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Abstract

The major objective of this thesis was to investigate how far the thermoelectric (TE)
properties of magnesium silicide based materials can be enhanced via doping, alloying, and

nanostructuring.

The investigation of Sb and Bi doped Mg,Si showed experimentally that the dopants
can indeed substitute Si in the crystal lattice. The excess Sb and Bi atoms were found in the
grain boundaries, most likely in the form of MgsSh, and Mg3;Bi,. As a consequence, the
sample showed lower carrier concentration than the formal Sb/Bi concentration suggests, and

the thermal conductivity was significantly reduced.

The investigation of the effect of germanium substitution for silicon in bismuth doped
Mg,Si, showed that the alloying drastically reduced the room temperature thermal
conductivity partially due to the added mass contrast and the existence of Ge-rich domains
within the sample. Due to the increased in the amount of scattering centers caused by Ge
alloying, the electrical conductivity was also decreased while the Seebeck coefficient was
increased only very slightly. In summary, the positive effect of Ge substitution on the TE
properties of Bi doped Mg,Si resulted in a figure of merit of 0.7 at 773 K for

Mg2Sio 677Geo.3Bio.023 Sample.

The addition of multi wall carbon nanotubes (MWCNT) to the Mg,Sio s77Ge€o.1Bio.023
resulted in an improved electrical conductivity, in particular around room temperature. The
Seebeck coefficient of all nanocomposites is enhanced at 773 K due to energy filtering that
stems from the introduction of CNTs - Mg,Sios77Geo1Bigo23 interfaces. The lattice thermal
conductivity of the nanocomposites is reduced due to the phonon scattering by nanodomains
and grain, particularly at medium temperatures, resulting in a slight reduction in total thermal
conductivity. All in all, the thermoelectric figure of merit of the sample containing 0.5

weight-% MWCNT was enhanced by about 22% as compared to the pristine sample.

Finally, the investigation of the effect of silicon carbide (SiC) nanoparticles on the TE

properties of MQg,Sigs76Geo3Bioo2s revealed that increasing the concentration of SiC



nanoparticles systematically reduced the electrical conductivity, while enhancing the Seebeck
coefficient. In spite of its high thermal conductivity, SiC could successfully decrease the
lattice thermal conductivity through adding more interfaces. The HRTEM study showed the
existence of both Ge and Bi in the Si position, and some Bi segregation at the boundary. In
summary, the figure of merit reached its maximum value of 0.75 at 773 K for the sample

containing 0.5 wt.-% SiC, which is among the highest achieved in the Mg,Si;_xGey system.
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Chapter 1
*
Introduction to Thermoelectricity

1.1 Why Thermoelectrics?

Undoubtedly, energy is one of the biggest challenges that mankind faces in this era.
With simultaneous reduction of fossil fuel resources and increase in population around the
world, reliance on consuming fossil fuels would not be feasible without proper energy
management. Different strategies are being pursued to reduce the dependency on fossil fuels,
through the development of a variety of alternative and renewable energy sources. To convert
waste heat into useful energy, thermoelectric (TE) materials are inimitable due to their
unique ability to convert heat into electricity. As one of the emerging technologies, certain
obstacles such as efficiency, profusion and toxicity of these materials need to be addressed
before establishing them for industrial applications. In this chapter, an introduction to
thermoelectric effects together with an overview on silicide thermoelectrics and future
materials will be presented.

*
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1.2 Thermoelectric Effects

In 1821 Thomas Johann Seebeck a German physicist, observed when the junctions of
a circuit made of two different conductors held at different temperatures, can deviate a
compass needle close to it. This phenomenon is due to the magnetic force which is created by
the current passing through the circuit. The current itself generated from the temperature
gradient at the junctions. This effect is the foundation of thermoelectric effect that named
after Seebeck (Figure 1.1 (a) Thermoelectric power generation through Seebeck effect;
(b) thermoelectric Refrigeration through Peltier effect.Figure 1.1a)." The Seebeck coefficient
(S) is equal to the ratio of the induced voltage (AV), caused by the temperature gradient at the

two junctions (AT) (Equation 1.1).

s=2 Equation 1.1
AT

This sign of the Seebeck coefficient rely on the type of major charge carriers of the
materials (negative for n-type and positive for p-type materials). The dimension is in (V/K)

which for convenience is stated as (uV/K).

Around thirteen years after the discovery of Seebeck, Jean Charles Athanase Peltier a
French physicist, noticed passing a current through a circuit made of two different materials
can change the temperature at the junctions (Figure 1.1b).? This is due to the heat generated
or absorbed at the contacts with respect to the direction of a passing current. This
phenomenon is known as the Peltier effect. The ratio of the heat carried through charges (Q)
to the passing current across the junction (1) is expressed as the Peltier coefficient ()

(Equation 1.2).

Equation 1.2
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Figure 1.1  (a) Thermoelectric power generation through Seebeck effect; (b) thermoelectric

Refrigeration through Peltier effect.

Seventeen years after the discovery of the Peltier effect, William Thomson (known as
Lord Kelvin) explained the thermodynamic correlation between Seebeck and Peltier effects
which is known as Thomson effect (Equation 1.3).% In this effect, heat will be absorbed
(carriers moving in opposite to the thermal gradient) or produced (carriers moving parallel to

the thermal gradient) by passing a current in a material with a temperature gradient.

m=3S8.T Equation 1.3

1.3 Thermoelectric Efficiency

The criteria for evaluating the efficiency of a thermoelectric material in its modern
concept was developed by Abram Fedorovich loffe (1949).* The figure of merit ZT is shown

in Equation 1.4 which was derived thermodynamically.

ZT = SZTGT Equation 1.4



Where S, o, x and T represent the Seebeck coefficient, electrical conductivity, thermal
conductivity and absolute temperature, respectively. The average figure of merit over
temperature (ZT) can be used to calculate the efficiency of thermoelectric module. The
efficiency of the device working between the hot (Tn) and cold (T.) side is expressed by

Equation 1.5, and is constrained by the Carnot efficiency.

_ Tp—Tc V1+ZT-1

Th \/ﬁ_'_;__}cl Equation 1.5

1.3.1 Strategies to improve thermoelectric performance

In an ideal case, doping is achieved through substituting the lattice atoms with the
atoms of suitable elements without disturbing the structure. This has been proven to be an
efficient way to improve the ZT in many conventional materials, such as Bi,Tes, PbTe, and
SiGe. Since introducing foreign atoms into the structure can dramatically affect the mobility
of carriers, it is recommended to start with only small amount of doping concentration and

increase gradually.

To enhance ZT, the electrical conductivity and the Seebeck coefficient need to be
increased while maintaining or reducing the thermal conductivity. Unfortunately these
properties are entangled in such a way that simultaneous improvements are not always
feasible, as for example both the electrical and the thermal conductivity increase with higher
charge carrier concentration, while the Seebeck coefficient decreases. One of the strategies to
overcome this issue was proposed by Glen A. Slack, known as the PGEC concept, which
represents “a phonon glass and an electron single crystal”.> This means a material which
possesses a short phonon and a long electron mean free path. It has been found that the
phonon mean free path in a glass at room temperature is in the scale of the structure of the
glass, i.e. approximately 7 A, and a relationship between the glass-like thermal conductivity
and the minimum value has been established.® Consequently, compounds containing heavy

elements, such as TI, Pb, Bi, or Te are expected to decrease sound velocity therefore lattice
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thermal conductivity which leads to large ZT values. Some methods used for reducing the
lattice thermal conductivity for approaching the minimum value include: i) to use solid
solutions to create mass fluctuation scattering, which will usually lower the phonon mobility,
ii) to disrupt the periodicity and create defects, iii) to introduce rattling atoms or ions into
caged structures, and iv) to generate fine microstructures. Several materials have been proven
to satisfy the PGEC concept, including skutterudites, 4-Zn,Shs, and clathrates’. The search
for these materials is ongoing, which majorly focuses on small bandgap semiconductors

containing heavy elements with low electronegativity differences.

Nanostructuring has been experimentally shown to be an effective method to enhance
ZT through reducing the lattice thermal conductivity for various thermoelectric materials.
This technique was found to drastically increase the number of interfaces, therefore enhance
the phonon scattering. However, the optimal sizes of the nanostructures strongly depend on
the phonon and electron mean free path of the matrix material. One of the strategies to
enhance ZT is through embedding nanomaterials into the bulk matrix, which is known as
“nano-inclusion”.® The idea of having nanostructures is to reduce thermal conductivity
through scattering of the mid- to long- wavelength phonons, and to sustain electrical
conductivity while improving the Seebeck coefficient via energy filtering of carriers.2*° The
nanoscale inclusions in nanocomposites can vary from nanoparticles,! to nanowires,*
nanotubes,*® or nanohorns.** The nanocomposite materials are potentials for scaled-up

production and practical applications.

1.4 Thermoelectric Applications

Probably the best known application of thermoelectrics is the thermocouples, in
which loops are made from wires using two dissimilar metals (Figure 1.2)." The operating
principle of thermocouples is based on the Seebeck effect, where the junction end is in
contact with or immersed in the part whose temperature needs to be identified, and the tail
end is kept at ambient temperature. The temperature difference between these two sides

induces an electrical potential at the tail end. Thermocouples are made of specific alloys with
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a known relationship between temperature and voltage, depending on the applied temperature
ranges and working environment. Therefore, the temperature of the object can be determined

from the induced voltage gained from the measurement.

Metal 1
T2 > T1 Q/ T1
Metal 2

Figure 1.2  Schematic description of thermocouples.

One of the best applications of thermoelectric materials may be in automotive
industry. Since, around 40% of the combustion energy in a gasoline engine is released as
waste heat, leading to the temperature of the exhaust gas in excess of 500°C. Utilizing the
temperature gradient between the exhaust gas and the cooling system (100°C) to generate
power for the accessories can improve the fuel economy. Such thermoelectric devices are

currently being tested on different cars and trucks by companies such as General Motors.

For space exploration missions, the electric power is provided to the spacecraft by
converting the heat from the natural decay of a Plutonium-238 source into electricity using
Radioisotope Thermoelectric Generators (RTG). These generators have been used by NASA
for various missions, such as Apollo, Viking, Pioneer, or Voyager.!® The Multi Mission
Radioisotope Thermoelectric Generators (MMRTG) is the latest RTG model, allowing the
Curiosity Mars rover (Figure 1.3b) to properly operate in cold environments, which is

currently providing scientists valuable data about the planet Mars.’



Figure 1.3  Curiosity Mars rover using a MMRTG to generate electric power (Courtesy
NASA/JPL-Caltech.).

Thermoelectric cooling devices are highly reliable thanks to their solid construction
with no moving parts. Moreover, they are light weighted and small sized, and produce no
noise or harmful emission. IBM has expressed its interest in thermoelectric cooling since
early times, and developed several cooler models for memory arrays and chips on wafers.™
Nowadays, Peltier coolers are widely used for CPU coolers and laptop cooling pads, climate
control seats, cool boxes and refrigerators, which brings massive profits to the refrigeration

industries.

1.5 State-of-the-Art Materials

1.5.1 Materials for room temperature applications (300 K - 400 K)

Bi,Tes-based materials are the leading thermoelectrics for room temperature
applications. The energy gap of undoped Bi,Te; is 0.16 eV at 300 K with a carrier
concentration of 8 x 10" cm™ and 5 x 10™ cm™ for holes and electrons, respectively.'® The
energy gap of Bi,Ses is approximately 0.08 eV with the carrier concentration in the order of
10" cm=,%° while the values of Sh,Tes are 0.28 eV and 10%° cm™.?* The p-type compound
Sh,Te; operates in the same temperature range as Bi,Tes with a peak ZT of approximately 1.0
around 300 K.?* The solid solutions Biy(Te,Se1.)s and (Bi1.Sby).Tes crystallize in the same

crystal structure type in the space group R3m. The figure of merit of Biy(TexSei1x)s was
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approximately 0.6 for randomly orientated polycrystalline material, while an enhanced value
of 0.9 was obtained for the aligned conformation.?® The large-grained material (Bi1.xSby),Tes
reached a maximum ZT of 1.0 at 300 K, which was significantly improved via
nanostructuring, achieving a ZT of 1.4 at 300 K for the Biy.4sSbys,Tes nanocomposites.* The
Currently highest ZT reached 1.5 at 390 K for p-type Bi,Tes-based materials,* and the
maximum value of the n-type compounds was around 1.2 at 423 K.

1.5.2 Materials for intermediate temperature applications (400 K - 800 K)

The silver antimony telluride AgSbTe; has recently been considered as a prospective
thermoelectric material in the moderate temperature range 400 K — 700 K owing to its low
thermal conductivity and high Seebeck coefficient. This material has a cubic rock salt
structure with random occupation of Ag and Sb at the cationic sites. A bandgap of 0.35 eV
was revealed by diffuse reflectance measurements,® with a carrier concentration of 1.6 x
10" cm™." Evidently doping is an effective approach to improve thermoelectric performance
of p-type AgSbTe, through reducing its thermal conductivity and adjusting the carrier
concentration. The Se containing material achieved a high ZT of 1.4 at 565 K for the

composition AgShSeq g2 Ter gs. >

The LAST materials, implying Lead-Antimony-Silver-Telluride formulated as Pbj.x-
yAgySbyTe,, which are roughly solid solutions between silver antimony telluride (AgSbTey)
and lead telluride (PbTe), are promising candidates for thermoelectric generators. The family
of bulk cubic compounds with general formula Ag,PbMnTem+2n, Where M = Sb or Bi,
possesses desirable properties for thermoelectric materials, such as isotropic morphology,
low thermal conductivity, and tunable carrier concentration. The structure is described as an
average rock salt crystal, where Ag, Pb, and M atoms disorderly occupy the Na sites, and the
chalcogen atoms fill the CI sites. The AgPb,SbTen. series can be prepared for a range of m,
in which the cell parameters smoothly change with m. In particular, the composition
AgPb1SbTe;, showed low electrical conductivity and high Seebeck coefficient at room
temperature. The power factor was further enhanced by departing from the stoichiometry,

and the Ag;-xPb1oSbTes, compound revealed a low value of thermal conductivity comparable



with Bi,Tes. When n =1 and m = 18, a very high ZT of 2.1 was reached at 800 K for Ag.
«Pb1sShTez.”® When gradually replacing the Pb atoms in the LAST system with Sn atoms,
the LASTT alloys, representing Lead-Antimony-Silver-Tellurium-Tin  Ag(Pb;-
ySNy)mSbTem+2, were obtained. The Sn replacements resulted in p-type semiconductors with a
high ZT of 1.5 at 627 K depending on the compositions and morphologies.?® However, the
transport properties in the LASTT materials are not as easily tuned by varying the Ag or Sh
concentrations as in the case of the Sn-free n-type compounds.®® The Ag-free SALT system,
signifying  Sodium-Antimony-Lead-Tellurium  Na;PbnSbyTem:, has also achieved
impressive ZT values caused by its remarkably low thermal conductivity. The figure of merit
of NapgsPbyoSbTey, significantly outperformed that of p-type TAGS and PbTe-based
materials at 300 K, raised dramatically with increasing temperature, and reached 1.7 at 650
K.31

The skutterudite name was derived from a cobalt arsenide mineral containing nickel
and iron substitutions at Co sites ((Co,Ni,Fe)Ass3), found in Skutterud Mines, Modum,
Buskerud, Norway. The structure is comprised of a large unit cell, where the constituent
atoms have heavy masses, and similar electronegativity. Moreover, skutterudites form
covalent frameworks with relatively large voids in which incorporated atoms are able to
rattle, which reduces the lattice thermal conductivity due to phonon scattering.*> Among
different compounds of the binary skutterudite family, cobalt triantimonide (CoSbs) has
attracted a lot of interest for its transport properties. This material possesses p-type
characteristics with an indirect gap of 0.57 eV,*® a carrier concentration of 4 x 10*” cm™, and
an exceptionally high carrier mobility approaching 3445 cm? Vs at room temperature.®*
Cobalt triantimonide operates in the moderate temperature range up to 700 K with the ZT
reaching 0.8 at around 600 K.?? Recently, filled skutterudite antimonides have been identified
as a potential class of thermoelectric materials. Compounds with the filled skutterudite
structure, having the general formula RyM4X12, whit R = La, Ce, Pr, Nd, or Eu, M = Fe, Ru,
or Os, and X = P, As, or Sh, were discovered in 1977.% The Fe-based skutterudites, such as
CeFesShi, and CeFes«CoxShiy, have been extensively studied by several research groups,
resulting in a large ZT of 1.4 at 873 K.2® Partial filled skutterudite Ybo 10C04Shy, also
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exhibited a high ZT of approximately 1.0 at 600 K.*’ Moreover, the ZT of double and
multiple filled CoSbs-based skutterudites reached a competitive high value of 1.4 at 800 K,*®
and 1.7 at 850 K,* respectively.

Among different compounds in the Zn-Sb system, the $-Zn,Sbs phase, which is stable
in the temperature range from 263 K to 765 K under inert atmosphere and ambient pressure,
is a potential p-type thermoelectric material. This material possesses a relatively complex
structure, which results in a low thermal conductivity, owing to the disorderly distribution of
Zn atoms at various lattice positions.*® An optical gap between 1.2 eV and 1.5 eV has been
experimentally determined, with the carrier concentration of 9 x 10* cm™.** The maximum
ZT value of 1.3 has been achieved at 670 K.** However, the decomposition into ZnSb and Zn
at above 373 K due to the loss of Zn under dynamic vacuum makes pure samples difficult to
obtain for industrial applications.

Thallium-containing compounds have attracted a lot of attention as new
thermoelectric materials due to their low thermal conductivity, which results in high
thermoelectric performance. Among the ternary compounds of the Tl,Te-Ag,Te pseudo-
binary system, the AgeTITes composition has a high ZT value of 1.2 at 700 K owing to its
relatively low resistivity.43 The materials TlgBiixTeg, Tlg.yBit+xT€s, TlioxSnyTes, and Tlqg.
«PbxTes are ternary substitution variants of TlsTes. These compounds are p-type
semiconductors with a narrow energy gap. High ZT values were reported to be 1.1 for
TloBiogsTes and 0.90 for TlgosSby oo Tes at 500 K,* while a large figure of merit in excess of
1 has been obtained to reach 1.3 for TlgosSniosTes and 1.5 for Tlg1oPbigoTes at
approximately 680 K.*> However, the high toxicity of thallium limits the practical

applications of these materials despite of their high thermoelectric performance.

