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Improving Thermoelectric Properties of Inorganic Clathrates by Atomic and
Microscale Structure Engineering

YIFEI ZHANG
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

As more countries are aiming for a carbon-neutral economy, technologies that
utilize renewable energies are increasingly being considered. Thermoelectric
materials enable the direct conversion between a thermal gradient and an electrical
potential gradient, and are thus exploited for applications such as waste heat
recovery. One of the prominent thermoelectric materials is the inorganic clathrate.
Extensive research has been conducted over the past few decades to utilize its
properties. However, several problems still remain ambiguous.

In this thesis, we have studied the atomic and microscale structure of the
clathrates and investigated its impact on the thermoelectric properties. Especially,
with a combination of experiment and theoretical calculations, the existence of
an order-disorder phase transition is confirmed. It further influences the electrical
transport properties, since the band structure changes after the phase transition.
The degree of chemical ordering can be controlled by the synthesis method,
because materials reach different equilibrium states in either route. In addition,
it is found that atomic vacancies can induce a peculiar transition effect in the
electrical resistivity.

In order to investigate its influence on the thermoelectric performance, a novel
method is employed, where Bag(Al,Ga;_;)16Geso clathrates are synthesized by
alloying BagAlj6Gezg with BagGajsGesg. This way a heterostructure is created,
which contains the quaternary clathrate main phase and aggregates of Al particles.
Consequently, the charge carrier mobility is largely improved to a value higher
than that of the single crystal, while the lattice thermal conductivity is reduced
due to the enhanced phonon scattering at different length scales.

A greatly improved understanding of the process-structure-property
relationship of clathrates is achieved in this thesis. = The methodologies
used, as well as the key findings, can be applicable for other material systems,
and hence facilitate the future research in the thermoelectrics field.

Keywords: Thermoelectrics, Clathrates, Microstructure, Crystal structure,
Chemical ordering, Electrical transport properties, Thermal properties
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L1ST OF PHYSICAL PROPERTIES AND
ABBREVIATIONS

B quality factor.

Fjp structure factor.

PF power factor.

S Seebeck coefficient.

r thermal conductivity.

ke electronic thermal conductivity.
r; lattice thermal conductivity.

i charge carrier mobility.

Wy weighted charge carrier mobility.
p electrical resistivity.

o electrical conductivity.

¢p specific heat capacity.

kp Boltzmann constant.

m* effective mass.

n carrier concentration.

2T figure of merit.

ADP atomic displacement parameter.

APS acoustic phonon scattering.

DOS density of states.

DSC differential scanning calorimetry.

EDX energy-dispersive X-ray fluorescence analysis.



I1S ionized impurity scattering.
PGEC phonon-glass electron-crystal.

SEM scanning electron microscopy.
SOF site occupation factor.

SPS spark plasma sintering.
TCR temperature coefficient of resistivity.
WDX wavelength-dispersive X-ray fluorescence analysis.

XRD X-ray diffraction.

XRF X-ray fluorescence analysis.
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1 Introduction

1.1 Background

The 215 Century will become the most important and most challenging century
in human history. EU, China and US are all aiming to be carbon-neutral by 2050,
an economy with net-zero greenhouse gas emission. The economic, political and
environmental demands have driven the society and research to the technologies
that can utilize renewable energy, i.e., energy-conversion applications. One of
these technologies is based on thermoelectric materials, which can convert waste
heat into electricity. According to the International Energy Agency, in 2018 the
total utilized energy was only 32 % in US, while 68 % of energy was wasted in the
form of heat.[1] Especially, approximately 6000 GWh waste heat was generated,
mainly in the steel-making plants and oil refineries. It is therefore of great interest
to implement with thermoelectric devices in the heavy industry, in order to reduce
CO2 emission and to provide improved energy utilization.|2]

The state-of-the-art thermoelectric materials can be categorized according
to the working temperature: BisTes-based around room temperature (<
100°C), PbTe-based for medium temperature (300 - 600 °C) and SiGe-based
at high temperature (> 600 °C).[3-7] The room-temperature devices are mainly
for active cooling and commercial applications are available for temperature
management solutions for automotive, medical, electronics and batteries, using
solid-state thermoelectric materials. The discovery and development of organic
thermoelectric materials have led to more possibilities for room-temperature
applications, such as wearable and flexible electronics that use a temperature
difference of only few degrees between human skin and air.[8] High-temperature
thermoelectric applications refer to Radioisotope Thermoelectric Generators
(RTGs), and have long been used as the only power source in satellites and
space probes.[8] RT'Gs have proved its reliability and robustness for deep-space
exploration, especially, even after 23 years, the power output of spacecraft Voyager
still remained 80 % of its initial design.[9]

The medium-temperature application is most economically interesting, since
large amount of waste heat is within this temperature range. However, unlike
other thermoelectric applications which have already found their unique market
share or provide the exclusive energy conversion choice, the medium-temperature
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application is not totally commercialized, mainly because of the low efficiency.[8]
As shown in Figure 1.1, compared to the solar cell, the current efficiency of
thermoelectric conversion is low. Even though the thermoelectric figure of
merit z7" is improved from 2 to 3 (50 % improvement for the thermoelectric
performance), the efficiency is still not compelling. It should also be noted that
there are only a few cases that have reached this performance in lab. In addition,
the state-of-the-art medium-temperature material PbTe contains toxic (Pb) and
scarce (Te) elements, which further hinders mass production. Improving the
thermoelectric efficiency, as well as finding materials containing non-toxic and
abundant elements, is the future for thermoelectrics.[10]

Carnot efficiency

D
(e
]

AN
[e)
]

solar cellaime 42T =3

Efficiency (%)

\*]
(e
]

current ZT = 2

0_
300 400 500 600 700 800 900 1000
Heat Source Temperature (K)

Figure 1.1: Efficiency of thermoelectric conversion (current status and future goal
is indicated by the light and dark red lines, respectively), in comparison with Carnot
efficiency and efficiency of solar cell.

One of the prominent thermoelectric materials is the inorganic clathrate.|[3]
They are semiconductor materials exhibiting unique crystal structure, with
nanosized cages that contain guest atoms, ions or molecules. On the other
hand, clathrates possess intrinsically low thermal conductivity, which is close
to the amorphous limit. The combination of the semiconductor nature and
intrinsically low thermal conductivity, makes clathrates especially interesting for
the thermoelectric research.[11-14]

Type-1 clathrate is by far the most investigated subgroup, which has
been studied for decades. It contains 54 atoms in the unit cell,
and extensive research is focusing on tuning the chemical composition,
including the alkali-metal-based, alkaline-metal-based, lanthanide-containing,
transition-metal-based, semiconducting-element-based (group III, IV and V), and
the inverse clathrates. However, none of these shows better thermoelectric



performance than the state-of-the-art clathrate compound BagGajgGesg. In
addition, some issues still remain ambiguous, e.g., thermal stability and
the inconsistency in the reported thermoelectric properties.  Therefore, a
comprehensive understanding of the structure and composition is still lacking.

1.2 Objective of this thesis

The objective of this thesis is to improve the thermoelectric performance of
inorganic clathrates, understand the effect of defects (atomic vacancies, dopants,
substitution, precipitates) on the electron and phonon transport, and how to
control these defects experimentally.

Paper 11I-V focus on the atomic structure, including the chemical ordering over
the host structure, Ce-doping on the guest sites and atomic vacancies. Especially,
we have confirmed the order-disorder phase transition, which can explain the
inconsistency in the thermoelectric properties and peculiar transition effect. In
Paper I, we have explored a novel method to engineer the microstructure, in order
to improve electron transport and simultaneously reduce phonon transport.






2 Thermoelectrics

2.1 Thermoelectric effect

Thermoelectric effect compromises three effects — Seebeck effect, Peltier effect and
Thomson effect, and enables the direct conversion between a temperature gradient
and electrical voltage.[15]

In 1822, German physicist Thomas Johann Seebeck discovered that a circuit
made from two dissimilar metals with junctions at different temperatures would
induce electric current. This phenomenon was later named as Seebeck effect,
which describes the ability of converting a temperature difference into electricity.
Thermoelectric power generator is thus invented by utilizing the Seebeck effect.
As shown in Figure 2.1, this energy-conversion device consists of both n- and
p-type semiconductors, which are connected electrically in series and thermally
in parallel. When one side of the device is applied with a heat source, the charge
carriers (electrons in the n-type and holes in the p-type semiconductors) move
along the temperature gradient from the hot side to the cold side, as a result,
electric current is generated.

