and f is the volume fraction of the secondary phase. The non-dimensional
parameter, «, is the ratio of the Kapitza length, L,, and the second phase radius, a:

Ly Km Ry

i a (12)

An even more simple model than that which has been used to describe the scattering

in multiphase materials is impedance mismatch [152]. The specific acoustic impedance of a

material is the analogue of the electrical impedance for electrical circuits. In this case, the

acoustic impedance measures the opposition of a system when acoustic pressure is applied
to it and its calculated as:

Z=pv (13)

where p is the volumetric density of the medium and v is the speed of the sound in the
medium. At the interface of two materials, the reflection () and transmission (t) energy
coefficients are [168]:
. [Zz - er AL
Zo+71] " (Z1 +Z2)2

where Z; and Z; are the acoustic impedance of the two materials. Figure 6 illustrates
phonon transmission and reflection between two dissimilar materials.

Experimentally, impedance mismatch between phases has been shown to reduce the
thermal conductivity of the bulk material. The impedance mismatch between the PbTe and
PbS rich phases in (Pbg 95510 g5 Te)1 —x(PbS)x samples led to an inhibition of the heat flow,
with the lattice thermal conductivity reaching 0.4 W-m~!-K~! for the sample with 8% PbS,
an 80% reduction in the reported values for the bulk material [169].

(14)
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Figure 6. Phonon transmission and reflection due to impedance mismatch.

In general, phonon scattering has proven to be an effective strategy to reduce the
lattice thermal conductivity in multiphase lead telluride-based materials [170-173] and
bismuth telluride-based [174-176] materials. For instance, nano-engineered multiphase
PbTe—x% InSb compounds showed an exceptionally low minimum lattice thermal con-
ductivity of ~0.3 W-m~1-K~! at ~770 K for 4% InSb and consequently a zT value of ~1.83
at 770 K [177]. Even higher zT values of ~2 were observed for Pb(; _,)NaxTe 6550.255€0.1
compounds [30,31], where the combined effects of phonon scattering at nanoprecipitates
and the increase in the power factor due to heterogeneous distribution of dopants between
phases were recognised to be responsible for the high TE efficiency. Nano and micro-sized
precipitates in Pb;_,GayTe (x = 0.01, 0.02, 0.03, and 0.04) compounds have shown a reduc-
tion in the lattice thermal conductivity, reaching 1.6 W-m~1.K~1. A larger fraction of a
secondary phase with high thermal conductivity can increase the total thermal conductivity,
reported for PbTe-Gey [178]. Five per cent of GeTe reduced the lattice thermal conductivity
to 1.1 W-m~1-K~!, while a sample with x = 0.2 showed a lattice thermal conductivity
similar to the pristine sample.

Adding a secondary phase of TiO; to a Bi;Se; host increased the Seebeck coefficient by
energy filtering and simultaneously reduced the lattice thermal conductivity by 45% [101].
The lattice thermal conductivity of multiphase half-Heusler (Hfy ¢Zr( 4)NiSng 99Sbg g1 mate-
rial was reduced from ~4.5 W-m~1.K~! for the pristine sample to ~2.9 W-m~1-K~! for the
sample with 20wt.% of tungsten at 300 K [112]; the combined effects of phonon scattering
and energy filtering due to the presence of metallic tungsten improved the zT by 55%.

The lattice thermal conductivity values of several single-phase chalcogenides are
compared with their multiphase counterparts in Figure 7. The data for single-phase mate-
rials were manually extracted from the Materials Research Laboratory Energy Materials
Datamining website [179,180]. This dataset contains information of 573 thermoelectric
materials from various combinations of host materials and dopants along with several
thermoelectric properties measured experimentally at 300 K, 400 K, and 700 K. Here,
we have selected the lattice thermal conductivity of chalcogenides, measured at 300 K.
Where the lattice thermal conductivity was not available, its value was evaluated using
the Wiedemann—Franz law and the Sommerfeld limit for the Lorenz number [181]. Both
the bar and boxplot show that the multiphase materials consistently present lower values
of the lattice thermal conductivity. In particular, the boxplot shows that the multiphase
materials have, on average, lower values of lattice thermal conductivity.
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Figure 7. The lattice thermal conductivity of multiphase thermoelectric materials compared with single-phase counterparts;
data extracted from [1,20,29-31,42,101,131,177,178,182-213]. The inset shows a boxplot of the same data.

