


available for Ag2ZnSnSes. The parameter 7c”! was also been described in Chapter 1, however, since
there is no loosely bound “filler” involved in the stannite-type crystal structure Equation (15)

becomes

23
T(_jl :%+Aa)4 +Ba)2Texp(—§—?j )

Assuming three dominant phonon scattering mechanisms in the measured temperature range, the
terms in Equation (23) represent grain boundary scattering, point defect scattering, and Umklapp
scattering, respectively. The fitting parameters are listed in Table 4.2 and were uniquely defined
using a minimization of the best sequence fit function compared to the data. The parameters shown

in Table 4.2 yielded results with very strong agreement with the experimental data.

Figure 4.6. Temperature dependent x of Cu2ZnSnSes (square) and Ag2ZnSnSes (circle). The
solid lines are theoretical fits to the data using the Debye approximation. The star represents data

for bulk Cu2ZnSnSes. [26] Reprinted from Reference 72.
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Table 4.2. Values of the i fit parameters for Cu2ZnSnSes and Ag2ZnSnSea.

Specimens L (nm) A (10%s%) B (108sK™)

Cu2ZnSnSes 45 179 13

Ag>ZnSnSe4 76 215 21

The average grain size, L, are in good agreement with that calculated from the XRD data obtained
after SPS densification. At low temperatures, below 70K, the larger average grain size of the
AgrZnSnSe4 specimen, as compared with that of the Cu2ZnSnSes specimen, results in higher xL
values. Parameter 4 which represents the point defect scattering is larger for the AgzZnSnSes
specimen than that of CuzZnSnSes. This is likely due to the fact that Ag is much heavier and larger
than Cu, and may be the reason for the lower xr values for Ag2ZnSnSes than that for Cu2ZnSnSe4
above 70K. The probability of anharmonic phonon scattering may however increase for
AgrZnSnSes4 compared with that of Cu2ZnSnSes as implied by the larger fitting parameter B. The
calculated Griineisen parameter for Cu2ZnSnSes has been reported to be 2.37 at 300 K [91] while
for Cu2ZnGeSes the Griineisen parameter has been experimentally reported to be 0.8. [92] In any
case, no information is available on the Griineisen parameter for Ag2ZnSnSes, to the best of my
knowledge. The star in Figure 4.6 denotes room temperature xL of bulk Cu2ZnSnSe4.[26] The xL
values for the nanostructured Cu2ZnSnSes are much lower than that of the bulk, as expected due
to the significant grain boundary phonon scattering.[1,64,81] As a result, the room temperature ZT
value of nanostructured Cu2ZnSnSes, 0.02, is higher than that of the bulk, 0.001. For Ag2ZnSnSe4

ZT =2x107 due to its poor conductance as suggested by the extremely high p values.
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4.4 Investigations of Nanostructured PbCuSbS;

Nanostructured PbCuSbS3 was synthesized using a similar technique as that used for the stannite
nanocrystals. [93] Lead (IV) acetate [Pb(CH3CO2)4] (95%, Sigma-Aldrich), copper (II) acetate
monnohydrate [Cu(OOCCH3)-H20] (98%, Alfa Aesar), antimony (III) chloride [SbCl3] (99.99%,
Sigma-Aldrich), sulfur powder (99.5%, Alfa Aesar) and Oleylamine (80%, Acros Organics) were
used as chemical sources. All chemicals were used as received without further purification. In a
typical synthesis, 1 mmol of Pb(CH3COz2)4, 1 mmol of Cu(OOCCH3)-H20, 1 mmol of SbCls, 3
mmol S powder and 40 mL Oleylamine were loaded into a three-neck flask on a Schlenk line. The
mixture was kept at room temperature under a N2 flow for 10 min followed by degassing under
vacuum for 100 min. A dark brown color was observed during degassing. The solution was then
heated to 383 K for 30 min to dissolve all constituent reactants followed by heating to 553 K.
Three separate syntheses were carried out and differ in the dwell time at 280 °C with lengths of 5
min, 20 min, and 60 min. The dwell time was varied as a means of controlling the particle size of
the final product, as will be discussed below. The flask was then rapidly cooled to room

temperature in an ice water bath.

In a typical synthesis the total yield is approximately 0.3 g (40 % of the starting chemical weight).
Scaling up to larger batch sizes is possible by proportionally increasing all chemical sources,
however much larger batch sizes will presumably necessitate modifications and further

optimization of this process. A typical ethanol/chloroform mixture was used to wash the products
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three times before the product was isolated by centrifugation at 9000 rpm for 3 min. The final
products were transferred to a vacuum oven for drying prior to structural and chemical analysis.