Conversely, electricity can also create a thermal gradient on purpose, which is
called Peltier effect. It can be used for thermoelectric refrigeration, to achieve
active cooling. Thomson effect is less known, but it relates the two other effects,
and concludes that both are characterized by one key property, Seebeck coefficient
().
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Figure 2.1: [llustration of thermoelectric power gemerator, which includes both n-
and p-type semiconductor materials. Electricity is generated via Seebeck effect when
the top side of the generator is close to a heat source.

2.2 Thermoelectric properties

2.2.1 Thermoelectric efficiency and figure of merit

The efficiency of thermoelectric conversion (n) is defined by Equation 2.1.

T =T, V1+2T -1
K Th V14 2T+ %
Here T} and 7T, refer to the temperature on the hot side and the cold side of

the device, respectively. Therefore, to increase the conversion efficiency, in other
words, is to improve 27T

(2.1)

2T is the so-called thermoelectric figure of merit, which describes the intrinsic
thermoelectric performance of a material:

T (2.2)

and includes three material parameters: Seebeck coefficient (S) measures the
ability of the coupling between temperature gradient and potential gradient; o
and k refer to the electrical and thermal conductivity, respectively.



2.2.2 Seebeck coefficient

Seebeck coefficient is the ratio between a thermoelectric voltage and the
corresponding temperature gradient across the material, as shown in Equation 2.3.
It shows negative value for n-type semiconductors and positive for the p-type.

AV

S="AT

(2.3)

High absolute value of Seebeck coefficient is the prerequisite for thermoelectric
materials, typically the maximum value should be higher than 200pV/K.
Nevertheless, improving Seebeck coefficient is not straightforward. Seebeck
coefficient can be expressed as:[16]

w2 kp 1 aln(E)+ 1 du(FE)

S = bsT) |5y aE T uE) dE Er

—— 2.4
T (2.4)
Here, kp is the Boltzmannn constant, n(£) and pu(FE) refer to the density of
states and charge carrier mobility, respectively. F is the energy level in the band

structure, and Ep refers to the Fermi level specifically.
Clearly, S depends on two different terms:

1. L _dn(E)

(B dE which is related to the density of states near Fermi level;

9 _1 du(E)

© w(E) dE

which is related to the charge carrier mobility.

Therefore, Seebeck coefficient can be maximized by a sharp change in the band
structure near the Fermi level, which can be achieved through resonant states
and band convergence.[17, 18] Alternatively, one can optimize the charge carrier
mobility (u) by tuning the charge carrier scattering mechanism.

2.2.3 Electrical resistivity

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

o=1/p=neu (2.5)

Doping is the most common way to tune the charge carrier concentration. The
charge carrier mobility is mainly influenced by the scattering mechanism of the
charge carrier, including acoustic phonon scattering (APS)[19], ionized impurity
scattering (IIS)[20-22] and alloy scattering.[23]
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2.2.4 Thermal conductivity

Thermal conductivity is the ability of a material to conduct heat. Typically
in solid materials, it comprises electronic thermal conductivity (k.) and lattice
thermal conductivity (k;):

K = Ke + Ky (2.6)

The former term k. can be evaluated from the electrical conductivity (o) by
Wiedemann-Franz law with Lorentz number L:

ke = LTo (2.7)

Lattice thermal conductivity (k;) cannot be measured directly, instead, it is
usually obtained by subtracting the electronic contribution from the total thermal
conductivity. Low k; is important, and especially semiconductor materials with
large anharmonicity and complex crystal structure are always good candidates
for thermoelectric applications.[13] Also, one can enhance the phonon scattering
and reduce the phonon mean free path, which can be done by introducing defects,
such as dislocations and nanoparticles/nanoinclusions. [24]

2.3 Strategies to improve thermoelectric
performance

To improve the thermoelectric performance, according to Equation 2.2, Seebeck
coefficient and electrical conductivity should be maximized, meanwhile the
thermal conductivity should be suppressed as much as possible. However, due
to the interconnection between these physical properties, all three parameters
cannot be improved simultaneously. It is already a significant breakthrough to
enhance one parameter without counteracting others.

Electrical conductivity can be boosted by doping as the carrier concentration
is increased, but a too high carrier concentration is unfavorable for the Seebeck
coefficient, and the increase of the electrical conductivity inevitably leads to a
higher electronic thermal conductivity. As shown in Figure 2.2, optimal 2T lies
between the carrier concentration from 101 cm™3 to 10?2 cm=3.[3]
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Figure 2.2: Carrier concentration dependence of S, o, k and zT.

Nanotechnology has boosted the thermoelectric performance over the past few
decades, by reducing the lattice thermal conductivity through the introduction
of mnanoparticles, nanoinclusions and defects.[24] However, a reduction in
charge carrier mobility is always observed as well. Without the fundamental
understanding and appropriate selection of the materials, nanotechnology could
even worsen the overall thermoelectric performance.

Therefore, in order to optimize 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 Intrinsic materials property — quality factor

Development of thermoelectric materials involves time-consuming trials and
errors, it is thus critical to know if a specific material is worth investigating and
to which extent the material can be optimized. Thermoelectric quality factor (B)
describes the intrinsic microscopic band structure and electron/phonon transport
parameters: [10]

[ mL5 L T2

Ki

B x

(2.8)

Here, m* is the effective mass. As can be seen in Equation 2.8, B shows
the importance of decoupling between p and m* and meanwhile minimizing x;.
In addition, as B is no longer dependent on the carrier concentration, it is a
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useful indicator during the practical research for estimating the thermoelectric
performance. Similarly, there is also electronic quality factor that evaluates power
factor (PF = S?0) solely.[25]

Based on B, phonon-glass electron-crystal concept (PGEC) was proposed,[15]
suggesting that materials with low x; (glass-like thermal conductivity) and high
o (crystal-like electrical conductivity) are ideal thermoelectric materials. Glasses
and amorphous materials, having no periodic arrangement of atoms, in general
exhibit the lowest thermal conductivity. On the other hand, crystalline materials
show excellent electrical conductivity because they preserve well-defined structure.

Skutterudite and clathrate compounds are the first to combine such
contradictory properties.[26, 27] They possess cage-like framework structure,
where guest atoms are encapsulated inside. These guest atoms are loosely bonded,
as their radius is much smaller than the cage size.[28] Therefore, the guest atoms
vibrate with large amplitude and scatter phonons, leading to a glass-like x;. On
the other hand, u remains large enough, as the electrons transport via the bonding
between the atoms of the host framework, so good electrical conductivity is still
maintained.[29]

As PGEC concept mainly focuses on the electron/phonon transport properties,
recent development in thermoelectrics also involves the band structure (m*).
[10, 16] High-symmetry crystal structure evokes high band degeneracy, so that
enhances density of states (DOS) near Fermi level. Complicated phase transition
at elevated temperature also contributes to the DOS. Current promising materials,
such as GeTe, MgzShy, SnSe, CusSe, all possess such features. [30-34]

2.3.2 Electron transport

Electrons (or holes in p-type semiconductor) moving in solid-state materials are
scattered by defects, and the charge carrier mobility is thus reduced. Improving
the electron transport, in other words, is to improve the charge carrier mobility pu.
This can be done, for example, by introducing defects or improving the interfaces.