5. Models to Estimate the Transport Properties

In general, multiphase materials can increase phonon scattering, increase the Seebeck
coefficient due to energy filtering, and increase electrical conductivity due to modulation
doping. These micro and nano effects clearly influence the material on a macroscale. It
is, however, of interest to have simplified expressions to predict the behaviour of these
materials from the composition and electronic band engineering perspectives. Regarding
the thermal conductivity, the effective medium theory allows us to approximate the effective
Seebeck coefficient and the electrical conductivity of multiphase materials [214]. There are
two main equations to evaluate these properties. The most common equation is the one
derived from the usual effective mean theory [215]:

i—¢ _
;”fgﬁzg*o (15)

where v; and (; are the volume fraction and property of phase i, respectively, and ¢ is the
effective material property. The electrical conductivity can be calculated by setting { = o,
and the Seebeck coefficient can be calculated by setting = S/o [216]. The second equation
is based on the generalised effective mean theory:

N
=

Zvifligl =0 (16)
gAY
where t is a measure of the grain structure and morphology, and A = (1 — p.)/pc, where
pc is the percolation threshold. Both parameters can be determined by fitting experimental
data, and p. is estimated from the lattice type and dimensions of the network [217]. The See-
beck coefficient and the conductivity are estimated similar to the previous equation [218].
Recently, models based on electrical networks have been introduced to estimate the
electronic properties [214,219,220] and finite element analysis [221]. These latter models
divide the material into pixels (for a 2D analysis) or voxels (for a 3D analysis) grids, where
each node corresponds to a fraction of the total volume. Each voxel/pixel is required to be
larger than the mean free paths of the carriers and phonons so that the transport is diffusive.
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Each node is connected to its neighbours by a resistance that is an electric resistance (to
calculate the electrical conductivity) and a thermal resistance (to calculate the thermal
conductivity) in series with an interface resistance if needed. Following the construction of
grids, a nodal analysis will be conducted [222] to determine the temperature and voltage
profile of the grids. The Seebeck coefficient is estimated by assigning each node in the
electric grid to a local voltage source in series, representing the local Seebeck voltage. By
using a Norton equivalent of the voltage source [223], the usual nodal formulation can
be applied, and the bulk Seebeck coefficient will be estimated. The general expression is
presented as [220]:

0=Y VuGu+ ) In 17)

kAl kAl

where Vj is the voltage (or temperature) difference between nodes k and [, Ii; is the
current flowing between nodes k and [, and Gy is the conductivity between nodes k and 1.
The conductivity will be determined by the local thermoelectric properties of the voxels
or pixels:

0,:11 = a,;l + afl, K]gl = K,Zl + Kfl (18)
where 0y, 07 is the electrical conductivity of nodes k and [, respectively, and xy, x; is the
thermal resistivity of nodes k and I.

The main advantage of this approach is that this linear system of equations can
easily be solved by electric circuit solvers, and the results can be directly interpreted by
engineers. However, the quantum effects are not approximated by an effective medium
theory in this model, and therefore, it provides similar accuracy to the more simple models
described earlier [219]. Overall, from a design perspective, these equations suggest that
the incorporation of highly conductive phases (both thermally and electrically) results in
an overall increase in the conductivity of materials. This effect has been experimentally
proven in several materials. Graphene, a zero-bandgap material [224], has been successfully
used to create thermoelectric materials with high conductivity [225-227], the electrical
conductivity of CoSbs reached 1.2 x 10 S/m, four times larger than the pristine sample
at 300 K [226]. Copper telluride in Bip5Sbq5Te; [228] and a composite of ZnSb matrix
with minority phases of ZnySbs, Zn3P;, and CusZng [229] have shown higher electrical
conductivity. It should be noted that the values of electronic transport properties are greatly
dependent on the fabrication methods [230], quality of the raw materials, and oxidisation
of the material [231-233].

