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Abstract

Thermoelectric materials can be employed for converting waste energy into feasible
electricity through a temperature gradient by utilizing the Seebeck effect (power generation), and

vice versa, as coolers by utilizing the Peltier effect.

The most wildly used thermoelectric materials are formed by heavy, often toxic and
expensive elements, such as Bi,Tes and PbTe. Recent research on magnesium silicide stannide
based materials had revealed promising performance with light and abundant elements, and thus
the potential to reduce the material cost, making it more favorable for industrial and commercial

applications.

The conversion efficiency for thermoelectric material is evaluated by a unitless figure of
merit (ZT), which is proportional to the power factor value over the thermal conductivity. Doping
with Bi and alloying with Sn were proved to be efficient in enhancing the performance of
magnesium silicide stannide based material with improved power factors. However, the thermal
conductivity is still noticeably high. To further improve the performance, one potential approach
is by decreasing the thermal conductivity via alloying with Pb. The presence of Pb introduces
additional scattering and mass fluctuations into the solid solution matrix, which should reduce
the lattice thermal conductivity significantly. In this study, different amounts of Pb were added

into the Bi-doped Mg-Si-Sn solid solutions, and the impact of Pb was investigated.

Due to the failure of the thermal conductivity apparatus, only the electrical properties
were experimentally measured, the electronic thermal conductivity was calculated, and

conservative estimations were made on the lattice thermal conductivity.



The highest estimated ZT of 1.34 was achieved at around 773 K, with the composition of
Mg2Sio.35Sn0.57Pbo.03Bio.os, Which is comparable to the highest literature value for the sample
without Pb. That being said, with an expected lower lattice thermal conductivity than our
estimation, the ZT for the sample with Pb is most likely underestimated. All samples revealed
similar ZT values, and further measurements of the thermal conductivity will be performed to

validate the assumption.
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1.0 Introduction

Fossil fuel is the main energy source of the world, and based on an estimation, fossil fuel
reserves will not be able to support our consumption in around one hundred years, and probably
coal will be the only accessible form of fossil fuel after 2042.* Moreover, the dependence on the
combustion of non-renewable fossil fuels, and the large increases of the global energy
consumption, lead to numerous environmental problems; one of them is the greenhouse gas
emission. Aside from the negative impact on the environment, the conversion efficiency from
fossil fuel to feasible energy is considerably lower than people’s expectations; more than half of
the energy goes into waste.? For example, the traditional internal combustion engine only has an
efficiency of 25%. As illustrated by Figure 1, during the working process of a traditional
gasoline fueled engine, 40% of the heat from the combustion process is wasted through the
exhaust pipe, while another 30% is absorbed by the coolant water. With an additional 5% used
for friction and parasitic losses, only 25% of the total energy from burning gasoline is being used

to power the vehicle.®

Vehicle Operation

30%
25%

Mobility &
Accessories

J

100%
Combustion

5%
Friction &
Parasitic Losses

[

30%
40% Coolant

Exhaust
Gas

Figure 1. Energy Path for Traditional Combustion Engines.®
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Numerous approaches have been explored to introduce new energy sources in order to
limit the use of fossil fuel and reduce the negative impact of its consumption. Thus, some
automobile manufacturers are planning to replace the current combustion engine with an
electrical engine. However, the currently available technologies are either very expensive, or
takes a long time to implement. Another option consists of harvesting the heat waste, and
converting it into usable forms of energy to increase the efficiency, and this is technologically
more achievable and easier to apply. Generating useful energy out of waste energy cannot only
enhance the efficiency of consuming fossil fuel, but is also beneficial to the environment, since
the emission of greenhouse gases can be significantly reduced. To recycle the waste energy,
thermoelectric (TE) materials may be employed. Thermoelectric materials are materials that
utilize thermoelectric effect, to convert heat into electricity. In this following section, an

introduction to thermoelectric effects and thermoelectric materials will be provided.

1.1 Thermoelectric Effects

In 1821, a German physicist Thomas Johann Seebeck noticed that when a pair of
conductors were connected together, with the two connected junctions placed under different
temperature, the charged circuit can deflect a compass needle placed next to it. This interaction
was later proved to be a magnetic effect caused by an electric current, which was generated by
the temperature gradient between two junctions. A measure of the electric potential generated by
unit difference in temperature, is defined by the Seebeck coefficient (S), which equals to the

value of voltage (AV), divided by the difference in temperature (AT) (Equation 1).