1.5.3 Materials for high temperature applications (above 800 K)

Silicon germanium (Si;xGey) alloys are the TE materials used for RTGs by NASA
for space missions, e.g. in Voyager 1 and 2. Both Si and Ge adopt the diamond structure with
similar lattice parameters of 5.43 A and 5.66 A, respectively. Consequently, Si;xGey solid

solutions are able to form continuously over the whole compositional range. The optimum
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doping level in Si;xGey system varies with composition and temperature in the range of 1 x
10%° cm™ to 3 x 10%° cm™ for n-type and 2 x 10%° cm™ to 4 x 10%° cm™ for p-type materials.*®
Si;xGex-based devices can operate at high temperatures from 600 K to 1300 K without
significant degradation. SipsGeg is among the best n-type thermoelectric materials, reaching
a ZT of 1 at 900 K.*” For p-type materials, boron and the 111V compounds have been used to
tune the transport properties of Si;xGey alloys. The achieved ZT of p-type materials remained
at approximately 0.6 at 900 K.* The maximum possible efficiency of Sii.xGey-based
thermoelectric generators could be around 23% if the minimum thermal conductivity is

approached without disturbing the electrical properties.*®

Lead telluride (PbTe) and its related materials, lead-tin telluride (Pb;«SnyTe), belong
to the IV-VI semiconductors, crystallizing in the cubic rock salt crystal structure, and
possessing high thermoelectric performance in the intermediate temperature range (500 K —
900 K).* The energy gap of intrinsic PbTe is approximately 0.32 eV at 300 K with the
carrier concentration in the range from 2 x 10'® cm™ to 1.7 x 10*° cm™. The lead-tin telluride
system forms continuous solid solutions obeying Vegard’s law, whose energy gap at a certain
temperature is a function of the compositions with the carrier concentration in the range from
10*® cm™ to 10 cm™. The commonly used dopants consist of Pbl, or PbBr, for p-type, and
Na,Te or K,Te for n-type PbTe-based compounds. Both n-type and p-type PbTe-based
materials have been used in the early RTG designs of NASA for over 50 years in the Apollo
and Viking 2 missions.” The n-type PbTe;ly reveals a significantly high ZT of 1.4 in the
temperature range of 700 K — 850 K,>* while the p-type NayPby..Te also has a large ZT of
approximately 1.4 at 750 K.*? An alternative analog is lead selenide (PbSe), whose atomic
and electronic structures are very similar to those of lead telluride. The thermoelectric
efficiency ZT of PbSe is superior to PbTe at high temperature, which was estimated to reach
2.0 at 1000 K,** and experimentally achieved to be 1.2 at 850 K.>*

A replacement for the p-type PbTe, is the Tellurium-Antimony-Germanium-Silver,
Te-Sb-Ge-Ag, system (TAGS), which possesses low thermal conductivity in the temperature
range from 300 K to 900 K. This has been studied extensively to avoid the presence of lead

due to its toxicity. These materials are formed by alloying silver antimony telluride
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(AgSbTe,) with germanium telluride (GeTe), in which a structural transformation from a
rhombohedral structure to a cubic structure at room temperature exists between 75% and
90% GeTe content.>> Among the (AgSbTe,)1..(GeTe)x materials, the alloys containing 80%
(TAGS-80) and 85% (TAGS-85) GeTe have minimum lattice thermal conductivity of less
than 0.8 W m™K™ over the whole temperature range.® The TAGS-80 composition is
preferred considering its better thermoelectric properties, while the TAGS-85 alloy has high
potential for thermoelectric generators owing to its high mechanical strength and stability. A
large ZT of 1.8 was reached at 773 K for TAGS-80,% and about 1.5 was achieved at 730 K
for Dy-doped TAGS-85.%" TAGS-85 has been applied successfully in several space missions,
including the Pioneer 10 and Pioneer 11 spacecraft, and the Viking Landers 1 and 2, and in

SENTINEL generators for terrestrial applications.>®

The XYZ half-Heusler compounds, where X is an electropositive element, e.g. Ti, Zr,
or Hf, Y is a later transition metal, e.g. Co or Ni, and Z is a main group element, e.g. Sn or
Sh, have attracted considerable interest as potential thermoelectrics above 700 K. The half-
Heusler structure consists of a face-centered cubic lattice of the Z element, in which the X
metals occupy all octahedral sites and the Y transition metals fill half of the tetrahedral sites.
Nowadays, the thermoelectric research mainly focuses on two half-Heusler systems, i.e.
TiNiSn for n-type and TiCoSb for p-type materials. The band structure of these compounds
can easily be changed using various dopants to achieve an optimum power factor. This is
then combined with novel approaches for reducing thermal conductivity through enhancing
phonon scattering, leading to significantly improved figure of merit.>® A considerably large
ZT has been reported for the Tig5(ZrosHfo.5)0.5NiSNg.998Sho.002 cOMpound, reaching 1.5 at 700
K.® while a sufficiently high ZT of 0.8 at 973 K has also been achieved for the p-type

Zr0,5HfO,5CoSb0,38n0,2 material.sl

1.6 Magnesium Silicide Based Thermoelectric Materials

Magnesium as an alkaline earth metal can form Mg,E antifluorite structure with the

elements of group 14 (E = C, Si, Ge, Sn, Pb). The unit cell of these compounds is formed
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through Mg atoms occupying eight tetrahedral positions located at (Y4, ¥4, ¥4) in a face
centered cubic (FCC) lattice constructed by group 14 elements (Figure 1.4).°? Since Mg,C is
thermodynamically stable only at high pressure (more than 15 GPa) and proven to be mainly
ionic,®® and Mg,Pb is a semimetal with an indirect band gap of -0.15 eV,**** our main focus
in this chapter is on the Mgy(Si, Ge, Sn) compounds and their solid solutions that have
semiconducting character, which makes them a potential material for thermoelectric

applications.

‘c, si, Ge, Sn, Pb

Figure 1.4  Antifluorite unit cell of Mg,E compounds (E = C, Si, Ge, Sn, Pb).

Mg,Si has been prepared by quite different methods such as liquid encapsulated

vertical gradient freezing,” 67,68

65,69

combustion synthesis,®® ball milling, microwave assisted

synthesis,*>® vertical Bridgman,”® metathesis reaction of NaSi and MgCl,,"* melt grown
and vacuum plasma thermal spray.”® Although the iconicity of the bonding in Mg,Si was
believed to be high,” the nature of bonding is mostly covalent with up to 10% iconicity,”
which is in good agreement with the obtained results from X-ray photoelectron spectroscopy
(XPS) measurements. To better visualize the directions in the band structure plot, the

Brillouin zone of the face-centered cubic (FCC) lattice is shown in Figure 1.4.
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Figure 1.5  Brillouin zone of FCC lattice’.”

The band structure of Mg,Si is shown in Figure 1.5; the chosen pathway for
calculation was L—/7/—>X—>W—K— 7" From the simple band diagram point of view it can be
considered that the four s electrons of two Mg atoms together with the four s and p electrons
of the group 14 atom would provide the eight electrons per formula unit that fill the valence
band.”® Before discussing the character of bonding in Mg,Si, our main region to focus on is
the top of valence band that starts as L'3 and finishes as 715, and the bottom of conduction
band that would be from L; to 73. The calculated energy gap is around 1.3 eV, which is

higher than the experimentally measured and generally accepted value of 0.77 eV.”’

" Reprinted with permission from (P.M. Lee, Physical Review, 135, A1110, 1964) Copyright (1964) by the
American Physical Society http://dx.doi.org/10.1103/PhysRev.135.A1110.
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Figure 1.6 The band structure of Mg,Si*.”®

In contrast to the top of the valence band that has mainly p bonding character, the
bottom of the conduction band has s antibonding character. The band structure of Mg,Ge and
Mg,Sn is nearly the same with the maximum of the valence band at the 7/ point and the
minimum of the conduction band at X. By moving down in the periodic table from Si to Ge
and Sn, the indirect energy gap is reduced from 0.77 eV to 0.74 eV and 0.36 eV,
respectively.”” The reduction in the energy gap is related to the filling of higher energy
(level) p orbitals of Ge and Sn which form the top of valence band. Since the
electronegativity of Si (1.90 on the Pauling scale) is close to Ge (2.01) and Sn (1.96), no
major difference is expected in the covalent character of the bonding. Although the
covalency of the bonds does not get affected that much, increasing the atomic radius of the
group 14 element increases the unit cell. This reduces the overall orbital overlap and the bond

strength, which leads to a dramatic decrease in the melting point of Mg,(Sn, Pb) compared

* Reprinted with permission from (P.M. Lee, Physical Review, 135, A1110, 1964) Copyright (1964) by the
American Physical Society http://dx.doi.org/10.1103/PhysRev.135.A1110.
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with Mg(Si, Ge) (Table 1.1). The change in the band structure of Mg,Si through substitution

of Si with Ge/Sn will be discussed later in the solid solution section of this chapter.

Table 1.1  Lattice parameter and melting points of Mg,E (E= Si, Ge, Sn, PDb).

Compound Unit cell parameter (A) | Melting point (°C)
Mg,Si 6.338"8 1102%
Mg,Ge 6.385"° 1115%
Mg,Sh 6.770%° 778%
Mg,Pb 6.907% 550%

1.6.1 Nature of intrinsic defects in Mg,(Si, Ge, Sn) compounds

In general point defects in Mg,(Si, Ge, Sn) compounds can be divided into intrinsic
and extrinsic defects. In this section, our main focus is on the nature of intrinsic defects in
Mg.E semiconductors under stoichiometric, Mg rich and Mg poor conditions. The

possibilities for the type of point defects are as follows:*
e Occupying Interstitial (1) sites (e.g. Mg',....)
e Mono/multi vacancy (V) of certain sites (e.g. V=, VM%)
e Antisite defects e.g. Mg atom occupying Si position (Mg®,...)

The undoped Mg;Si is intrinsically n-type. First principles®® and ab initio® studies
showed the favorable defect in stoichiometric and Mg rich Mg,Si is Mg occupying the
interstitial site (Mg'), which also acts as an electron donor state. This agrees well with the
experimental results.®® In Mg poor condition, Kato et al. showed the Mg' is still the major
defect but with lower concentration. This could be the reason why undoped Mg,Si never

82,84

shows p-type character. Other calculations for Mg poor condition®®" showed higher stability

in terms of formation energy for V', V%' and Si™9. From the empirical point of view,
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silicon vacancy could compensate for the lack of Mg to stabilize the structure, but antisite Si
in Mg position might not be practical with respect to the larger radius of Si* compared to
Mg®*. In contrast to Mg,Si, the synthesis of pure Mg,Ge single crystals®® revealed that in
stoichiometric condition, VM? is energetically favorable to other types of defect that could
also be due to Mg loss stimulated by high synthesis temperature. The addition of excess Mg
during the synthesis governs the change from Mg poor to Mg rich condition. Then, the Mg'
defect dominates, and as a result the material would demonstrate a transition from p-type to
n-type;®® the obtained experimental results are in good agreement with the predictions from
first principles calculation. Electronic structure calculations®” on Mg,Sn both in Mg rich and
Sn rich limits suggested V™ as a favorable defect, which could be one of the reasons for the

undoped Mg,Sn®#

to exhibit the observed p-type behavior. First principles calculation by
Viennois et al. also found the VM more favorable than Sn™? and Mg'. This could be due to
the fact that Sn* could not easily occupy the Mg?* position due to the size difference and the

larger size of the interstitial site compared to Mg,Si could destabilize the Mg'.

1.6.2 Thermoelectric properties of Mg,E (E = Si, Ge, Sn, Pb) and their solid solutions

As discussed in the last section, magnesium silicide itself is a very poor electrical
conductor due to its fairly wide indirect bandgap. One of the most promising ways to
enhance the conductivity of a semiconductor is through introducing extrinsic point defects or
so called “doping”. Depending on the chemical properties, structure and bonding nature of
the host material the dopant can be chosen to either add or remove an electron to provide the
desired type of conductivity. Up to this point, scandium (Sc),*® yttrium (Y),*° cobalt

(C0),%*9%2 copper (Cu),” zinc (zn),** lanthanum (La),*>® boron (B),*” aluminum (Al),%*9%"

104 92,96,98,100,105-126 bismuth (Bl) 93,103,112,116,127-142
H

103 phosphorus (P), selenium
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antimony (Sb),
(Se),* and tellurium (Te)**'* were examined as n-type doping and sodium (Na),

potassium (K),*® lithium (Li),%***° silver (Ag),"***** %52 and gallium (Ga)****>* were used to

155 72,97,112,114,140,156-158

generate p-type conduction. Calcium (Ca),”™ germanium (Ge), tin

(Sn)102,108,111,113,123—126,129,131,135,136,138,140,141,150,159—181and Iead (Pb)182 were also USEd as a
substitution for making the solid solution to tune the band structure of Mg,Si. Except for Ca

all other isoelectronic substitution atoms occupy the Si position. Due to the small size of
17



Mg?**, the structure is less flexible to accept larger ions such as Ca®*. This can be observed
from the extra side phase peaks in the Mg, Ca,Si material.™® Based on the fact that not all
the Ca went into the structure, the effect of Ca on the reduction of thermal conductivity is

negligible.

One of the advantages of Mg,Si is that it can form a wide range of solid solution with
Ge and Sn, because all the Mg,(Si,Ge,Sn) form an antifluorite structure. In the case of Ge,
the whole range of solid solution can form, but for Sn it was long believed that there is a
miscibility gap (Figure 1.7) from Mg,Sio4Shos t0 MgsSiosSnos.'®® Chen et al. observed a

shift to lower Si content based on their synthesis method.*3*

T/K
1400 L
- WMiscibilit .
I: Mg,Si rich gap y IIl: Mg,Sn rich
0 40 60 100
Mg,SI Mg,Sn mole% Mg.Sn

Figure 1.7 Miscibility gap in Mg,Si1.Sny solid solution (adopted from®).

By shifting the miscibility gap depending on the synthesis method, one can deduce

that the gap mainly stems from a Kinetic barrier rather than the thermodynamic one.

121,185

Applying the proper synthesis methods could effectively overcome this barrier to be
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able to synthesize the compositions that are supposed to be in the miscibility range. Up until
now, solid solution is one of the most potent ways in reducing the thermal conductivity of
Mg,Si. Introducing the distortion in the lattice by heavier and larger elements such as Sn can
generate the anharmonicity that is responsible for disorder scattering of acoustic phonons,
which are majorly responsible for carrying the heat.’® The lattice thermal conductivity of a

disordered alloy (solid solution) is usually in the shape of a deformed parabola, such as in
this case (Figure 1.8).
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Figure 1.8 Room temperature lattice thermal conductivity of Mg,Si;-x(Ge/Sn)y solid

solution.

Another pivotal role of adding Sn into the structure is the ability to tune the band
structure. The conduction band minimum (CBM) around the 7" point, in Mg,Si1«Shy consists
of both a heavy (Hcg, red) and a light (Lcg, blue) band. At a certain Sn level (x = 0.625-
0.7)'8"'% these two bands overlap (Figure 1.9), which then simultaneously causes an
equalization of the Si and Sn character of the CBM and the effective mass of the band to

reach its maximum value, as a consequence the sample exhibit a large S.**” Furthermore, the
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induced lattice distortion due to the Si/Sn ratio causes the lowest lattice thermal conductivity

among other compositions.*®
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Figure 1.9 Band overlap in MgSi1.Sny solid solution®. 18

p-type dopants can be categorized into two groups. The first group includes the
elements substituting Mg which are Na, K, Li, Ag; and the second group consists of the only
element substituting Si, namely Ga. Among the elements substituting Mg, Li shows the
highest p-type electrical conductivity of around 1100 Q*cm™. Comparing the crystal
radius of the cations in tetrahedral coordination, one notices that Li* (0.73 A) in contrast to
Na* (1.13 A), K* (1.51 A) and Ag"* (1.16 A), has the closest value to Mg?*(0.71 A).**° The
same argument is also valid when considering the covalent radius of these elements.'*
Replacing Mg with larger elements could promote occupying the octahedral position by Mg
or the dopant, which can eventually decrease the hole concentration through generating a
donor state. The calculation on Ag doping showed that the structure would energetically be

151

more favorable to generate interstitial Mg, which could be the reason for lower

conductivity and carrier concentration of Ag-doped Mg,Si based materials.”***° A band

s Reprinted with permission from (W. Liu, X. Tan, K. Yin, H. Liu, X. Tang, J. Shi, Q. Zhang, and C. Uher
Phys. Rev. Lett. 108, 166601, 2012) Copyright (2012) by the American Physical Society.
http://dx.doi.org/10.1103/PhysRevL ett.108.166601
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structure calculation showed introducing Ga into Mg,Si would move the Fermi level close to
the valence band edge which is in agreement with the observed p-type character of Ga
containing Mg,Si and Mg, Si;xGe,.*® The first principles calculation'®* indicated that Ga has
the lower formation energy for occupying the Si position than the Mg position, despite
having crystal radius of 0.61 A as Ga>*, which is close to Mg?*. Liu et al. also observed the
formation of MgsGa, upon increasing the Ga concentration.™™ All in all, the hole
concentration was improved up to ~ 4.9 x 10® cm™ for the Li doped sample.**® The
drawback of doping with Li is the instability of the samples at high temperature which

originates from the movement of Li ions possibly through vacant octahedral holes.

Unquestionably, among all the n-type dopants, Sb and Bi were the most successful
ones in increasing carrier concentration, thereby improving the electrical conductivity of the

Mg,Si based materials. One of the main issues that most of the high performance n-type

107,113,135,165,192-195

variants have in common, is the existence of MgO as a side phase in an

amount that is detectable by powder X-ray diffraction, PXRD. Even though the small
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concentration of MgO at the grain boundaries might increase boundary scattering
thermal conductivity, MgO due to its high thermal conductivity (~ 30 W m™K™ at 400 K) **
and low electrical conductivity could attenuate the performance of the material through

decreasing the mobility and thereby electrical conductivity.'*®

Along with doping, incorporating extra Mg seemed to be a reliable strategy to
increase the carrier concentration of Mg,Si1xSny solid solutions t3173:193:194.198-201 | gome
cases, the extra Mg that occupies the interstitial sites could also reduce the lattice thermal
conductivity especially at high temperature by means of point defect scattering.**3"31% |n
the Mg,Siix.,Ge,Sny system, Ge rich inclusion regions were found that can alleviate the
thermal conductivity and improve ZT up to 1.3 at 773 K for both Sbh and Bi doped materials
13519 The other constructive effect of Ge in higher concentration is to broaden the energy
gap to restrain the bipolar contribution that can reduce the high temperature figure of

merit.2%

21



Recently Ning et al. reported the maximum ZT value of 1.63 at 615 K for an Sb
doped Mg,SipsSngs sample made by pressure-less spark plasma sintering (SPS). Since the
enhancement of ZT was made through porosity, and the best sample has a relative density of
only 63%, there are a couple of issues that need to be considered for any application. Porosity
not only reduces thermal and electrical conductivity but also decreases the mechanical
strength of the sample, which is very important from the engineering point of view. Applying
the heating cycles on the porous sample can change the porosity hence changing the
properties of the sample. After all, no result was shown regarding the reproducibility of the
samples, which can be due to the challenging process of achieving the exact same porosity
for the sample. Despite showing ZT of 1.63 at 615 K, a drastic reduction in ZT due to bipolar
effect led to a ZT of 0.84 at 770 K. This led to an average ZT ~ 1.7

1.7 Alkaline Earth Silicides for Thermoelectric Application

Undoubtedly, magnesium silicide is the best studied compound in alkaline earth
silicide system. All the elements in the group 2 except radium (Ra), which is significantly
radioactive and carcinogenic, can be considered for thermoelectric applications. Starting
from the top of the group, beryllium (Be) cannot form a single phase binary silicide with

silicon ,and the solid below 1373 K consists of two separate phases, « Be and Si.?*

Calcium (Ca) could form Ca,Si, CasSis, CaSi, CasSis and CaSi, as binary silicides,*®
which all are thermodynamically stable compounds.?®® CaSi, that can be synthesized through
a peritectic reaction at 1303 K demonstrated a decent stability to moisture, which makes it
easier to handle for thermoelectric measurements. Under high pressure (15 GPa) CaSi, would
go through a phase transformation that showed the low temperature superconducting
transition at 14 K. Ca,Si (Figure 1.10a) with a congruent melting point of 1543 K was
estimated to have a direct band gap between 0.3 eV to 0.362 eV.2°*?® Thermoelectric
properties of Ca,Si showed a p-type semiconducting character with a room temperature
conductivity of around 0.018 Q™ cm™ and carrier concentration of 3.1x10® per cm®#° The
sodium (Na) addition seemed to act as an acceptor and improved the p-type conductivity by
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increasing the carrier concentration to around 1.3x10* per cm®. The positive characters of
Ca,Si from thermoelectric point of view are its low room temperature thermal conductivity
of 2.31 W m™*K™ and high Seebeck coefficient (S) of ~ 200 pV K™% It is worth to mention
that all the measured samples of Ca,Si had a relative density below 90%, which could
significantly affect their transport properties. CasSi, with a decomposition temperature of
1183 K can also be a good candidate for medium temperature range thermoelectrics. The ab

