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ABSTRACT

Thermoelectric materials enable the direct conversion between a thermal
gradient and an electrical potential gradient, and can thus be exploited for
electricity generation. One of the promising thermoelectric materials is type-I
clathrates. They are regarded as realizations of the phonon-glass electron-crystal
concept, combining relatively large electrical conductivity with very low thermal
conductivity. However, a moderate power factor renders room for further
improvement, and the role of the complex atomic structure has not been fully
understood. This thesis studies the thermoelectric properties of type-I clathrate
Bag(Al,Ga;_,)16Geso and investigates the impact of structure on the electron and
phonon transport.

The power factor of clathrates is improved by modulation doping by introducing
analogous compound BagAljgGesy to the matrix phase BagGajgGegy. A
heterogeneous microstructure is created in the materials, which are composed
of a Ga-rich clathrate matrix phase and Al particles. The charge carriers transfer
from the latter to the former phase without lowering the charge carrier mobility, as
compared to homogeneously doped materials. As a result of modulation doping,
the carrier concentration and carrier mobility increase simultaneously. Especially,
the carrier mobility is enhanced to a value that exceeds that reported for a single
crystal with the same composition. Consequently, the highest figure of merit (27)
is achieved for Bag(Alg.25Gag.75)16Geso, with the maximum value reaching 0.93 at
800 °C.

The atomic structure of quaternary Bag(Al,Gaj;_;)16Geso is studied by the
combination of X-ray and neutron diffraction. The obtained chemical ordering is
validated and consistent with theoretical calculations. It is found that depending
on the synthesis method, the trivalent elements Al and Ga show different
occupation in the host framework. In turn, the atomic displacement parameter of
the guest atoms in the larger tetrakaidecahedral cages is influenced by chemical
ordering: the guest atoms are either localized at the center of the cage or moving
towards the boundary of the cage periphery.

Keywords: Thermoelectrics, Clathrates, Microstructure, Crystal structure,
Transport properties
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1 Introduction

The 21%" Century will become the most important and most challenging century
in human history. During the upcoming decades, humanity will face many
unprecedented problems: climate change, depletion of fossil fuel, and air pollution
to name a few. The broad societal needs have led to technologies that utilize
renewable energy. According to the International Energy Agency, in 2017 the
total energy loss in Europe was about 400 TWh, approximately 20 % was lost
in the form of waste heat.[1] Thermoelectric devices can recover waste heat and
convert it into electrical power, so are increasingly being seen as complement to
reduce COy and greenhouse gas emission and to provide cleaner form of energy.[2]
The application of thermoelectric devices can be categorized depending on the
working temperature: BisTes-based room temperature (< 100 °C), PbTe-based
medium temperature (300 - 600 °C) and SiGe-based high temperature (>
600 °C).[3-7] The room-temperature thermoelectric devices usually convert
electricity into thermal energy for active cooling. One of the commercial
products is Climate Control Seat, which is the first solid-state system to deliver
seat cooling using thermoelectric materials.[2] Recent development of organic
thermoelectric materials has opened a world of room-temperature applications,
such as flexible and wearable electronics, which utilize a temperature difference
of few degrees between human skin and air.[8] These organic materials are
usually synthesized in solution, so the processing is scalable and cost-effective.
High-temperature thermoelectric applications mainly refer to Radioisotope
Thermoelectric Generators (RTGs), which have long been used as power sources
in satellites and space probes.[8] In particular, 23 years after the production of
RTGs in spacecraft Voyager, the power output still remained 80 % of its initial
design, evidencing the robustness of the thermoelectric materials.[9)]

As for the medium-temperature range, large amounts of energies are lost as
waste heat, including combustion engines in vehicles, power stations, industrial
plants like oil refineries and steel-making plants.[8] Recovering the waste heat
by thermoelectric devices seems to be very attractive and economical. However,
unlike other thermoelectric applications which find their unique market share
or provide the exclusive energy choice, the medium-temperature devices are not
that successful. The low efficiency is the major obstacle for thermoelectric
materials, as compared to other materials for exploiting renewable energy
sources, for instance photovoltaics and fuel cells. In addition, the state-of-art
medium-temperature material PbTe contains toxic (Pb) and scarce (Te) elements,
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which also hinders mass production. Improving the thermoelectric efficiency, as
well as finding materials containing non-toxic and abundant elements, is the future
for thermoelectrics.[10]

One of the promising materials is inorganic clathrates.[3] They are semiconductor
materials exhibiting unique crystal structure, with nanosized cages that
contain guest atoms, ions or molecules. Clathrates possess intrinsically
low thermal conductivity, which is close to the amorphous limit.  The
fairly self-contradictory characteristic makes clathrates especially interesting for
thermoelectric applications.[11-14]

This thesis is divided into two studies. The first study introduces an analogous
compound to the clathrate matrix phase, studying the effect of microstructure
on the thermoelectric properties. The second one studies the atomic structure of
quaternary clathrate Bag(Al,Ga; ,)16Gesp and investigates the chemical ordering
in the host cage.



2 Background

2.1 Thermoelectric effects

Thermoelectric effects enable the direct conversion between a temperature
difference and an electrical voltage, and encompasses three different effects:
Seebeck effect, Peltier effect and Thomson effect.[15]

Seebeck effect, which was discovered by German physicist Thomas Johann Seebeck
in 1821, is the ability of converting a temperature difference into electricity. As
illustrated in Figure 2.1a, a thermoelectric power generator consists of both n- and
p-type semiconductors, which are connected electrically in series and thermally
in parallel. When applying a temperature gradient to these semiconductors, both
the electrons (n-type) and holes (p-type) move from the hot side to the cold side,
thus inducing an electric current in the power generator.

Conversely, Peltier effect describes the opposite phenomenon, where an electric
potential creates a thermal gradient. Therefore, it can be used as thermoelectric
refrigeration, as is shown in Figure 2.1b. Thomson effect relates to the
generation of reversible heat, which originates from an electric current created
by a temperature gradient along a single conductor. In other words, Thomson
effect relates the two other effects, concluding that both are characterized by one
key property, the Seebeck coefficient (.5).

Active Cooling

]
B
)

heat flow

e

current flow

1
———————————.
2P |

(a) (b)

Figure 2.1: Illustration of thermoelectric devices: (a) power generator and (b) active
cooler.
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2.2 Thermoelectric properties

2.2.1 Thermoelectric efficiency and figure of merit

The thermoelectric conversion efficiency (1) of a device is given in Equation 2.1
and can be obtained from the Carnot efficiency, which defines the maximum
thermodynamic limit for the energy conversion, and a factor including the
dimensionless figure of merit (27, which describes the thermoelectric performance

of a material:[15]
T, —-T. JIFT-1
K Tn  V1+2T+

where T, and T, refer to the temperature on the hot side and the cold side,

(2.1)

respectively.
The thermoelectric figure of merit 27 is defined as
S?.
=227 (2.2)
K

and comprises three materials parameters: Seebeck coefficient (S) measures the
strength of the coupling between thermal gradient and potential gradient, while
o and k denote electrical and thermal conductivity, respectively.