AV
= Equation 1
S AT q



Based on Equation 1, the unit of Seebeck coefficient can be written in volts per Kelvin
(V/K), or as microvolts per Kelvin (uV /K). The sign of the Seebeck coefficient depends on the
type of charge carriers; in n-type semiconductors, the Seebeck coefficient is negative, while in p-
type semiconductors, the Seebeck coefficient is positive.

Thirteen years after the discovery of the Seebeck effect, the French physicist Jean Peltier
observed that when an electric current is routed through a pair of conductors, the temperature of
both junctions change accordingly.* The fluctuation of temperature indicates a heat exchange
happened because of the passing current. This phenomenon was considered as a reverse effect of
the Seebeck effect, widely known as Peltier effect. However, the principle of the Peltier effect
was not illustrated in detail until 1838. Lenz, a physicist, explained that the absorption or
generation of heat at the junctions is determined by the direction of the electric current inside the
circuit.* Similarly, the Peltier coefficient (r) can be expressed using Equation 2, which is
determined by the ratio of the heat generated or absorbed (Q) to the electric current running

through junction (I).

Equation 2

~|Q

The relationship between the Seebeck effect and the Peltier effect was not established
until seventeen years later, when William Thomson built the theoretical connection between the
two thermoelectric effects, giving rise to the Thomson effect.* The Thomson effect describes the
heat exchange happening when passing a current through a conductor under a temperature

gradient. If the carriers are moving along the gradient, heat will be released, otherwise heat will



be absorbed. In the Thomson effect, the Peltier coefficient () is related to the Seebeck

coefficient (S), and the connection can be illustrated in Equation 3.

n=S8-T Equation 3

These phenomena can be explained by the movement of charge carriers within the paired
generator with respect to temperature difference and thermal excitation. There are two different
types of charge carriers: electrons are carriers having negative charge, and holes are carriers
having positive charge. In thermoelectric devices, the thermoelectric materials mainly utilize the

Seebeck effect and the Peltier effect, and the principles of them are illustrated in Figure 2.°

Active Cooling

P n P n

1 i il
-y |l —> AN
LI
Refrigeration Mode Power-Generation Mode

Figure 2. Peltier Effect (left) and Seebeck Effect (right).>



1.2 Conversion Efficiency for Thermoelectric Materials

By evaluating the conversion efficiency, the unit less figure-of-merit was introduced by
Abram Fedorovich loffe in 1957.° After derivation, the figure-of-merit can be expressed as in

Equation 4.

o SZ—JT Equation 4

In Equation 4, S represents the Seebeck coefficient, o represents the electrical
conductivity, k represents the thermal conductivity, and T indicates the absolute temperature.
The temperature used in calculation of ZT is the average temperature across the material. The
efficiency of a thermoelectric generator can be calculated via Equation 5. Where 7 is efficiency,
while Ty and T, are the temperatures of the high temperature end and low temperature end,

respectively, with ZT standing for the figure-of-merit.

Ty —Te VI+2T —1

. T Equation 5
Tn VTFZT +7£
H

‘rl:

To obtain a higher efficiency, a higher ZT value is advantageous. According to Equation
4, the ZT value is proportional to S?a, and has an inverse relationship with k. The strategy to
improve the performance seems to be straightforward: maximizing the value of S%o, while
controlling the thermal conductivity at a relatively low level. However, the interrelationship

between different parameters makes the optimization of conditions much more difficult.

5



The Seebeck coefficient can be calculated via Fermi-Dirac statistics in case of degenerate

semiconductors or metals:

_sm?kg® (n)2/3 Equation 6

3eh? 3n

Where kj is the Boltzmann constant, e is the carrier charge, h indicates the Planck'’s
constant, m”* is the effective mass of the charge carrier, and n is the carrier concentration. In
Equation 6, there is roughly an inverse relationship between the carrier concentration and the
value of the Seebeck coefficient.

The electrical conductivity can be described by Equation 7:

o= % = nye . Equation 7

Where r represents the resistivity, e is the carrier charge, n is the carrier concentration,
and p is the carrier mobility. According to Equation 7, electrical conductivity increases with an
increasing charge carrier concentration.