High-temperature, oxide-based thermoelectric materials have also been shown to
benefit from the presence of secondary phases. A multiphase compound of CazCo40y,
matrimid polymer + Ag, and carbon black [40] showed a reduction in the electrical conduc-
tivity compared to the porous CazCosOy, while the highly conductive phase of Ag reduced
a significant deterioration of conductivity.

6. Magnetic Effects

The effects of magnetism on the performance of thermoelectric materials have been
investigated for some time, but with less detailed analysis. The idea of spin-wave scattering
and magnon drag was proposed in the middle of the last century, where magnon scattering
was shown to contribute to an increase in the Seebeck coefficient [234]. Magnons are
bosonic quasiparticles, the quanta associated with spin waves [235]. When a magnetic
material is subjected to a temperature gradient, the hotter side contains a higher density of
magnons that will diffuse towards the cooler side; this magnon flux “drags” the free charge
carriers due to the electron-magnon collisions and gives rise to a second contribution to the
Seebeck coefficient, called the magnon thermopower [236]. A hydrodynamical, Galilean
based expression for the magnon thermopower is [237]

S, = .M,
L 1—1—%:’

(19)
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where C;;, is the magnon specific heat capacity per unit volume, 7;; and ., are, respectively,
the transport mean-free time for the electron and magnon—electron collision, e is carrier
charge, and n, is the charge carrier density.

When dealing with magnetism in semiconductors, three main strategies have been
proposed to improve the thermoelectric efficiency: (1) optimise thermoelectric properties
of magnetic materials using strategies known for non-magnetic materials [43-45,238,239];
(2) introduce a magnetic dopant in a non-magnetic material [46-48,240-243]; (3) introduce
a magnetic secondary phase in a non-magnetic material [49,50].

6.1. Magnetic Semiconductors

Examples of magnetic semiconductors are FeSb, [244,245], MinTe [246-248], Cr,Ge, Teg [249],
MgAgSb [250], MnSe [251], and FeSe [252]. Experimental results have shown their potential
as thermoelectric materials; for instance, a massive Seebeck coefficient of ~27 mV /K has
been reported for FeSb, (albeit at a low temperature of ~12 K) [253]. It is not easy, however,
to establish a causal relationship between magnetism and the Seebeck coefficient. A com-
mon method is to check whether a heavily doped sample with a high carrier concentration
shows a large value of the Seebeck coefficient [254], because this indicates a possible effect
of electron—-magnon scattering, which increases the Seebeck coefficient. Fitting mathemati-
cal models to the experimental data has also been proposed as a method to identify the
magnetic thermopower [255]. Clearly, measuring the transport properties as a function of
the magnetic field is the best method to determine the magnetic thermopower [236,256,257].

A spin-dependent Seebeck coefficient can occur in magnetic semiconductors [258];
since the Seebeck coefficients for the two spin channels of spin-up (S') and spin-down (S+)
are not equal, a spin current proportional to the difference between ST and S* flows through
the magnetic material even in the absence of a charge current [259]. The literature refers
to spintronics as the field of study that investigates devices that exploit the properties of
electrons spins. In thermoelectricity, this is known as spin caloritronic [260]. This new field
of research has attracted the interest of the thermoelectric research community [261-263].