211 and first principles®*?

initio calculation revealed a semiconducting character of this
compound with an indirect band gap ranging from 0.35 eV to 0.598 eV.?**%2 Due to the
comparable indirect gap of CasSis to Mg,Si, it could be worthwhile to investigate the effect
of doping on its thermoelectric properties. CaSi that has CrB type structure possessed a
metallic behavior with a high electrical conductivity (¢) of around 4000 Q*cm™ at 323 K23
The disadvantage of CaSi for thermoelectric application is its high room temperature thermal
conductivity (x) (~10 W m™K™). Although CasSis (Figure 1.10b) has almost zero band gap
with a pseudogap of 0.1 eV, it showed more promising thermoelectric behavior than CaSi.
The higher room temperature Seebeck coefficient of 40 pV K™ with nearly half the thermal
conductivity value (~5 W m™K™) of CaSi, makes the CasSiz one of the potential p-type

materials that can be investigated for thermoelectric applications up to 1000 K 234
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Figure 1.10 (a) Crystal structure of Ca,Si (anti-PbCl; type structure, with tricapped trigonal
prismatic Ca coordination for every Si atom) (b) CasSis (CrsBs type structure, with [Si*]

monomers and [Si-Si]® dimers in alternative layers along c axis)

Like Ca, strontium (Sr) forms a variety of silicides ranging from Sr,Si to SrSi,.*° In

spite of the fact that Sr,Si has a decomposition temperature higher than 1273 K and first

principles calculation?® 2!

predicted a direct band gap of around 0.4 eV, no thermoelectric
property measurements were carried out on this compound to date. Pure SrSi and SrsSis
could not be considered as good thermoelectric materials due to their nearly metallic
character.?*® SrSi, with a congruent melting point of 1393 K and a narrow band gap of 0.035
eV 2 js the most studied compound in the Sr-Si system. The structure has a low temperature
cubic « phase and a high temperature tetragonal £ phase; the phase transformation from f to
o was reported to be between 673 K and 963 K.?* The cubic « phase has the space group of
P4332 with Sr occupying the (1/8, 1/8, 1/8) position (Figure 1.11). The Si-Si distance is ~
2.40 A, and the Sr-Si distance is ~ 3.25 A. Each Si atom is connected with three other Si
atoms with a threefold symmetry in the structure.’> Although most of thermoelectric
properties of SrSi, based materials were measured up to 300 K, no unusual behavior was

detected on the high temperature data that can be attributed to the phase transformation.
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Undoped SrSi, demonstrated a decent room temperature figure of merit (ZT) value of 0.1,
unfortunately increasing the temperature from 300 K to 1000 K would decrease the Seebeck
coefficient from 125 pV K' to around 60 pV K™ without affecting its high thermal
conductivity ( ~5 W m™*K™), causing a reduction in ZT at higher temperatures.?®” So far the
effect of aluminum (Al)*® Ge,?** yttrium (Y),?® Ca and barium (Ba),?*® on the low
temperature thermoelectric properties of SrSi, were investigated. The addition of Al seemed
to consistently increase the electrical conductivity and decrease the Seebeck coefficient
without notably reducing the thermal conductivity, since the material has already exhibit low
S this strategy could not be effective in improving the TE properties. Substituting the heavier
isoelectronic elements such as Ge and Ba resulted in reducing the thermal conductivity
without considerably affecting the thermopower which could be due to mass fluctuation
effect; Ca despite being isoelectronic was shown to improve both electrical conductivity and
Seebeck coefficient. One of the best TE properties at 300 K belong to Y doped SrSi, with the
ZT value of 0.4, which therefore should be investigated for high temperature applications.
Another possibility is to study the effect of simultaneously adding Y and tin (Sn) or Ge on
the TE properties of SrSi,.

O «

06y

Figure 1.11 Crystal structure of cubic SrSi, with each Si connected to three nearby Si.
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Although barium (Ba) forms various stable binary silicides?*’ like Ca and Sr, only the
thermoelectric properties of BaSi, were studied so far. BaSi, with the energy gap of 0.8 eV
228229 nossessed a large S of -700 wV K™ at 323 K, which is not desirable for TE application.
Even the addition of lanthanum (La) could not decrease S, possibly because of the formation
of side products such as LaSi,.?*° BaSi, BasSis and BasSiy all are metallic,*! and Ba,Si has a

fairly large band gap that would not be suitable for TE application.

1.8 Future Thermoelectric Materials

BiCuSeO oxyselenides are new promising thermoelectric materials in the middle
temperature range owing to their extremely low thermal conductivity, which is less than 0.7
W m*K?' at room temperature. BiCuSeO crystallizes in the ZrCuSiAs structure type
containing fluorite like Bi,O, layers stacking alternatively with Cu,Se, layers along the c-
axis. The Cu,Se; layer is the reverse version of the Bi,O; one, where the Cu and Se positions
are the same as those of the O and Bi atoms, respectively. All the derivatives of BiCuSeO,
where Bi is substituted by Sr, Cu by Fe, Se by Te, and O by F, revealed the p-type

conducting mechanism.?*?

The natural minerals of the tetrahedrite (Cu;»—xMxShsS13) and tennantite
(Cuin—xMyAs,S13) systems, where M is a transition metal, are potential candidates for
thermoelectric applications due to their intrinsically low lattice thermal conductivity. These
materials possess a cubic sphalerite-like structure, where the metal atoms substitute at the Cu
sites. This mineral family is the most widespread sulfosalt on Earth, which is the main source
of copper and silver worldwide. All the Zn-substituted compounds have a lattice thermal
conductivity less than 0.5 W m™K™, which is close to the theoretical limit owing to their
highly anharmonic behavior of phonon scattering. The maximum ZT approaching 1.0 at 720

K to date was achieved for the Cu1 57N 5SbsS13 compound.?
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Chapter 2

Experimental procedures

2.1 Introduction

In this chapter, the synthesis techniques and characterization methods used for TE
materials are described. Since experimental synthesis and characterizations are the major
parts of thermoelectric research, it is important to not only understand the basic principles
behind the techniques but also to aware of the errors associated with each them. Also, the

experimental precautions will be pointed out to assure the quality of the obtained data.

2.2 Reaction synthesis

Solid state and solid liquid mix reactions are among the most common ways to
synthesize bulk TE materials. In a solid state reaction solid reactants would come into contact
with each other and create interfaces; then the product will form at the interface through the
reaction between reactants (Figure 2.1a). The reaction rate is directly proportional to the
nucleation rate and the completion of the reaction depends on how fast the ions in the
reactants can diffuse inside the interface. The diffusion rate strongly relies on the temperature
and diffusion path length. Since at low temperature ions/atoms in the solid have low
tendency to move, most of solid state synthesis happen at fairly high temperature. Increasing
the temperature would increase the probability of generating defects that ease the ion
movement. To expedite a solid state reaction, it is important not only to increase the reaction
rate but also to decrease the diffusion length. One of the suitable ways to shorten the
diffusion length is through mixing and grinding the samples to form fine powder before heat
treatment. In some cases, to achieve the highest purity and homogeneity, it is necessary to
grind the product after the heat treatment and reheat it in a step that is often referred to as
“annealing”. Another way to obtain the desired product in a shorter time is by melting one of

the reactants to have a solid liquid mixture (Figure 2.1b).%*
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Initial interface

Product region Product region

Figure 2.1  (a) Formation of product (P) at the interface of solid reactants R; and Ry; (b)

solid reactant R, and liquid reactant R,.%%*

Advantages of having a liquid phase in the mixture are both producing more
interfaces (more active surfaces) and facilitating the ion movement (faster diffusion), both of
which can dramatically reduce the reaction time. Another important factor that can affect the
formation of the product is the reaction container (crucible). Depending on the temperature
and chemical nature of the elements, various types of crucibles can be used for the synthesis.
Some reactions can happen in a fused silica (Figure 2.2a) or carbon coated fused silica tube
(Figure 2.2b) without any crucible, but others need crucibles such as graphite crucibles

(Figure 2.2c), alumina crucibles (Figure 2.2d) or tantalum crucibles (Figure 2.2¢).
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Figure 2.2  (a) sealed silica tube; (b) with graphite coating; and (c) graphite crucible; (d)

unsealed alumina and (e) tantalum crucible.

An advantage of using a Ta crucible is not only that it can withstand high
temperature, but also it can be sealed through an arc melting process, which is very crucial
for the reactions containing volatile elements such as magnesium. Arc melting is a technique
using a high voltage arc generated by applying a high current (from 30 A to 150 A) passing
through a tungsten electrode to heat up the specimen to a very high temperature (e.g.,
3000°C, depending on the applied current) in couple of seconds (Figure 2.3).

Figure 2.3 Homemade arc melting setup.
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The usage of powders is not recommended for an arc melting experiment because the
sparkling powders can cover the whole reaction chamber causing the loss of stoichiometric
compositions, and the risk of oxidation is high due to large surface areas. The mixture of
powders can be cold-pressed into pellets placed in a copper sample holder cooled down by
circulating cooling water to prevent an overheating of the specimens. The process is carried
out under a continuous argon flow. Due to the high vapor pressure of Mg it is not possible to
apply these procedures to the samples containing Mg. So all the elements need to be placed
in the Ta crucible first in an oxygen free environment that can be achieved in an argon filled
glove box (Figure 2.4), and then the closed crucible can be transferred into the arc melter for
sealing. A zirconium ingot is commonly arc melted before the actual sample to remove any

remaining oxygen in the system.

Figure 2.4  Ar atmosphere glove box with oxygen and moisture level of less than 2 ppm.

After the Ta tube is sealed, the crucible is put into the silica tube (Figure 2.2a), and
the silica tube is evacuated through connecting to the vacuum line (Figure 2.5a) until the tube
reaches a pressure below 2.5 x 10 mbar. The evacuated tube will then be fused by using
O,/H; torch (Figure 2.5Db).
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Figure 2.5 (a) Vacuum line and (b) O,/H, flame torch.

At this stage the fused tube is ready for the heat treatment, which can be done by
means of resistance furnaces. Based on the complexity of the heating profile, manual (Figure
2.6a) or programmable furnaces (Figure 2.6b) can be used to assure the completion of the

reaction.

Figure 2.6  (a) Manual and (b) programmable resistance heating furnaces.

After the heat treatment, the product is ground to powder and the phase purity of the
powder checked by powder X-ray diffraction analysis.
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2.3 Powder X-ray diffraction analysis (P-XRD)

P-XRD is a characterization technique extensively utilized in material science and
related fields. The here used P-XRD apparatus is an INEL powder diffractometer with a
position-sensitive detector using Cu Kol radiation (A = 1.540598 A) (Figure 2.7). The X-rays
are created through the bombardment of the Cu anode with high speed electrons. Tungsten
filament is used as the electron source; by heating the filament, electrons will be emitted.
Trough applying a high voltage (30 kV), the accelerated electrons collide with anode and
emit a broad energy spectrum of X-ray radiation (Bremsstrahlung) as a result of energy loss.
In addition to that, high energy electrons can knock out an electron from the inner shell of the
bombarded material (Cu) to generate a vacancy, which then will be filled by an electron from
the outer shell. To conserve the energy, an X-ray will be emitted as a consequence of this
process that has the energy equal to the energy difference of inner and outer electron shells.
The wavelength of generated X-ray is thus unique for each material. Since the temperature of
the anode will increase because of the partial energy loss that manifests itself as waste heat,
the anode is continuously cooled down by cooling water. To obtain monochromatic and

focused beams, X-rays go through a Ge single crystal and a collimator before interacting

235,236

with the powders.

Figure 2.7 INEL powder diffractometer with a position-sensitive detector.
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X-rays can interact both constructively and destructively with the electrons of the
atoms. According to Bragg’s law (Equation 2.1), if the difference in the path length of two
diffracted rays equals to an integer multiplication of the wavelength (Figure 2.8), the

interaction is constructive and a diffraction peak can be observed.

nA = 2d sinf Equation 2.1

Incident beams Diffracted beams

<

Atomic planes
M

Figure 2.8 Bragg’s condition for constructive interference.

Another important parameter that can be obtained from powder diffraction pattern is
the crystallite size which is more accurate for the samples with crystallite size less than 200
nm. According to the Scherrer equation(Equation 2.2),%’ the peak width (B) is inversely

proportional to the size of crystallite (1) at the peak angle (6).

B = KA (cosf)™! Equation 2.2

In the above equation K is referred to as proportionality (Scherrer) constant and can
vary from 0.62 to 2.08,%" but for spherical crystals with cubic symmetry it is approximately
1. It is important to mention that the peak width must be in radian and is the full width at half
maximum (FWHM). 1 is the wavelength of the X-ray used to obtain the pattern. Since part of
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the broadening could come from instrument and micro-strain in the sample, it is important to

consider those effects while calculating the crystallite size.

2.4 Densification process

The next step after verifying the purity via P-XRD is the sintering. Sintering is the
densification process by using heat/pressure of the solid state material without going to its
melting point. During the sintering process particles in the powder will fuse together to
achieve a high density solid form. The densification of the thermoelectric materials in this
work is done by Oxy-Gon hot press instrument (Figure 2.9a). For the sintering, the ground
powder was placed into a graphite die and then inserted into the instrument, where it was
heated under a certain pressure (Figure 2.9b). The radiation heating of the tungsten heating
element will transfer to the sample through conduction from graphite die and the sample will
gradually reach the temperature close to the desired set point. Simultaneously uni-axial
pressure is applied to the sample to enhance the densification process. The applied force can
vary between 400 kg to 30 tons. The hot press process can be performed under vacuum, inert
ultra-high pure (UHP) Ar atmosphere and Ar balanced H, atmosphere to eliminate unwanted
oxides. The consolidated sample after pressing is in the form of a cylindrical pellet with 12.7

mm in diameter.
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Figure 2.9  (a) Hot pressing Oxy-Gon instrument; (b) Schematic representation of

operation.

2.5 Archimedes’ density measurement

The Archimedean principle is used to determine the specific gravity of a solid
immersed in a liquid. The Sartorius YDKO1 density determination kit is commonly used for
the solid with its specific gravity higher than that of the reference liquid. The buoyant force
acting on the solid is proportional to the weight of the liquid displaced by the volume of the
solid. The density of the solid, dsig, can be calculated from the weight of the solid in air and
liquid, mi; and miiquig, respectively, measured by a hydrostatic balance, and the density of the

liquid causing buoyancy, diiquid (Equation 2.3).

MgirXAiigui .
dsoriq = 2 Equation 2.3

Mair—Miiquid

This formula is sufficient to achieve an accuracy in the density of one percent.
However, several errors and allowance factors need to be considered depending on the
required accuracy, including temperature dependence of liquid density, air buoyancy,
immersion level of the holder containing sample, liquid adhesion on the assembly, and air

bubbles on the sample.
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The temperature of the reference liquid needs to be measured carefully, and its
density should be corrected accordingly. The change in the density per degree is in the range
of 0.02% for distilled water, and 0.1% for alcohols and hydrocarbons. Consequently, distilled
water is preferable due to its wide availability and temperature independent density, while

alcohols and hydrocarbons are usually employed for the samples sensitive to water.

The density of air under standard conditions, dg;; = 0.0012 g/cm?®, is included in the

formula to correct the errors of air buoyancy (Equation 2.4).

MairX(dliquid —Aair)

dsotia = —— + dgir Equation 2.4

The wires of the sample holder or sieve are submerged deeper when the sample is in
the sample holder. Therefore, a correction factor of 0.99983 for the errors from changing the
immersion depth of the assembly is determined exclusively from the geometry of the

measuring device setup (Equation 2.5).

MairX(dliquiqa—0-0012)

dsotia = 0.99983 (Mot —1iguia) + dgir Equation 2.5

In order to eliminate the errors of liquid adhesion, the balance is unloaded at the
beginning of each measuring step to disregard the effect of the meniscus, and the weight is
read off immediately after the stability symbol is displayed. To reduce the surface tension
and liquid friction, some surfactants can be added to the reference liquid. Large air bubbles
on the sample must be removed with a fine brush or other utensils, and the sample can be

wetted in a separate container before weighing.
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2.6 Laser flash thermal diffusivity measurement

The first measurement after sintering is thermal diffusivity measurement. This
experiment is carried out by Anter Flashline 3000 apparatus (Figure 2.10a) under inert Ar
flow to avoid any oxide formation. During the measurement the pellet will be exposed to
intense short pulse xenon flash light (Figure 2.10b) from the bottom side. The heat will then
dissipate through the conduction process inside the pellet and reach the top surface. The

temperature increase at the top surface is detected by an InSb infra-red (IR) detector.?*®24°

As can be seen in Equation 2.6, the diffusivity () is related to sample thickness (I)
and the time that the top surface needs to gain half of the maximum temperature rise (tos).
The exact value of o can be obtained by using the desired proportionality constant (c), based
on the type of heat loss. As an example the value of ¢ assuming no heat loss (Parker
model®*!) is equal to 0.139.

a=cxI?>Xtgs Equation 2.6

It is important to have a pellet with the uniform thickness of < 2 mm for the
measurement. To increase the uniform heat absorption and to prevent reflection, both top and
bottom surfaces are coated with graphite prior to the measurement. For calculating the
thermal conductivity (x), the density (d) of the pellets is measured via the Archimedes
method, and the Dulong-Petit approximation is applied for determining specific heat (Cp)
values. In selected cases, Cp was also experimentally determined by our collaborators at
General Motors. The thermal conductivity is then calculated according to x = a d Cp. After
the measurement, the pellet will be cut into a rectangular bar with an approximate size of 2 x

2 x 12 mm® to be used for electrical resistivity and Seebeck coefficient measurements.
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Figure 2.10 (a) Anter Flashline 3000; (b) Schematic representation of Xe flash method.

2.7 Electronic property measurements

Electrical resistivity and Seebeck coefficient of the sample is measured by ZEM 3
(ULVAC-RIKO) instrument (Figure 2.11). For this thesis, the measurements are performed
under helium atmosphere between 300 K and 800 K. The sample geometry for the
measurement can be either rectangular or cylindrical. Before the measurement, it is important
to be sure that not only the sample facets are parallel but also the top and bottom surfaces of

the sample are flat to make a good contact with the Ni electrodes.

Figure 2.11 ZEM-3 (ULVAC-RIKO) electrical resistivity and Seebeck coefficient

measurements instrument.
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The sample is sandwiched between two Ni electrodes and R-type lateral
thermocouples come into contact with the sample. To confirm the proper ohmic contact a V-1

plot was measured prior to measurement.

The temperature increase for the measurement is done through radiation process by
using IR furnace; before the resistance measurement the temperature gets stabilized in every
step and a fixed current passes through the sample from the top and bottom electrodes to
eliminate contact resistance. The voltage is being measured by the lateral probes and the
resistance (R) can be obtain through the Ohm’s law (Equation 2.7).

AV =R.1 Equation 2.7

Since the cross sectional area (A) of the sample and the distance between the lateral
thermocouples (d) are inserted into the software before the measurement, the resistivity (p)

can be calculated by the software from Equation 2.8.

R.A=p.d Equation 2.8

The Seebeck coefficient, S, is obtained by measuring the induced voltage between the
lateral probes AV, which is produced when a temperature gradient (AT) is generated between

the two probes at T, and T, through heating the bottom block (Equation 2.9, Figure 2.12).

av .
S = Equation 2.9
T, —T,
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Figure 2.12 Schematic demonstration of measurement principles in ZEM-3.