The third determining factor of ZT is the value of thermal conductivity, k. As shown in
Equation 8, x consists of two parts: the contribution from the lattice, k;, and the contribution
from the electronic aspect, k.. k. is proportional to the electrical conductivity as shown in

Equation 9:

Equation 8
Kiot = Ke T K g



K, = LoT Equation 9

The impact of k., on k., is often smaller than k;. k; can be represented by the following

equation:

1 .
K = g(CvV;/lph) Equation 10

Where C, is the heat capacity, V5 is the velocity of sound, and 4, is the phonon mean

free path.

1.3 Approaches to improve thermoelectric performance

There is no theoretical ceiling on the value of ZT, but the recent research reveals that a ZT
value greater than 1 is desired to exhibit efficient thermoelectric properties, and for power
generation, a ZT greater than 1.5 is preferred, for cooling, the material needs to retain a ZT value
around 2 to 4.” Efforts are made to improve the efficiency, different approaches were performed,
and doping is one of the most efficient method. During doping, a lattice atom is substituted by a
dopant, while the crystal structure remains the same. The presence of dopant has a huge impact
on carrier concentration and mobility. The dopant usually starts with a trace amount, and
increases stepwise. The relationship between carrier concentration and the values of different

parameters is illustrated in Figure 3.7



| |
1018 10" 1020 1021

Carrier concentration (cm-)

Figure 3. The Relationship between Different Parameters and Carrier Concentration.”

Material with the best thermoelectric properties are mostly semiconductors with high
carrier concentration and low k;. The three key parameters cannot be evaluated separately, as for
instance the electrical conductivity increases together with the thermal conductivity with an
increasing carrier concentration, and the Seebeck coefficient decreases along with the increasing
carrier concentration. In order to enhance the performance, one needs to find the balance
between the values of the determining parameters. An ideal type of material is called the PGEC
material, which stands for a phonon glass and an electron crystal.* PGEC describes the specific

property of a material in which the phonon mean free path can be as short as in a glass, and in

* Reprinted by permission from Macmillian Publishers Ltd: [Natural Materials] (Snyder, G. J.:
Toberer, E. S. Complex Thermoelectric Materials. Nat. Mater. 2008, 7, 105-114.), copyright

(2008)
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which the electron mean free path can be as long as in a crystal; with such a material, the balance
between different parameters can be achieved, hence the performance of thermoelectric material

is enhanced.

1.4 Applications of Thermoelectric Materials

One of the widely used applications of thermoelectric materials is the thermocouple,
which is used to determine the temperature by utilizing the Seebeck effect. Two different types
of alloys (or metals) are used to form a circuit with one junction connected, where the
temperature is tested, and the other junction attached to a voltmeter, which indirectly gives the
measurement of temperature, when the Seebeck coefficient is known. A schematic of
thermocouples is shown in Figure 4.8 The temperature difference between the two junctions can
be reflected as current passing through the circuit, and then the temperature of the tested end can

be determined based on the relationship between temperature and voltage.

Metal 1

T, I,>T,

Metal 2

Figure 4. Schematic of thermocouples.

Another potential application of thermoelectric materials is harvesting the waste energy
during the working process of traditional combustion engine powered vehicle. The conversion

efficiency of a combustion engine is as low as 25%, as a huge amount of energy goes into waste

9



heat during the working process, and the exhaust gas can be heated up to 500 °C.2 The huge
difference in temperature between exhaust gas and cooling system can thus be utilized via the
Seebeck effect, converting the temperature gradient into electricity, and supplying other parts

with electricity like heated seats and air conditioning systems.

Thermoelectric materials can also be used in deep space exploration programs. NASA
applied the Radioisotope Thermoelectric Generators (RTG) in converting the heat of the
radioactive decay process of plutonium-238 into usable electricity. These thermoelectric
generators were proved to be efficient and reliable enough for this application, and were thus
applied in multiple missions lead by NASA, such as the Galileo (Figure 5),° and the curiosity
mars rover (Figure 6).1°

Thermoelectric materials can also be used in cooling systems. IBM recently developed
thermoelectric material based cooler modules for memory and chips, which are based on Peltier
effect.)! Moreover, thermoelectric materials are also used in refrigeration products like

refrigerators.