2.2.2 Seebeck coefficient

Seebeck coefficient is defined as the magnitude of a thermoelectric voltage induced
by a thermal gradient across the material, shows negative value for n-type
semiconductors and positive for the p-type:

S = _&v (2.3)
AT

The use of a material with high absolute Seebeck coefficient is one of the most
important factors for efficient thermoelectric application. Nevertheless, increasing
Seebeck coefficient is not straightforward, since it is dependent on the band
structure of the materials.[16] There exist strategies to enhance the Seebeck
coefficient solely, mainly by manipulating the band structure near the Fermi level,
for instance through resonant states and band convergence.[16, 17]
On the other hand, for most metals or heavily doped semiconductors (usually
thermoelectric materials are heavily doped semiconductors), parabolic band and
energy-independent scattering approximation can be assumed,[3] thus the Seebeck
coefficient is given by:

S =

82k, T\ 2/3
m*T ( ) 2.4
3e n (24)
where kp and e are Boltzmann constant and carrier charge, m* and n refer to the

effective mass of the charge carrier and carrier concentration, respectively.



2.2.3 Electrical conductivity

Electrical conductivity (o) and resistivity (p) are determined by the carrier
concentration and carrier mobility (u):

o=1/p=neu (2.5)

The carrier concentration can be tuned by doping, while the mobility is determined
by the scattering mechanism of the charge carrier, including ionized impurity
scattering, phonon scattering and alloy scattering.[18]

2.2.4 Thermal conductivity

Thermal conductivity describes the ability of a material to conduct heat. In solid
materials, heat is usually carried by electrons and phonons:

K = Ke + Ky (2.6)

The thermal conductivity thus comprises both electronic k. and phononic
(lattice) k; contributions. The former term can be estimated from the electrical
conductivity by Wiedemann-Franz law with Lorentz number L:

ke = LTo (2.7)

Lattice thermal conductivity cannot be measured directly, but rather obtained by
subtracting the electronic contribution from the total thermal conductivity. From
the basic kinetics theory, the lattice thermal conductivity is expressed as:[19]

1
/{l=§ ph-vg-l (2.8)

where Cpy, is the heat capacity per volume, v, is the group velocity and [ refers
to the phonon mean free path. To lower the lattice thermal conductivity, one
can enhance the phonon scattering and reduce the phonon mean free path,
by introducing defects such as dislocations, nanoparticles/nanoinclusions.|20)]
Alternatively, semiconductor materials with large anharmonicity and intrinsically
low lattice thermal conductivity, are good candidates for thermoelectric
applications.[13]

2.3 Improving thermoelectric performance

In order to improve the thermoelectric performance, according to Equation
2.2, one needs to increase the Seebeck coefficient and electrical conductivity,
meanwhile reduce the thermal conductivity as much as possible. However, from
a fundamental materials perspective, it is a conflict to simultaneously improve
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all three parameters; enhancing one parameter without degrading one or both
of the other two would already be a significant breakthrough. For instance,
doping is usually employed to improve the electrical conductivity by increasing
the carrier concentration, but a high carrier concentration is unfavorable
for the Seebeck coefficient, and the increase of the electrical conductivity
inevitably leads to a higher electronic thermal conductivity. Nanotechnology has
boosted the thermoelectric performance over the past few decades, by reducing
the lattice thermal conductivity through the introduction of nanoparticles,
nanoinclusions and defects. Nevertheless, without the fundamental understanding
and appropriate selection of the dopants, these defects could also worsen the
electrical transport properties.

Therefore, to improve these three macroscopic measurable parameters (S, o, k),
the understanding of the microscopic structure and electron/phonon transport
mechanism is needed. Herein, we summarize the strategies that are used to
improve the thermoelectric performance in this thesis.

2.3.1 The phonon-glass electron-crystal (PGEC) concept

Lattice thermal conductivity is the only parameter that is independent of the
carrier concentration, accordingly, tuning the lattice thermal conductivity should
not affect the electrical transport properties (o, S, k.). Nanostructuring could
enhance phonon scattering by introducing defects and thus reduce the lattice
thermal conductivity, but these defects could also scatter the electrons (holes
in p-type materials) and lower the carrier mobility. Thus, finding materials
with intrinsic low lattice thermal conductivity is more effective. Based on this,
phonon-glass electron-crystal (PGEC) concept was proposed,[15] suggesting that
materials with low lattice thermal conductivity (glass-like thermal conductivity)
and high electrical conductivity (crystal-like electrical conductivity) are good
candidates for thermoelectric application.

In general, glasses and amorphous materials, having no periodic arrangement
of atoms, show the lowest thermal conductivity. On the other hand,
crystalline materials with well-defined structure, usually exhibit excellent
electrical conductivity. Following the PGEC concept, the first achievement was
for skutterudite and clathrate compounds.[21, 22] They are crystalline materials
containing cage-like framework structure, where guest atoms are encapsulated.
Because the radius of the guest atoms is much smaller than the cage size, these
guest atoms are loosely bonded and vibrate with large amplitudes.[23] As a
result, the guest atoms scatter the phonon, leading to a glass-like lattice thermal
conductivity. Meanwhile, electrons are conducted via bonding between the atoms
of the host framework, the carrier mobility remains large enough to achieve good
electrical conductivity.[24]

Recently, PGEC concept is also achieved in bulk materials beyond classic



cage structure. These materials either possess multiple structural disorder
(ZnyShs),[25] large complex unit cell with rattling atoms (KMg,Sbs) or strong
anharmonicity (SnSe).[26-28]

2.3.2 Band structure engineering

Band structure engineering usually refers to the positioning of the Fermi level in
the band gap, either close or away from the conduction band minima in n-type
materials (or valence band maxima in p-type materials).[29, 30] Consequently,
carrier concentration is tuned, thus affecting the electrical transport properties.
As is shown in Equation 2.4 and Equation 2.5, electrical conductivity and Seebeck
coefficient have an opposing dependence on the charge carrier concentration, so
a compromise usually exists between excellent electrical conductivity and large
Seebeck coefficient in thermoelectric materials.

As a result of band structure engineering, an optimal carrier concentration is
obtained and the power factor (PF = S? - o) is maximized, as illustrated in
Figure 2.2. The peak of 27T typically occurs at the carrier concentration between
10! and 10%* ¢cm 3, which is found in heavily doped semiconductors.[3]

12H=—" Seebeck coefficient
B N electrical conductivity
10 —— figure of merit
20~ i
O N
£ 0.8} .
3 h
o 0.6} S
] \\
: N\
) s
.= 0.4} N -
&3 S
.
RS
0.2} TS
\\\
"" =~ ~ - -

o

S
—
o9
—
9
N
=
™)
—

: : -3
Carrier concentration (cm )

Figure 2.2: Optimization of 2T by tuning of the carrier concentration achievable
through band structure engineering.
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2.3.3 Modulation doping

Modulation doping is a well-developed technique in thin-film device to increase
the electrical conductivity.[31, 32] Zebarjadi et al. were among the first to
employ modulation doping in SiGe alloys,[33, 34| and afterwards this method
was expanded into different systems, such as BiAgSeS, BiCuSeO, PbTe and
SrTi0s.[35-40]

The electrical conductivity of semiconductor materials can be increased by doping,
mainly through the increased carrier concentration. However, it is usually
counteracted by a decrease of the carrier mobility, because the dopants could also
scatter the charge carrier (ionized impurity scattering). Nevertheless, modulation
doping overcomes this compromise by creating a heterostructure: an undoped
matrix phase and a doped phase. Charge carriers could separate from the
latter and transfer to the former, and because of the absence of the ionized
impurity scattering, these charge carriers move faster in the undoped matrix.
As a result, the electrical conductivity can be enhanced without decreasing the
Seebeck coefficient.