Early studies primarily focus on the introduction of atomic defects, such as
dopants, substitution, solid solution/alloy, which can affect the charge carrier
mobility by altering the electron scattering mechanism. At elevated temperature,
electrons are scattered by the thermal activated acoustic phonons, so the
acoustic phonon scattering (APS) is the dominant scattering mechanism for most
thermoelectric materials,[19] resulting in the charge carrier mobility p o< T' —3/2,
If the atoms are randomly substituted by the isovalent atoms, alloy scattering
should also be taken into account[35, 36], which leads to p oc 772, On
the other hand, if the lattice contains dopants and/or atomic vacancies, these
will, not only change the charge carrier concentration, but also cause locally
unbalanced charge. Therefore, the ionized impurity scattering (IIS) appears,
whose temperature dependence is p oc T2, It is noteworthy that even though
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the atomic vacancies can scatter phonon and thus reduce the lattice thermal
conductivity, they are, in general, detrimental because the materials can become
thermally unstable. Therefore, large effort has been paid to suppress the vacancy
content in the materials, not only in clathrates[37], but also in the newly discovered
thermoelectric materials MgszSby and GeTe. [38, 39]

Recent studies have turned to the investigation of interfaces and grain
boundaries, one of the reasons is that producing polycrystalline materials is more
industry-preferable than synthesizing single crystals. Usually nanostructuring
in bulk materials increases electron and phonon scattering simultaneously, thus
impeding the electron transport. With careful selection of the defects, such as
endotaxial nanocrystals,[40] one is able to maintain the charge carrier mobility and
meanwhile largely reduce the lattice thermal conductivity. Modulation doping,
which creates a heterostructure containing an undoped main phase and dopant
precipitates, can even enhance the charge carrier mobility.[41] Investigation of
the grain boundary scattering brings more insights.[42] Especially, the concept
of grain boundary resistivity is taken into account, and this resistivity can be
reduced, e.g., by creating a metallic thin layer on the interfaces. [43]

2.3.3 Phonon transport

Intrinsically low lattice thermal conductivity is the key for thermoelectric
materials. The state-of-the-art material PbTe, inorganic clathrate BagGa;sGesq
and newly discovered SnSe, all have an extremely low lattice thermal conductivity,
which is close to the glass limit.  These materials either possess strong
anharmonicity and coupling between the vibrational modes of the phonons, or
have complex unit cell and structural disorder.[31, 44, 45]

In order to reduce the lattice thermal conductivity, one can introduce defects
in different length scale, which can scatter phonons at various frequencies. [24]
This is another reason why recent research has turned to polycrystalline materials
rather than the single crystal. However, introducing defects does not necessarily
reduce the thermal conductivity, an comprehensive understanding is still needed.
Specially, a study on polycrystalline SnSe has brought 27 to a record high value,
roughly 3.1 at 783 K.[46] The lattice thermal conductivity of the polycrystalline
SnSe is significantly lower than that of the single crystal, resulting from the
elimination of SnO, in the interfaces, whose thermal conductivity is much higher
than that of SnSe.
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2.4 Inorganic clathrates

2.4.1 Atomic structure — host-guest cage compound

Inorganic clathrates are host-guest compounds where the host elements, typically
from the group 13 and 14 in the period table, are covalently bonded and form cages
which encapsulate the guest atoms, ions and even molecules. [14] Clathrates are
classified according to the symmetry, which determines the size and structure of
the cages. The most well studied clathrate for thermoelectrics is the type-I, with
the space group Pm3n (International Tables of Crystallography number 223). Its
general composition is ZgA16B3g, here Z is the guest atom, while A and B refer
to the host elements.

The crystal structure of type-I clathrate is illustrated in Figure 2.3, two cages
with different sizes are explicitly shown: small pentagonal dodecahedral and
large tetrakaidecahedral cages. Guest atoms are located at the center of the
cages, occupying 2a and 6d Wyckoff sites(large blue and red balls), respectively.
Host atoms, as mentioned above, form covalent bonds with each other and share
Wyckoff sites 6¢, 16i and 24k (small red, blue and yellow balls). It should be
noted that, the chemical ordering in the host framework is partially ordered: the
trivalent element (A in ZgA16B3g) preferably occupies the 6¢ site. The reason is
that the direct bonding between trivalent elements is energetically unfavorable,
and the 6c¢ site, as shown in Figure 2.3, is the only position that does not form
chemical bond directly with itself.[47, 48]
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Tetrakaidecahedron

Figure 2.3: Crystal structure of type-I clathrate (space group Pm3n). Chemical
bonding between host atoms is illustrated in the lower right of the figure.

Due to the interaction between the guest atoms and cage-like structure, type-I
clathrate has intrinsically low thermal conductivity. [13, 45, 47, 49] The phonon
vibrational mode of the guest atoms at the 6d site (large red balls), interact with
the phonons of the host atoms, thus leading to a lower group velocity.[45] As a
result, even though clathrate exhibits a crystalline structure, the lattice thermal
conductivity is close to the amorphous limit. However, the actual mechanism
that induces the glass-like lattice thermal conductivity is still under debate. As
the guest atom at the 6d site is encapsulated inside an oversized cage, they
are loosely bonded and show large atomic vibration, and thus can enhance the
phonon scattering. Therefore, the complex host-guest structure of clathrates
makes it fascinating for the thermoelectric application, and is also intriguing for
the fundamental study.

2.4.2 Zintl concept

Type-I clathrate is characterized as Zintl phase.[11] The guest atoms donate their
valence electrons to the bonding among host atoms, and do not participate in
bonding directly. In a typical type-I clathrate compound, BagGai6Ges, the total
number of electrons donated by the Ba atoms (nominally +2) is balanced by
that of Ga (nominally -1) needed for tetravalent bonding configurations of all
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host elements in the unit cell. Thus, the material should behave as an intrinsic
semiconductor, and most clathrate compounds are designed based on the Zintl
concept. [50]

However, in practice, the synthesized samples usually contain defects such as
vacancies, and the real composition deviates from the stoichiometry. If Ga is
in excess, the sample shows p-type behavior, conversely if Ge is more than 30
atoms per unit cell, an n-type semiconductor can be obtained. Even with the
same nominal composition, the thermoelectric properties of clathrates may differ
between samples. This can be due to the chemical ordering, which is known to
affect the band structure [51-54].



3 Experimental Methods

3.1 Synthesis methods

3.1.1 Stoichiometric reaction

Stoichiometric reaction is the most straightforward synthesis method for the
growth of crystals. All elements are mixed in a crucible, with the mixing ratio
being identical to the stoichiometric composition of the intended material. Sample
is transferred to a furnace, then heated to a temperature above the melting points
of all the elements, and finally cooled to room temperature.

Regarding the synthesis of clathrate compounds BagAl,Gajs ,Gezy in this
thesis, due to its high vapor pressure Ba can easily evaporate at elevated
temperature. Therefore, additional amount of Ba needs to be added
initially, the starting mixing ratio is indeed BagoAl,Gaig ,Gesg rather than
BagAlealﬁfoego.

3.1.2 Flux growth

Crystals can also be grown in a ‘solvent’, here this solvent is called ‘flux’ and
the corresponding method is called flux growth. The flux can be an additional
compound apart from the reactants, but can also be one of the reacting elements.
In the synthesis of BagAl,Gajg ,Gesg, elemental Ga served as flux, because it
has the lowest melting point (30°C) and also the obtained crystals can be easily
separated from Ga.

The mixing ratio has a significant impact on the size and quality of the
obtained crystals. In previous studies, BagGai5Gesy was synthesized at the
mixing ratio Ba:Ga:Ge=8:64:30, the obtained crystals are single crystals with
10 mm in length.[47] As Ga is in excess, the obtained single crystal shows p-type
semiconductor behavior with positive Seebeck coefficient. However, the thermal
stability of these crystals is poor, one can observe liquid Ga after heat treatment,
and the electrical transport properties change drastically as well.[55]

In Paper IV, the mixing ratio has been changed to Ba:Ga:Ge=8:28:30, and the
obtained crystals are much smaller, only 3mm in length. Ga is still in excess but
less so, these crystals are sintered to pellets and they all show n-type behavior. It
is further revealed that the content of atomic vacancies is closely related to the
mixing ratio, and thus affecting the thermal stability of the materials.

15
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3.2 Spark plasma sintering

A dense bulk material with certain dimension is required, when measuring the
thermoelectric properties by various instruments. Therefore, the as-synthesized
crystals need to be consolidated, and this is done by spark plasma sintering (SPS).

As shown in Figure 3.1, the powder sample is placed inside a punch-die setup
and the instrument chamber is in vacuum. As the sintering starts, electric current
goes through the setup so the sample is heated by the Joule heating, meanwhile
an uniaxial pressure is applied.[56] The sample can be sintered to a dense material
within minutes, which is the advantage of SPS over other sintering techniques.
However, it is well known that temperature distribution within the sample is
not homogeneous, so the sample might not be homogeneous after sintering.
Moreover, the temperature that the instrument shows is the temperature at the
thermocouple, which is several centimeters away from the sample, so the actual
temperature at the sample can be very different and even hundreds of degrees
Celsius higher.

pressure and electric current

,———- -_———--
/7 N\

\

vacuum
chamber

Figure 3.1: Schematic of SPS setup.

In order to obtain a dense (> 95 % of theoretical density) pellet, several
experimental parameters need to be determined for SPS, among them the most
important ones are the sintering temperature, pressure and particle size. It is a
time-consuming procedure to find suitable parameters, especially when sintering
complex thermoelectric materials and systematic evaluation of experimental
trials is necessary. Here is a summary of author’s experience of synthesizing
BagAl,Gayg_,Gesg clathrates:
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. The inner diameter of our SPS die is 20.5 mm, the desired thickness of the
pellet is 2.5 - 6 mm, so the weight for each batch is 3 - 10 g. The sintered
sample might not be homogeneous if larger amount of sample is sintered.