Aluminum Outer Active Cooling System

hel »mbls (ACS) Manifold

Cooling Tubes Shell Assembly e
Pressure

Heat Source General Purpose )
Support Gas Management Heat Source (GPHS) Relief Device

Assembly J
ol
L

g

(E5F5 - -
Rmrery eE e R
\ﬁ«a - b O o e ~
’.'l*: ” e .—_—7777 - .
Midspan Heat
Y | y pe e
l\l(y‘ i\.n ,” ting Multi-Foil Silicon-Germanium Source Support
ange won-Shdiod (Si-Ge) Unicouple

Insulatior

Figure 5. Cutaway of RTG unit in Galileo.’
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Figure 6. Curiosity rover with thermoelectric power generator.°

1.5 State-of-the-Art Materials

Numerous materials have been considered and studied as potential candidates for
thermoelectric applications. In this section, thermoelectric materials with promising performance

are discussed and categorized by their working temperature.

1.5.1 Materials with Stable Performance at Low Temperatures (300 K — 400 K)

When the working temperature remains at relatively low level, materials based on Bi>Tes
are preferred. Results from Habman’s research in 19572 show that the energy gap of Bi,Tes is
0.16 eV at 300 K, while the carrier concentration is 8x10® cm™ for holes, and 5x10® cm for

electrons. For Sh,Tes, the energy gap is around 0.28 eV, with a carrier concentration level
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around 10%° cm* and for Bi,Ses, the energy gap is around 0.08 eV, with a carrier concentration
level around 10*° cm.13 Both the n-type Bi>Tesand the p-type Sb,Tes have high ZT values about
1 at around 300 K.* Apart from the bulk material, the Bi,Tes base solid solutions Biz(TexSe1-x)s
and (Bi1-xShx)2Tes also revealed good thermoelectric properties. The p-type Bio.3Sb17Tes
achieved a high ZT of 1.3.1° The nano-structured Bio.4sSb1s2Tes solid solution achieved a high
ZT of 1.4 at around 300 K.'® Nano-structuring is considered as one of the most effective method
to improve the performance of thermoelectric material. Nano-structuring is typically achieved by
adding nano-composites to create additional interfaces, which will in turn scatter the mid
wavelength and long wavelength phonons, thus reducing the lattice thermal conductivity, and
enhancing the ZT value.l” Recent research on the large scale synthesis of the p-type Bi2(Sb, Te)s
was conducted, with 3 to 5 kilograms of product being synthesized, and a high ZT above 1 was

achieved around 350 K.18

1.5.2 Materials with Outstanding Performance at Moderate Temperatures (400 K — 800 K)
The Bi2(Se, Te)s based compound also has promising performance at moderate
temperatures;Bio.sSh1eTes with 0.2 vol% CuO added by nanoinclusion achieved a high ZT of

1.37 at 496 K.1°

With a carrier concentration level around 1.6x10%° cm3,2 the silver antimony telluride
AgShTe, based material has been considered as one option with a band gap of 0.35 eV.2! Doping
was proved to be efficient in enhancing the performance; the thermal conductivity was reduced
significantly with Se doping, with a ZT value of 1.4 around 560 K.?°

The lead antimony silver telluride based materials are also thermoelectric materials with

promising performance at moderate temperatures. These materials have the formula of
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AgnPbmMnTem+2n, where M can be either antimony or bismuth. The structure can be considered
as a rock salt structure, where the Na sites of rock salt structure are occupied by silver, lead, and
M; the ClI sites are occupied by tellurium atoms. One of the compositions, with a formulation of
AgPb1oShTes1» has a relatively stable performance with high Seebeck coefficient. When n =1,
and m = 18, the material’s maximal ZT value is around 2.1 at a temperature of 800 K.2? The lead
antimony sliver telluride material (LAST) can also be modified. Lead atoms in LAST system are
partially replaced by tin atoms, generating lead-antimony-silver-tellurium-tin compounds, which
can also be written as LASTT. The LASTT material’s maximal ZT value is around 1.5 at a
temperature of 627 K.23