2.8 Thermal analysis

Thermal analysis is the measurement of changes occurring in physical or chemical

properties of a substance during a controlled heat treatment.?*?

A typical instrument for
thermal analysis includes a furnace controlled through a temperature programmer where the
test sample is held. The furnace is placed in a closed chamber under a controlled atmosphere,
but the chamber can be connected to evolved gas detection if the physical or chemical
process involves gas or vapor emission. Thermal analysis measurements result in a thermal
analysis curve, the features of which i.e. peaks, discontinuities, slope changes, relate to
different thermal events in the test sample. Various types of measurement can be carried out
depending on interest, such as the absolute values of the property, the difference in the
property of the test sample compared to that of a reference material, or the changing rate of
the property with temperature. The thermal events consist of phase transition, melting,
sublimation, decomposition, glass transition, oxidation, tarnishing, combustion,

volatilization, heterogeneous catalysis, or addition.

Differential scanning calorimetry (DSC) is a power-compensated technique, in which

the test sample and a reference material are maintained at an identical temperature through
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the controlled temperature programme. The energy is independently supplied to the sample
and the reference, and the difference between the energy supplied is recorded against the
corresponding temperature. The deviations from the DSC baseline occur in either an
endothermic or exothermic direction, depending upon whether more or less energy has to be

supplied to the sample compared to the reference during thermal events.

Thermogravimetric analysis (TGA) is the technique measuring the mass changes in
the test sample with temperature using a thermo-balance. Actual TG curves appear under
various forms depending on the involved materials and processes. A record of derivative
thermogravimetric (DTG) curves can help to resolve the stages of complex TG curves.
Because not all thermal events are accompanied by a mass change, TG is mostly applicable
for desorption, decomposition, and oxidation, i.e. to measure the accurate conditions
(temperature, atmosphere) for a physical or chemical process to occur, to indicate the thermal
stability range of materials, to identify minerals and polymers, to determine the
corresponding reactions, to act as a complementary technique for determining the mechanism

of a process, and to define the kinetic of a reaction or vapour pressure of a sample.

A small amount of sample, spreading thinly and evenly inside the crucible, is required
to ensure uniform and fast heat transfer, to prevent self-heating or self-cooling as reaction
occurs, to reduce gas exchange with surrounding environment, and to protect the instrument
in case of explosion or deflagration, which leads to irreproducibility. The sample containers,
made of aluminum, gold, or graphite, are commercially available. The reference materials
can be an empty crucible or sapphire, and samples can be liquid, powder, disk, flock, or fiber.
The lid should be pierced onto the crucibles, especially when volatile products are generated

during the process.

2.9 Electron microscopy

Interaction of an incident electron with the sample (Figure 2.13) can be both elastic
and inelastic, which can provide different information from the sample. Once the incident

beam penetrates through the sample and is elastically scattered by the atomic nucleus or outer
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electrons it can deflect and leave the specimen as backscattered electrons (BSE).
Backscattered electrons can supply compositional and topographic information. BSEs
typically have energy higher than 50 eV, and due to their more interaction with heavier atoms
can supply atomic number contrast in SEM. Interaction of the primary electrons with the
surface of the specimen can result in the ionization of atoms, which can emit weakly bound
electrons (secondary electrons). Secondary electrons (SE) with an average low energy of 3 to
5 eV can escape from sample surface (few nm) and provide topographic information
regarding the roughness and texture of the surface. By knocking out a secondary electron
from the inner shell another electron from the outer shell can occupy the vacancy and
generate a characteristic X-ray. Characteristic X-rays can give chemical information and are
used in energy dispersive X-ray spectroscopy (EDX). The excess energy from filling an inner
shell vacancy by an outer shell electron can result in knocking out another electron from the
outer shell which referred to as auger electron. Auger electrons have low energy and supply
chemical information about the specimen. If the sample is thin enough (typically less than
1y) some of the electrons can pass through and be analyzed for transmission electron
microscopy (TEM). The evaluated error for EDX measurement is considered to be few

atomic percent.?*®

Incident electrons

Cathodoluminescence X-rays

\/

| Sample Absorbed electron
I\“ current

Backscattered electrons

Secondary electrons Auger electrons

v
Transmitted electrons

Figure 2.13 Interactions of electrons with specimen.

42



2.10 Thermoelectric Measurements precautions

To obey the following rules while working in the thermoelectric field is useful and to

some extent necessary to avoid any data misrepresentation.

It is important to achieve the highest purity possible for the powder before proceeding
to consolidation process.

Consolidation process should be devised in a way not only to achieve the highest
relative density (depending on the compound, but typically higher than 95%) but also
to assure no change in the purity of the sample. For this purpose XRD can be done on
the pellet after the sintering.

For thermal diffusivity measurement, all the graphite from pressing process needs to
be removed from the sample surface and the sample should have appropriate uniform
thickness. Measurement temperatures should be in the stability range of the
compound. After cutting the sample for ZEM measurement, part of the pellet can be
ground and XRD can be performed to verify the purity of the sample.

In addition to the above mentioned parameters, the rectangular bar for the electrical
resistivity and Seebeck measurements needs to have right dimension and flat parallel
surfaces to provide a decent contact with both electrodes and thermocouples. It is
important to measure the sample cross section area and lateral probe distance
accurately to minimize errors of the resistivity value.

All the obtained data need to be repeatable and reproducible on the same sample as
well as a second sample synthesized by the same method. It is necessary to repeat 2 to
3 measurement points to confirm the stability and reproducibility of the data.?**

No measurement should be performed on a cracked, low purity, low density and
deformed sample.

In case of obtaining unusual results, it is highly recommended that the sample be
measured by other colleagues in the same laboratory or other laboratories.

Like any other experimental measurements, thermoelectric measurements are

entangled with experimental errors and standard deviations. It is important to be aware of

those errors while analyzing the data. The commonly accepted errors based on the instrument
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used in this thesis are 5%, 3% and 5% for electrical conductivity, Seebeck coefficient and
thermal diffusivity measurement, respectively. The estimated error in density measurement is
around 2%. Based on the aforementioned values the approximate error for the figure of merit
ZT can be evaluated (Equation 2.10)** to be around 10%. To better understand the standard
deviation of the data, round robin measurements were performed in the past®*®?*® and the
standard deviations based on the 20 method were around, +7%, +6.5%, £3.5% and +£14% for

electrical resistivity, Seebeck coefficient, thermal diffusivity and ZT, respectively.**®

% = \/(2 %)2 + (?)2 + (%)2 Equation 2.10
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Chapter 3
Effect of Bi and Sb doping on Mg,Si

3.1 Introduction

In this chapter, the effect of Bi and Sb doping on the thermoelectric properties of
Mg,Si is studied. Doping is a major problem in Mg,Si, as p-type doping has thus far not
produced competitive efficiencies, and n-type doping is problematic because of the low
solubility of the typically used dopants Sb and Bi. This investigation shows experimentally
that these dopants can indeed replace Si in the crystal lattice, and excess Sb and Bi atoms are
present in the grain boundaries in form of MgsSh, and Mg3Bi,. As a consequence, the carrier
concentration is lower than the formal Sb/Bi concentration suggests, and the thermal
conductivity is significantly reduced. To further shine light onto the thermoelectric properties
of Sb- and Bi-doped Mg,Si, comprehensive detailed studies are presented here about the
location of the dopants, both with respect to the crystallographic location and the

macrostructure.

3.2 Material Synthesis

The Mg (99.8%, Alfa Aesar, -20+100 mesh), Si (99.9%, Alfa Aesar, -100 mesh), Sb
(99.5%, Alfa Aesar, -100 mesh) and Bi (99.5%, Alfa Aesar, -325 mesh) powders were mixed
according to the stoichiometry ratio in a glove box under Argon atmosphere. Excess Mg
(4%) was used to counter the effect of magnesium evaporation during the reaction; thus the
starting ratios were 2.08 Mg : (1 — x) Si : x Sb and 2.08 Mg : (1 — x) Si : x Bi, respectively.
The reaction mixtures were put into alumina crucibles, which were then placed into fused
silica tubes. The tubes were then heated at 823 K in a resistance furnace for 3.5 days. The
products were crushed and reheated at around 873 K for 5 days, and then cooled down to
room temperature naturally by switching off the furnace. For x = 0.02, the samples appeared
to contain only Mg,Si; xSby and Mg,Sii1 «Bix, respectively, with traces of MgO, i.e. no
unreacted Si, Sb or Bi were detected. Larger amounts of Sb or Bi resulted in noticeable
formation of MgsSh, or Mgs;Bi,. The doped Mg,Si samples were ground and then

consolidated in an argon atmosphere under a pressure of 32 MPa at 973 K. The pressure was
45



released after heating for 2 hours to eliminate strain on the pellets during the cool-down
procedure. Additional powder X-ray diffraction experiments on Mg,Si and Mg,Sig.9sBio.o2
were performed at the CMCF-Il beamline at the Canadian Light Source. Synchrotron
radiation from a bending magnet port was monochromatized to 18 keV (0.68801 A) with a
double crystal monochromator and focused to the sample with a toroidal mirror. Powder
diffraction patterns were measured in the Debye-Scherrer configuration with a versatile
ACCEL MD2 micro-diffractometer and MarMosaic mx300 CCD X-ray detector. These
experiments confirmed the results obtained from the Inel diffractometer, and showed
evidence for a small unit cell expansion upon doping with Bi, namely from a = 6.33504(5) A
to a = 6.34227(6) A, as shown in Figure 3.1. The EDX results confirmed the existence of Sh
and Bi in the samples with some Sb- and Bi-rich regions, respectively; the analysis of
different crystals resulted in an average ratio of 2.05 Mg : 0.94 Si : 0.01 Bi. Differential
scanning calorimetry (DSC) was used to examine the thermal stability of the samples with x

=0.02.
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Figure 3.1 Experimental powder diagrams of Mg,Si and Mg,Sig ggBig o
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The DSC measurement was performed under argon flow by using the NETZSCH
STA 409PC Luxx instrument with a heating rate of 10 K min* from 300 K to 1073 K. No
phase transition was detected, and the weight loss was < 2%, possibly within experimental

error. The plots are presented in Figure 3.2.
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Figure 3.2 TG and DSC of MgzsiolggBioloz.

3.2.1 Transmission electron microscopy

Atomic-scale structural characterization and elemental analyses were performed using
scanning transmission electron microscopy (STEM) operating in a high-angle annular dark-
field imaging (HAADF) mode and the Energy dispersive X-ray Spectrometry (XEDS).
Conventional TEM is primarily a broad-beam based technique, wherein all the scattered
electrons, upon interacting with the specimen, are collected over a large illumination area on
the specimen. In these conditions, images are strongly dependent on the thickness of the
sample and objective lens-focus conditions. As opposed to this, STEM-HAADF employs a
raster scanning electron probe to collect electrons that are elastically scattered at high angles.
Upon converging the electron beam into a sub-angstrom probe, an atomic-scale image of
materials can be obtained. The high angle annular dark field (HAADF) detector, as the name

suggests, is a detector designed in an annular geometry and placed in a diffraction plane
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below the sample so as to collect electrons emerging from the specimen at high scattering
angles. Since the intensity of these high-angle scattered electrons is directly related to the
atomic number of scattering atoms under the electron beam, the resulting STEM-HAADF
image provides an atomic number "Z"-contrast image with intensities proportional to Z'®.
For instance, in the case of the Mg,Si sample doped with Bi, the atomic columns containing
Bi (Z = 83) is expected to appear significantly brighter compared to the bulk of the matrix
crystal.

Atomically-resolved STEM-HAADF images were acquired using a FEI-Titan cubed
TEM, equipped with two hexapole-design spherical aberration correctors of the probe and
image forming lenses. The microscope was operated in STEM mode at an accelerating
voltage of 300 kV and the images were acquired using a Fischione Instruments HAADF
detector. Image simulations were carried out with the multislice method by implementing the
Kirkland code®* in order to validate the structural model and deductions of the dopant site
preference. For STEM characterization, the samples were thinned by mechanical polishing to
180 um thickness, then dimple-ground with a diamond paste to a central thickness of 20 um
and finally ion milled (using Gatan PIPS model) to electron transparency.

3.2.2 Electronic structure calculations

The electronic structure calculations were performed using density functional theory
(DFT) with the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA)*° as implemented in the Vienna ab initio simulation package (VASP) code.?®*%** To
obtain a more accurate band gap, additional calculations were performed via the GW
approximation (GWA), which utilizes the one-particle Green's function and the screened
Coulomb interaction W.?>**® For the GGA calculation, the projector-augmented wave
(PAW)®"?°8 method was adopted with 2p®3s? and 3s%3p? as valence electrons for the Mg and
Si atoms, respectively. An energy cut-off of 332 eV and an appropriate Monkhorst-Pack
scheme was employed for the Brillouin zone with a dense k-mesh of 25 x 25 x 25 for the

Seebeck coefficient calculation. The band structure was calculated with the VASP code with
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a 16 x 16 x 16 k-point set. For doping with Sb and Bi, a 2 x 2 x 2 supercell was created from
the Mg,Si crystal structure, where one out of 32 Si atoms was replaced either with an Sb or a
Bi atom. The stoichiometry of the doped model is thus approximately Mg,Sigg7Pnoos (Pn =
Sb, Bi). For the Bi case, spin-orbit coupling was included in the calculation. By using VASP
output and symmetry, the V2Boltz program®® was applied on the basis of semiclassical
Boltzmann transport theory to calculate the temperature-dependent Seebeck coefficient for n-

doped Mg,Si-based thermoelectric materials within the rigid band approximation.?®

3.2.3 Band gap measurements

To verify the band gap, an infrared transmission spectrum was obtained from a
ground sample of undoped Mg,Si at room temperature using a Fourier transform IR
spectrometer, utilizing the Mid Infrared (560 - 8000 cm™) Spectromicroscopy beamline at
the Canadian Light Source Inc. The sample was loaded on the 300 um culets of a Sintek mini
type lla diamond anvil cell. The spectra were recorded on a Hyperion 3000 IR microscope
with a liquid nitrogen cooled MCT detector. For the measurement, the diamond was firstly
measured as background spectrum. After extracting the background, the sample with ~100
pum was focused by microscopy and measured. Spectral data collection employed a resolution

of 4 cm* and 512 scans.

The mid and far infrared reflectance spectra of undoped Mg,Si and Mg,Si doped with
Bi or Sb were measured at the National Synchrotron Light Source, Brookhaven National
Laboratory. The sample preparation procedure was the same as described above. Far-infrared
reflectivity experiments were performed at the side-station of the U2A beamline. Mid-
infrared reflectivity was measured with a Bruker Vertex 80v FTIR spectrometer and a
Hyperion 2000 IR microscope attached with a liquid nitrogen cooled HgCdTe detector. A
conventional globar source was used to minimize any intensity fluctuation during the
measurements. The intensity of the source was calibrated against the synchrotron ring current
using a gold foil. A KBr beam splitter was used to cover the mid-IR region, and the spectral

resolution of 4 cm™ applied to all spectra. The reflectance was converted to absolute
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reflectivity by normalization to the reflectance diamond substrate measured under identical
experimental conditions. Optical conductivity was obtained by Kramers-Kronig (K-K)
analysis of data obtained from normal incidence reflectivity measurements, then fit using a
variational K-K constrained dielectric function, as implemented in the REFFIT code.?®* The
dc conductivity is obtained from a Drude model by extrapolation to zero frequency. Since the
mid and far infrared spectra were recorded on different detectors, the reflectances in the two
regions were connected manually by matching to the mid-infrared reflectance at 600 cm™
(0.75 eV).

3.2.4 Hall measurement

The Hall measurements were made from 5 K to 300 K using a cryostat equipped with
a5 T magnet and a linear research AC resistance bridge. Ohmic contacts were made by using
silver paint. The Hall mobility, pp, was calculated from the relation py = on* e with n =

carrier concentration and e = electron charge.

3.3 Results and Discussion

3.3.1 Micro- and Nanostructure

Low-magnification TEM imaging revealed the polycrystalline nature of the sample
with grain sizes in the order of 7 um. We did not observe any formation of Bi-rich
precipitates in the matrix. Further, STEM-HAADF characterization was performed at an
atomic-resolution to locate the doped Bi atoms. The principal regions of interest included the
bulk of the sample, and the grain boundaries. Figure 3.3a and Figure 3.3b show the atomic-
resolution STEM-HAADF image from the bulk of the Mg,SiogsBioo2 Sample, oriented along
the [110] zone axis. A significant number of atomic columns with brighter intensity are
distributed randomly over the lattice. Due to the Z-dependence in these imaging conditions,
we infer that these bright atomic columns correspond to columns containing Bi dopant atoms
located on original Si atoms; deduced from the image simulations discussed further below.
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The relative variation in the intensities among the bright atomic columns indicates that these
columns could be containing single Bi dopants or possibly more Bi atoms. However, due to
the lack of information on the location of the Bi atoms in the thickness of the sample, we
cannot extract further quantitative information on the number of atoms within one column

due to the sensitivity of the image intensity upon the precise location of the scattering atoms.
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Figure 3.3  (a) and (b) STEM-HAADF image of Mg,Sig.9sBio02. (€) and (d) Multi-slice

simulation results obtained on Mg,Sig 9gBio.02 and Mg,Si along the [110] zone axis,

respectively.

In order to further confirm these deductions, we performed multi-slice image
simulations for the Mg,SigggBiog2 bulk matrix and pure Mg,Si. These simulations utilized
atomic models created from a (10 x 10 x 10 atoms) supercell viewed along [110] zone axis,
in which the Bi dopants were randomly included as substitutional atoms on the Si sites. The
resulting images obtained upon entering this structural model into the multi-slice simulations
are shown in Figure 3.3c and Error! Reference source not found.d. Therein, the atomic
olumns with brighter intensities correspond to those containing Bi-dopants. Unlike
Mg,SipesBioo2 (Figure 3.3c), the bulk of pure Mg,Si (Figure 3.3d) does not reveal strong
intensity fluctuations within the matrix, confirming our dopant atom deductions derived from

the experimental STEM-HAADF image shown in Figure 3.3a.
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From the STEM-HAADF images acquired from grain boundaries (Figure 3.4a and
Figure 3.4b), it is clear that the Bi dopants also segregate - most likely in form of Mg3Bi, as
sometimes found in the X-ray diagrams - at grain boundaries as deduced from the increased
intensity of the image. This is further confirmed from XEDS line scans recording the signal

of the Bi La; peak as a function of position (Figure 3.4c).

Figure 3.4  (a) Atomic-resolution STEM-HAADF image of Mg,Sig¢gBio o2 demonstrating
Bi segregation at the grain boundary (GB). (b) STEM-HAADF image acquired from the
yellow marked region in (a). (c) EDX line-scan for Bi (red) over the same yellow marked

area illustrating the GB segregation of the Bi atoms.

3.3.2 Electronic structure

The density of states calculated via the GGA vs. the GW approach are depicted in
Figure 3.5 (left). In each case, a narrow gap separates the valence band, mostly comprised of
Si-p states from the conduction band, dominated by Mg states. The use of the screening
correction (GW) did not change the valence band, but shifted the empty states uniformly

towards higher energies. As a result, the calculated band gap increased from 0.2 eV to 0.67
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eV, ultimately in agreement with experimental data.®* The IR transmission spectrum of
undoped Mg,Si is shown in Figure 3.5 (right). The two arrows in the IR transmission
spectrum indicate energies of creation and annihilation of a phonon associated with the gap
excitation. The sloping feature of the transmittance indicates that the band gap is indirect
with an energy of 0.65 eV, confirming the results of the GW modified DFT calculations
discussed above. The phonon energy is estimated to be 0.06 eV. This can be compared to the
maximum IR absorption frequency of a lattice vibration of Mg,Si of 0.04 eV.
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Figure 3.5 Density of states (left) and absorbance spectrum (right) of Mg,Si.