Indexed XRD pattern of 200 nm PbCuSbSs3 after synthesis is shown in Figure 4.7. In the first stage
of the synthesis, metal acetates and metal chloride dissolve in Oleylamine at an intermediate
temperature, 383 K, to form metal-oleylamine complexes that serve as secondary complex
precursors.[73,74] Later, while the solution is heated at 553 K, PbCuSbSs crystals begin to form.

200 nm crystal size makes the small peaks visible, not the case for smaller sizes.

HRTEM and electron diffraction images are shown in Figure 4.8. TEM analyses indicate a plate-
like morphology, HRTEM analyses indicate lateral facets corresponding to (030) planes (0.289

nm d-spacing),[44] and the uniform electron diffraction patterns indicate a high degree of

crystallinity.
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Figure 4.7. Indexed XRD pattern of 200 nm PbCuSbSs. Reprinted from Reference 93.
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Figure 4.8. (a) TEM, (b) HRTEM, and (c) electron diffraction images of 200 nm PbCuSbSs.

Reprinted from Reference 93.

The data of room temperature UV-Vis spectrum of 200 nm PbCuSbS3 are shown in Figure 4.9,
suggesting an optical band-gap of 1.3 eV, a value similar to that reported for mineral bournonite
(1.24 eV), [94] polycrystalline PbCuSbS3 (1.27 eV), [94] and PbCuSbS3 single crystals prepared
by a modified zone-melting method (1.20 eV). [95] Figure 4.10 shows DTA measurements and
indicates a decomposition temperature of 633 K (the decomposition starts round 600K). TGA data,
also shown in Figure 4.10, indicates a weight loss at 633 K due to decomposition of PbCuSbSs to
stibnite and oxidation compounds of the sulfides, as suggested by the XRD results after TGA. The
main exothermic peak also appears at this temperature, corresponding to the decomposition
temperature of PbCuSbSs. This decomposition temperature for our PbCuSbSs nanocrystals
described here is lower than that reported for large-boule bulk materials, [96] likely due to the

increased surface-to-volume ratio of our much small-sized crystals.
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Figure 4.9. Room temperature UV-Vis spectra of 200 nm PbCuSbS3. Reprinted from Reference
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Figure 4.10. TGA (blue) and DTA (red dashed) data of 200 nm PbCuSbSs. Reprinted from

Reference 93.

59



Calorimetric measurements were used to obtain Cp from 2 K to 350 K for 1.4 mg of 200 nm
PbCuSbSs, shown in Figure 4.11. The inset in Figure 4.11 shows C,/T versus 77 data below 10 K.
The solid line in the inset is a fit to the data of the form Cp/T = y+BT7, where y is the Sommerfeld
coefficient of the electronic contribution to the specific heat and £ is the coefficient of the lattice
contribution. [97,98] From this fit we obtain = 10.9 mJ mol! K-? and A= 3.0 mJ mol™! K, values
that are relatively high compared with that of metals and lower than that of oxides and other wide
band gap semiconductors. [99-101] This is in line with the band gap value estimated using the data

shown in Figure 4.9.

From the low temperature Cp data an estimation of the Density of States (DOS) at the Fermi Level,

N(EF), can be obtained by using the relation [97,102]
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Figure 4.11. Temperature dependent Cp of 200 nm PbCuSbS3. The inset shows Cp/T versus 77
data below 7=10K. The solid line through the data in the inset is a fit by the expression Cp/T =

y+BT°. Reprinted from Reference 93.

60



~’k;
3 ? N(EF)(I +ﬂ’e—ph) s (24)

7/:

where Aepn is the electron-phonon coupling constant. Aepn is set to zero as a first approximation
then we estimate N(Er) = 4.6 states eV! per formula unit. This value is small compared with
typical thermoelectric materials, such as YbFesSbi2 (N(EFr) = 60.1 states eV! per formula unit)
[103] for example, indicating the DOS near the Fermi level is low with few channels for the charge
carriers to flow, consistent with a very low electrical conductivity. [104] Using the relation

0, = (—12”41{"” jm : (25)

Sp

where R is the molar gas constant and na is the number of atoms per formula unit (7.=6 for
PbCuSbS3), we estimate a 6p of 157 K. In the Debye model, &b is linearly proportional to the
Debye cutoff frequency wp, b = i wp /ks , with wp being proportional to the average group
velocity Vg (wp= vg Kp where Kp is the maximum allowable value). [102] A relatively small Vg
can be a direct indication of low hardness, and possible “loose” bonding environment, [105] both

suggesting that PbCuSbS3 should possess low thermal conductivity.