Cobalt triantimonide (CoShz), a member of the family of skutterudite, adopts the CoAs3
structure, and has a band gap of 0.57 eV,?* with a carrier concentration of 4x10%" ¢cm=.% Cobalt
triantimonide itself has a solid performance with ZT value around 0.8 at 600 K.** On the basis of
cobalt triantimonide, the skutterudites with filled structure possess excellent performance. The
compounds with this modified structure can be formulated as RExM4Q12, while RE can be
lanthanide elements, such as lanthanum (La), cerium (Ce), or praseodymium (Pr), while M can
be iron (Fe), ruthenium (Ru), or osmium (Os), and Q can be phosphorus (P), arsenic (As), or
antimony (Sb).?® According to research conducted recently, the Fe-based modified skutterudite
has a ZT value of 1.4 at 873 K, with the formula of CeFesxC0oxSh12.2” The Yb filled skutterudite
has a ZT value of 1.0 at 600 K.?8 The Ba and Yb filled cobalt triantimonide based materials also
have high ZT values of 1.4 at 800 K.?®

The ternary thallium tellurides (TlioxExTes) based material also revealed excellent
thermoelectric properties (E can be different elements, including lanthanides, Sn, Pb, Sb, and

Bi). The compound with Bi achieved a high ZT of 1.2 at around 500 K after zone-melting, and a
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high ZT of 0.9 at around 500 K for the compound with Sb.*® The sample with the composition of
Tlg9sSn1.o5Tes displayed a high ZT of 1.26, and Tlg10Pb1.90Tes revealed the highest ZT of 1.46 in
this family, both around 685 K.3! For the thallium lanthanide tellurides, a ZT value of 0.57 was

achieved with TlgLaTes at around 600 K32

1.5.3 Materials with Stable Performance at High Temperatures (above 800 K)

For radioisotope thermoelectric generators used by NASA in their space missions, one
requirement is to withstand extreme working conditions like high temperature. Thus, silicon-
germaniums solid solutions appeared to fulfill the requirement. Si;-xGex material can deliver a
sufficient performance from 600 K to 1300 K, and according to literature, as a n-type material,
SiosGeo can reach a ZT value of 1.0 at around 900 K.3* Both Si and Ge maintain the diamond
structure, and their lattice parameters are comparable: 5.43 A for Si and 5.66 A for Ge. The
similarity in their structures has its benefits: the Si-Ge solid solution can be formed with a wide

range of compositions.

Lead telluride based materials and lead-tin tellurides (PbTe and SnxPbixTe) are
considered potential candidate for thermoelectric materials under a working temperature range
from 500 K to 900 K.3* The intrinsic PbTe has a range of carrier concentrations between 2 x 10'8
cm3t0 1.7 x 10'° cm®, and an energy gap of 0.32 eV at room temperature. Following the
Vegard’s law, the Sn-Pb telluride system forms a solid solution within a certain range, and the
energy gap varies according to the carrier concentrations that are determined by the composition.
For most of the n-type doping, Pbl. and PbBr. are usually employed, and for p-type doping,
Na>Te and K>Te are usually added. The PbTe based thermoelectric material was applied as RTG

devices in NASA’s space missions.*® A ZT of 1.4 was discovered for PbTes.xIx under a
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temperature range from 700 K to 850 K,% and a ZT of 1.4 for NaxPb1xTe at the same
temperature range.>” PbSe (lead selenide) was also considered as a promising thermoelectric
material, with a similar electronic structure to PbTe; the material revealed a high ZT of 1.2 at 850
K.28 Recently, a solid solution with the composition of PbSeo2Teo s doped with 8% MgTe was

revealed to exhibit a high figure of merit of 2.2 at around 800 K.

Despite the fact that PbTe based materials exhibit superb performance, people still are
concerned about lead's toxicity. Thus, the Tellurium-Antimony-Germanium-Silver (TAGS)
based materials were studied as less toxic alternatives to PbTe - noting that tellurium is toxic as
well, but to a smaller degree. The TAGS material has low thermal conductivity from 300 K to
900 K. The TAGS material was fabricated using AgSbTe, with GeTe, and with the presence of
75% to 90% GeTe, the TAGS material will undergo a structural transition from rhombohedral to
cubic at room temperature.*® The minimum lattice thermal conductivity was achieved with the
material that has 80% GeTe and 85% GeTe (TAGS-80 and TAGS-85), which is less than 0.8 W
m1K14 A high ZT of 1.8 was also achieved with TAGS-80 at around 773 K,* and a high ZT of
1.5 with TAGS-85 based material at 730 K.*? The large scale production of the TAGS material
was also reported, with a high ZT of 1.56 obtained for TAGS-90 (with 90% GeTe), and 1.48 for