6.2. Magnetic Dopants in Non-Magnetic Semiconductors

Doping non-magnetic thermoelectric materials with magnetic elements has improved
the power factor. Magnetic doping of CuGaTe, with manganese ions (Mn?*) increased the
effective mass of the carriers due to the interaction of the magnetic ions and the charge
carriers and, consequently, increased the Seebeck coefficient [264]. This effect has also
been reported for a Chromium doped Bi,Tes [265]. The negative side effect of magnetic
ion dopants is the decrease in the charge carrier mobility that results in a reduction in the
electrical conductivity. Overall, the power factor is shown to be increased [266-268].

6.3. Secondary Magnetic Phases

The natural extension of using magnetic elements is to include magnetic phases to
enhance the performance of thermoelectric materials [264,269,270]. The magnetic particles
of BaFej5019 in Bag 3Ing 3C04Sb1; formed a magnetic composite; BaFe1,019 nanoparticles
trap electrons in the ferromagnetic phase due to the spiral motion of the electrons generated
by non-uniform spherical magnetic fields. This effectively suppresses the deterioration
of thermoelectric efficiency in the intrinsic excitation region [271]. In the paramagnetic
phase (at temperatures above the Curie temperature), though, the nanoparticles release the
trapped electrons to increase the carrier concentration in the intrinsic excitation. This effect
enhances the overall performance of the thermoelectric material.

Coherent magnetic full-Heusler nanoparticles (Ti(Nigq/3Fe;,3)Sn) in a half-Heusler
matrix (Tip 25Zrg 25Hfp sNiSng 9755bg 025) showed significant enhancements of both carrier
mobility and the Seebeck coefficient [272]. The magnetic nanoparticles interact with the
spin of itinerant carriers, leading to charge localisation (which consequently leads to a
decrease in the charge density) and the formation of overlapping bound magnetic polarons
(that leads to an increase in mobility).
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Interestingly, some magnetic phenomena only occur when the particles are smaller
than a certain size [273]. Nanoparticles provide a good platform to take advantage of
these magnetic phenomena for the purpose of optimising the thermoelectric performance
of materials. If the size of a ferromagnetic nanoparticle is small enough to have only
several magnetic domains, it can be magnetised similar to a paramagnet under an external
magnetic field, except with a much greater magnetisation. This mechanism is known as
superparamagnetism (magnetisation of the nanoparticles can randomly flip direction under
the influence of temperature, and they can be magnetised similar to a paramagnet under
an external magnetic field [274]). Experimentally, soft magnet transition metals (Fe, Co, or
Ni) nanoparticles were embedded in a Bag 3Ing 3C04Sb1, matrix [275]. The superparamag-
netism fluctuations of the nanoparticles gave rise to multiple scattering of electrons and
enhanced phonon scattering. These effects increased the overall thermoelectric efficiency
of the material.

In general, secondary magnetic phases introduce a new degree of freedom to enhance
thermoelectric materials. The effects of magnetism in semiconductors are not fully un-
derstood yet, and general expressions for the contribution of the magnon-drag on the
Seebeck coefficient are unavailable yet. The need for more experimental and theoretical
investigation presents an opportunity for thermoelectricity.

Table 3 summarises the sample composition and fabrication techniques of recent
studies that reported magnetic effects in thermoelectric materials.

Table 3. Sample composition, fabrication technique, and corresponding references which studied magnetic effects in

thermoelectric materials.

System Fabrication Method Type Ref.
CuGaj_Mn,Te; (x =0, 0.01, 0.02, and 0.03) Casting + hand milling + sintering Magnetic dopant [264]
Bip_,CryTes (x =0, 0.01, 0.02, 0.05, and 0.10) Casting + hand milling + sintering Magnetic dopant [265]
Fe;_,Ti,Sn (x =0, 0.25, 0.5, 0.75) Casting Magnetic material [239]
Snq g3 Mn,Te (x =0, 0.05, 0.07, and 0.1) Casting + cold pelletising Magnetic dopant [266]