The magnetic susceptibility for 200 nm PbCuSbSs particles is shown in Figure 4.12. It displays
diamagnetic behavior at low temperatures. The relatively strong temperature dependence at low
temperatures can be attributed to a trace amount of a paramagnetic impurity that cannot be detected
by XRD. Considering the charge balancing scheme Pb*"Cu!"Sb**(S*)s, all constituent ions are
expected to be closed shell therefore exhibiting diamagnetic susceptibility. This behavior is

consistent with our findings.[106]
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Figure 4.12. Temperature dependent magnetic susceptibility of 200 nm PbCuSbSs. Reprinted

from Reference 93.

As shown in Figure 4.13, the synthetic method used in this study resulted in particle sizes that can
be varied with reaction time. As the reaction time was increased from 5 min to 60 min,
the size of the particles increased from 5 = 2 nm to 200 + 38 nm, all other synthesis parameters
being equal. The average particle size of the specimen, in the case of the 5 nm particle size, was
confirmed by employing the Scherrer equation to the XRD data. From these observations it is clear
that the reaction time is very effective in controlling the particle size up to 200 nm for synthesizing
PbCuSbSs. [107] However, reaction time longer than 60 min did not result in further increase of
the particle size presumably due to the fact that the capping agent, Oleylamine, was used in our

synthetic approach.[108,109] The XRD results show the same crystallinity for all three specimens.
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Figure 4.13. TEM images and corresponding estimated particle size distributions of PbCuSbSs at

(a) 5 min, (b) 20 min, and (c) 60 min reaction times. Reprinted from Reference 93.

In summary of this chapter, the synthesis and investigations of Cu2ZnSnQ4 nanocrystals (where Q
=S, Se and Te) with the stannite crystal structure and with Ga-doping and Se-Te alloying of the
nanocrystals, as well as nanocrystals of Ag:ZnSnSes, were studied. I also investigated the low
temperature transport properties of dense polycrystalline nanostructured Cu2ZnSnSes and
AgxZnSnSes. Cuz2ZnSnSes shows metallic-like conduction while Ag2ZnSnSes shows polaronic-
type conduction. At room temperature xL of Cu2ZnSnSes is greatly reduced as compared to that of
the bulk due to enhanced grain boundary phonon scattering. Replacing Cu with Ag also resulted
in additional point defect scatterings that contributes to lower xL for Ag2ZnSnSes compared to
Cu2ZnSnSes above 70 K. In addition, another nanostructured quaternary chalcogenide, PbCuSbSs,
was investigated. The room temperature UV-Vis spectrum indicates an optical band-gap of 1.3 eV
and DTA data indicates a decomposition temperature of 633 K. The fit to the low temperature Cp

data implies N(Er) = 4.6 states eV per formula unit and ép of 157 K while magnetic susceptibility
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measurements indicate PbCuSbS3 to be diamagnetic. These investigations offer opportunities for
improving thermoelectric properties of these materials by doping and alloying on the nanocrystals,
affecting the transport in bulk form. Further studies may include elemental substations in order to
lower the p. This synthetic approach can also be employed for the synthesis of other quaternary
and quinary materials thus allowing for the potential for new avenues of investigation for a host

of new materials for energy-related applications.

64



5
Type-II Sn-Clathrates

Inorganic clathrates continue to be of interest for thermoelectric, [21] magnetocaloric, [110] and
photovoltaic applications, [111] as a result of their attractive physical properties including low «,

[21] magnetism, [112] and superconductivity. [113] Different synthetic approaches have been
developed over the last few years in order to produce clathrate compounds, in single-crystal and

microcrystalline form, with different structures and compositions. [21]