. The particle size distribution should be narrow and within 30 - 60 pm.

. Two-stage sintering is always used. First stage is heating to 700 °C with 4
min, and holding for 1 min. Second stage is heating to 750 - 820 °C within
1 min, and holding for 15 - 30 min.

. Fast densification process is important during the sintering, and one can
estimate it from the displacement parameter of the SPS instrument. Usually,
it should happen at the first stage around 580 - 650 °C, when the sample
shrinks approximately 1 mm within 1 min. If it happens at the second stage,
one should be careful that the shrinkage should not be too large (> 2 mm),
otherwise it means the temperature is too high so the materials are partially
melting.

. Even though the temperature of the second stage is below the melting point of
the clathrate, the sample may be melting, so the sintering temperature is the
most critical parameter. A long holding time is beneficial for a homogeneous
sample.

. Pressure is always preset to 75 MPa, but one can increase slowly during the
sintering. Never increase above 100 MPa, because the graphite punch-die
setup can crack.






4 Analytical Techniques

4.1 Structure characterization

4.1.1 X-ray diffraction

X-ray diffraction (XRD) is one of the most important techniques in inorganic
chemistry, as it can be used for phase identification, crystal structure
determination, and strain and texture analysis.

Bragg’s law is the basis of the XRD. As shown in Figure 4.1, crystalline material
is a periodic arrangement of atoms (blue dots in the figure). When crystals are
bombarded with X-ray beam, only those incident beams satisfying certain criteria
can be diffracted constructively in phase. This rule is called Bragg’s law:

thkl - sinf = nA (4.1)

Here, n can be any integer, A\ is the wavelength of the X-ray beam and dp
refers to the interplanar distance. The diffracted X-ray beam, which is also called
reflection, will then be detected by the detector. Therefore, by rotating the angle
between the incident beam and the crystal (6), all the diffracted angles can be
detected. Based on the Bragg’s law, the corresponding interplanar distances dp;
are known, thus, the space group and the lattice parameter of the crystal can be
determined.

incident X-ray beam diffracted X-ray beam

dhkl

Figure 4.1: [llustration of Bragg’s law. Blue dots represent the periodic arrangement
of atoms in a crystal, and blue lines are the atomic planes with Miller indices (hkl) and
interplanar distance dpg;. When the crystal is bombarded with X-ray beam, only those
incident beams satisfying the Bragg’s law can be diffracted constructively in phase..

19
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The crystal structure is, however, not determined yet, because the atoms on
each lattice point is still unknown. The intensity of each reflection (Ix;) needs to
be analyzed, as it is proportional to the square of the structure factor (Fpi):

N
Iy o< Fiyg = 0sf - Y f; - 2 othitlz) Ty oce (4.2)
j=1

Here, osf is the scale factor and f; is the atomic form factor of the element, while
xj, y;, z; refer to the position of the atom. 7} is the temperature factor indicating
the thermal vibration of the atom. If the atom position is occupied by multiple
elements, occ; refers to the site occupancy factor of each element. Therefore, by
resolving the intensity of each reflection, the crystal structure is determined and
one can further study the chemical ordering, thermal vibration of the atoms and
other crystallographic information.

Nevertheless, instead of solving the intensity of each reflection directly, the
crystal structure is determined in the opposite way and the process is called
‘refinement’: a ‘superficial’ crystal structure is created and the elements, atomic
positions and all structure parameters in Equation 4.2 are ‘assumed’ initially, the
structure factor (Fpi;) of this simulated crystal structure is then compared with
the experimentally observed value; least squares method is used and the simulated
structure is improved by minimizing the difference between the calculated and
observed values; until reasonable goodness-of-fit parameters are achieved, at this
point, the simulated crystal structure can represent the actual atomic structure
of the crystal.

Simple structure can be determined by powder XRD, however, single crystal
diffraction is conventionally used for solving complex materials, such as inorganic
clathrates. Unlike powder diffraction, single crystal diffraction captures all the
individual reflections. Another advantage of single crystal diffraction, is the wider
d-spacing (able to determine smaller dp;) and higher signal-to-noise ratio.

4.1.2 Neutron diffraction

X-ray diffraction always has the ‘neighboring element-problem’ for those elements
with close to similar atomic numbers. In addition, X-ray diffraction is not
well-suited for studies of light elements, with small electron clouds, such as H
and Li. However, neutron diffraction does not encounter such problems, therefore
it is a supplement to XRD. In this thesis, we have used neutron diffraction to
study the chemical ordering of Ga and Ge in inorganic clathrates. For X-ray,
the scattering cross section is 30.9763 and 31.9774 for Ga and Ge, respectively,
less than 3.2 % in difference. In contrast, the neutron scattering length is 7.288
and 8.185 fm for Ga and Ge, around 11 % in difference, which is large enough to
distinguish these two elements.
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4.1.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is a non-destructive technique, producing
images of a sample surface at nanometer scale, so the microstructure of the
materials can be evaluated. During the experiment, the sample surface is
bombarded with high-energy electrons, which further interact with atoms so that
secondary electrons (SE) and backscattered electrons (BSE) are emitted. By
collecting these electrons, different types of images are produced.

Secondary electron image provides information about the surface topography,
with few nanometers in probing depth. Backscattered electrons consist of
high-energy electrons originating from the electron beam which are reflected
or backscattered from the specimen, approximately 100 nanometers in probing
depth. The signal of BSE is related to the atomic number of the sample,
heavy elements backscatter electrons more strongly so show higher brightness
in the BSE image. Therefore, BSE can detect the difference between areas
with different compositions. In order to determine the exact composition,
energy-dispersive X-ray fluorescence analysis (EDX) is usually supplemented in
the SEM instrument.

Figure 4.2 illustrates both BSE and SE images on the same area of a
BagAl,Gajg ,Gezg sample. In the BSE image, the majority area is bright, while
some particles along the crack are darker, meaning these particles have different
composition than the main phase. EDX analysis further confirmed that these
particles are elemental Ge impurity, while the main phase is BagAly 7Gaq1.0Geso 7.
As SE image contains information about the surface topography, scratches
resulting from polishing can be clearly observed, but in BSE image they are not
visible.
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Figure 4.2: SEM image for a BagAl,Gas-,Gesg sample, containing a backscattered
electron image (BSE) and a secondary electron image (SE) on the same area. The
scale bar is 100 pum. Compositions were determined by energy-dispersive X-ray
fluorescence analysis (EDX).

4.1.4 X-ray fluorescence

When a sample is bombarded with high-energy X-ray beam, electrons from the
inner orbitals can be excited, and leave ‘holes’ in the inner orbitals. The electronic
structure of such atoms is unstable, so electrons from the higher orbitals ‘fall” into
the inner and fill in the holes. Meanwhile energy is released in the form of X-ray,
which is equal to the energy difference between these two orbitals involved. This
phenomenon is X-ray fluorescence. Each element has its own characteristic X-ray
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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). EDX is
implemented in SEM and measures the whole spectrum, allowing a quick and
semi-quantitative analysis of the composition. WDX measures the emitted X-ray
of a single wavelength and has higher spectral resolution, so it can distinguish the
elements whose characteristic X-ray peaks are too close to be resolved by EDX.
In addition, the detection limit of WDX is lower than that of EDX, 100 - 500 ppm
compared to 1000 - 5000 ppm.

In Paper V, WDX was used to check the existence of Ce in BagAl,Ga5_,Gesq
and to determine its amount. The Ce Ka characteristic peak is explicitly observed
in the WDX spectrum (Figure 4.3), and the content is less than 0.4 at. %. In
contrast, peaks of Ce and Ba totally overlap in the EDX spectrum, so Ce cannot
be determined by EDX at all.

BaKA
=
S
2
g
g
CeKA
150 160 170
2Theta (°)

Figure 4.3: XRF spectrum for the Ce-doped BagAl,Ga6 ,Gesy sample. Both Ba
Ka and Ce Ka characteristic peaks are observed.