The band structures are shown in Figure 3.6, revealing the indirect band gap.
Similarly, a computed (indirect) band gap of 0.6 eV 2 was obtained after employing the
modified Becke-Johnson local density functional (mBJLDA),'**?** and applying the GW

corrections to selected k-points yielded a computed gap of 0.65 eV. %%
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Figure 3.6  Band structure of Mg,Si. Black: GGA, red: GW method.

The density of states of Sb- and Bi-doped Mg,Si are compared in Figure 3.7. The
composition is MgesSiz;Pn (Pn = Sb, Bi), which corresponds approximately to
Mg,Sig.97Pnoo3, i.€. a 3% doping level of Pn on the Si site. The total densities of states for
both systems are very similar to that of pure Mg,Si shown in Figure 3.5. The most significant
observation is that even with a localized defect atom (i.e. Sb or Bi), the density of states
projected to the Pn states shows the electrons from the dopant's electron is spread over the
entire crystal and not localized in the band gap region. This observation confirms that one
can apply the rigid band approximation for calculating the Seebeck coefficient. The relatively
sharp peaks below -5 eV can be attributed to the interaction between the Pn atoms and the
surrounding Mg and Si atoms. At a 3% dopant concentration, the excess electron occupied
the conduction band orbitals up to 0.5 eV above the valence band edge. The thermopower
can be estimated from the ground state band structure using the rigid band model by simply
shifting the energy of the Fermi level according to the number of electrons donated by the

dopants.
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Figure 3.7  Density of states of MgesSiz1Sb (left) and MgesSis1Bi (right).

Calculations on pure Mg,Si and at several Sb doping concentrations of Sb have been
performed (Figure 3.8). The negative Seebeck coefficient of doped Mg,Si is simply a
consequent of n-doping. The absolute magnitudes of the Seebeck coefficients were found to
decrease with dopant concentration. At a given dopant concentration, the absolute value
increases smoothly with increasing temperature, e.g. for the Mg,Sig.9sSbo.0, model from —60
HV K at 300 K to —150 pV K at 800 K, and for the Mg-Sig.09Sbg.01 model from —80 pV K-
! at 300 K to —170 uV K™ at 800 K. The large Seebeck coefficient at low dopant
concentration is due to the very sharp slope at the bottom of the conduction band indicating
that the electron bands are fairly flat. At higher dopant concentrations the dopant electrons
must populate the more free-electron like parabolic conduction bands, and therefore reduce

the Seebeck coefficient.
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Figure 3.8 Calculated Seebeck coefficient of Mg,Si; xShy.

3.3.3 Physical Properties

The reflectivity spectra and the optical conductivity are shown in Figure 3.9. As an
undoped, narrow gap semiconductor, Mg,Si has lower reflectivity than the doped samples.
The extrapolated zero frequency reflectivities for Mg,Si, Sb-doped and Bi-doped samples are
0.5, 0.6 and 0.7, respectively. The dc conductivity obtained from K-K analysis is 166 Q ‘cm™
! for the Sh and 177 Q*cm™ for the Bi case. These values are significantly lower than the
ones obtained from four-probe measurements on the hot-pressed pellets (discussed below),

most likely because the IR's limited penetration depth and spot size (about 400 um?), and is
thus more influenced by the surface character.
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Figure 3.9  Reflectivity spectra (left and center) and optical conductivity (right) of
Mg2Sio.08Sho.02 and Mg,Sio 98Bio .02

A unique feature in the reflectivity curves of the doped samples is the occurrence of a
"dip” in their IR spectra. The minimum in the reflectivity is characteristic for a doped
semiconductor and is known as the plasma reflection edge. According to the Drude model,
the energy at the minimum corresponds to the plasma frequency, wp, which is related to the
carrier concentration, n, and the effective mass, m*, via wp? = n e? ¢ m* !, where ¢ is the
dielectric constant of the material.?®® The observed plasma energies for Sb- and Bi-doped
Mg,Si are 0.15 eV and 0.21 eV, respectively. The effective mass of the Bi-doped Mg,Si may
be twice as high, e.g. determined to be 1.1 m®®’ vs. 0.47 m¢?*® with me = electron mass. Thus,
the carrier concentration in the Bi-doped Mg,Si is estimated to be roughly four times as high
as that of the Sb-doped sample. The high quality of the IR measurement is reflected in the
observation of reflectivity at the longitudinal-optical (LO) and transverse-optical (TO)
phonon absorption branch in the far-IR region. The peak at 0.036 eV with a shoulder on the
high energy side is caused by the Reststrahlen band due to the zone center LO and TO
phonon absorptions. The result is in good accord with a previous measurement on a single
crystal.?®® From the envelope of the band, the TO-LO splitting can be estimated.?”® For
undoped Mg.Si, the LO-TO splitting is 71.4 meV or 58 cm™. This is comparable to the
previously measured value on a single crystal of 60 cm ™. The Reststrahlen bands of Bi and
Sh doped Mg,Si samples are somewhat broader, giving splitting energies of 63 cm™ and 67
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cm?, respectively. Furthermore, the frequency of the TO vibration in Mg,SioesBigoz is 8

meV (6.6 cm™) lower than the pure sample.

The carrier concentration, mobility and electrical conductivity are depicted in Figure
3.10 for both Mg,Sigg9sShoo2 and Mg,SiggesBioo2. Between 5 K and 300 K, no noticeable
temperature dependence of the Hall coefficient, Ry, (and thus the carrier concentration) was
detected, e.g. for Bi-doped Mg,Si, Ry ranged from —0.0677 cm® C* at 5 K to —0.0658 cm® C”
! at 300 K, the negative sign being indicative of the expected n-type character of the carriers.
The carrier concentrations of n = 3.5 x 10 electrons per cm® and 9.5 x 10 electrons per
cm?® for Sb and Bi-doped Mg,Si, respectively, are in qualitative agreement with our TEM and
electronic structure studies: replacing Si with Pn = Sb or Bi increases the valence electron
count, but not all Pn atoms replaced Si, as we found MgsPn; in the grain boundaries.
Nominally, replacing 2% of Si with Pn would result in extrinsic charge carriers of n = 3.1 x
10%° cm3, considering that each Pn atom comprises one more valence-electron than Si.
Furthermore, this is in good agreement with the estimated ratio of the carrier concentration
from the reflectance spectroscopy experiments, where the Bi sample appeared to have much
higher carrier concentration.
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Figure 3.10 Carrier concentration (left) and Hall mobility and electrical conductivity (right)
of Mg,Sip.98Sho.o2 (White symbols) and Mg,Sig 9sBio.o2 (black symbols).
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Similarly, Nolas et al. determined n = 1.5 x 10%® cm™2 for the same Sb content,**® and
Tani et al. found n = 1.5 x 10%° cm for the same Sb'*® and n = 1.1 x 10 ¢cm™3 for the same
Bi concentration,'?” while Bux et al.?’* were able to use all extra electrons from Bi after ball-

milling, followed by spark-plasma-sintering, resulting in n = 3.2 x 10?° cm ™ (Table 3.1 and
Table 3.2).

Table 3.1  Thermoelectric properties of Mg,Sip9sSho.o2 at 300 K - 320 K (first value) and

at ~800 K (second value).

Property our work Nolas et al.*® Tanietal.’®  loannou et al.'®
o/(Q'em™) 493 - 217 1000 1980 - 650 2850 - 1200
(v K'Y 116 — 229 75 90— 195 62 — 130

(W mK™?) n/a 6.7 6.58 — 3.72 8.53 —nla

n/(cm™®) 3.5 x 10" 1.2 x 10% 1.5 x 10%° 2.5 x 107

p(cm?Vvis™ n/a 50 83 72
T n/a 0.03 0.006 - 0.51 0.05-0.32

Table 3.2  Thermoelectric properties of Mg,SipesBioo2 at 300 K - 320 K (first value) and
at ~800 K (second value).

Property our work Bux et al.*"* Tani et al.**’ Choi et al.*"?
o/(Q'em™) 1610 - 640 3125 - 1520 1150 - 540 1985 -850
_al(uV K™Y 94— 198 72130 100 - 240 88— 190
(W mK™?) 7.26 — 2.95* 6.51-4.18 6.35 - 3.58 6.15-4.05

n/(cm’®) 9.5 x 10* 3.2 x 10% 1.1 x 10%° n/a

w(em?Vvis™ 87 58 64 n/a
T 0.08 — 0.56* 0.05-0.46 0.05-0.78 0.05-0.64

*: Properties at 660 K.
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As expected, the mobility, Y, decreases with increasing temperature, and therefore the
electrical conductivity, o, decreases in parallel. Around 300 K, we obtained p = 87 cm? V's~
! and thus o = 1315 Q*cm™. The slope of the electrical conductivity determined from the
Hall data matches nicely the one obtained from the same pellet using the ULVAC ZEM-3,
and the absolute value at 300 K of ¢ = 1610 Q *cm* differs by 22%. Tani and Bux found
lower values for the mobility, e.g. at 300 K in case of Bi doping 1 = 64 cm? V's™* (Tani) and
i =58 cm® Vs (Bux). The mobilities of the Sh-doped samples are of the same order of

magnitude, ranging from 50 cm? Vs (Nolas) to p = 83 cm? Vs * (Tani).

Figure 3.11 compares electrical conductivity (left) and Seebeck coefficient (right) of
MQ,Sip.98Sbo.02 and Mg,SiggsBigo2 from 300 K to 840 K, measured using the ZEM-3. The
electrical conductivity of Mg,SiggsBigo2 continues to decrease throughout this temperate
range, as does o of Mg,SiosSho.oz. The latter is significantly smaller (¢ = 490 Q ‘em™ at 300
K), mostly because of the smaller carrier concentration by a factor of roughly 3. This
difference causes in turn the absolute Seebeck coefficient of the Sh-doped material to be
larger, e.g. S = —116 pV K™ vs. —94 uV K™ at 300 K. The calculated Seebeck coefficient
was smaller, because the calculation assumed that all extra electrons from Sb were available
as charge carriers. That the carrier concentration is the main cause for these differences, is
supported by the similarities of carrier concentration, electrical conductivity, and Seebeck

127

coefficient of Mg,Si9sBigo2 With Tani's sample,™" while Bux's sample has higher carrier

concentration, electrical conductivity, and lower Seebeck coefficient.?’
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Figure 3.11 Electrical conductivity (left) and Seebeck coefficient (right) of Mg,Sio.9sSho .02
(white symbols) and Mg,Sip.0sBio.o2 (black symbols).

From the Seebeck coefficient, one can derive the effective mass, if the carrier
concentration is known, assuming energy-independent scattering and parabolic band, via S =
8/3 mkg® e L h? m* T (1/3 wn1)?3.2" At 300 K, this results in m* = 0.62 m, for the Sb case
and m* = 1.06 m, for the Bi case, in qualitative agreement with Nolas' 0.50 m, for Sb and
Bux's 1.1 m, for Bi. Relating this to the plasma frequencies discussed above with our
experimental values for the carrier concentration, we calculate m*(Bi)/m*(Sb),= n(Bi)

wp(Bi) 2/ {n(Bi) op(Bi) 2} = 1.38, compared to 1.06 / 0.62 = 1.71 from the Seebeck data.

Finally, the thermal conductivity, x, of a second Mg,SiggsBigo; Sample was
determined up to 660 K, yielding decreasing values from 7.3 W m K™ at 300 K to 3.0 W m™
'kt at 660 K (Figure 3.12, left). These numbers, being significantly lower than those of
undoped Mg,Si, agree well with those of other authors working in this system (Table 3.2).
Assuming these two Bi-doped materials have the same carrier concentration, as they were
prepared the same way, this results in comparable (estimated) figure-of-merit values, e.g. ZT
= 0.56 at 660 K (Figure 3.12, right), with the Bi sample from Tani (0.54 at 660 K),"?” which
exhibited roughly the same carrier concentration. On the other hand, the Bi-doped material
from Bux et al. with its higher carrier concentration exhibited smaller ZT values, e.g. 0.38 at
660 K2

61



8 T T T T T T 0.8

N y

04
03|

0a| e

Thermal Conductivity (W m'K™)
£
1
Estimated Figure of Merit

L 1 ' L ! ! 0.0 I i I I i
300 400 500 600 700 800 300 400 500 600 700 800

Temperature (K) Temperature (K)

Figure 3.12 Thermal conductivity (left) and estimated figure of merit (right) of
Mg.Sio.98Bio.02.

3.4 Conclusion

Sb- and Bi-doped Mg,Si samples were prepared via annealing, followed by hot-
pressing. Parts of the dopants replace Si, as shown via STEM-HAADF, while the rest forms
MgsSh, and MgsBi,, found between the grains of doped Mg,Si particles. DFT calculations
were performed both on pure and doped Mg,Si models, resulting in the correct band gap size
after GW correction, in accord with the results from the absorbance spectroscopy. These
calculations also showed the validity of the rigid-band approximation for calculating the
transport properties in dependence of the electron concentration. As the addition of Sb and Bi
only partly led to Si substitution, the experimentally determined carrier concentration was
lower than originally expected. These findings support the ones from Tani et al., who used a
different synthesis and consolidation method (spark-plasma-sintering vs. hot-pressing),
whereas Bux et al. obtained higher carrier concentration at the same nominal Bi
concentration after incremental ball-milling. Therefore, Bux et al. found larger electrical
conductivity and smaller Seebeck coefficient, yet ultimately smaller ZT values at the 2%
doping level. In conclusion, the presence of Sb and Bi between the grains of doped Mg,Si

may well be advantageous with respect to the thermoelectric performance.
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Chapter 4
Effect of Germanium Substitution on Thermoelectric Properties of
Bi doped Mg,Si

4.1 Introduction

In this chapter, the effect of germanium substitution for silicon in bismuth doped
Mg,Si is presented. To better understand the role of Ge, the doping level of bismuth was
fixed at its optimum value, and the effects of the different Ge content on the band structure,
thermoelectric properties as well as the micro- and nano-structure of Mg,Sig.977 xGexBio 23

(0.1 £x <0.4) were investigated.

4.2 Experimental Procedures

Bismuth doped Mg,Siy xGex samples were synthesized starting from the elements in a
tantalum crucible according to the nominal stoichiometric ratio in an argon-filled glove box.
We used Mg chips (99.98%, Sigma Aldrich, 4-30 mesh), Si powder (99.9%, Alfa Aesar, -100
mesh), Ge pieces (99.9999+%, Alfa Aesar, < 2 cm) and Bi granules (99.99%, Sigma
Aldrich). The tantalum crucibles were sealed under argon with an arc melter, and then placed
into silica tubes. The sealed tubes were heated at 923 K for a week. Then the furnaces were
switched off to allow for fast cooling down to room temperature. To obtain pure products,
the samples were ground and then annealed at 1173 K for another week and thereafter cooled
down by turning off the furnace. The purity of the synthesized samples was shown in the P-
XRD pattern (Figure 4.1). All samples were pure, except for traces of MgO as also observed
by others.?®2%™ |n the end, we settled on 0.023 Bi per formula unit, because using 0.03 or
more Bi resulted in the formation of MgsBi,, as found in the X-ray powder diffraction
patterns. Lattice parameter refinements yielded a smooth increase with increasing Ge content
as expected based on the Si/Ge size ratio, resulting in a = 6.3670(2) A (0.1 Ge), 6.37011(9) A
(0.2 Ge), 6.37363(4) A (0.3 Ge), and 6.37648(6) A (0.4 Ge).
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Figure 4.1  Experimental powder patterns of Mg,Sig.977 xGexBiog23 (0.1 <x <0.4).

For physical property measurements, the annealed powders were hot pressed for two
hours at 973 K under 56 MPa in an argon atmosphere. The pressure was released after
sintering to reduce strain and stress on the pellets during cooling. The hot-pressed pellets
were 12.7 mm in diameter and 3 mm thick. These preparation methods are different from
those used by Kim, who used 773 K for annealing for six hours, followed by hot-pressing for
two hours at 1073 K under 70 MPa,™*® i.e. using a higher temperature and pressure in the last

step.

To determine the thermal conductivity («x) of the pressed samples, thermal diffusivity
(o) measurements were carried out under flowing Ar. In order to verify the suitability of the
Dulong-Petit approximation for thermal conductivity (x) calculation, specific heat
measurements were performed on the samples with high Ge content (Figure 4.2) using a
NETZSCH 404C differential scanning calorimeter, and the measured values were in good

agreement with our approximation.
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The electrical conductivity (o) and Seebeck coefficient (S) measurements were
performed under a static helium atmosphere between 300 K and 800 K.The reflectance
spectra were measured at the National Synchrotron Radiation Facility, at Brookhaven
National Laboratory as described before.”® The reflectance was converted to absolute
reflectivity by normalization to the reflectance of a diamond substrate measured under
identical experimental conditions. Optical conductivity was obtained by Kramers-Kronig (K-
K) analysis of data collected from normal incidence reflectivity measurements, then fitted
using a variational K-K constrained dielectric function, as implemented in the REFFIT
code.?”® The DC conductivity was obtained from a Drude model by extrapolation to zero

frequency.?’®

To examine the homogeneity of the samples at the micron level, energy dispersive X-
ray (EDX) analysis was performed on parts of selected pressed pellets. For this analysis, the
pellets were broken into smaller pieces, and the fracture surfaces were then analyzed without
further treatments. The EDX results verified the existence of Bi in the samples with some
Ge-rich regions. The analysis of different crystals resulted with Si/Sinomina and Ge/Genominal
ratios of 92% to 100 % and 85 to 93%, respectively.
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Atomic-scale structural characterization was performed on pieces of the hot-pressed
pellets using aberration corrected scanning transmission electron microscopy (STEM)
operating in a high-angle annular dark-field imaging (HAADF) mode.

Density functional theory (DFT) with the Perdew-Burke-Ernzerhof (PBE) generalized

277

gradient approximation (GGA) as applied in the Vienna ab initio simulation package

(VASP) code was used for performing the electronic structure calculations.®*?** For the

257258 method was selected with

GGA calculation, the projector-augmented wave (PAW)
2p°®3s? and 3s%3p? as valence electrons for the Mg and Si atoms, respectively. A 4 x 4 x 4 k-
point mesh was used for the band structure calculation. For bismuth and germanium
additions, a 2 x 2 x 2 supercell was generated from the Mg,Si crystal structure, where one
out of 32 Si atoms was replaced with a Bi atom together with three, six, nine and twelve of
32 Si atoms replaced with Ge atoms. The compositions of the different models are thus

Mgs4Sis1 xGexBi with x = 3, 6, 9 and 12.

4.3 Results and Discussion

Figure 4.3 shows the density of states (DOS) of the Mg,Sio 969 xGexBio 31 (0.094 < x
<0.375) models. Because of the excess electron stemming from the Bi atoms, the conduction
band is occupied to a small degree in each case. A slight reduction of the band gap with
increasing Ge content confirms the same experimental observation of Mg,Si; xGex in NMR
studies.?’ Close to the Fermi level, the slope of the density of states of all the samples is very
similar, which should result in comparable Seebeck coefficient values. The magnitude of the

slope is indicative of a light band.
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Figure 4.3  Density of states of M,Sio.gs0 xGe€xBio 31 (0.094 <x <0.375).