2.4 Inorganic clathrates

2.4.1 Host-guest cage structure

Inorganic clathrates are covalently bonded semiconductors with relatively small
band gaps and typically comprise elements from groups 13, 14 and 15 of the
periodic table.[14] They have the distinctive structural motifs of three-dimensional
host frameworks, which contain a variety of polyhedral cages, where guest atoms,
ions and molecules are encapsulated. Clathrates are classified according to the
symmetry, which determines the size and structure of the cages. With respect to
the thermoelectric applications the widely investigated clathrates are of type-I.
This includes the materials of interest in the thesis, which focuses on clathrates
with the general formula ZgA1B30, where Z refers to the guest atoms, A and B
are the host atoms.

The crystal structure of type-I clathrate is shown in Figure 2.3, with the space
group Pm-3n (International Tables of Crystallography number 223). Host atoms
are located at the Wyckoft sites 6¢, 16i and 24k and connected with covalent
bonds, forming two different types of cages - small pentagonal dodecahedral and
large tetrakaidecahedral cages. Guest atoms are encapsulated and positioned at
the center of the cages, with Wyckoff positions 2a and 6d, respectively.

The type-I clathrate is known for the intrinsically low thermal conductivity.[13,
41, 42] It exhibits a crystalline structure, but the lattice thermal conductivity
is close to the amorphous limit. The origin of the low thermal conductivity
has been debated, but mainly attributed to the interaction between the guest



atoms and the cage-like structure.[13, 43-46] The guest atoms at the 6d site
are encapsulated inside the oversized cage and loosely bonded, and thus exhibit
large anisotropic atomic displacement parameter, and scatter phonons. However,
the actual mechanism that induces the glass-like lattice thermal conductivity is
complex, strong anharmonicity is also observed in the type-I clathrates. Therefore,
the complex host-guest structure makes clathrates not only interesting for the
thermoelectric application, but also for exploring the origin of the glass-like
thermal conductivity.

Pentagonal Dodecahedron

Tetrakaideéahedron

Figure 2.3: Crystal structure of type-1 clathrate (space group Pm-3n). The host
atoms share Wyckoff sites 6c, 167 and 24k, forming small pentagonal dodecahedral and
large tetrakaidecahedral cages, where the guest atoms are encapsulated at the center
of the cages, occupying 2a and 6d sites.

2.4.2 Zintl concept

Type-1 clathrate is characterized as Zintl phase,[11] which means the guest
atoms do not participate in bonding directly, but rather donate the valence
electrons to the bonding among host atoms. In a typical type-I clathrate
compound, BagGa;4Gesg, the total number of electrons donated by the Ba atoms
(nominally +2) is balanced by that of Ga (nominally -1) in a unit cell. Thus,
the material should exhibit an intrinsic semiconductor behavior. However, in
practice, the synthesized samples usually contain defects such as vacancies, or
the real composition deviates from the stoichiometry. Thus, the samples display
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doped n- or p-type semiconductor behavior.

One can design the chemical composition of clathrates according to the Zintl
rule. In addition, since the band structure is mainly dependent on the bonding
among the host elements, the electrical transport properties can be tuned by host
elements engineering. [47]



3 Experimental Methods

3.1 Synthesis methods

3.1.1 Stoichiometric reaction

Stoichiometric reaction, sometimes called ‘shake and bake’, is the most
straightforward synthesis method. Elements are mixed in a crucible according
to the specific stoichiometry of the materials to be synthesized and heated in a
furnace. Depending on the reaction temperature, it is categorized as solid-state
reaction or melting reaction.

For the former, the sample is heated below the melting point and thus all materials
are reacted in the solid state. The low diffusion rate due to the relative low
temperature, as well as the limited contact area hinder the homogeneity of the final
product. Thus, it is quite common to repeat the heat treatment several times, and
between each time thoroughly grind the sample to achieve the homogenization.
Conversely, the melting reaction occurs above the melting point and all materials
are in the liquid state. The reaction time is less compared to the solid-state
reaction, though repeating the reaction is sometimes necessary as well.
Regarding the synthesis of clathrate compounds Bag(Al,Gaj_,)16Gesp in this
thesis, the reactants are reacted above the melting point. Some elements (such as
barium) with high vapor pressure easily evaporate at the elevated temperature,
hence, an extra amount of these elements is added to compensate for the loss
during the reaction.

3.1.2 Flux growth

Single crystals can be grown by the flux method.[48] here, an additional compound
apart from the reactants is added and serves as the flux. The flux has the lowest
melting point among all the reactants and can be easily separated from the final
product. Single crystal Bag(Al,Gaj_,)16Gesp can be grown in a Ga flux. As
is shown in Figure 3.1, the crystal size can be controlled from mm to cm long,
depending on the amount of the extra Ga added to the reactants, the reaction
temperature and time.

11
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Figure 3.1: Single crystals Bag(Al, Gay—_,)16Geso with well-defined facets grown by
the flux method.

3.2 Spark plasma sintering

To measure the thermoelectric properties, a bulk material with high density
and certain dimension is required. Hence, as-synthesized powders need to be
consolidated into pellets, and this can be achieved by spark plasma sintering
(SPS).

SPS is a low voltage, direct pulsed current activated, pressure-assisted sintering
and consolidation technique.[49] As illustrated in Figure 3.2, the powdered
sample is squeezed between graphite punches and a graphite die before sintering.
Graphite paper is usually inserted between the sample powder and graphite
surroundings, to ensure excellent electrical and thermal contact. The whole
setup is inside a vacuum chamber, avoiding any oxidation taking place during
the sintering.

As the sintering starts, direct pulsed current goes through the setup, simultaneous
with the application of a uniaxial pressure. High electric current is generated,
typically from 1-10 kA, thus resulting in an efficient Joule heating, which could
reach as high as 1000 °C/min.[50] Such a high heating rate makes SPS more
competitive than conventional sintering techniques such as hot pressing, whose
sintering time is usually several hours, while SPS can be done within minutes.
High electric current also results in local overheating at the contact points between
powder particles.[51] Thus, melting occurs on the surfaces of the particles, and
‘necks’ are formed on the contact area between particles, which in turn favors the
densification process.

3.2.1 Densification process

The densification of the sample during SPS is divided into three periods,[52]
as described in Figure 3.3. The first period is when the temperature is below
the sintering temperature. Powdered sample mainly goes through the elastic
deformation under the uniaxial pressure, at the same time air is squeezed out of



13

pressure and
electric current

|
phite spacers

d electrodes

e B e» e o o o o

- e eor er e» a» e e

vacuum
chamber

Figure 3.2: Schematic of SPS setup.

the sample. Temperature does not play an important role at this stage, meanwhile
the density of the sample increases slightly and slowly.