4.2 Thermoelectric properties analysis

4.2.1 Electrical resistivity and Seebeck coefficient

Electrical resistivity (p) and Seebeck coefficient (S) are simultaneously measured
by the ZEM3 instrument (Ulvac). A rod-shaped sample (minimum required size
2 x 2 x 8 mm?) is inserted between two Pt electrodes, and another two probes are
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slightly attached to the sample on the side (Figure 4.4). In order to protect the
electrodes and probes and also avoid contamination, graphite paper is inserted
between them and the sample. The whole sample chamber is in the low-pressure
helium atmosphere during the heating.

The schematic of ZEM3 instrument is shown in Figure 4.4. A constant current
is passing through the sample during the measurement of p, meanwhile the voltage
between the two probes is measured. Dividing the voltage by the constant current,
the resistance between the probes is calculated. With the known cross-sectional
area of the specimen and the distance between two probes, the resistivity of the
specimen is finally determined.

During the measurement of S, bottom electrode is heated so a thermal gradient
is created along the sample. The probes are able to measure the voltage and
temperature simultaneously, and the Seebeck coefficient is calculated according
to Equation 2.3. In order to improve the accuracy, at each temperature sample is
measured for three times with different temperature gradients and the final result
is the average of these three.

(a) (b)

Figure 4.4: Schematic of ZEMS3 instrument for the measurements of (a) electrical
resistivity, (b) Seebeck coefficient.

4.2.2 Weighted charge carrier mobility

Weighted charge carrier mobility (p,,) was proposed recently,[19] which can be
used to estimate the charge carrier mobility (x). Unlike p which is usually
measured by Hall effect via Physical Property Measurement System (PPMS)
instrument, ., is calculated directly from the measured resistivity and Seebeck
coefficient:

_ 1S
Ly = (E) <l> i P [E/‘E B 2] + %kf)e (4 3)
p / \300 1 + exp [—5 (,JBL/L — )] 1+ exp {SIJBL/L — 1]

Here kp is the Boltzmann constant and e is the elementary charge.
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With g, the electron transport behavior can be analyzed easily, especially at
high temperature. Moreover, materials with low charge carrier mobility is difficult
to be measured by PPMS because the signal is weak, but p,, does not have such
limitation.

Weighted charge carrier mobility is used in this thesis to estimate the electron
transport mechanism in clathrates. In order to check the validity of g, in
clathrates, we have calculated pu,, of our samples in comparison with previous
reported values (Figure 4.5). It is found that p,, of our BagGaisGesy sample is
consistent with the reference values, within 7% uncertainty. Considering that the
Hall effect measurement uncertainty is within 10 - 20 %, thus, p,, is validated and
can show a reasonable estimation of the charge carrier mobility in clathrates. [19]

m reference  —— our samples

0 4 8 12 16
x in BagAl,Ga,,_,Ges,

Figure 4.5: Weighted charge carrier mobility (1., ) of our BagAl, Gajs-,Gesy samples
compared to values from the reference.[57] Error bars refer to 7 % uncertainty.

4.2.3 Thermal conductivity

Hot Disk TPS 3500 is used to measure the thermal conductivity by the transient
plane source technique.[58] Hot Disk sensors consist of a thin layer of double spiral
made of nickel, and two sheets of electrically insulating materials sandwiching
the nickel film. Because nickel has a Curie temperature of 627K, the thermal
conductivity data cannot be obtained near this temperature. Different modes
can be used to measure the thermal conductivity: standard mode requires two
identical samples, singe-side measurement needs one sample and a thermally
insulating material, thin-film mode can be used when the measured sample is
thin film.
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To ensure a successful measurement, suitable sensor size and sample size is
required, because of the probing depth. Probing depth (Ap) is related to the
thermal diffusivity (A) of the measured sample, and the measurement time (7):
Ap = 2v/ 7. For high-temperature measurement, minimum measurement time is
1 s, so for clathrates (A ~ 1 mm?/s) the minimum probing depth is 2 mm. That
means, the sample should be at least 2 mm in thickness, and the radius of the
sample should be 2 mm larger than the radius of the sensor.

During the measurement, sensor serves as both a heater and a temperature
sensor: a precise amount of heat is generated in the sensor, meanwhile, the
resistance of the sensor is measured using a four-probe setup so the temperature
can be converted from the resistance by the known temperature coefficient of
resistivity (TCR) of nickel. The recorded resistance of the sensor is:

R(t)=Ro- [1+a- AT, + alT (7)] (4.4)

Here, Ry and « are the resistance of the sensor before the measurement and the
TCR, respectively. AT; is 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(7)
AT AT, = — —1 4.5
7+ a7 = |50 -] (45)
The theoretical temperature increase of the sample surface is related to the
thermal conductivity s of the sample:

P

AT (1) = ———D(7) (4.6)

TSk

where Py and r denote the heating power and radius of the sensor, respectively.
Kk 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 (7) against AT (7) should
be a straight line, from which the slope of the straight line can be calculated, and
k of the sample is determined.

4.2.4 Specific heat capacity

Specific heat capacity (c,) is measured with a differential scanning calorimetry
(DSC) instrument (Mettler Toledo) using the sapphire method (E1269 - 11).
Three experiments are performed, measuring the heat flow of an empty crucible,
of a crucible with the specimen, and of a crucible with a sapphire standard,
respectively. ¢, of the specimen is calculated by:

Hsample - Hcrucible Msapphire

cp = - cp(sapphire) (4.7)

Msample Hsapphire - Hcrucible
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Here, H is the heat flow for each measurement and m is the mass.

It is critical that the heat capacity of the measured sample (¢, - m) should
be close to that of the sapphire standard, in order to obtain accurate results.
Selecting a correct crucible is also important, the crucible should have excellent
thermal conductivity, and meanwhile it must not react with the measured sample.
Sample bottom should be flat and in good contact with the crucible, so the heat
can conduct to the sample efficiently.






5 Atomic structure engineering in
clathrates

5.1 Host structure elements

5.1.1 Chemical ordering in host structure

Controlling the chemical ordering enables tuning the electrical transport
properties, which is a crucial capacity in the semiconductor field in general and
for thermoelectric materials in particular.[51] Specifically, the chemical ordering in
clathrates refers to the occupation of the host sites 6¢, 167 and 24k, by chemically
distinct atoms, e.g. Al, Ga and Ge in BagAl,Gai6_,Gesg. In order to study the
chemical ordering, the local chemical environment of each element needs to be
investigated. In Paper III, a combination of X-ray and neutron diffraction was
employed, using the methodology outlined below.

Single crystal samples were synthesized by either Czochralski method or Ga-flux
method[59], and then characterized by single crystal X-ray diffraction (XRD).
Since Ga and Ge have similar X-ray cross sections, only the Al site occupation
factors (SOFs) were refined. All sites are assumed to have isotropic atomic
displacement parameters (ADPs) and be fully (100 %) occupied, but anisotropic
ADPs is modeled for the Ba atoms at the 6d site. The composition obtained from
the structure refinement was further compared with that from X-ray fluorescence
analysis (XRF). It was found that compositions obtained from both methods are
consistent within the measurement uncertainty, therefore the structural model
was validated.

Next, the SOFs of Ga and Ge were examined by neutron diffraction. The
structure refinement was similar to the one described above, but with a few
constraints: The SOFs of Al are kept fixed and the number of Ge atoms is set
to 30 per unit cell. The physical properties (lattice parameter, ADP and atomic
position) obtained from neutron diffraction are comparable to those from XRD,
meaning that both structure refinements are reasonable.

29
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Figure 5.1: SOFs of the host elements (Al, Ga and Ge) at the 6¢ (red), 16i (blue),
and 24k (orange) sites from experiment (filled circles: Czochralski; filled squares:
fluz-grown; open diamonds: arc-melted samples [60]) and simulation (dashed lines:
500 K; solid lines: 1200 K). Black crosses indicate SOFs at 1=5.2 obtained by
extrapolation of the data from fluz-grown samples.

The obtained SOFs for the host elements are shown in Figure 5.1, in comparison
with arc-melting samples taken from reference.[60] With the increasing Al content
in BagAl,Gajs_,Gesg, the Ge SOF at the 6¢ site remains almost constant in the
whole composition range, which implies that Ge at the 6¢ site is not substituted
by Al at all. By contrast, the Ge SOFs at the other two host sites exhibit large
variations: it decreases and increases with Al content, at the 16: and 24k sites,
respectively. This is qualitatively attributed to the fact that the material tends
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to avoid direct bonding between trivalent elements. Especially, our theoretical
calculations have shown that Al-Al is the least favorable bond and is predicted to
be almost absent in BagAl,Gajg_ ,Gesg, while Ga—Ga bonds can be tolerated to
some extent. Therefore, with the increasing Al content, 16 site is more preferred
by Al atoms compared to the 24k site, because 24k site is directly connected to
6¢ site which is dominant by trivalent elements.