To better understand the nature of defects that could stem from the introduction of
Ge, high resolution transmission electron microscopy (HRTEM, operating under scanning
mode) was performed on the Mg,Sip777Geo2Bioo2s Sample. Figure 4.4a displays a low
magnification STEM (Scanning transmission electron microscopy)-HAADF (High-angle
annular dark-field) image of the polycrystalline sample. Regions with bright intensities
consist of atoms with higher atomic number (Ge: 32, Bi: 83) compared to the matrix (Mg: 14,
Si: 12). The concentration of heavy atoms is higher near the outer edges of the grains,
demonstrated in Figure 4.4b and Figure 4.4c that depict the areas marked red and green in
Figure 4.4a, respectively. Because of the low Bi concentration (0.77 atomic-%) in the sample
compared to Ge (6.67 atomic-%), it is postulated that the majority of the segregated atoms
are Ge atoms, i.e. a Ge-rich domain is present at the edge of the Mg,(Si,Ge,Bi) grains. The
strain originating from the larger size of the heavier Ge atoms can be better accommodated
along the grain boundaries, causing this concentration gradient. Figure 4.4d shows the
STEM-HAADF image corresponding to the region marked in 2b. The image had a band-pass
filter applied for enhanced visibility of segregated atoms. In addition to the Ge-rich domains,

as shown by the blue lines, there are atoms, most likely Mg** because of its small size,
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occupying interstitial sites as highlighted by the lines marked in red. Consequently, this

affects the local strain distribution at the grain boundaries.

Figure 4.4  Low-magnification STEM-HAADF image of Mg,Sio.777Geo2Big.023. (b) and ()
STEM-HAADF image obtained from the red and green marked areas in (a) displaying the
higher concentration of heavy atoms. (d) STEM-HAADF image corresponding to the region
marked in (b) together with atomic simulation results showing the occupation of interstitial
sites marked by red lines as well as the heavy atom segregation on Si sites marked by blue
lines.
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The thermal conductivity of all the samples decreases with increasing temperature
due to acoustic phonon scattering (Figure 4.5). The Mg,Sigs77Geo.3Bio.023 Sample showed the
lowest thermal conductivity of x = 1.7 W m ‘K, compared to 3.9 W m'K™ at 773 K
obtained for Bi doped Mg,Si.**" Higher numbers of 25 W m*K™, 23 W m*K*and 2.3 W
m 1K™ were obtained for Mg,Sio7Geo.s, Mg2Sio 7Geo3:Sbo.o2 and Mg, Sig 7Geo3:Bioo by Kim
et al., respectively."**1°8%"8 A|| these values are drastically lower than the 7.3 W m K™ (at
320 K) to 3.0 W m*K™ (at 660 K) we determined for the Bi-doped binary Mg,Si.'*®
Introducing germanium into the silicon position reduces the thermal conductivity especially
at low temperatures, due to the increase in phonon scattering through mass fluctuation point

defect scattering between these two elements®’*?%

as well as the presence of Ge-rich
domains. The decrease in x with increasing mass contrast was also observed in other solid

solutions such as PbTe; xSex %" and Mg,Siy »Sny. %32
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Figure 4.5 Thermal conductivity of Mg,Sig.977 xGexBio 23 (0.1 <x <0.4).

The higher thermal conductivity of the Mg,Sios77Geo4Bioo2z Sample, compared to
Mg,Sio.677G€0.3Bioozs, €.0. 22 W m Kt vs. 1.7 W m*K™ at 773 K (Table 4.1), can in part
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be explained by its higher relative density (98%, compared to 96% of the other samples),
which facilitates both phonon and electron transportation. The extent of this effect may be

estimated via the Maxwell-Eucken correction (Equation 4.1):

1-P

Ko TpP Equation 4.1

KP=

Table 4.1  Thermoelectric properties of Mg,Sig.977 xGexBioo23 (0.1 <x <0.4) at 773 K in
comparison to literature data.

MgzsiojGeo.gZ M928i0,7Geo,3:

Big.oz *° Sboo ™

ol(Q'em™) 541 470 396 412 590 300
S/(uV K™ -190 -194 -200 -202 -189 -210
kl(W m?K™?) 2.25 2.03 1.71 2.15 2.27 2.30
L/(10°° V2K ) 1.63 1.63 1.62 1.62 1.61 1.64
k(W mK™) 1.57 1.44 1.22 1.64 1.54 1.92
p(cm?V s hy* n/a n/a 33 40 18 0.9
n/(10* cm®)* n/a n/a 6.9 6.8 14 220
T 0.67 0.67 0.71 0.60 0.71 0.48

Therein, xp is the measured thermal conductivity with a porosity P, and x, the
theoretical thermal conductivity at full density, i.e. P = 0. With porosities of 4% for the 0.3
Ge sample and 2% for the 0.4 Ge sample and setting g = 2 for spherical pores, we calculated
Ko values of 1.9 W m*K™ and 2.3 W m K™ at 773 K, respectively. Thusly, the different
density cannot explain the large difference of 17% in x alone; an additional explanation
might be the possible existence of small amounts of unreacted Ge in the sample with the
higher Ge amount, noting that elemental Ge has a thermal conductivity of the order of 60 W

m ‘K™ (and that each measured « value has an experimental error of the order of +5%).
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The lattice thermal conductivity, x, was calculated through x| = k — ke, Where . is
the electronic thermal conductivity, which is derived from the measured electrical
conductivity, o, via the Wiedemann-Franz relationship . = LoT. The Lorenz numbers L were
calculated by applying the single parabolic band and elastic carrier scattering approximation

via Equation 4.2,

_ 22
L = (k_B)Z {(1+7\)(3+7\)F1(77)F2+A(77) 2+ F1+7\(77)} Equation 4.2

e 1+M2FE ()

where Fi(n) represents the Fermi integral of order i, the reduced Fermi energy (») is
equal to Ef/(ksT), where Ef is the Fermi energy, and it can be calculated as a function of
temperature from measured values of the Seebeck coefficient using Equation 4.3. kg is the
Boltzmann constant and e the electron charge. Acoustical phonon scattering (A = 0) can be

assumed as the dominant factor limiting charge carrier mobility.?®®

S = k—B{W—l“m) - } Equation 4.3

e U (1+0)Fy(m)

The calculated Lorenz numbers range from L = 1.94 x 10°® VV*K? for the 0.1 Ge
sample at 323 K to L = 1.62 x 10°® VV*K ™2 for the 0.4 Ge sample at 773 K, a complete list of
all calculated values and their temperature dependence is shown in Figure 4.6. The calculated
values for the lattice thermal conductivity are presented in Figure 4.7, which follow the same
trends as the total thermal conductivity data. The lowest value of . = 1.2 W m K™ occurs at
773 K for Mg,Sio 677G€o.3Bio.023.
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Figure 4.7  Lattice thermal conductivity of Mg,Siog77 xGexBiooz3 (0.1 <x < 0.4).

The electrical conductivity data are shown in Figure 4.8. For all the samples,
electrical conductivity increases with temperature up to around 500 K and then decreases.
The reduction at higher temperature can be attributed to higher lattice vibration and an
increase in acoustical phonon scattering via electron phonon interactions. Introducing

germanium increases not only phonon scattering but also charge carrier scattering, which
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results in a reduction in ¢ from 590 Q*cm™ (0.1 Ge) to 390 Q 'em™ (0.3 Ge) at room
temperature. As was the case in the thermal conductivity data, the sample with 0.4 Ge stands
out from this trend. Using again the Maxwell-Eucken correction (Equation 4.4) with S = 2,
we find corrected values at 773 K for the hypothetical fully dense samples of 446 Q ‘cm™
instead of 396 Q*cm* for the 0.3 Ge sample and of 437 Q ‘cm™ instead of 412 O 'cm™ for
the 0.4 Ge sample. In contrast to the thermal conductivity, where the different porosities only
explained part of the trend, the change in electrical conductivity from 0.3 to 0.4 Ge can thus
be fully understood based on the decrease in porosity. This observation is in accord with the
suspected trace amounts of unreacted Ge not increasing the electrical but the thermal

conductivity.

1-P

% Tipp Equation 4.4

Op =

All the Bi doped samples presented here with values between o = 400 Q *cm™ and
540 Q'cm™ at 773 K exhibit higher electrical conductivity than the one doped with Sb with
o =300 Q'em™, while Kim's Mg2Sio7Gegs:Bioo2 sSample had higher electrical conductivity
of ¢ =590 Q*cm™ at 773 K (and smaller Seebeck coefficient) (Table 4.1).
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Figure 4.8  Electrical conductivity of Mg,Sig g77 xGexBioo23 (0.1 <x <0.4).

The reflectivity spectra of samples with 0.2 and 0.4 Ge are depicted in Figure 4.9.
The dc conductivity values were calculated from the Kramers-Kronig analysis using the
Drude model to be 170 Q *cm™ for the sample with 0.2 Ge and 99 Q *cm™ for 0.4 Ge. These
calculated values are drastically lower than the ones measured on the pressed pellets via four
point-probe measurements, and the reason or the discrepancy is most likely due to the limited
spot size (about 400 pm?) and penetration depth of the infrared radiation. The result of these
instrumental limitations is that the signal used to extract the dc conductivity values is overly
influenced by the character of the surface states.

One of the characteristics of a doped semiconductor is the plasma reflection edge,
which is seen as a minimum in the reflectivity. Based on the Drude model, the corresponding
energy at the reflectivity minimum is related to the plasma frequency, wp, which can be
expressed as wp? = ne% 'm* !, where n, m* and ¢ are carrier concentration, effective mass
and dielectric constant of the material, respectively.?”® We obtained a plasma frequency of
1460 cm ™ for 0.2 Ge sample, and 1165 cm* for 0.4 Ge, corresponding to energies of 0.18
eV and 0.14 eV, respectively. Earlier we reported 0.21 eV for Mg2Sio.seBig.02."*° The different
values for the two Ge samples are likely caused by a different effect mass (thus mobility), as
the nominal dopant concentrations are equivalent. Higher frequency/energy correlates with
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lower effective mass, thus higher mobility, in accord with the higher room temperature

conductivity of the 0.2 Ge sample as compared to 0.4 Ge.
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Figure 4.9  Reflectivity spectra of Mg,Siog77 xGexBig.o2s (X = 0.2, 0.4).

To gain more understanding of the transport properties, Hall measurements were
carried out on the samples with high Ge content (0.3 and 0.4 Ge per formula unit). The
carrier concentrations (n) of both samples are nearly the same, n ~ 7 x 10* per cm?,
consistent with them both having the same doping level, and are both nearly temperature
independent (Figure 4.10). Interestingly, these concentrations are significantly lower than the
one determined by Kim et al. on Mg,Sio7Geos:Biog (1.4 x 102 cm™), which is also
consistent with their higher electrical conductivity and lower Seebeck coefficient.’*® The
different carrier concentration may be a consequence of the lower temperature and pressure
used in the consolidation process, which might have resulted in less efficient Bi doping. For
example, 0.023 Bi per formula unit would hypothetically add 3.6 x 10%° electrons per cm®,
while we found only 6.9 x 10" cm™, compared to Kim's 1.4 x 10% cm>. On the other hand,
Kim's Sh-doped sample exhibited an unexplained high carrier concentration of 22 x 10 cm~

% i.e. 6 times higher than expected based on the nominal composition.

75



[--]
T
1

2 - E
Mgzs'o.snGea.SB'c.oza i

= MgSi_Ge Bi

Carrier Concentration (cm™) X 10"

2" 0.577 0.4~ 0.023
0 i L i 1 i 'l L

50 100 150 200 250 300
Temperature (K)

Figure 4.10 Carrier concentration of Mg,Sig g77 xGexBio.o23 (X = 0.3, 0.4).

Figure 4.11 shows an increase in the mobility («) of both samples with temperature.
This temperature dependence of the mobility was also observed in Sh-doped Mg,Si, where
this effect was attributed to an activated process, which originated from the presence of MgO
at the grain boundaries.®® The increasing mobility at constant carrier concentration (as
measured up to 300 K) causes the electrical conductivity to increase up to about 500 K. The
slightly higher mobility of the sample containing 0.4 Ge per formula unit, e.g. = 40 cm?V~
s vs. 33 cm?Vv st for 0.3 Ge at 300 K, is most likely a consequence of the higher relative
density as above-mentioned. Kim's Mg,Sio7Geo3:Bigoz exhibited only 4 = 18 cm?Vv s * 8

likely caused by the higher carrier concentration.
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Figure 4.11 Hall mobility of Mg,Sig.g77 xGexBig.o23 (X = 0.3, 0.4).

The Seebeck coefficient as a function of temperature for all the samples is shown in
Figure 4.12. Replacing one Si atom with one Bi will add one electron per atom to the system,
which results in a negative Seebeck coefficient. The room temperature Seebeck coefficient is
around S = —100 wV K* for all the Bi-doped samples investigated here, in accord with the
similar slope of the DOS around the Fermi level, and similar carrier concentration for at least
the 0.3 Ge and 0.4 Ge samples. The S increases with temperature reaching a maximum value

of —200 pV K * at 773 K behavior typical for a degenerate semiconductor.
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Figure 4.12 Seebeck coefficient of Mg,Sio.977 xGexBio.o23 (0.1 <x <0.4).

The similarities of all Seebeck coefficient values also indicate that the carrier
concentrations are nearly the same for all the samples. Assuming energy-independent
scattering and carriers from a single parabolic band, we calculated the effective mass from

the Seebeck coefficient and the carrier concentration via Equation 4.5,

87'[2sz
3eh?

S = m'T()*/* Equation 4.5

with kg = Boltzmann constant, h = Planck constant. We obtained m* = 0.83 m, for 0.3
Ge and m* = 0.85 m, for 0.4 Ge (m, = electron mass). Effective mass values on the order of
me are common for n-type Mg,Si materials: for example, Kim et al. found m* = 1.1 m, for
Mg;,Sio7Geos:Biooa. "

The thermoelectric figure of merit ZT was calculated from the data discussed above,
and compared to Kim's Mg,Sig7Geo3:Bigo2 and Mg,Sip7Geg3:Shogz (Figure 4.13). In each
case, ZT increases with increasing temperature, and the MQg,Sips77Geo3Bioo2s Sample
culminates in the highest value of 0.7 at 773 K. This ZTmax value is around 50% higher than
the ZT = 0.48 of its Sb-doped counterpart. The Mg,Sios77Geo.3Bio.o23 Sample is also superior
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to Mg,Sio7Gep3:Bigo2 Over the entire temperature range with the exception of our last data
point at 773 K, where both 0.3 Ge samples equally exhibit ZT = 0.71: the averaged ZT values
over the measured temperature range are ZTae = 0.35 for Mg,Sip 677Geg 3Bio 023 and 0.30 for
Mg,Sio 7Geo 3:Bio.o2. "
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Figure 4.13 Figure of merit of Mg,Sio 977 xGexBigo23 (0.1 <x <0.4).

4.4 Conclusion

By adding germanium to Mg,Si doped with Bi, the thermal conductivity of alloyed
magnesium silicide was reduced from about x > 7 W m K™ down to values below 4 W m~
'K at room temperature. The lowest x was obtained for Mg,Sig¢77Geo3Big.oz3 With a value
of 1.7 W m*K™ at 773 K, and a lattice thermal conductivity of x, = 1.2 W m K. TEM
results indicate interstitial sites partly occupied with Mg as well as the presence of Ge-rich
domains within the Mg,(Si,Ge,Bi) particles, which further contribute to a lower thermal
conductivity in addition to the alloying effect/increased mass fluctuation. A significant
decrease in the electrical conductivity also occurred with increasing Ge content, but the net

effect to the thermoelectric figure of merit is positive.
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All in all, bismuth appears to be a more effective dopant than antimony in this
system, reflected in a significant enhancement (~48% higher) of the thermoelectric figure of
merit ZT at 773 K, compared to Kim's Sb-doped sample. The same trend exists between
Kim's Bi- and Sb-doped samples, which were both prepared by the same methods (though

different than ours, as above-mentioned).

Further optimization can be performed on this system by changing the doping level,
the pressing conditions, adding tin and studying the effect of nano-structuring, e.g. via ball

milling or forming composites.
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Chapter 5
Effect of MWCNT Inclusion on Thermoelectric properties of

Mg.Sio.s77Geo.1Bio.023

5.1 Introduction

Carbon nanotubes, due to their spectacular electronic properties and robustness, can
be considered as potential candidates for nano-inclusions in thermoelectric materials.?242%
Even though CNTs had a positive effect on the thermoelectric properties of Bi,Tes 2*° and
Bi,(Se, Te)s 2*° by achieving ZT ~ 1.5 at 350 K as compared to ZT ~ 1 for the sample without
nanotubes, the presence of rare and toxic tellurium would not fulfill the criteria for large
scale industrial applications, further the temperature at which these materials are most
efficient are well below those of most targeted waste heat recovery applications. The goal of
this chapter is to demonstrate the effect of CNTs on the thermoelectric properties of more
cost effective and eco-friendly materials. Magnesium silicide based materials, in this regard,
are conspicuous as next generation high efficiency TE materials that are suitable for auto
industry applications.?®*. Thus far, single-wall carbon nanohorns (SWCNH),"’ TiO,?* and Si
nanoparticles®® were studied as nano-inclusions in Mg,Si materials. The lack of similar

investigations of Mg,Sii1.xGex solid solutions motivated this study.

5.2 Experimental Section

Mg,Sip g77Geo.1Bioo23 Samples were synthesized by the method discussed in Chapter
4. All samples were pure except for small traces of MgO (Figure 5.1), which is a common
side product in Mg,Si based compounds.®®?’* The powders were manually mixed and
divided into four batches. Different amount of carbon nanotubes (Sigma-Aldrich, Carbon
nanotube, multi-walled; >90% MWCNT basis, outer diameter 10 - 15 nm, inner diameter 2 -
6 nm, length 0.1 - 10 um) were then added to each batch and mixed for 3 to 5 minutes using a

Fisher Scientific vortex mixer until no MWCNT agglomerations were detected.
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Figure 5.1  Powder XRD patterns of Mg,Siog77Geo.1Bio 023 Samples.

To verify the existence and examine the distribution of nanotubes within the samples
at the micron level, scanning electron microscopy (SEM) analysis was performed on parts of
selected pressed pellets (Figure 5.2) the nanotubes are totally visible in the picture with a
fibre like shape. All other preparation and measurement methods such as hall effect, hot
pressing, electrical resistivity and thermal diffusivity are similar to the ones discussed in
previous chapters. The obtained densities together with the calculated specific heat of all the
samples for calculating thermal conductivity, x, are available in Table 5.1. Our previous
measurements of the specific heat of Mg.Sioe77.xGexBio.o2s Samples validated the accuracy of
Dulong-Petit approximation for this system.** Since adding CNT only changed the Dulong-
Petit value of C, by 2%, within the error range of the measurement, the calculated values
were used to obtain the thermal conductivity. Theoretical densities of the composite (dc)

were calculated using the mixture rule (Equation 5.1).

1 _ WMWCNT |, WMatrix
dc  dmwceNT  AMatrix

Equation 5.1
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Table 5.1  Densities and specific heat of the Mg,Sio g77Geo.1Bi.02s/ MWCNT samples.

Sample Density Relative density Co
(gem™) Q'K
Mg,Sio.877G€0.1Bio 023 2.10 96% 0.877
Mg.Sio77G€0.1Big.o2s - 0.5 wt.-% MWCNT 2.10 96% 0.882
Mg.Sios77G€0.1Big.o2s - 1.0 wt.-% MWCNT 2.04 93% 0.888
M@,Sig77G€0.1Bigo23 - 1.5 wt.-% MWCNT 2.06 94% 0.894

Figure 5.2  SEM images of the Mg,Sio g77Geg.1Big.023/1 wt.-% MWCNT sample.