The second period is when the temperature reaches the sintering temperature.
The sample undergoes a rapid densification within several minutes, and sample
is almost fully dense after this stage. Different densification mechanisms
are suggested for this period,[50] such as vaporization-condensation, plastic
deformation, surface-, grain boundary-, and volume-diffusion, but the exact
nature is still unclear.

As the temperature reaches the holding temperature, the density of the sample
seemingly does not increase any more, because the displacement of the punch
does not change obviously (from which the density of the sample is calculated).
Nevertheless, this stage is critical to fabricate homogeneous bulk materials. The
temperature distribution is not homogeneous within the sample. When the
temperature reaches the holding temperature, some part of the material is fully
dense, but some part may still not be. Even though the material exhibits shiny
metallic color on the surface, the density can vary in the interior, thus the
thermoelectric properties are not homogeneous. To prevent this, an extended
holding time can be favorable for homogenizing the bulk material.
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Figure 3.3: Densification process in SPS. The temperature is measured by the
thermocouple, while the density is calculated from the displacement of the punches.

3.2.2 Simulation tools

Due to the complexity of the thermal, electrical and mechanical processes involved
in the SPS, it is always a trial and error process to figure out the optimal sintering
parameters. With the help of simulation tools, this procedure can be performed in
a more efficient way.[49] Especially, simulation tools have proven their advantage
in certain applications, for instance the temperature prediction and scaling up the
production.

Finite element method is used to simulate the SPS process in my master thesis
Simulation model for the synthesis of thermoelectric materials by spark plasma
sintering. An electrical-thermal-mechanical fully coupled model was developed,
which successfully predicts the densification process during the first period.
However, the predicted density starts to deviate from the experimental data when
the temperature reaches the sintering temperature, as illustrated in Figure 3.4.
The underestimation is mainly attributed to the unclear sintering mechanism at
the second period.

Even though, it is practically useful to predict the temperature distribution within
the sample. A simulated temperature distribution is shown in Figure 3.5, when
an Fe pellet (20 mm in diameter and 3 mm in thickness) is at the final period
during SPS. It indicates that there can be a large thermal gradient within the
sample, additionally, the actual temperature in the sample can be much higher
than that measured by the thermocouple.
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Figure 3.5: Simulated temperature distribution within the sample during SPS,
contours refer to the isothermal lines.

In the actual SPS experiment, the temperature of the sample is probably hundreds
of degrees higher than the measured temperature. Here are two examples to
illustrate the problem of not knowing the actual temperature.

Fe powder was sintered under a constant heating rate and pressure, the effect of
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the holding temperature is investigated. It was found that all samples reached
100 % density at the holding temperature varying from 600 - 900 °C, but the
sample seemed not sintered at 400 °C because loose powder was observed on the
surface. However, as the sample was sliced it was revealed that the center of the
pellet was dense and showed typical metallic color, which indicates that the actual
temperature during the sintering at the sample center was much higher than 400
°C.

The second case is the sintering of Bag(Al,Gaj_,)16Gesp, where metallic beads
were found to leak out and remain on the graphite die. Initially these beads
were thought to be Ga, which could probably melt during SPS. However, X-ray
diffraction confirmed that these beads were composed of clathrate compound and
Ge. Considering that the melting points of Ge and clathrate compound are higher
than 900 °C while the holding temperature was only 720 °C, overheating must
occur during SPS. The problem was further solved by isolating the sample by
coating the graphite surroundings with boron nitride spray. As suggested from
the simulation model, sample is heated in a different way when isolated: without
isolation, electric current goes through the sample directly, thus Joule heating
occurs within the sample and heat transfers from the sample to the surroundings;
once the sample is isolated, heat transfers in the opposite direction, from the
surroundings to the sample, so the temperature within the sample is always lower
than the measured temperature. Additionally, isolating the sample also prevent
the electric current, so the sample is not overheated.



4 Analytical Techniques

4.1 Structural characterization

4.1.1 Scanning electron microscopy (SEM)

Scanning electron microscopy SEM is a non-destructive microscopy technique,
which produces images of a sample by scanning the surface with a focused beam of
electrons. Sample surface is bombarded with high-energy electrons, which interact
with atoms and lead to the emission of secondary electrons and backscattered
electrons. Secondary electrons are ejected from conduction or valence bands
of the specimen atoms by inelastic scatterings with beam electrons, providing
information about the surface topography. Backscattered electrons consist of
high-energy electrons originating from the electron beam which are reflected or
backscattered from the specimen, and give information about surface composition.

4.1.2 X-ray fluorescence (XRF)

When materials are exposed to high-energy X-rays, electrons from the inner
orbitals of their atoms are excited, leaving a ‘hole’ in the inner orbitals. The
electronic structure of such atoms is unstable, thus electrons from the higher
orbitals ‘fall’ into the inner and fill in the hole. Meanwhile energy is released
in the form of X-rays, which is equal to the energy difference between the two
orbitals involved. This phenomenon is called X-ray fluorescence. Each element
has its own characteristic X-ray emission spectrum. By detecting the spectrum,
the composition of the specimen can be quantified.

X-ray fluorescence analysis (XRF) consists of two methods, energy-dispersive
(EDX) and wavelength-dispersive X-ray spectroscopy (WDX). The former is
implemented in SEM, allowing a quick and semi-quantitative analysis of the
composition. Opposite to EDX which measures the X-ray in the whole energy
spectrum, WDX measures the emitted X-ray of a single wavelength. Therefore,
WDX provides higher spectral resolution so that it can distinguish the elements
whose characteristic X-ray peaks are too close to be resolved by EDX. In addition,
WDX has lower detection limits (< 100 - 500 ppm) than EDX (1000 - 5000 ppm).

17
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4.1.3 X-ray diffraction (XRD)

The X-ray diffraction (XRD) technique is widely used for studies of inorganic
materials, for the purpose of phase identification, crystal structure determination
and strain and texture analysis. In this thesis, different diffraction techniques are
performed in order to determine the atomic structure of the clathrate compounds,
including neutron and X-ray diffraction, on samples in the form of both powders
and single crystals.

A crystal is defined as a periodic arrangement of atoms or molecules. When a
crystal is bombarded with X-ray beams, as is illustrated in Figure 4.1, only those
incident beams that satisfy certain criteria would be diffracted and observed at
certain directions. This rule is called Bragg’s law:

2dhkl - sinf = nA (41)
Here, n is any integer and A is the wavelength of the X-ray beam. Accordingly, by

measuring all the observable diffraction angles, and correspondingly the interplane
distances dpx;, the space group of the crystal can be determined.

incident X-ray beam reflected X-ray beam

hkl

Figure 4.1: Illlustration of X-ray diffraction. Here red dots refer to the periodic
arrangement of atoms, and red lines are the atomic planes with Miller indices (hkl)
and interplane distance dpx;. 0 is the angle between the incident X-ray beam and the
atomic plane.

However, at this point, the crystal structure is not solved yet, as the elements
on those positions are still unknown. To determine this, the intensity of
each reflection needs to be analyzed. The intensity of each reflection (In) is
proportional to the square of the so-called structure factor (Fpy;), which is defined
by:

N
Fpp = osf - f; - @™ haithuitlz) e oec; (4.2)
j=1
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Here, osf refers to the overall scale factor, f; is the atomic form factor, z;, y;,
z; indicate the position of the atom, T and occ; denote the temperature factor
and site occupancy factor of the atom, respectively. Thus, knowing the structure
factor, the atomic position, atomic displacement parameter and site occpuation
can be determined.