As documented previously, [21] densification of group 14 based materials presents unique
challenges primarily due to the native oxide layer that easily forms on the surface of silicon based
compositions. A promising method for producing high density polycrystalline materials is SPS.
[114] This technique has proven very effective for the sintering, consolidation, and densification
of numerous materials, [114-116] while a fundamental understanding of the mechanisms involved
in SPS process are still being developed. In a typical SPS densification experiment, a pulsed DC
electrical current is passed directly through the powder specimen while uniaxial pressure is applied.
The specimen is therefore heated internally by joule heating, in contrast to conventional hot-
pressing where the sample is typically heated using an external resistance heater. Moreover the
high DC electrical current promotes substantial sintering and diffusion between grains, and
through the native oxide layer present in the group 14 based clathrates. In this chapter I will present
my work on the synthesis, densification, and characterizations of clathrate-II tin based compounds

KsBai3Ga23Sni13 and K7BasGazsSniis.
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5.1 Synthesis of Type-II Sn-Clathrates

Reaction of the elements at relatively high temperatures produces high alkali vapor pressures. We
therefore employ a sealed stainless steel vessel in order to react the elements to synthesize the
Type-II Sn-clathrates studied in this chapter. Potassium chunk (99.99%, Alfa Aesar), Ba shot
(99.9999%, Alfa Aesar), Ga pellets (99.99999%, Alfa Aesar), and Sn powder (99.999%, Alfa
Aesar) were used as source materials. According to the stoichiometric ratio of the target
compounds, all pure elements were loaded into a stainless steel ampoule inside a glovebox and
tightened in a custom-designed stainless steel vessel. In a typical synthesis, 4% Ga excess was
used to compensate for weight loss during sample preparation. The stainless steel vessel was then
transferred into a glass tube and sealed under vacuum. The glass tube was put into a furnace at 923
K for 15 hours followed by slowly cooling down to 723 K at a rate of 1 K/minute. The sample was
then air cooled to room temperature. Diluted acid, a mixture of 10 mL HCI, 10 mL HNO3, and 80
mL DI water, was used to remove any remaining flux in the as synthesized product. After grinding,
the sample powder was filtered using a 400 mesh sieve (37 um) after grinding before densification

using SPS.

The SPS densification process was optimized, as described in Chapter 3, to determine the
appropriate parameters before applying to the sample powder at 400 MPa and 483 K for 10 min
with a current pulse ratio of 20:5 ms, resulting in phase-pure bulk specimens with a relative density
of 90% as determined by measuring the dimensions and mass of the pellets after SPS. XRD and
electron probe analyses were used to examine the purity and chemical composition of the

specimens. Powder XRD data were collected with a Bruker D8 Focus diffractometer in Bragg—
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Brentano geometry using Cu Ko.p radiation and a graphite monochromator. EDX of the pellets was
accomplished with an Oxford INCA X-Sight 7582M equipped SEM (JEOL JSM-6390LV). The
average atomic ratios were calculated from at least twelve data sets obtained from random

positions of the pellet for each specimen.

High temperature S and p were measured on parallelepipeds (2 mm % 2 mm X 10 mm), cut from
the pellets using wire saw, with an ULVAC ZEM-3 system (experimental uncertainty of 5-8% for
S and p at elevated temperatures). High temperature x values were determined using the equation
x =DaCp, described in details in Chapter 2. Thermal diffusivity measurements employed the laser
flash method in a flowing He environment with a NETZSCH LFA 457 system. The uncertainty in

the thermal diffusivity measurements were ~5%. Heat capacity Cp (= Cv) was estimated with the

Dulong-Petit limit.

5.2 Characterization of Ks+xBa16.xGa40Snog

The open-framework of the type-II clathrates (Fd3m, No. 227-2) comprises of 136 tetrahedrally
coordinated framework atoms per unit cell, locating on the crystallographic 96g, 32¢, and 8a sites
as shown in Figure 5.1 and 5.2. Typically the framework is comprised of Si, Ge, or Sn with possible
partial substitution by Group 12 elements, Group 13 elements, and late transition metals.[21,116]
The “guest” atoms are based on alkali metals, alkaline earth metals, or the rare earth metal Eu.[21]
In the (K,Ba)i6GaxSnizex clathrates the framework is composed of Ga and Sn while the “guest”

atoms are Ba and K.
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Figure 5.1. Unit cell representation of (K Ba)i6GaxSnize-x; K/Ba (white), Ga/Sn (green), and Sn

(pink), along a-axis.
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Figure 5.2. Unit cell representation of (K Ba)isGaxSnizex; K/Ba (white), Ga/Sn (green), and Sn