5.2.1 Raman spectroscopy

Dispersive Raman microscope (Renishaw Invia Raman Microscope) equipped with a
Fourier transform infrared (FTIR) detector for sequential analysis at the same spot was used
to measure pure multi-wall carbon nanotube and Mg,Sigg77Geo1Bioo2s Samples with
additions of 0.5%, 1%, and 1.5% weight-% MWCNTs. The Raman spectroscopy was
operated with a 514 nm argon ion laser (Modu-Laser Stellar Pro laser) and a 1800 line/mm
grating. The laser power used was 10%, yielding 0.36 mW at the sample. The laser was focus
on the flatten powder sample using a 20x objective, and the Raman signal was collected at 10

s. The measurement was calibrated by using Si (110), which was measured at 520 cm . Data
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processing and analysis were accomplished using software Wire 3.4 (Renishaw, Inc.). The

collection wave number range for Raman spectrum was from 100 cm* to 2000 cm .

5.3 Results and Discussion

From EDX mapping, we deduce that the additions of Ge and Bi are not localized in
the form of precipitates, but are present in the form of a solid solution in the Mg,Si matrix.
Figure 5.3 illustrates EDX elemental mapping carried out over a selected region (the pink
box) within the grain with Ge (red) and Bi (green) color coded maps. Atomic-level
characterization work was carried out to confirm this as discussed later. The elemental maps
corresponding to Ge (red) and Bi (green) indicate that the Ge and Bi atoms are alloyed with
the Mg,Si matrix in the form of solid solution. Low-magnification STEM imaging as shown
in Figure 5.4a revealed the polycrystalline nature of the sample with larger grain sizes (< 12
um). In addition, the grain-boundaries can be seen as brighter as compared to the bulk of the
grain. The brighter intensities are consistent with the segregation of elements with higher Z
(in this case, Ge and/or Bi). EDX mapping performed on the area highlighted as a rectangle,
i.e. including three different grains and their grain boundaries, revealed a mostly
homogenous presence of Mg, Si, and Bi within the grains, while Ge was accumulated along
the grain boundaries, but with higher concentration in some of the grains (the top grain in the
particular case shown in the map of Figure 5.4). To further analyze this, additional line scans
were performed, as highlighted on the left of Figure 5.4b and Figure 5.4c. Going from the left
grain to the bottom grain (Figure 5.4b), the Ge concentration peaked in the boundary between
these two. On the other hand, the line scan from the top to the bottom grain (Figure 5.4c)
revealed a higher Ge concentration in the top grain, while Bi stayed constant within error of
the method.
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Figure 5.3  Low-magpnification structural (STEM-HAADF imaging) and compositional
(EDX elemental mapping) analyses of a selected region within a grain. EDX elemental

mapping shows the distribution of Mg, Si, Ge and Bi.
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Figure 5.4  (a) Left: low-magnification STEM-HAADF image; right: EDX elemental maps
of Mg, Si, Ge and Bi in the area marked with a rectangle; (b), (c) line profiles of Ge-K and

Bi-L lines along the boundary between different grains. The profiles in red and green

correspond to Ge and Bi, respectively.

The low-magnification STEM-HAADF image shown in Figure 5.5a illustrates an
area along the edge of the specimen. The Kikuchi diffraction patterns obtained on two
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different spots (Figure 5.5b and Figure 5.5¢) confirm the presence of two grains with
different orientations and, hence, a grain boundary at the interface. In fact, the grain
boundary is visible as a bright stripe midway between the spots where the Kikuchi patterns
are obtained. EDX line scans were performed for Ge and Bi as shown in the Figure 5.5d and
Figure 5.5e to examine the distribution of heavy elements. From the line profile of Ge, it is
evident that Ge is segregating along the grain boundary, consistent with the findings
discussed above. Again in contrast to Ge, the EDX intensity in the line profile of Bi does not
reveal any such segregation, but possibly slightly different concentrations in the two grains.
The apparent large width of the Ge segregation profile (Figure 5.5€) can be explained by the
fact that, in this particular region and sample tilt, the grain boundary might not be perfectly
parallel to the electron beam. The segregation of Ge at the grain boundaries together with the
homogenous distribution of Bi in the grain boundaries could be helpful in blocking the
phonons while allowing the electrons to pass. To obtain better statistics, other grain
boundaries were analyzed (not shown), and were found to be consistent over all observed
ones. Compared to our earlier work (Mg,Si with Bi and no Ge), the Bi atoms were found to
extensively segregate along the grain boundaries.***?** Here the segregation, if at all present,
would be very small compared to the previously studied samples. This implies that it is
possible to tune the segregation/distribution behaviors of dopants by increasing the unit cell

through alloying.
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Figure 5.5 Low-magnification STEM-HAADF image; (b) and (c) Kikuchi patterns
confirming two different grains separated by a grain boundary; (d) EDX line scans of Ge-K
(red) and Bi-L (green) lines along the grain boundary; (e) line profiles of Ge (red) and Bi

(green) along the grain boundary as shown in (d).

In addition to EDX line scans as well as low-magnification imaging illustrated above,
the distribution of dopants within a grain was understood better using STEM-HAADF
imaging performed at an atomic resolution, as shown in Figure 5.6a. For better visibility, a
selected region is magnified and shown in Figure 3b. Individual atomic columns of the doped
Mg,Si lattice, oriented along the [111] zone axis, are visible in Figure 5.6b. In these Z-
contrast imaging conditions, the brighter atomic columns on the image (identified with pink
arrows) are distributed randomly over the entire 2-D projection of the lattice, and contain
heavier elements such as Ge and Bi, which are located on substitutional sites replacing Si
atoms.?%%% It is clear that the dopant atoms are rather homogenously distributed within the

bulk of the grain. Figure 5.6¢ illustrates this in much better clarity where a site with
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significantly brighter intensity (pink arrow) can be clearly seen in proximity to another site

with relatively weaker intensity (green arrow).

Figure 5.6  (a) and (b) Atomic resolution STEM-HAADF images corresponding to a region
in the bulk of a grain oriented along [111] zone axis; (c) magnified region from (b), the green
arrow indicating an atomic column with no significant brighter intensities as compared to the

atomic column highlighted by the pink arrow.

Raman spectra of Mg,Siopg77Geo1Biog2s with different amounts of MWCNT are
shown in Figure 5.7. The pure MWCNT was also measured as the reference. As can be seen,

295,2
95,296 at

all the samples demonstrate the higher frequency D mode (disordered) and G mode
around 1350 cmand 1590 cm™, respectively. No shift is observed in the D and G bands,
which indicates the CNTs neither decomposed under pressure used for consolidation nor
reacted with the base material. Although the regular breathing mode is specific to CNT, we
cannot observe this mode for multi-wall carbon nanotube due to the larger strains of multi
wall nanotubes, which hinder its vibration along the radial direction compared to the single

wall carbon nanotubes.?’
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Figure 5.7  Raman spectra of the Mg,Sio g77G€o.1Bio.02s/ MWCNT samples.

The electrical conductivity of all the nanocomposites is shown in Figure 5.8. For all
samples, the electrical conductivity increases with temperature below 600 K and then
decreases due to an increase in electron-phonon interaction, which dominates charge carrier
scattering at higher temperature. Adding multi wall carbon nanotubes increases the electrical
conductivity from ¢ = 450 Q ‘ecm™ for the sample without MWCNT to 500 Q *cm™ for the
sample containing 0.5 weight-% MWCNT at 323 K.
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Figure 5.8  Electrical conductivity of the Mg,Si s77G€0.1Big.02s/ MWCNT samples.

The main reason for the increased electrical conductivity is due to the increase in n
(Figure 5.9), since the mobility (uy) (Figure 5.10) of all the samples is very similar. The
sample containing 0.5 wt.% MWCNT shows the highest carrier concentration on average
below 300 K with the maximum value of around 8.4 x 10'° per cm® at 280 K. Although
increasing the amount of carbon nanotubes slightly decreases the carrier concentration, the
undoped sample exhibits the lowest on average. The mobility of all samples increases with
temperatures, which could be due to the existence of MgO at the grain boundaries, which
dominates the grain boundary scattering at lower temperature® as also observed in Sh-doped
Mg,Si.*®

A comparison between different Bi-doped Mg,Si nanocomposites is given in Table
5.2. The 0.5 wt.-% MWCNT sample shows an electrical conductivity of & = 470 Q 'cm™ at
773 K, which is in between the SWCNH and the Si nanoparticle composite samples with ¢ =
312 O 'cm™ and 658 Q 'em ™, respectively.
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Figure 5.10 Low temperature Hall mobility of the Mg,Sig s77Geg.1Bio.02s/ MWCNT samples.

The main difference between the electrical conductivity of the MWCNT-containing
sample and the one containing Si nanoparticles is due to the 50 percent higher carrier

concentration of 11.7 x 10 per cm® of the latter.
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Table 5.2  Thermoelectric properties of Mg,Sipg77G€g.1Bio 023/0.5% MWCNT at 773 K in
comparison to other Mg,Si-based nanocomposites.

M928i0_377G60_1Bi0_023 Mgzsi:Bio_ozl M928| /2.5 mol%

/0.5% MWCNT SWCNH *¥ Siyge; 2

o(Qem™?) 470 312 658

S/i(uV K™ —200 —216 -204
(W m K™ 2.2 3.4 3.1
L/(108 V2K ?) 1.6 2.5 2.2
k/(Wm K™ 1.6 2.9 2.0
w/(cm?Vv s ™) [300 K] 40 n/a 13
/(10" cm®) [300 K] 7.6 n/a 11.7
ZT 0.67 0.32 0.67

Figure 5.11 exhibits the temperature dependence of the Seebeck coefficient. All the
composites show a negative Seebeck value, indicative of electrons as the major charge
carriers. The Seebeck value is around S = =100 pV K at 323 K in every case, and it
increases with increasing temperature. For the samples containing MWCNT, the increase is
more noticeable, at 773 K with S = —200 pV K™ for the 0.5 wt.-% MWCNT composite
compared to S = —180 pV K * for the pristine sample. Thus, adding MWCNT resulted in an
enhancement in Seebeck coefficient while maintaining the electrical conductivity. This
phenomenon was also observed in (Bip2Sbog), Tes/MWCNT nanocomposites,290 and can be

298301 \mhich is a common

attributed to the energy filtering of the low energy charge carriers,
phenomenon in nanocomposites due to the nanophase-matrix interface.’*? On the other hand,
the SWCNH sample has a slightly higher (absolute) Seebeck coefficient (S = —215 pV K%),

which is related to its noticeably low electrical conductivity (Table 5.2).
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Figure 5.11 Seebeck coefficient of the Mg,Sig g77Ge€o.1Bio.02s/ MWCNT samples.

The capability of a thermoelectric material to generate electrical power is measured
by the power factor, P.F. = S%, which is demonstrated in Figure 5.12. The power factor of
all samples starts around 5 pW cm 'K at 323 K and increases with temperature. Except for
the pristine sample, which reaches its maximum power factor of roughly 16 pW cm 'K at
around 673 K, all the nanocomposites show their highest value at around 773 K, with the 0.5
Wt.-% MWCNT sample attaining ~ 19 pW cm “K 2. Obtaining higher power factors would
lead to higher output power density which makes the material more suitable for practical

USE.303
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Figure 5.12 Power factor of MWCNT/Mg,Sio s77Geo.1Bio.023 Samples.

Figure 5.13 shows the thermal conductivity of all nanocomposites studied in this
work, which was calculated based on the measured thermal diffusivity data. Because of the
dominant acoustic phonon scattering, the thermal conductivity of all samples decreases with
increasing temperature. The 1.5 wt.-% MWCNT sample demonstrates the lowest thermal
conductivity of 2.07 W m K™, which is substantially lower than that of the samples
containing SWCNH and Si nanoparticle composites. This reduction in thermal conductivity
can come from the combination of having both Ge and MWCNT in the sample. Since the

thermal conductivity of MWCNT is increasing with temperature,*®*

the propitious effect of
MWCNT on thermal conductivity of nanocomposites is more dominant in the medium

temperature range (Figure 5.14).
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Figure 5.13 Thermal conductivity of the Mg,Sio g77Geo.1Bio.02s/ MWCNT samples.
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Figure 5.14 Medium temperature thermal conductivity of all samples with respect to
MWCNT content.

The electronic thermal conductivity, xe, was calculated by applying the Wiedemann-
Franz law x. = LoT. The Lorenz numbers, L, that were used in calculating «. are shown in
Figure S5 and were obtained from Equation 4.2 by utilizing the single parabolic band and

elastic carrier scattering estimation. The electronic thermal conductivity of all samples is
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nearly the same and it increases approximately from 0.3 W m K at 323 K to 0.6 W m ‘K™
at 773 K, which leads us to the conclusion that the reduction in thermal conductivity is
chiefly coming from changes in the lattice contribution (Figure 5.15). The sample containing
1.5 wt.-% MWCNT depicts the lowest lattice thermal conductivity of 1.49 W m ‘K™ at 773
K, compared to 2.85 W m K™ and 2.0 W mK™ determined for the SWCNH and Si
nanoparticle composites, respectively.
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Figure 5.15 Lattice thermal conductivity of the Mg,Sio s77G€0.1Bio.02s/ MWCNT samples.

After measuring all the thermoelectric properties, the thermoelectric figure of merit
ZT was computed (Figure 5.16). The ZT of all composites increases with increasing
temperature. While all the nanocomposites show higher ZT than the pristine sample, the 0.5
wt.-% MWCNT sample reaches a maximum value of ZT = 0.67 at 773 K among all
MWCNT. This matches ZT of the Si nanoparticle counterpart, and is more than twice of what
was achieved for the Bi doped SWCNH composites.
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Figure 5.16 Figure of merit of the Mg,Sio g77Geo.1Big.023/ MWCNT samples.

One of the main issues in thermoelectric nanocomposites research is the homogeneity
of the distributed nano phase in the matrix and its effect on the properties of the
nanocomposites. To examine the reliability of the presented data, a second bar was cut from
a different part of the 0.5 wt.-% MWCNT pellet, and the obtained power factor (Figure 5.17)

is equal within experimental error.
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Figure 5.17 Power factor of two bars obtained from 0.5% MWCNT/Mg,Sios77Geo.1Blo.023

nanocomposite (6% error is considered).
98



5.4 Conclusion

Atomic resolution imaging and EDX analyses on Mg,Siog77G€o.1Bio023/0.5 wt.-%
MWCNT sample revealed a rather homogenous distribution of Ge and Bi in the bulk of the
grains, although Ge partially segregates along the grain boundaries. With Z-contrast imaging,
we have shown the random distribution in solid solution of Bi and Ge atoms in the Mg,Si
lattice ultimately leading to local lattice distortions of the lattice due to size effects. The
inclusion of multi-wall carbon nanotubes into Mg,Siog77Geg1Bioo2z matrix at low
concentration not only maintained the high temperature electrical conductivity, but also led
to a 10% improvement of the high temperature Seebeck coefficient, which could be due to
energy filtering that originated from the Mg,Sio g77G€0.1Bio.023 - MWCNT matrix interfaces.

Although the existence of MWCNT enhanced phonon scattering especially at
medium temperature lowered the lattice thermal conductivity, this reduction is compensated
at higher temperature due to the thermal transport behavior of MWCNT. The positive effect
of MWCNT on thermoelectric properties of Mg,Siog77Geo1Bioo2s IS manifested by the
enhanced thermoelectric figure of merit, ZT, with all the nanocomposites achieving higher ZT
values than the pristine sample. The highest improvement of more than 20% belongs to the
sample containing 0.5 wt.-% MWCNT with its ZT of 0.67 at 773 K. Comparing with the
other nano inclusions that were applied to Mg,Si based thermoelectrics, MWCNT exhibited
the most promising effect on TE properties, and further development may be implemented

through adding tin or in situ nano-structuring via ball milling.
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Chapter 6
Effect of SiC Nano-inclusion on Thermoelectric properties of

Mg.Sio676Ge0.3Bio.024

6.1 Introduction

The effect of silicon carbide (SiC) nanoparticles on the thermoelectric properties of
Mg,Sio676Geo.3Blo.o24 is described in the following chapter. Although bulk SiC has high room
temperature thermal conductivity,°> 3"

the thermal conductivity of BigsSbisTes, BisTe,7Sep3°® and Bi,Tes*®® With this

adding small amounts of SiC nanoparticles reduced

contribution, we discuss — for the first time — the effect of SiC nanoparticles on the
thermoelectric properties of Mg,Si based materials, here with 0.3 Ge per formula unit, as that
resulted in the best performance in our previous study.**® To the best of the authors'
knowledge, no studies of nanocomposites with Mg,Si;xGex solid solutions are known except
for our previous multi wall carbon nanotube composites,®® which inspired us to perform this

investigation.

6.2 Experimental Methods

The detailed Mg,Sios76Ge0.3Bio.o24 Synthesis conditions were described in Chapter 4.
The synthesized samples were ground into powders, manually mixed and then divided into
four batches. Different amounts of silicon carbide (SiC) nanoparticles (Alfa Aesar, S
modification, 45 nm - 55 nm) were added to each batch and mixed for 3 to 5 minutes using a
Fisher Scientific vortex mixer until no SiC nanoparticle agglomerations were observed.
Small traces of MgO were observed in powder X-ray diffraction patterns (Figure 6.1), which
is a typical side product in Mg,Si based compounds.®® The measured densities together with
the calculated specific heat of all the samples are available in Table 6.1. Theoretical densities
of the composite (d¢) were calculated using the mixture rule (Equation 5.1). The accuracy of
Dulong-Petit approximation on the specific heat of the bismuth doped Mg,Si; «Gey system

was confirmed in our previous study.** Since adding SiC nanoparticles only changed the
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specific heat by less than 1%, which is within the error range of the measurement, the
calculated values of specific heat from Dulong-Petit approximation were applied to obtain
the thermal conductivity. All the procedures for samples consolidation and measurements are

the same as the ones discussed in previous chapters.
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Figure 6.1  Powder XRD patterns of the four Mg,Sio ¢76G€o.3Bio.024 SaMples prior to

combining them.

Table 6.1  Densities and specific heat of Mg,Sig s76G€0.3Bi0.024/SIC nanocomposites.

Density Archimedes  Theoretical Co
Sample 2 _
(gcm™) density
M928i0_676Ge0,38i0,024 2.32 94% 0.793
Mgzsio_676690,38io_024/0.5 wt.-% SiC 2.33 94% 0.794
Mgzsio_emGeO_gBio_024/1.0 wt.-% SiC 2.33 94% 0.796
Mgzsio_emGeO_gBio_024/1.5 wt.-% SiC 2.31 93% 0.799
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6.3 Results and Discussion

The polycrystalline nature of the sample with grain sizes larger than 10 pum is
depicted in Low-magnification STEM imaging (Figure 6.2a). The selected three grains for
analyses are identified as 1, 2 and 3, and the Kikuchi patterns (Figure 6.2b) obtained from
these grains further confirmed that the grains are oriented differently. In contrast to the bulk
of the grain, grain boundaries (identified by green arrow) demonstrated brighter intensities
which could be related to different composition between the bulk of the grain and the grain

boundary.

Figure 6.2 a) Low magnification STEM-HAADF image of three selected grains in the
polished sample; b) Kikuchi patterns corresponding to grains 1, 2 and 3; ¢) atomic-resolution
STEM-HAADF image of a boundary between the grains 1 and 2.The grain 2 is oriented

along [100] zone-axis.