Instead of calculating the structure factor directly from the intensity of the
reflections, the crystal structure is solved and refined in the opposite way: creating
a crystal structure and calculating the corresponding structure factor and intensity
of each reflection, comparing the calculated values with the experimentally
observed ones and minimizing the difference via least squares method. When
reasonable goodness-of-fitness parameters are achieved, the simulated crystal
structure is suitable to describe the actual atomic structure of the crystal.

The crystal structure solution is a comprehensive problem, here only the general
principles are briefly mentioned. Next, the difference between different diffraction
techniques will be discussed, and why these experiments are performed in this
thesis.

Single crystal diffraction is conventionally used for solving the crystal structure,
while powder diffraction is more commonly used in structure refinement, which
means the space group is already known but additional information needs to
be refined, such as the grain size and shape, or the strain and texture. The
main difference is that powder diffraction merges all the symmetry-equivalent
reflections to a peak, so the observable reflections in powder diffraction are not
adequate to determine the space group. In Paper II, the crystal structure of
Bag(Al,Gaj_,)16Geso is determined by single crystal diffraction. Although the
crystal structure of clathrate compounds BagAl;5Gesy and BagGaisGesy is already
examined, it is still necessary to use single crystal diffraction to check the possible
existence of a superstructure in the quaternary compounds Bag(Al,Ga;_,)14Gesq.
Both X-rays and neutrons can be utilized to characterize the crystal structure. A
fundamental difference is that X-rays interact with the electron density of an
atom, so it can tell information about the chemical bonding, while neutrons
interact with the nuclear density and therefore provides more precise information
about the atoms. In addition, the scattering cross section (or scattering
length) shows different elemental dependence. X-ray diffraction is not able
to distinguish neighboring elements in the period table, because they exhibit
similar scattering cross section, while neutron diffraction has a very complex
elemental and isotope scattering length dependence. In Paper 11, we utilize this
characteristic and study the crystal structure of quaternary clathrate compound
Bag(Al,Gaj_,)16Geso, to solve the site occupation of Al; Ga and Ge in the host
framework.
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4.2 Characterization of thermoelectric properties

4.2.1 Electrical resistivity and Seebeck coefficient

The electrical resistivity (p) and Seebeck coefficient (S) are simultaneously
measured by the ZEM3 instrument (Ulvac). The sample is fixed by two electrodes
from the top and bottom sides, respectively, and attached to two probes on the
side. In order to protect the electrodes and probes, graphite paper is inserted
between them and the sample. The measurement is conducted in a low-pressure
helium atmosphere.

As illustrated in Figure 4.2, when measuring the resistivity of the specimen, a
constant current is sent through the sample, meanwhile the voltages are measured
by two probes. The resistance of the sample can be calculated by dividing the
potential difference by the constant current. With the known cross-sectional
area of the specimen and the distance between two probes, the resistivity of the
specimen can be determined.

The Seebeck coefficient is measured by creating a thermal gradient along the
sample by heating the sample from the bottom electrode. The probes are able
to measure the voltage and temperature simultaneously. The measured voltage is
composed of both the actual Seebeck voltage and noise. In order to improve the
accuracy, the measurement at each temperature is repeated by creating different
thermal gradients along the sample, and the Seebeck coefficient is calculated
according to Equation 2.3.

_________~
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electrode
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N V N heating /
SN etttk - ' SN e e e e Y T - '
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Figure 4.2: Schematic of ZEMS3 instrument for the measurements of (a) electrical
resistivity, (b) Seebeck cocefficient.



21

4.2.2 Thermal conductivity

The thermal conductivity of the materials is measured using the transient plane
source technique (TPS) implemented in the instrument Hot Disk TPS 3500.[53]
Hot Disk sensors are composed of an electrically conducting film in the shape of
a double spiral which is made of nickel, and two sheets of electrically insulating
materials sandwiching the nickel film. These insulating materials are used for
supporting the film at high temperature and also preventing the reaction between
the sensor and the measured specimen. When performing the measurement, the
sensor is tightly sandwiched between two identical samples in a furnace with
helium atmosphere.

The TPS sensor serves as both a heater and a temperature sensor. Heat is
generated by Joule heating in the sensor by sending an electric current through
it. The temperature is obtained by measuring the resistance of the sensor using
a four-probe setup and converting the resistance to temperature by the known
temperature coefficient of resistivity (TCR) of nickel. During the measurement,
a precise amount of heat is generated in the sensor, the recorded resistance of the
sensor can be expressed as:

R(t)=Ro- [1+a AT, +aAT (7)] (4.3)

Here, R is the resistance of the TPS sensor before the measurement and « is
the TCR. AT; refers to the temperature difference between sensor and the thin
insulating layer, which becomes constant after a very short time. AT (7) is the
time dependent temperature increase of the sample surface. The expression can
be rewritten as:

— 1 [R(T)
AT AT, = — —1 4.4
7+ 8% =1 |50 -] (1.4)
Meanwhile, the theoretical temperature increase of the sample surface is given by:
I B

where Py and r denote the heating power and radius of the sensor, respectively.
k is the thermal conductivity of the tested sample and D (7) is a dimensionless
time-dependent function which includes the thermal diffusivity and specific heat
capacity of the tested sample. Therefore, the plot of D (1) against AT (7) should
be a straight line, from which the slope of the straight line can be calculated, and

the thermal conductivity of the sample is obtained.

4.2.3 Specific heat capacity

The specific heat capacity (C,) of the materials was measured with a differential
scanning calorimetry instrument (Mettler Toledo) and the sapphire method
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(E1269 - 11). To determine C,, Measurements were performed on the heat flow
of the empty crucible, the crucible with the specimen and the crucible with a
sapphire standard. C), of the specimen is calculated by:

Hsampte — Herucibl M sapphi .
Cp __ Hsample crucible sapphire ) Cp(sapphzre) (46)
Msample Hsapphire - Hcrucible

here, H refers to the heat flow for each measurement and m is the mass.

To obtain a reasonable result, a criterion is that the heat capacity of the measured
sample (Cp,-m) should be close to that of the sapphire standard. Another criterion
is the selection of the crucible, which should be composed of highly thermal
conductive materials, such as aluminum, platinum or gold. The size of the crucible
should satisfy the rule that three quarters are full of the tested sample, so that
the heat can conduct to the sample efficiently.



5 Results and Discussion

The motivation of this thesis, is to achieve a deeper understanding of the
effect of structure on the electron and phonon transport mechanisms, as well
as to optimize the thermoelectric properties of inorganic clathrates in an
experimentally controllable way.

In Paper I we explored the modulation doping in Bag(Al,Gaj_,)16Gesp and
studied the impact of microstructure on the thermoelectric properties. Here,
polycrystalline samples of Bag(Al,Gai_;)16Gesp were synthesized through ball
milling and spark plasma sintering of mixtures of BagAl14Gesg and BagGaisGesg.
While in Paper 11, single crystals of Bag(Al,Ga;_;)16Gesg were synthesized and
the structure was investigated by a combination of X-ray and neutron diffraction.
The obtained crystal structure, especially the chemical ordering in host sites,
is validated by theoretical calculations. Furthermore, the impact of synthesis
methods on the atomic structure is illustrated.