The trivalent elements Al and Ga are found on all the host sites, but preferably
occupy the 6¢ site, which is consistent with the empirical rules.[47, 48] Al is found
to be nearly equally distributed between the 167 and 24k sites, while Ga shows a
higher preference for the 24k site. This also corresponds well with the conclusion
that, the materials tend to avoid Al-Al and also Al-Ga bonds. Interestingly, the
occupation of the 6¢ site differs between samples synthesized by different methods,
as the Al (Ga) occupation at the 6¢ site in the Czochralski and arc-melted [60]
samples are systematically higher (lower) than those synthesized via the flux
method.

5.1.2 Degree of chemical ordering

In terms of thermodynamics, entropy has a larger impact at high temperatures,
where it may drive materials that are ordered at low temperatures to form
disordered structures. In order to characterize the degree of chemical ordering,
atomic scale simulations were performed and the calculated SOFs versus
temperature are shown in Figure 5.2. The existence of the order-disorder
transition is evident from the temperature variations of the Al and Ga SOFs,
respectively, in BagAl,Gajg_,Gegg clathrates (x = 5). The SOFs for both elements
change dramatically at the order-disorder transition temperature of approximately
400 K and then change gradually until 1200 K, which is close to the melting point.

Comparing the calculated SOFs with our experimental data (Figure 5.2), it is
explicitly revealed that our Czochralski sample is consistent with the calculated
configuration at 500 K, while the extrapolated SOFs of the flux-grown sample
correspond better to the high-temperature configuration. If extending this
analysis over a wider composition range (0 < z < 14 in BagAl,Gas-,Gesp), as
shown in Figure 5.1, it can be concluded that the flux-grown samples are consistent
with high-temperature configurations, while the arc-melted and Czochralski
samples are between the calculated high-temperature and ground states. In other
words, the flux-grown samples are, more disordered compared to the others.

In summary, we have proved that the degree of chemical ordering differs between
samples synthesized by different methods, because the materials reach different
equilibration during the reaction. This, in turn, offers new handle to design the
material and also tune the thermoelectric properties, by adjusting the annealing
temperature, cooling rate and chemical environment.
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Figure 5.2: Variation of the simulated Al and Ga SOFs with temperature at the
6c (red), 160 (blue) and 24k (orange) Wryckoff sites for BagAl,Gajg-.Gesy (2=5),
together with experimental data points for the Czochralski sample (filled circles) and
extrapolated data from fluz-grown samples (black crosses).

5.1.3 Order-disorder transition controls electrical transport
properties

Theoretical calculations have shown that the SOFs of the host elements
undergo an abrupt change around 400K, from an ordered ground state to
disordered high-temperature configuration. In Paper 11, it is revealed that this
order-disorder transition generally exists in the whole quaternary clathrate series
BagAl,Gag ,Gesg. Moreover, this phase transition can influence the electrical
conductivity and Seebeck coefficient by altering the band structure.

In order to confirm the order-disorder phase transition, specific heat capacity
(cp) of BagAl,Gajs ,Gesy samples was determined by differential scanning
calorimetry (DSC), and the result is shown in Figure 5.3. The Dulong-Petit
estimation of ¢, is 0.361, 0.382 and 0.426 Jg~'K~! for samples x = 0,5 and 16,
respectively,[57] and our experimental data is consistent with these estimations
considering the fact that the measurement uncertainty is 10 % for the sapphire
method. The order-disorder transition is unambiguously evidenced by two
features: the discontinuity (sharp A-shaped feature) which occurs around 600 K
to 650 K for all these three samples, and the difference in specific heat capacity
below and above the transition temperature (Ac,). It should be noted that our
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experimental results also agree qualitatively with the theoretical calculations.
Therefore, the existence of the order-disorder transition is corroborated both
experimentally and theoretically in BagAl,Gag ,Gesg clathrates.

...... BagGal6Ge30

400 500 600 700
Temperature (K)

Figure 5.3: Measured c, for BagAl,Gajs-,Gesy samples with v=0, 5 and 16,
respectively.

To scrutinize the effect of order-disorder transition on the electrical transport
properties, the experimental and calculated data is compared and shown in
Figure 5.4. Taking the order-disorder transition into account, better agreement
is achieved since the data for the HT structures match the measurements better
above 700 K. Interestingly, the slope of the Seebeck coefficient increases sharply
at a specific temperature for all three compositions. On the other hand, it
is only BagAligGesgy that exhibits a distinct feature, in the form of a sharp
increase in the electrical conductivity (o) at the same temperature. It has been
further pointed out that, the effect of the order-disorder phase transition on the
electrical transport properties results from the change in the band structure,
more specifically, the density of states (DOS) near the Fermi level. DOS for the
HT configuration is enhanced for both BagGa;sGesg and BagAl;Gaq1Gesg, which
explains the sharp increase in the Seebeck coefficient. While for BagAl;gGesp,
a similar trend appears slightly far away from the Fermi level, that is why the
electrical conductivity is enhanced for HT compared to GS configuration.
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Figure 5.4: (a-c) FElectrical conductivity and (d-f) Seebeck coefficient as a function
of temperature. The calculated results for the ground state (GS) and high-temperature
state (HT) structures have been plotted as blue and red lines, respectively, while the
gray diamonds represent data from experiments.

5.2 Atomic vacancies

Atomic vacancies play a crucial role in electrical transport: they can either
scatter electrons (or holes in p-type materials) and reduce the charge carrier
mobility, also change the charge balance and shift the Fermi level. In Paper
IV, we found that atomic vacancy content is closely related to the Al/Ga
ratio in BagAl,Gas ,Gesg. The atomic vacancy affects the electrical transport
properties by altering the electron scattering mechanism, and moreover, induces
a semiconducting-to-metallic transition, which has been reported previously but
not yet been explained. [57]

5.2.1 Characterization of atomic vacancies

BagAl,Gajg,Gegp samples (r < 8) were synthesized by Ga-flux method and
sintered to pellet via spark plasma sintering (SPS). Detailed single crystal XRD
and XRF analysis have confirmed that the exact composition for the sample (Al =
0) should be BagGaj; 4Gesp, meaning that the material contains atomic vacancies.
In order to check if other samples also contain vacancies, the lattice parameters
are compared together with data from the references. [47, 48] As shown in
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Figure 5.5, the lattice parameter of BagAl,Gais_,Gesy generally increases with
the number of Al atoms, consistent with the fact that BagAl;sGesy has larger
unit cell than BagGajsGegy. Therefore, based on Vegard’s law, the lattice
parameter of BagAl,Gajs ,Gesy should be within the orange area as indicated
in Figure 5.5. However, the lattice parameters of two samples (Al = 3.4 and Al =
4.5) significantly deviate from this trend, and in fact, the corresponding unit cells
are even smaller than that of BagGa 4Gesg, which indicates that samples with low
Al content (Al < 5) may contain atomic vacancies in the unit cell.
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Figure 5.5: Lattice parameters (filled squares) of the as-synthesized crystals.
Sample’s name indicates the number of Al atoms per unit cell, which is determined
from structure refinement of XRD. Empty squares are the lattice parameters of
BagAl, Gajs_,Gegg taken from the literature.[47, 48]

The most compelling evidence for the atomic vacancies comes from the analysis
of the weighted charge carrier mobility (p,). As shown in Figure 5.6a, p, of
these five samples, at a fixed temperature (373 K), increases with the Al content.
As mentioned above, atomic vacancies can scatter electrons and thus reducing
the charge carrier mobility. Therefore, it indicates that the atomic vacancies are
partially filled with the Al atoms, until Al is more than 5 atoms per unit cell.