(pink), perpendicular to b-axis.
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As another typical representation of the crystal structure the framework in type-II structure can be
thought of as being built up of two types of polyhedra: (Ga,Sn)20 dodecahedra centered at the 16¢
crystallographic site (0 0 0), and (Ga,Sn)2s hexakaidecahedra centered at the 85 crystallographic
site (3/8 3/8 3/8), as shown in Figure 5.3. [117-120] There are sixteen dodecahedra and eight
hexakaidecahedra per conventional unit cell. It has been reported that the combination of Ba and
K, 1.75 A and 1.78 A for Ba*" and K", respectively, results in mixed occupancy in the (Ga,Sn)20

dodecahedra but not in the (Ga,Sn)2s hexakaidecahedra. [120]

Figure 5.3. A representation of the polyhedral cages in (K.Ba)i6GaxSnize-x; K/Ba (white), Ga/Sn

(green), and Sn (pink).
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Figure 5.4 shows S, p, and PF of the two polycrystalline Sn clathrates. Temperature dependent .S
indicates that both specimens are n-type, however, the decrease of the peak value of S at high
temperatures indicates possible bipolar diffusion. Such behavior has been observed by Koda et al.
[118] Theoretical studies also suggest that the valence bands of (K Ba)isGaxSniszex are due to Ga
and Sn while the conduction bands are formed by all the atoms forming the crystal structure.[118]
For the K3Bai3Ga23Sni13 specimen the amount of Ga, which is the electron acceptor dopant, is less
than the number of electrons donated by the filler ions. Therefore the p of this specimen shows a
metallic temperature dependence. For the K7BagGa2sSni13 specimen the amount of Ga is the same
as the donated electrons, resulting in a more semiconducting temperature dependence of the
transport properties. Similar behavior has been observed by varying the vacancy content in the
framework while keeping the number of “guest” atoms constant.[119] PF of both specimens

reached around 4 pW/cm-K? at 575 K.
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Figure 5.4. S, p, and PF of KsBai13Ga23Sni13 (empty circle) and K7BasGazsSniis (filled circle).
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kL and x of the two polycrystalline clathrates are shown in Figure 5.5. In a cage-like crystal
structure, the phonon scattering caused by mass fluctuation between cages with “guests” with
different weight, for example the cage with K as the “guest” atom and the cage with Ba as the
“guest” atom, is dominant in affecting xL. In addition, the large unit cell and complex crystal
structure also contribute to the competitively low L, lower than most of the existing thermoelectric
materials.[1] When the electronic contribution is considered x of both specimens are relatively
similar. The “up-turn” of x at higher temperatures in both specimens is caused by bipolar thermal

diffusion, as also observed in the S data.[118]
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Figure 5.5. kL and x of K3Bai3Ga23Sni13 (empty circle) and K7BagsGazsSniis (filled circle).

Similar PF and «x values above 500 K for both specimens results in two relatively close ZT values
with the higher ZT value corresponds to the K3Bai3Ga23Sni13 specimen. Overall a ZT value of 0.6
was achieved for KsBai3Ga23Sni13 at 575 K, with potentially higher ZT values possible at higher
temperatures (Figure 5.6). By further adjusting the compositions, reducing the Ba/K ratio for

example, better thermoelectric properties may be expected.
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Figure 5.6. ZT of KsBai13Gaz3Sni13 (empty circle) and K7BagGazsSni13 (filled circle).
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6

Conclusion and Outlook

Thermoelectric devices have moved to center stage in today’s “green technology” debate
especially because of the heightened awareness of the environmental impact of global climate
change as well as the reduction of all refrigerants. There is currently large interest in
thermoelectrics technology. Fundamental research on novel materials and materials with potential

for thermoelectrics applications is therefore the focus of this thesis.

[o-1I-IV—VI4 quaternary chalcogenides have the potential for good thermoelectric performances
due to their complex crystal structures, resulting in intrinsically low . Their different cationic
valences provide a means of controlling the electrical properties by adjusting the cation ratios, as
descried in Chapter 2. In addition, the layered structure allows for decoupling of ¢ from both x and
S, to some extent. By introducing nanostructuring lower x was achieved compared with that of the
bulk. A more interesting phenomena, described in Chapter 4, was also observed; Cu2ZnSnSes is
p-type and displays typical degenerate semiconducting behavior while Ag2ZnSnSes is n-type and
displays polaronic-type conduction. The large peak in p for Ag2ZnSnSes at 160 K indicates a strong
coupling between electrons and phonons. In terms of thermoelectric research, when synthesizing
Cu2ZnSnSes with excess Cu and Ga-doping improved thermoelectric properties were observed as
described in Chapter 2. It may also be of interest to apply similar compositional and structural