5.1 Polycrystalline Bag(Al,Ga;_,)15Gesy synthesized
by ball milling and spark plasma sintering

5.1.1 Electrical transport properties

Polycrystalline Bag(Al,Ga;_;)16Gesg (x = 0, 0.20, 0.23, 0.25, 0.33, 0.50 and
1) were synthesized via ball milling and spark plasma sintering of mixtures of
BagAlisGesgy and BagGai3Gesg. The electrical transport properties are shown
in Figure 5.1a and 5.1b. All samples have negative Seebeck coefficient and
thus demonstrate an n-type semiconductor behavior. The high absolute Seebeck
coefficient and resistivity indicates that the BagGa,Gesg material is only slightly
doped and has a relatively low carrier concentration. On the other hand,
BagAli4Gesy exhibits the lowest resistivity and absolute Seebeck coefficient,
meaning the compound is heavily doped thus possesses high carrier concentration.
According to the band structure engineering, the carrier concentration can be
tuned by alloying BagAli4Gesg with BagGaiGesg, and this is observed herein:
the gradually increased amount of BagAli5Gesg, gradually decreases the resistivity
and the absolute value of the Seebeck coefficient.

By tuning the doping level slightly (0.20 < x < 0.25), the resistivity can be further
decreased, achieving approximately 30 % reduction in the whole temperature

23
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range from 100 - 700 °C. On the other hand, the reduction of absolute Seebeck
coefficient is not that large, decreasing only slightly from -161 uV 1K1 (x =
0.20) to -154 uV 1K1 (x = 0.25) at 700 °C. More intriguingly, compared to the
single crystal Bag(Alg.25Gag.75)16Geso, the sintered sample x = 0.25 shows similar
Seebeck coefficient but a lower resistivity in the entire temperature range studied,
as is shown in Figure 5.1c and 5.1d. The similar values of the Seebeck coefficient
indicate that the carrier mobility of the sintered samples is not lower than that
of the single crystal. Therefore, the improved resistivity and nearly unchanged
Seebeck coefficient strongly supports the idea that the sintered samples (x = 0.23
and 0.25) are modulation doped.
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Figure 5.1: (a, c) Electrical resistivity and (b, d) Seebeck coefficient of
Bag(Al, Gai1—y)16Gesp materials pressed into pellets by SPS, which in (c) and
(d) are compared to the properties of two sections from a Czochralski-groun
Bag(Aly.25 Gag75)16 Geso single crystal.

In order to further illustrate the origin of the improved transport properties, the
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charge carrier mobility needs to be examined in more depth. As is shown in
Figure 5.2, alloying BagGai4Gesy with BagAljGesy reduces the carrier mobility,
but noticeably, the mobility of samples x = 0.23 and 0.25 is significantly higher
than that of other sintered samples. More astonishingly, the mobility of these two
samples (x = 0.23 and 0.25) is comparable and even higher than that of the single
crystal. The carrier mobility of the sintered sample should normally be decreased
compared to the single crystal, due to the presence of grain boundaries. However,
it is not observed here. Therefore, we can attribute the greatly enhanced carrier
mobility in our sintered samples (x = 0.23 and 0.25) to modulation doping. In
turn, this leads to a lower electrical resistivity while the Seebeck coefficient remains
unchanged.
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Figure 5.2: Weighted carrier mobility for Bag(Al, Gay_.)16Geso for the SPS sintered
samples and the single crystal.

5.1.2 Microstructure

The microstructure of sample x = 0.25 was studied using electron microscopy,
as shown in Figure 5.3. The areas 1 and 3 display chemical compositions
around BagAls gGaj13Gess o and BagAls sGaq19Gearg. These measured values
are very close to the composition of the clathrate compound considering the
measurement accuracy. Since the composition appears consistent throughout
each area, there exists no evidence of any phase separation of the quaternary
Bag(Al,Gaj_,)16Gesg within the individual grains. In addition, particles, with
sizes of about a few hundred nanometers, are observed inside the grains as well as
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along the boundaries. Such a microstructure could potentially enhance phonon
scattering, and, thus, reduce the lattice thermal conductivity.

According to the Al element map shown in Figure 5.3, those
hundred-nanometer-sized particles are likely to consist mainly of Al.  Some
Al particles are partially oxidized, which may take place during polishing.
Because the oxidization only affects the sample surface, not the whole bulk, this
sample still exhibits excellent electrical conductivity. Moreover, it is evident that
Al is not homogeneously distributed throughout the sintered sample, but rather
appears in higher concentrations in some areas, which include aggregation at the
grain boundaries and particles inside the grains. Electron transfer from the Al
particles to the main, Ga-rich, clathrate phase can be achieved without reducing
the mobility significantly, which leads to an improved electrical conductivity
without decreasing the Seebeck coefficient.

Inlens BSEQl b

Oxdized Al

Non — oxidized Al

Figure 5.3: SEM analysis of a clathrate grain in the SPS sintered sample
Bag(Aly.25 Gag75)16 Geso showing (a) in-lens backscattered electron (BSE) micrograph,
and (b) - (f) elemental distribution maps of (b) Al, (c) O, (d) Ga, (e)
Ba, and (f) Ge. The average compositions of the selected areas measured by
EDX are BagAlz_gGaH_gG@Qg.o (area 1), BagAl77.2Gag.1G623_3029_8 (area 2) and
BagAlb s Gay1.9Gearg (area 3), respectively. Scale bar is 10 pm.
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5.1.3 Thermal conductivity and figure of merit

The thermal conductivity of samples (x = 0, 0.20, 0.25 and 0.33) is shown in
Figure 5.4a. All samples display a relatively low thermal conductivity, with
the value increasing with x. The thermal conductivity tends to increase rapidly
at high temperature, owing to the excitation of minority charge carriers (the
bipolar effect). In order to further analyze the effect of the microstructure
on the thermal conductivity, the lattice thermal conductivity is calculated and
shown in Figure 5.4b. Alloying BagGa5Gesg with BagAl 4Gesg drastically reduces
the lattice thermal conductivity. The minimum lattice thermal conductivity of
sample x = 0.20 at 600 °C is close to the theoretical limit value for BagGa5Gesp,
represented by the dashed line in Figure 5.4b. The reduction of the lattice thermal
conductivity is even more pronounced for sample x = 0.25, where x; is extremely
low and remains unchanged from 100 - 300 °C.

The significant decrease in thermal conductivity is most likely due to enhanced
phonon scattering through two mechanisms: atomic-scale disorder as well as the
presence of mesoscale grains with varying composition and size. The former refers
to the fact that the substitution of Ga with Al induces mass fluctuation scattering
in the host structure while the the latter is caused by the Al particles/inclusions,
which can also scatter heat-carrying phonons.