The electron scattering mechanism, which can be reflected by the temperature
dependence of p,,, also lends the support, as shown in Figure 5.6b. Since the
sample Al = 0.0 contains atomic vacancies as confirmed by the structure and
composition analysis, these vacancies lead to locally-unbalanced charges and thus
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gives rise to ionized impurity scattering (IIS). The charge carrier mobility p o
T3/2 for TIS, and the experimentally observed g, o< T'3!, which is relatively
close considering the measurement uncertainty. At higher temperature, p,, o
T-3/2 for the sample Al = 0.0, which is the typically acoustic phonon scattering
(APS) behavior and consistent with previous study.[57] Once Al is introduced
into the host structure and Ga is substituted by this isovalent element, the alloy
scattering should also be taken in account. With i, oc 7% and g, oc 7060 at
low temperatures for Al3.4 and Al4.5, respectively, we expect that both IIS and
alloy scattering are taking place, which can be seen as indirect evidence for the
existence of vacancies.
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Figure 5.6: (a) Weighted charge carrier mobility (u.) versus absolute temperature
plotted on a log-log scale, for BagAl,Gasg-,Gesg samples Al = 0.0 (pale blue); Al =
3.4 (light blue); Al = 4.5 (dark blue); Al = 5.8 (yellow); and Al = 6.7 (orange). The
dashed lines indicate the temperature dependence. The averaged standard deviation
is 10% and 6% for samples Al = 4.5 and Al = 6.7, respectively. (b) Temperature
exponents of iy, at low and high temperature. Dashed lines indicate the exponents
for I1S, alloy scattering and APS, respectively. The error bar is the standard error
obtained from the regression.

5.2.2 Vacancy-induced semiconducting-to-metallic transition

The order-disorder phase transition implies that the host atoms become
increasingly mobile at elevated temperature. If the unit cell contains atomic
vacancies, the atomic rearrangement can be expected to be more complex.

The measured resistivity and Seebeck coefficient are shown in Figure 5.7a and c.
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The vacancy-free samples Al = 5.8 and 6.7 show n-type degenerate semiconducting
behavior, with negative Seebeck coefficient and that the resistivity increases with
temperature. On the other hand, the vacancy-containing sample Al = 4.5 exhibits
a semiconducting-to-metallic transition in the resistivity: p initially decreases
with temperature like an intrinsic semiconductor, but around 500 K it increases
abruptly and its temperature dependence also changes oppositely, until 800 K
when the bipolar effect occurs and both the resistivity and the absolute value of
the Seebeck coefficient start to decrease. It should be noted that this peculiar
transition has been observed previously, but not yet explained.[57]
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Figure 5.7: (a) Resistivity and (c) Seebeck coefficient for sample Al = 4.5 before (blue
filled markers) and after (blue unfilled markers) annealing, together with data for the
vacancy-free samples. (b) Heat flow and (d) specific heat capacity for samples Al =
4.5 (dark blue); Al = 5.8 (yellow); and Al = 6.7 (orange). The vacancy-induced and
order-disorder transitions are marked by the dark and light gray areas, respectively.

In order to study this transition in more depth, ¢, was determined via DSC
and is plotted in Figure 5.7b and d together with the measured heat flow. An
endothermic peak around 600K to 700K is observed for all samples, which
further leads to the discontinuity in ¢, and Ac, before and after the transition
temperature. This transition, as is discussed in Paper II, corresponds to
the order-disorder phase transition in the host elements. Surprisingly, another
endothermic peak is observed for the sample Al = 4.5 solely, which occurs at the
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same temperature (500 K) as the abrupt change in the resistivity. This implies
that another phase transition may occur in the vacancy-containing sample, which
possibly induces the semiconducting-to-metallic transition in the resistivity.

5.2.3 Suppressing vacancy improves electron transport

In order to eliminate the atomic vacancy, sample Al = 4.5 was further annealed
at 973K for 5 days. It is found that after annealing, the peculiar transition
disappears and the sample behaves just like other vacancy-free samples, as shown
in Figure 5.7a and c. By analyzing j,, of the annealed sample (Figure 5.8), it is also
confirmed that the vacancy is suppressed, which further lends the support that the
semiconducting-to-metallic transition is indeed induced by the atomic vacancies.
Comparing p,, of these vacancy-free samples (Al = 4.5 after annealing, Al = 5.8
and 6.7), it is found that p,, is almost identical and all these three samples have the
same electron scattering mechanism, a mixing mechanism between alloy scattering
and APS (j1,, oc T7%%). Therefore, it is concluded that, by suppressing the atomic
vacancy in BagAl,Gajg_,Gesp (high-temperature annealing or adjusting Al/Ga
ratio), the charge carrier mobility has been tuned to an optimal level.
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Figure 5.8: Weighted charge carrier mobility for sample Al = 4.5 before (blue filled
markers) and after (blue unfilled markers) annealing, together with data for the
vacancy-free samples.

Thermal conductivity (k), power factor (PF) and figure of merit (27") are
shown in Figure 5.9. Benefiting from the improved electron transport, all the
vacancy-free samples show superior PF' than the vacancy-containing sample (Al
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= 4.5). However, due to atomic vacancies the sample Al = 4.5 exhibits the lowest
k, while the sample Al = 5.8 shows the highest thermal conductivity because
of the high electronic contribution. As a result, the best combination between
electron and phonon transport is achieved for sample Al = 6.7, whose 2T reaches
0.7 at 873 K.
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Figure 5.9: (a) Thermal conductivity (k), (b) power factor (PF) and (c) figure of
merit (21°) for samples Al = 4.5 (dark blue); Al = 5.8 (yellow); Al = 6.7 (orange);
and annealed Al = 4.5 (dark blue unfilled markers).

5.3 Guest atoms substitution

In Paper V, Ce,Bag ,Al,Gas_,Gesp samples were synthesized via Ga-flux
method, in order to explore the effect of guest atoms substitution. XRF
confirms the existence of Ce in the sample, as shown in Figure 4.3.
However, the determined Ce content is lower than the expectation: the initial
mixing ratio is Ce;Ba;AlgGagsGeszy, but the final determined composition
is Ceg16BasgoAls 60GaizoaGesig. Two Ce-doped samples were successfully
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synthesized and the thermoelectric properties were measured, and compared to
the undoped samples.

Due to the fact that Ce has two more valence electrons than Ba, doping with
Ce is expected to lead to higher carrier concentration, and thus resulting in lower
electrical resistivity (p) and absolute value of Seebeck coefficient (S) compared
to the undoped material, as can be seen in Figure 5.10a and b. Nevertheless,
high carrier concentration also leads to higher electronic thermal conductivity and
thus the thermal conductivity of the Ce-doped samples is significantly higher than
that of the undoped samples (Figure 5.10c). Consequently, 27" is not improved
by Ce doping, which is, unfortunately, consistent with the suggestion from our
theoretical calculations in Paper IV.
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Figure 5.10: (a) Electrical resistivity (p), (b) Seebeck coefficient (S), (c) thermal
conductivity (k) and (d) figure of merit (2T) for Ce-doped and undoped samples.
Here, the undoped-1 and undoped-2 samples are the annealed Al = 4.5 and Al = 6.7
from Paper IV, respectively. The composition of samples Ce-doped-1 and Ce-doped-2

18 CG().163(15_821412,50Ga13,04G631_19 and 060,243(15.72Al4,70Ga11,15G631_18, determined
by XRF.



6 Microstructure engineering in
clathrates

From the atomic structure analysis of BagAl,Gais Gesy clathrates, especially
Figure 5.8, the charge carrier mobility has already been increased to an optimal
level. In order to further improve the thermoelectric performance, several points
need to be considered:

1. Al/Ga ratio and atomic vacancy: atomic vacancy reduces charge carrier
mobility and therefore needs to be eliminated.

2. high carrier concentration is beneficial because the density of states can be
enhanced through order-disorder transition, however, too high doping level
leads to high electronic thermal conductivity (k).

3. lattice thermal conductivity (k;) has the potential to be reduced further via
microstructure engineering.

4. charge carrier mobility needs to be increased further, if possible, by improving
the interfaces.

In Paper I, a novel method is used to synthesize Bag(Al,Ga; ;)16Geso
clathrates (the sample name is slightly different in order to differentiate from
the flux-grown samples), and the p, of the obtained samples is found to be
surprisingly higher than that of the single crystal sample. Both the electron
and phonon transport is improved (u, is increased while r; is reduced) by
engineering the microstructure, and a greatly improved understanding of the
process-structure-property relationship is achieved.

6.1 Synthesis and microstructure

Unlike conventional method where quaternary BagAl,Gai5_,Gesg is synthesized
directly, a novel method was employed as shown in Figure 6.1: BagGa;sGesq
and BagAlj4Gegy compounds were synthesized initially, and then mixed at certain
ratio in a ball-milling setup; the powder mixture was sintered by SPS and finally
processed for thermoelectric properties measurements.