Bag 3Ing 3C04Sb1y +x BaFe13019) (x = 0.15%, 113 . . .
0.25%, 0.35%, and 0.45%) Ball milling + sintering Magnetic phase [271]
TIO'ZSZrO'ZSHfO'E'(Nl'é:g’i)son (1)‘;)7 55b0.025 (x =0, 0.05, Casting + hand milling + sintering Magnetic phase [272]
Mn;_,NaySe (0 < x <0.03) Ball milling + annealing + hot pressing Magnetic material [251]
FeSb, Hand milling + annealing + hot pressing Magnetic material [244]

Figure 8 compares the maximum zT values reported for several single chalcogenides
with their multiphase counterparts. The data for single-phase materials were manually
extracted from the Materials Research Laboratory Energy Materials Datamining web-
site [179,180]. Both the bar and violin plot show that the multiphase materials consistently
present larger values of zT. In particular, the violin plot shows that many single-phase mate-
rials have low zT, while the zT for multiphase materials is distributed towards larger values.
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Figure 8. zT values of multiphase thermoelectric materials compared with single-phase counterparts; data extracted
from [1,20,29-31,42,101,131,177,178,182-213]. The inset shows the truncated violin plot of the same data, where the dashed
line represents the median and dotted lines represent the quartiles.

7. Summary and Outlook

Here, we have reviewed the principal mechanisms and strategies employed to en-
hance the thermoelectric efficiency of multiphase thermoelectric materials. The interfaces
between phases in a material can be utilised to construct potential barriers in the electronic
band structure and perform an energy filtering on the charge carriers, where the low energy
charge carriers will be filtered /scattered. This can increase the average energy at which the
electronic conduction occurs and consequently increase the Seebeck coefficient. The effect
of the barrier height can be estimated from the relaxation time approximation from the
Boltzmann equation. For a metallic secondary phase, the potential barrier height can be
estimated from the work function of the metal and electron affinity of the semiconductor
following Schottky’s rule. For heterojunctions (two different semiconductors), the potential
barrier is proportional to the difference of the electron affinities between the two mate-
rials and can be estimated from Anderson’s rule. Experimental results have shown that
the energy-filtering effect can increase the Seebeck coefficient while decreasing electrical
conductivity. The overall result, however, is an increase in the power factor.

Modulation doping is a well-known technique for enhancing the conductivity of
semiconductor devices. In this paper, we briefly reviewed the mechanism by which
modulation doping is used in multiphase thermoelectric materials.

An increase in phonon scattering due to the presence of secondary phases improves
the thermoelectric efficiency of these materials. Secondary phases decrease the relaxation
time of the phonons. Traditional models can be employed to verify the effect of a secondary
phase on the thermal conductivity of materials. The Klemens model has been used to
theoretically explain the reduction in thermal conductivity. The effective medium approxi-
mation has been promising in describing the phonon scattering mechanisms of materials
with simple structures, such as spherical particles. In an even more simplistic view, for
some materials, the transmission and reflection coefficients determined based on the acous-
tic impedance of the primary and secondary phases can be readily used to evaluate the
effect of multiple phases on the reduction of thermal conductivity. Experimentally, a large
increase in the zT has been reported with the use of secondary phases.
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Mathematical models based on effective medium theory and networks can also es-
timate the Seebeck coefficient and electrical conductivity of multiphase materials. These
models can be used as a tool to evaluate and tune the properties of thermoelectric materials.

The incorporation of magnetic doping elements and secondary phases in thermoelec-
tric materials has introduced new possibilities to enhance their efficiency. The scattering of
electrons due to interactions between charge carriers and magnons can contribute to an
increase in the Seebeck coefficient. A magnon flux generated from a temperature gradient
“drags” the free carriers and contributes positively to the Seebeck coefficient—this effect
is called the magnon thermopower. Experimentally, this has proven to be a promising
strategy to enhance the thermoelectric properties of several materials.

Overall, multiphase materials have been shown to be instrumental in achieving
high thermoelectric efficiency. Multiple phases allow for more degrees of freedom in the
materials design as each phase can be finely tuned to improve selected properties of the
multiphase material.
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