modifications to bulk Ag2ZnSnSe4 in order to study the effects on the polaronic-type conduction.
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Lone-pair electrons introduce anharmonic phonon scattering and result in an additional reduction
of x in PbCuSbSs. The « value of this material is lower than many thermoelectric materials, as
discussed in Chapter 2, however such affects also degrade the electron transport, leading to poor
PF. Since the distorted coordination environment is dominated by the electrostatic repulsion
between the s? pair electrons from neighboring Sb and Pb atoms, it is reasonable to think of
improving the electrical properties, for thermoelectric applications, by doping on the Cu site, with

Ni for p-type or Zn for n-type for example.

As one promising method to improve the thermoelectric properties of materials, nanostructuring
significantly reduces « due to increased interface scattering of phonons at the grain boundaries, as
demonstrated for many thermoelectric materials systems.[1,64] In Chapter 3 and Chapter 4 1
discussed using solvothermal synthesis to grow FeSb2 nanocrystals and colloidal synthesis for
Q2ZnSnX4 (Q=Ag, Cu and X=S, Se, Te) and PbCuSbS3 nanocrystals. I then consolidated the
nanocrystals into dense polycrystalline nanostructured bulk materials and investigated their
physical properties, the so called “bottom-up” approach described in Chapter 3. In addition, I also
applied other solution-phase synthetic methods for the synthesis of different nanostructured
materials, including direct precipitation for PbX and polyol synthesis for Bi and BixSbix.
Developing a suitable synthetic approach is very important in producing phase-pure, high quality
and high crystallinity nanocrystals. Although the availability of different synthetic approaches
offers greater flexibility, this may also add difficulty in establishing the best synthetic approach
for a specific material. Depending on the chemical properties, certain synthesis techniques have
limitation when being applied to certain materials. Investigating the dominant factors in materials

preparation is therefore of interest.
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To be able to investigate the physical properties of dense bulk nanostructured materials
densification of the nanocrystals is a very important step. Due to the high surface to volume ratio,
nanocrystals generally have lower melting points compared with that of the bulk. SPS is therefore
unique in achieving high density at relatively low temperatures. This process generates internal
localized heating, allowing for the rapid, low temperature densification of fine-grain powders, and
minimizes grain growth since only the surface temperature of the nanocrystals rises rapidly by
self-heating. The flexibility in controlling all densification parameters independently, only for
certain models of SPS, also contributes to better adapting SPS for densifying nanocrystals. This
precise control of the different SPS parameters also enables SPS to densify bulk materials that
have low melting points. The sensitivity to densification with different SPS parameters is not
universal for all materials. Understanding of the detailed mechanisms warrants further study, for

instance it may require an understanding of the thermal stability of the materials.

As addressed in Chapter 3 and 4, thermal transport in materials with nano-scale grains is greatly
affected by the high density of interfaces. This also affects the charge transport. Balancing thermal
and electrical transport is therefore critical for nanostructured bulk materials. One approach,
described herein, involves introducing higher degrees of complexity, for example the topics of
quantitative microstructure control and panoscopic approach.[121,122] More research can be
conducted following a similar concept. For instance, it would be interesting to have well oriented
larger grains with un-oriented smaller grains in a nanocomposite to potentially encourage electrical
transport and penalize thermal transport, using materials with size dependent magnetic properties
for example. Fundamental research into thermoelectric materials with nano-scale features, or

grains, may reveal novel phenomena that can be applicable to other technologies.
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The last part of my thesis focused another well-known material system that continues to be of
interest for thermoelectric applications. Type-II clathrate compounds such as K3Bai3Ga23Sni13 and
K7Bay9GazsSni13 both offer sufficient room for compositional modifications. The numbers of
charge carriers can be balanced or varied by adjusting the Ga to Sn ratio, for holes, and K or Cs to
Ba ratio, for electrons. A ZT value of 0.6 was achieved at 575 K, with higher Z7T possible at higher
temperatures. The experience gained during the crystal growth and investigations, including tuning

the structures in other clathrate-II compounds, is very valuable and will benefit my future research.

The research described in this thesis involves the design, synthesis, and characterization of novel
materials for thermoelectric applications, including structure-property relationships of novel
inorganic materials and novel synthesis routes for inorganic materials. This research has also

contributed to a better understanding of the fundamental physics of these material systems.
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