41
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Figure 6.1: Novel method of synthesizing quaternary Bag(Al,Ga;_y)16Gesp.
BasGa6Gesy and BagAljgGesgg powder is mized at certain ratio by ball milling, and
the mizture is then sintered by SPS and further processed for thermoelectric properties

measurements.
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Figure 6.2: XRD patterns of Bag(Al,Ga;—y)16Gesp with © = 0, 0.25 and 1. (a) 20
from 20° to 60° and (b) 20 from 29° to 32°

Powder XRD was used to check the phase purity of the synthesized
Bag(Al,Ga;—;)16Gegp, as shown in Figure 6.2.  All samples exhibit the
type-I clathrate structure, and the peak position is consistent with the fact
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that BagAl;sGesp has larger unit cell than BagGajsGes.[47, 48] Interestingly,
comparing the sample x = 0.25 before and after SPS, it is found that
Bag(Alg.25Gag.75)16Gesg is partially formed during the mechanical ball milling.
It should also be noted that, the XRD analysis did not reveal the existence of any
secondary phase.

Inlens BSE

Figure 6.3: SEM analysis of a clathrate grain in the SPS sintered sample
Bag(Alp.o5Gap.75)16Gesp showing (a) inlens backscattered electron micrograph (BSE),
and (b-e) elemental distribution maps of (b) Al, (¢) Ga, (d) Ba, and (e) Ge. The
average compositions of the selected areas measured by EDX are BagAls 9Gay;.3Gesg
(area 1), BagAlyy2Gags 30Gesgs (area 2) and BagAlpsGagr9Gesrg (area 3),
respectively. Scale bar is 10 pm.

SEM/EDX analysis has further revealed that, the microstructure of the sintered
Bag(Al,Ga;_;)16Gegp samples is highly related to the mixing ratio between
BagGai5Gesy and BagAljgGegg. A homogeneous microstructure is discovered for
samples with = < 0.2, while on the other hand, the reaction is not complete for
the sample x = 0.5 since unreacted BagGai4Gesy and BagAl 4Gesy are observed.
Noticeably, a heterostructure is formed for the sample x = 0.25, as shown
in Figure 6.3. The main phase is still Bag(Al,Gaj_;)16Geso, as confirmed by
the EDX analysis of the area 1 and 3. However, 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
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boundaries and particles inside the grains (area 2).

6.2 Improvement of electron and phonon transport
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Figure 6.4: (a) p, at 373K for the Bag(Al,Ga; . )16Gesp samples synthesized by
alloying BagGa5Gesg with BagAl;Gegg, together with the single crystal synthesized
by Czochralski method from Paper IIL. (b) j,, versus absolute temperature plotted in
log-log scale, data includes the samples =0, x=0.25 (alloying 25 at. % BagAl;sGesy
with 75 at. % BagGasGesy), single crystal z=0.25 (synthesized by Czochralski method
from Paper III) and Al=4.5 (annealed sample Al=4.5 from Paper IV. )

Due to the unique microstructure, both the electron and phonon transport is
improved for the sample with x = 0.25.

As shown in Figure 6.4a, p,, of the sample z = 0.25 is significantly larger than
that of other samples, and even higher than that of the single crystal. The charge
carrier mobility of the sintered sample should normally be lower than that of the
single crystal, because of the grain boundaries. As shown in Figure 6.4b, even
though the atomic vacancy is eliminated, pu,, of the sample Al=4.5 is still lower
than that of the single crystal. However, we do not observe such behavior for the
sample x = 0.25. Therefore, we can attribute the greatly enhanced charge carrier
mobility to the unique microstructure, which consists of the clathrate main phase
and aggregates of Al particles.

The thermal conductivity (k) of the alloyed Bag(Al,Ga;_,)16Gesp samples was
measured and the lattice thermal conductivity (k;) was calculated, as shown in
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Figure 6.5. The thermal conductivity of both samples x = 0 and Al=4.5 is
relatively low, because these two samples are moderately doped (Ge is close to
30 atoms per unit cell) so the electronic contribution is not dominant. On the
other hand, two Bag(Al,Ga;_;)16Geso samples x = 0.20, 0.25 exhibit high thermal
conductivity, because they are heavily doped (the composition deviates from the
stoichiometric composition).
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Figure 6.5: (a) Thermal conductivity (k) and (b) lattice thermal conductivity (k;) of
Bag(Al,Ga; 4 )16Gesp, © = 0, 0.20 and 0.25. Kpin refers to the theoretical minimum
lattice thermal conductivity of BagGajsGesgy.[57] Sample Al=4.5 is the annealed
sample Al=4.5 from Paper IV.

If the electronic contribution is ruled out and only the lattice thermal
conductivity (k;) is compared, as shown in Figure 6.5b, x; of all the quaternary
clathrates is explicitly lower than the ternary BagGaj5Gesg clathrate, which can
be attributed to the alloying effect that Ga is substituted by Al atoms in the
unit cell. Noticeably, k; of the sample z = 0.25 is much lower than that of the
sample Al=4.5, in fact, it is even close to the theoretical minimum lattice thermal
conductivity of BagGai64Gesg. The reduction of the x; is most likely due to the Al
particles, which enhance phonon scattering at mesoscale.

As a result of the improved electron and phonon transport, 27" is optimized
for the sample x = 0.25, with a value of 0.93 at 1073 K (Figure 6.6). Compared
to the ternary clathrate BagGaiGesgy whose maximum 27 is 0.67, approximately
50 % enhancement is achieved by microstructure engineering.
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Figure 6.6: (a) Electrical resistivity, (b) Seebeck coefficient, (c) power factor and (d)
figure of merit for Bag(Al,Ga;_y)16Gesg samples, x = 0, 0.20 and 0.25. Here, sample
Al=4.5 is the annealed sample Al=4.5 from Paper IV.



7 Conclusion

Inorganic clathrates, as one of the prominent thermoelectric materials, have been
studied extensively for decades. Nevertheless, they are questioned sometimes: the
materials are seemingly not as thermally stable as thought, and the inconsistency
in the thermoelectric properties has not yet been explained. In this thesis, we have
tackled two problems regarding the quaternary clathrates BagAl,Ga5_,Gesg: the
intrinsic order-disorder phase transition, and how to improve the thermoelectric
performance.

The order-disorder phase transition in the host structure has been revealed both
experimentally and theoretically. The material changes from an ordered ground
state to a partially disordered high-temperature configuration, which gives rise to a
distinct feature in the specific heat capacity near the transition temperature. The
band structure also differs between the ground and the high-temperature states,
mainly in the density of states near the Fermi level. Taking the order-disorder
transition into account, theoretical calculations have predicted the electrical
resistivity and Seebeck coefficient, which is in excellent agreement with the
experimental data. Moreover, we have found out that the degree of chemical
ordering can be controlled by the synthesis methods, e.g., the flux-grown samples
are consistent with the high-temperature disordered configuration, while the
Czochralski-grown sample lies between the ground and high-temperature state.

The order-disorder phase transition indicates that the elements are relatively
mobile at elevated temperature, if atomic vacancies exist in the host structure, the
atomic rearrangement can be quite complex. It is found that for the flux-grown
samples BagAl,Ga5_,Gesg with Al content less than 5 atoms per unit cell, atomic
vacancies are formed. This further induces a semiconducting-to-metallic transition
in the form of a peculiar transition in the electrical resistivity. This peculiar
transition was indeed reported previously, however, has not yet been explained.
We are able to relate the transition to the atomic vacancies, possibly by the phase
transition as the specific heat capacity implies.

Different methods have been employed to improve the thermoelectric
performance of quaternary BagAl,Gaig_,Gesg clathrates, e.g., Ce-doping on the
guest sites and tuning the carrier concentration. Nevertheless, the most effective
way is to engineer the microstructure. More specifically, by alloying 25 %
BagAligGeso with 75 % BagGaisGesg, a heterostructure is created which consists
of a quaternary clathrate main phase and aggregates of Al particles. Both the
electron and phonon transport is improved: the weighted charge carrier mobility of
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the sample exceeds that of the single crystal, while the lattice thermal conductivity
is close to the theoretical minimum value for the clathrate. As a result, z7T is
optimized for the Bag(Al,Gaj_;)16Gesp sample x = 0.25, with a maximum value
of 0.93 at 1073 K, which is approximately 50 % enhancement compared to the
ternary BagGai5Gesg sample.

In this thesis, a comprehensive understanding of the process-structure-property
relationship is achieved for the inorganic clathrates. The methods that we have
explored, e.g., controlling the chemical ordering, suppressing the atomic vacancies
and engineering the interfaces/microstructure, are applicable for other material
systems and can facilitate the future development of thermoelectric materials.
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