As a result of modulation doping, the highest power factor is achieved for sample
x = 0.25 with the value of 1.45 mWm™'K~=2 at 700 °C, as shown in Figure 5.4c.
By comparison, the power factor of BagGaisGesg is 0.95 mWm K2 at 700 °C,
so approximately 50 % improvement is achieved. The thermoelectric properties
were further measured up to 800 °C, the values of 2T for the Bag(Al,Ga;_,)16Geso
materials were calculated and are shown in Figure 5.4d. The value of 2T for
BagGajsGesg reaches its maximum at 550 °C with the value of 0.69. With the
introduction of BagAl;4Gesg, sample x = 0.20 exhibits a maximum measured zT
of 0.67 at 600 - 650 °C, which decreases at higher temperature. The optimal 2T
is achieved for samples x = 0.23 and 0.25, with value of 0.93 and 0.99 at 800 °C.
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Figure 5.4: (a) Thermal conductivity and (b) lattice thermal conductivity of
Bag(Al, Gay—)16Geso, (x = 0, 0.20, 0.25 and 0.33). Kmin Tefers to the theoretical
minimum lattice thermal conductivity of BagGaygGeso. (c) Power factor and (d) zT
of Bag(Al, Gay_,)16Gesp samples.

5.2 Slngle crystal Bag(Aleal_I)mGegQ

5.2.1 Methodology of studying crystal structure of quaternary
type-l clathrate

Recently, quaternary type-I clathrates have been widely studied, and
unconventional elements are introduced into the host framework, such as
transition metals or even group 15 elements.[54-57] However, the chemical
ordering of those quaternary clathrates has not been well understood, probably
because of the neighboring-element problem.[58] Neighboring-element problem
refers to determining the composition and structure of the materials containing
neighboring elements, whose characteristic peaks overlap in X-ray fluorescence
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spectrum, or have similar X-ray scattering cross section. It is even more difficult
for the quaternary Bag(Al,Gaj;_,)i16Gesy compounds, because the material
contains only 3 - 5 wt. % of the lightest element Al.

Paper II employs conventional X-ray and neutron diffraction and studies
the chemical ordering in Bag(Al,Ga;_;)16Gesp, and compare the results with
theoretical calculations, with the following methodology.

Samples were first measured by single crystal X-ray diffraction. Owing to the fact
that the space group of both BagGa;5Gesy and BagAljsGesg is Pm-3n, the space
group of Bag(Al,Ga;_,)16Gesg is also determined as Pm-3n. Since Ga and Ge
have similar X-ray cross section, the site occupation of these two elements are not
refined, but only Al is refined in the X-ray diffraction. Host atoms (Al, Ga and
Ge) are sharing Wyckoff sites 6¢, 16i and 24k, while guest atoms Ba are located
at the center of the cages, 2a and 6d sites, respectively. All sites are assumed to
be 100 % occupied with isotropic atomic displacement parameter (ADP), except
for Ba at 6d sites, which possesses anisotropic ADP. The composition obtained
from the structure refinement is compared with that from XRF.

Next, the chemical ordering of Ga and Ge is examined by neutron diffraction.
The structure refinement is similar to the one mentioned above, but with a
few restraints: the site occupancy factors (sof) of Al is not refined but fixed;
the number of Ge atoms is set to 30 per unit cell. The obtained refinement
results from neutron diffraction are comparable to those from X-ray diffraction,
meaning that both structure refinements are reasonable, and the sample quality is
high (approximately 3 g samples were measured by powder neutron diffraction).
Few impurity peaks are observed in powder neutron diffraction patterns, but the
intensity is low, and we did not observe these peaks in laboratory powder X-ray
diffraction, so they are excluded in the refinement.

Finally, the chemical ordering determined by the experiments is compared
to the results from theoretical calculations. The theoretical calculation is a
combination of density functional theory, alloy cluster expansion and Wang
Landau simulations, the details of which will be published in a separate study.

5.2.2 Composition of single crystals

Single crystals Bag(Al,Gaj_;)16Gesy were synthesized by Ga-flux method, as
shown in Figure 3.1, the obtained crystals have well-defined facets and the size
varies from 1 - 3 mm. In addition, another single crystal was grown by Czochralski
method. Here, ‘C-Al5.2’ refers to the sample grown by the Czochralski method,
‘5.2" indicates the number of Al atoms per unit cell, which is determined from
the structure refinement of X-ray diffraction data, while ‘F-Alxx’ denotes the
samples synthesized by the flux method, where ‘xx’ means the number of Al
atoms per unit cell.

The composition of the single crystals was measured by X-ray fluorescence
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analysis (XRF) and is summarized in Table 5.1. The Ge content is determined to
be 29.1 - 30.5 atoms per unit cell, consistent with the stoichiometric composition.

Table 5.1: Elemental composition of Bag(Al, Gai—)16Geso obtained from XRF and
XRD

XRF XRD
Sample | Ga | Ge | Ga+Ge | Al | Ga+Ge | Al
F-AI0.0 | 154 [ 30.0| 454 | / | 45.2(3) |
C-Al5.2 | 11.5 | 30.5 42.0 4.0 | 40.8(8)
F-Al6.3 | 11.5 | 30.0 | 41.5 |4.5] 39.7(8) | 6.3(8
F-Al6.7 | 11.0 | 30.3 | 41.3 | 4.7] 39.3(8)

(8)

(

F-Al74 | 97 [203| 39.0 |7.0] 38.6
F-AIR8 | 84 |20.1| 375 |85 37.2(8) | 8.3(8)

The lattice parameter of Bag(Al,Ga;_,)16Gesp was obtained from single crystal
X-ray diffraction data at 300 K and is shown in Figure 5.5. The increase
of Al atoms substituting Ga atoms in the unit cell gradually increases the
lattice parameter, consistent with the fact that BagAl;sGeso has a larger lattice
parameter than BagGa;sGesyg. The compositional dependence of the lattice
parameter is roughly linear, probably because the host elements are not totally
disordered, the Vegard’s law might not perfectly apply to the clathrate system.

5.2.3 Chemical ordering in host sites

In order to study the chemical ordering of the host sites, the site occupancy
factors of host elements are shown in Figure 5.6. Excellent consistency between
experiment and simulation is achieved, for the single crystal grown by Czochralski
method. However, the deviation for the flux-grown samples are relatively large,
probably because extra Ga is added in the experimental synthesis, which could
act as another driving force for the chemical ordering, while in the theoretical
calculation only stoichiometric composition Bag(Al,Gaj_,)16Gesp is considered.

With the incorporation of Al, the Ge occupation at all sites remains more or less
constant, meaning that only Ga is substituted by Al. This can be understood
by the Zintl concept that Ge has four valence electrons, while both Al and Ga
are trivalent elements, thus the substitution of Ga with Al would not change the
electron balance of the material. However, the theoretical calculation predicts
that Ge site occupation also changes with Al content, and the deviation from
experimental data is large at the 16i and 24k sites. We suspect that theoretical
calculation predicts the thermodynamically stable structure and stoichiometric



31

10.84

—_ —_
o o
el [ore]
[\ w

Lattice parameter (A)
>
=
|

— —
e e
~J 0
O ()

1
10.78}—"
0 2 4 6 8 10 12 14 16
x in BagAl Ga,,_,Ge;,

Figure 5.5: Lattice parameter at 300 K versus Al content, where Al content (x) is
calculated from the structure refinement of XRD data. The uncertainty in lattice
parameter is small so the error bar is not visible. The dashed line represents a linear
dependence of the lattice parameter on the Al content. Black unfilled square markers
refer to the lattice parameters of BagGaijgGesy and BagAlgGesg, with values taken
from the references.

composition, but in practice other factors are also included, such as defects and
extra Ga flux.