To shed more light on the distribution of the heavier elements (Ge, Bi) in both
regions, detailed STEM-HAADF and EDX analyses were performed, and the
characterization results are discussed in the following sections. The atomic-resolution
STEM-HAADF image shown in Figure 6.2c corresponds to a region at the grain-boundary,

separating grain 1 and grain 2 discussed in Figure 6.2a. The dots visible in the region
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corresponding to grain 2 are individual atomic columns of the doped Mg,Si lattice that is
oriented along [100] zone-axis. It is evident that along the grain boundary, the intensities of
these atomic-columns are stronger compared to those in the bulk of the grain (Figure 6.3).
Considering the Z-dependence in these imaging conditions, we infer that the brightness of
these columns stems from the Ge/Bi atoms located on the 4a Wyckoff site replacing Si
atoms; as also deduced from the image simulations discussed in our earlier work.**° Since the
image intensity is sensitive to the precise location of the scattering atoms, the relative
variation in the intensities within the columns indicates that these columns could contain
single/multiple substitution of Ge/Bi atoms. Image simulations analyses were carried out to

validate if the dopant segregation comes solely from Ge, Bi or their combination.

il
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Figure 6.3  Line profile showing decreasing intensity from grain boundary to bulk.

In this respect, the multislice method was utilized to simulate STEM-HAADF images
for a given crystalline lattice/supercell. To keep all the conditions of image formation
identical, the supercell (Figure 6.4a) was constructed in a way that the intensity from atomic
columns of (1) undoped Mg,Si, (2) Si substituted with only Ge, (3) with only Bi, (4) with
both Ge and Bi, can all be obtained from the same image. Two cases along the z direction
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were formulated on the basis that the separation distance between Ge and Bi atoms are (1)
farther (2 nm, Figure 6.4b) (2) closer (0.5 nm, Figure 6.4c).

lEIectron Probe

2.0 nm

Ge+Bi+Si

0.5 nm

Figure 6.4 a) Schematic illustration of the super cell of Mg,Si: (1) undoped; (2) substituted
with only Ge; (3) only with Bi; (4) with a combination of Ge and Bi, along the z direction; b)
simulated multislice images of the supercell for Ge-Bi separation distances of 2 nm; b)

simulated multislice images of the supercell for Ge-Bi separation distances of 0.5 nm.

The location of Bi atoms was fixed to 20" position viewed from the surface, and Ge
was varied between the 3 and 12" position. The intensities obtained at each of the column
locations corresponding to (1) to (4), are quantified for both conditions as shown in Figure

6.5a and Figure 6.5c. Evidently, the columns doped with only Bi appear with higher
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integrated intensity compared to the one containing only Si and Ge. Proceeding further, the
pure Ge and Bi intensities can also be extracted to calculate their contributions to the overall
column intensity in the case of mix occupancy. The results are shown in Figure 6.5b and
Figure 6.5d corresponding to Ge-Bi separation distances of 2 nm and 0.5 nm, respectively. It
can be concluded that the contribution of Bi to the overall column intensity is significantly
higher than Ge in both cases. This calculation offers high confidence to state that the grain
boundary segregation observed is most likely due to Bi and not Ge.
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Figure 6.5 a) Integrated intensities for respective column compositions (from Figure 2,
with Ge-Bi distance = 2 nm); b) relative contributions of Ge and Bi to the total column
intensity in the case of the Ge/Bi mixed occupancy with Ge-Bi distance = 2 nm; ¢) integrated
intensities for respective column compositions (from Figure 2, with Ge-Bi distance = 0.5
nm); d) relative contributions of Ge and Bi to the total column intensity in the case of the
Ge/Bi mixed occupancy with Ge-Bi distance = 0.5 nm.
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To better understand the intensity variation in the image with the position of Ge and
Bi along the z direction in Mg,Si unit cell (Figure 6.6a), a second set of simulations was
carried out on Mg,Si supercells consisting of 2 x 1 x 25 repeats along the x, y and z
directions, respectively (Figure 6.6b). The simulated images created for the supercell doped
with Ge and Bi are shown in Figure 6.7a. The locations of Ge and Bi atoms in the x, y plane
are identifiable in Figure 5a, and their z coordinate was varied from 1 to 25 in increments of
5. The intensities obtained from the simulated STEM-HAADF images correlated with
atomic-columns containing Ge, Bi and Si-only sites were quantified. Consequently, the
variation in the relative contribution of Ge and Bi to the total column intensity was calculated
as a function of their location along the z direction, as illustrated in Figure 6.7b. Firstly, it can
be seen that in all cases, the contribution of Bi remains significantly higher than that of Ge.
Secondly, the plot also reveals that there are variations in these calculated values with respect
to the lattice sites, corroborating with the fact that each column under an electron microscope

is probed differently.

Figure 6.6  a) Schematic illustration of the Mg,Si unit cell; b) simulated multislice image
from the super cell of Mg,Si (containing repeated unit cell 2 x 1 x 25 times along the X, y, z

directions.
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Figure 6.7  a) Simulated multislice image from the super cell (2 x 1 x 25 unit cell) of
Mg,Si substituted with Ge and Bi; with the locations of Ge and Bi identified by red and
green arrows; b) the variation in relative contribution of Ge and Bi to the total column

intensity as a function of dopant location along the z direction.

To confirm the above-postulated Bi segregation experimentally, alongside the STEM
imaging discussed in Figure 6.2, we carried out elemental analyses via EDX. As shown in
Figure 6.8, elemental line scans for Ge and Bi were performed across the grain boundary.
The results indicate an accumulation of Bi along the grain boundary, but no clear Ge
concentration changes. It is worth to mention that in contrast to this, a segregation of Ge was
observed in MWCNTs samples,®*® which suggests the possibility of grain boundary
engineering with respect to the type of nano-inclusion to manipulate the thermoelectric
properties of the material. Finally, EDX spot analyses were carried out over a region within
the three grains (1, 2 and 3) of Figure 1a to examine the elemental distributions in the bulk of
the grain.
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Figure 6.8 a) Low-magnification STEM-HAADF image with the magnified area of

interest for the line scan; b) elemental EDX line profile of Ge along the yellow line shown in

a); ¢) elemental EDX line profile of Bi.

The quantified results (Table 6.2) confirm the presence of Ge and Bi in the bulk of
the grain. Grain 1 seemed to be rich in Ge compared to the nominal Ge content; since Ge and
Bi are supposed to occupy the same site in the structure, the excess amount of Ge inside the

grain occurs with more Bi at the boundaries.
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Table 6.2  EDX spot analyses for areas identified in Figure 6.2 within the grains in

weight-%.
Grain Mg Si Ge Bi
1 47.3 15.0 31.6 6.2
2 51.0 20.1 23.2 5.8
3 50.6 19.4 24.7 5.3
Average 49.6 18.1 26.5 5.8
Nominal composition wt. % 51.6 20.2 23.2 5.3

The electrical conductivity of all Mg,Sigs76G€0.3Bi0.024/SIC nanocomposites is shown
in Figure 6.9. Adding SiC reduces the electrical conductivity in steps from 545 Q'em™ to
420 Q ‘em™ at 325 K. Although £-SiC has the smallest band gap of 2.4 eV among all other
SiC polytypes,3¢=37
The difference between the electrical conductivity of the samples becomes less significant at

such a consistent reduction was expected due to its insulating character.

higher temperatures, e.g. 395 Q “cm™* compared to 370 Q “*cm™ at 773 K for the samples
containing 0.5 wt.-% and 1.5 wt.-% SiC, respectively. All samples containing SiC exhibited
less severe reduction in high temperature electrical conductivity (85% to 88% of the value at
323 K) compared to the pristine sample reaching 79% of its initial value at 323 K. This could
be due to the existence of Bi at the grain boundaries of nanocomposites that can facilitate
charge carrier transport. The opposite effect was seen in the case of MWCNT
nanocomposites,**® where the segregation of Ge at the boundaries led all the MWCNT
containing samples to reach around 93% of their initial values at 323 K with the matrix
showing 105% of its 323 K value. The low temperature electrical conductivity of the
composites obtained from the Hall measurements, depicted in Figure 6.10, is in good

agreement with our high temperature data.
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Figure 6.9
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Figure 6.10 Electrical conductivity of the Mg,Sig 676G€0.3Bio.024/SIC nanocomposites

between 2 K and 800 K (results below 300 K obtained from Hall measurements).

Due to the low concentration of the inert nanoparticles in the sample, no significant

changes were observed in the carrier concentration of the samples containing SiC (Figure

6.11a), and all samples displayed a basically temperature independent carrier concentration
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of around 6.5 x 10'° per cm®. Therefore, the reduction in electrical conductivity must have
majorly come from a lower mobility. The sample containing 1.5 wt.-% SiC exhibits the
lowest mobility among all samples with 37 cm?V*s* at 300 K, with the other ones having >
42 cm®Vis? (Figure 6.11b). The sample containing Si nanoparticles published by
Kauzlarich et al. had a mobility of around 13 cm?V s at 300 K (Table 6.3), which is
approximately three times lower than the ones achieved for our SiC nanocomposites. This
could be due to its very high carrier concentration that increased the electron-phonon
interaction. To better understand the effect of SiC nanoparticles on the mobility of charge

carriers, the mean free path of carriers (l.) was calculated using Equation 6.1:%*

3u (2mm*kgT)%5
4e

le = Equation 6.1

Table 6.3  Thermoelectric properties of Mg,Sipg77Geo.1Bio023/0.5% SiCat 773 K in

comparison to other nanocomposites.

MgzsiolemGeo.gBio.om M928i0.877Ge0,1Bi0.023 MgZSI/ZS mol%

/0.5% SiC /0.5% MWCNT?* Sigoeai”
o/(Qem™) 396 470 658
S/(uV K™ 212 —200 —204
(W m~K™) 1.82 2.15 3.1
L/(1078 VK™ 1.60 1.62 2.2
k(W m™K™) 1.33 1.56 2.0
w/(cm?Vvs™) [300 K] 42 39.5 13
n/(10*° cm™) [300 K] 6.67 7.55 11.7
ZT 0.75 0.67 0.67
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Where e, kg, £, m* and T are carrier charge, Boltzmann constant, carrier mobility,
effective mass and absolute temperature, respectively. The effective mass applied in equation
(1) was calculated by using the experimental Seebeck value and carrier concentration.?? The
so calculated mean free path is between 3 nm and 4 nm, i.e. much lower than the average size
of SiC nanoparticles (~50 nm). Due to this significant size difference, charge carriers spend
more time within the nanoparticles and go through various scattering mechanisms in addition

to phonon scattering.*'?
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Figure 6.11 a) Room temperature carrier concentration; b) low temperature Hall mobility of

the Mg,Sio 676G€0.3Bi0.024/SIC nanocomposites.

The absolute values of the Seebeck coefficient increase with increasing temperature
in all cases presented here (Figure 6.12). The negative Seebeck value of all composites is due
to electrons as dominant charge carriers. Introducing SiC nanoparticles slightly enhances the
Seebeck value especially at higher temperature (above 600 K), reaching the maximum value
at 773 K for the sample containing 1 wt.-% SiC with S = 215 pV K as compared to the
pristine sample with S =202 uV K. The slight enhancement of the Seebeck coefficient for
the composites might partially stem from the filtering effect caused by the nanoparticle-
matrix interface.** The 0.5 wt.-% SiC composite also shows a higher $ =212 uV K™ at 773
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K than the MWCNT and Si nanoparticle composites (Table 6.3), which could be a

consequence of its lower carrier concentration.
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Figure 6.12 Seebeck coefficient of the Mg,Sios76Geo.3Bio.024/SIC hanocomposites.

The thermal conductivity of all samples decreases with elevating temperature (Figure
6.13a), due to the dominant acoustic phonon scattering. All the samples containing SiC have
lower thermal conductivity and diffusivity (Figure 6.14) than the pristine sample; which
could be due to the presence of various Bi rich regions (in addition to the increased number
of scattering interfaces) at the grain boundaries that can scatter different ranges of phonons;
this effect was observed before in skutterudite samples containing Ag nanoparticles.*** The
sample containing 1.5 wt.-% SiC displays the lowest room temperature thermal conductivity
of 2.68 W m*K™, which is approximately 20% lower than that of the pristine sample. The
0.5 wt.-% SiC composite reaches the minimum value of 1.82 W m™*K™, drastically lower
than the 0.5 wt.-% MWCNT composite (Table 6.3), which may be in part due to the different
Si/Ge ratio.
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Figure 6.13 a) Thermal conductivity; b) lattice thermal conductivity (solid symbols) and

electronic contribution (open symbols) of the Mg,Sio 676Ge€0.3Big.024/SIC nanocomposites.
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Figure 6.14 Thermal diffusivity of Mg,Sio s76G€0.3Bi0.024/SIC nanocomposites.

The lattice thermal conductivity, xph, of all samples (Figure 6.13b) was extracted from
the thermal conductivity, «, by subtracting the electronic part of the thermal conductivity, e,

which was calculated by utilizing the Wiedemann-Franz law, x. = LoT. To obtain the
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temperature dependence Lorenz numbers, L (Figure 6.15), in order to calculate x., the single

parabolic band and elastic carrier scattering approximation were applied via Equation 4.2.
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Figure 6.15 Temperature dependance of Lorenz number for Mg,Sio 676G€0.3Bi0.024/SIC

nanocomposites.

All the nanocomposites show lower lattice thermal conductivity than the pristine
sample, with the minimum value of 1.33 W m K™ at 773 K belonging to the sample with
0.5 wt.-% SiC. This value is lower than the ones obtained for the MWCNT and Si
nanoparticle composites as listed in Table 6.3. The electronic thermal conductivity of all
samples increases at first with increasing temperature and then saturates at around 0.5 W m~
'k after 600 K. It can be concluded that the reduction in total thermal conductivity mainly
originates from lower xp,, due to the similarity of x. for all samples. That the high
temperature values, e.g. all around 1.85 W m K™ at 773 K, are very similar, could be due to

increasing charge carrier phonon interactions at high temperatures that compensate for the
scattering effect coming from nanoparticles.

Figure 6.16 demonstrates the thermoelectric figure of merit ZT within the range of

300 K to 800 K. The figure of merit of all samples increases with increasing temperature,
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with the highest values reached by the 0.5 wt.-% SiC sample. This culminates in ZT = 0.75 at

773 K, which is higher than the ZT values achieved for the Mg,Si;xGex and Mg,Si
nanocomposites (Table 6.3).
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Figure 6.16 Figure of merit of the Mg,Sio g76G€0.3Bi0.024/SIC nanocomposites.

To check for homogeneity and reproducibility, a second piece was cut from a
different part of the 0.5 wt.-% SiC pellet was used for a new measurement, and the
reproduced power factor (Figure 6.17) is within the estimated experimental error.
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Figure 6.17 Power factor of two bars cut from the same Mg,Sio s76G€0.3Bi0.024/0.5% SiC

nanocomposite (6% estimated error).

6.4 Conclusion

Introducing SiC into Mg,Sioe76Geo.3Bioo24 matrix not only affected acoustic phonon
scattering, which led to the lowest thermal conductivity of 1.81 W m K™ at 773 K, but also
hampered the mobility of charge carriers. The approximately twelve times larger size of
nanoparticles with respect to electron mean free path (~4 nm), decreased the relaxation time
of charge carriers, which then resulted in the lowest electrical conductivity of 370 Q*cm™ at
773 K for the sample containing the highest wt.-% of SiC. Due to the nominally equivalent
Bi doping level of all composites in addition to the small SiC concentrations, all the
composites exhibited similar carrier concentration of 6.5 x 10™° cm ™ between 200 K and 300
K. The EDX line scan of the grain boundary revealed a Bi rich character at the grain
boundaries of the Mg,Sio76Ge0.3Bio.024/SIC composite, which could be a helpful clue for
grain boundary engineering approach. All in all, the sample with 0.5 wt.-% SiC reached a
maximum ZT of 0.75 at 773 K, which is among the highest so far achieved through nano-

inclusion techniques implemented in doped Mg,Si and Mg,Si;.xGey thermoelectrics. In the
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future, the effect of adding different sizes of SiC nanoparticles on the microstructure and

thermoelectric properties of superior Mg,Si;«Sny based materials can be studied.

118



Chapter 7

Conclusion and Future Work

Magnesium silicide based materials are undeniably the best n-type TE candidate
among the silicides. Although the high cubic symmetry of the anti-fluorite structure
facilitates the phonon transport therefore causing the relatively high thermal conductivity of
these compounds, alloying and nano-inclusion seemed to be reliable approaches to reduce the

thermal conductivity.

The STEM-HAADF images on the Sh- and Bi-doped Mg,Si samples, showed only
the partial substitution of the dopants in Si position, while the rest most probably forms
MgsSh, and MgsBi», found at the grain boundaries of doped Mg,Si particles. As a result, the
experimentally determined carrier concentration was lower than originally expected. The
presence of Sb and Bi at the boundaries of doped Mg,Si may enhance the carrier mobility
and thus the thermoelectric performance.

Alloying the Bi doped Mg,Si with germanium, exhibited to be effective in reducing
the thermal conductivity of Mg,Si from about x > 7 W m K™ down to values below 4 W m~
'K at room temperature. The Mg,Sio.s77Geo3Bio2s sample obtained the lowest x and ..
The partial occupation of interstitial sites with Mg in addition to the presence of Ge-rich
domains within the Mg(Si,Ge,Bi) grains confirmed through HRTEM results, which could
lead to a lower thermal and electrical conductivity in addition to the alloying effect/increased
mass fluctuation. Bi also seems to be a more effective dopant than Sb in enhancing the
thermoelectric figure of merit ZT in this system.

The addition of multi-wall carbon nanotubes to Mg,Siog77Geo1Bigo2z at low
concentration led to a 10% improvement of the high temperature Seebeck coefficient while
maintaining the high temperature electrical conductivity. This effect could be due to energy
filtering that originated from the MQ,Sios77Gep1Bioos - MWCNT matrix interfaces.
Although the existence of MWCNT reduced the lattice thermal conductivity particularly at
medium temperature through enhanced phonon scattering, this reduction is compensated at

higher temperature due to the thermal transport behavior of MWCNT at higher temperature.
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All in all, the thermoelectric figure of merit, ZT, is improved more than 20% for the sample
containing 0.5 wt.-% MWCNT with its ZT of 0.67 at 773 K. This makes the MWCNT one of

the most promising candidates for the nano-inclusion in this system.

Introducing SiC into Mg,Siog76Ge0.3Bio.o2sa Mmatrix seemed to affect both acoustic
phonon and the mobility of charge carriers. The relaxation time of charge carriers reduced
due to the larger size of nanoparticles with respect to electron mean free path. Bi rich
character of the grain boundaries of the Mg,Sip 676Geo 3Bl .024/SIC composite was revealed by
the EDX line scan, which could be helpful for later studies on grain boundary engineering. In
summary, the sample with 0.5 wt.-% SiC gained a maximum ZT of 0.75 at 773 K, which is
one of the highest so far achieved through nanocomposite methods implemented in doped

Mg2Si and Mg,Si;xGey thermoelectrics.

For future investigation, we recommend to study both the carrier and phonon mean
free paths in the solid solution samples containing tin and possibly lead. This study would
shed light on the size of nano-inclusion that should be used to majorly target phonons instead
of charge carriers. The size effect of the nano-inclusion can also be studied experimentally,
but may require the synthesis of nanoparticle to achieve higher homogeneity with a more
targeted size. After identifying the optimum size of the nanoparticle, the desired amount can
be explored through changing the volume percent of the nano-inclusion while fixing its size.
Another crucial study in the nanocomposite samples, is to calculate the barrier height
produced by the interface of nanoparticle - matrix and its effect on TE properties of the
samples. Different types of nanoparticles with various ranges of band gap can be considered

for this purpose.
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