Furthermore, Al are found on all the host sites, rather than specifically occupying
certain sites. As indicated by the black dashed lines in Figure 5.6, Al is quite
randomly distributed at 16i and 24k sites, which is also the case for Ga at the
24k site. Such a random distribution is observed for all the samples, despite the
synthesis method. Previously, a random site occupancy factor at the 24k site was
already reported for the BagAl;sGeso synthesized using an Al flux method. In
the quaternary Bag(Al,Ga;_,)16Geso with the increase of entropy, the structure
is expected to be more disordered, thus a random distribution of Al at 16i and
24k sites can be expected.

In contrast, the site occupation at the 6¢ site explicitly differs for the samples
synthesized by different methods. The Al site occupation at the 6¢ site in the
Czochralski sample is higher than the flux samples, while the Ga occupation
shows the opposite. If following the hypothesis that the site disorder is the main
factor, the site occupation at the 6¢ site should show the same trend, regardless
of the synthesis method. But in fact, the Ga occupation at the 6¢ site is clearly
higher for the samples grown by flux method, which is probably due to the extra
Ga used during the synthesis.
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To summarize, Al mainly substitutes Ga in the unit cell and does not affect Ge.
The substitution takes place at all the host sites, and for the 16i and 24k sites Al
shows random atomic distribution despite the synthesis methods. Conversely, the

site occupation at the 6¢ site is highly influenced and depends on the synthesis
methods.
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Figure 5.6: Site occupancy factors of Al, Ga and Ge. Data points are from
experimental structure refinement of X-ray and neutron diffraction data, where square
markers refer to flux grown samples and circle markers denote the sample grown by
Czochralski method. The solid lines are from theoretical calculations and the shaded
areas represent the uncertainty of the calculations. Black dashed lines indicate the
site occupation of a totally disordered structure.

5.2.4 Atomic displacement parameters of guest atoms

The inorganic clathrate is known for its intrinsically low thermal conductivity.
It exhibits a crystalline structure, but the lattice thermal conductivity is close
to the amorphous limit. The origin of the low thermal conductivity has been
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debated, but mainly attributed to the interaction between the guest atoms and
the cage-type structure. The guest atoms at the 6d site are captured inside
the oversized cage and loosely bonded, thus exhibit a large anisotropic atomic
displacement parameter, and has been described as rattling atoms.

Previously, the displacement parameter of the guest atom was thought to depend
mainly on the cage size, meaning that small guest atoms in the larger cage would
exhibit a higher displacement parameter. However, it is found later the rattling
nature of guest atoms is more complex, and that the host atom distribution
also plays a role. As shown in Figure 5.7, even for the same composition
BagAljGesp, the ADP of the Uy, direction differs, varying from on-center to
off-center positions. In contrast, BagGa;sGesg shows quite uniform ADP. The
different behaviors of the displacement parameter are also observed for the
quaternary Bag(Al,Gai ,)16Gesp, as can be seen in Figure 5.7, the ADP of
the Uyy direction of flux samples increases with x, indicating the Ba atoms are
moving away from the center of the cage. On the other hand, sample C-Al5.2
possesses a significantly smaller ADP of the Uy direction, meaning the guest
atoms are positioned closer to the center of the cages.
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Figure 5.7: Anisotropic atomic displacement parameter of Ba atoms at the 6d site
versus the Al content in Bag(Al, Gai—)16Geso. The data is obtained from the single
crystal X-ray diffraction at 300 K. The square markers refer to the samples grown by
flux method, while the circle markers denote the sample synthesized by Czochralski
method. Herein, the filled markers are the ADP at Uss and Ussg directions, and
the unfilled markers are the ADP at Uyy direction. Black markers are the values
of reference BagGai6Gesg and BagAlgGesy samples.
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It is desirable to find out the origin of such different behaviors of the displacement
parameter. The lattice parameter increases linearly with the value of x, as shown
in Figure 5.5, which means that the volume of the large tetrakaidecahedral
cage also increases with the amount of Al. If, accordingly, the cage size is
the determining factor, one would expect that the displacement parameter for
the sample C-Al5.2 should be larger than the sample F-Al0.0, but this is not
observed.

The displacement parameter of the Ba atoms reflects the bonding environment: if
loosely bonded, the Ba atoms show large displacement parameter, and vice versa.
The chemical bonds between guest and host atoms in clathrates are usually
considered as ionic, based on the Zintl concept. Thus, the electronegativity of the
two atoms bonding together affects the ionic bond energy, consequently the Al-Ba
bond is stronger than the Ga-Ba bond. From the analysis of chemical ordering, it
is already revealed that the C-Al5.2 sample has a higher Al occupation at the 6¢
site, so the bonding energy between host and guest atoms in the C-Al5.2 sample
is also higher than that in the flux grown samples. As a result, the Ba atoms
are located at the on-center position for the C-Al5.2 sample, while for the flux
grown samples guest atoms are loosely bonded and showing large displacement
parameter.



6 Conclusion and Future Work

The structure of type-I clathrate Bag(Al,Gaj_,)16Gesp and its effect on the
thermoelectric properties are investigated in this thesis.

At microscale level, the thermoelectric performance of BagGaj5Gesgy has been
improved through modulation doping, achieved by alloying 25 at. % BagAlijgGes
with 75 at. % BagGai6Gesg, which results in a largely improved carrier mobility
exceeding that of a single crystal with the same composition. This yields
an improved electrical conductivity without decreasing the Seebeck coefficient,
achieving the highest reported power factor among sintered type-I clathrate
compounds. Microscopy reveals that the materials are composed of a Ga-rich
clathrate matrix phase, and Al particles, which aggregate on the grain boundaries
or inside the grains. As a result, the highest 2T is achieved for samples
Bag(Al,Ga;_;)16Gesp (x = 0.23 and 0.25) with values of 0.99 and 0.93, respectively
at 800 °C.

The atomic structure of single crystal Bag(Al,Ga;_,)16Gesq is investigated by the
combination of X-ray and neutron diffraction. The obtained site occupation is
validated by, and consistent with theoretical calculations. It is found that Al does
not affect the atomic distribution of Ge, but only substitutes Ga in the unit cell.
A random occupation of Al is found at the 16i and 24k sites, but at the 6¢ site
the occupation of Al differs depending on the synthesis methods. In addition, the
displacement parameter of the Ba atoms in the larger tetrakaidecahedral cages is
related to the chemical ordering. They are either localized at the center of the
cage or moving towards the boundary of cage periphery.

The future work would focus on two aspects. We have explored the modulation
doping and found it achievable in clathrate compounds, by alloying an analogous
compound with the matrix phase. It would be even more beneficial to use
this methodology for other systems characterized by a larger Seebeck coefficient
and a poorer electrical conductivity, in order to boost the carrier mobility. In
addition, the chemical ordering of type-I clathrates at the room temperature is
examined. However, the structure at high temperature is still unclear, and its
impact on the thermoelectric properties has not been scrutinized yet. From the
theoretical calculations, there might be an order - disorder phase transition at
high temperature for Bag(Al,Ga;_;)16Gesg. Therefore, it is worth trying in-situ
high temperature X-ray or neutron diffraction on these materials.
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