TAGS 80 at around 650 K.*

The half-Heusler compounds are also materials that can operate at high temperature.
Half-Heusler compounds can be formulated as XYZ, in which X represents early transition
metals, essentially Ti, Zr, or Hf; Y can be mid-transition metals Co or Ni, and Z can be p-block
elements like Sn or Sb. In half-Heusler, the Z element forms the face-centered cubic lattice, with
the X element filling all octahedral sites, and the Y element occupying half of the tetrahedral

sites. With doping, the performance of the half-Heusler material was improved, and the Half-
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Heusler compound with a formula of Tio.s(Zro.sHf)o.sNiSno.9esSho.oo2 reached a ZT value of 1.5 at
around 700 K.* The compound with a formula of ZrosHfosCoShosSno.» was reported to possess

an ZT value of 0.8 at 973 K.*°

1.6 Magnesium Silicide Based Thermoelectric Materials

Magnesium is an alkaline earth metal with two valence electrons. Magnesium can form
compounds Mg2E, where E represents elements of group 14, namely carbon, silicon, germanium,
tin, and lead. Mg2E adopts an antifluorite structure. In the unit cell of Mg.EE forms a face
centered cubic packing, with Mg atoms occupying all eight tetrahedral holes.*® The unit cell of
Mg:2E is illustrated in Figure 7, with the blue spheres representing E , and the red spheres Mg
atoms. However, not all Mg2E materials are useful thermoelectrics. Mg.C is not stable unless
under high pressure,*” and Mg.Pb can be considered as a semimetal, with a band gap of -0.15
eV.4648 Therefore, when discussing thermoelectrics, only Mg2Si, Mg.Ge, and Mg.Sn are
considered. Those MgzE (E = Si, Ge, Sn) materials and their solid solutions exhibit
semiconducting character, which qualify them as promising candidates for thermoelectric

materials.
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Figure 7. Antifluorite unit cell of MgzE (Si, Ge, Sn).%

Various synthesis methods were considered in literature, such as vertical gradient
freezing method,*® microwave synthesis,*® combustion reaction,> vertical Bridgman method,
synthesis using existing salts such as NaSi and MgCl,,>* B,Os flux method,>® mechanical

alloying,*®®" enclosed solid state reaction combined with mechanical alloying.%®

The chemical bonding in Mg>Si was determined to be mostly covalent, with an estimated
ionicity around 10%.%° As a guide to understand the band structure plot, the Brillouin zone of the
Mg:2E lattice is shown in Figure 8. The plotted band structure corresponds to the following high
symmetry directions of the Brillouin zone: L— /> X— W— K— 7 To interpret the band
structure, it can be viewed as derived from the interactions between valence orbitals of Mg atoms
and E atoms. The resulting bands are filled up with the contributing valence electrons from the s
orbital of Mg the s and p orbitals of E.%° The calculated energy gap was determined to be 1.3 eV
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for Mg:Si, slightly higher compared to the experiment value of 0.77 eV.%! The band gap for
Mg.Ge was calculated to be 0.74 eV,*° and the band gap for Mg,Sn was determined to be 0.35

VAL

Figure 8. Brillouin zone of the Mg:E lattice.5°f

" Reprinted (figure) with permission from (P.M. Lee, 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 9. Band structure of MgSi.t%

Materials properties are primarily determined by the character of bonding. Because Si has
a similar (Pauling) electronegativity (1.90) compared to Ge (2.01) and Sn (1.96), the covalent

character of the bonding is expected to be similar as well.

All the Mg2E compounds consist of the same structure, and their lattice parameters vary
with different E atomic radius, with a = 6.351 A for Mg,Si,%? 6.385 A for Mg,Ge,®® 6.765 A for
Mg2Sn,% and 6.815 A for Mg2Pb.5 The melting points also differ for the different compounds,
with 1375 K for Mg2Si, 1388 K for Mg>Ge, 1051 K for Mg>Sn, and 823 K for Mg2Pb,

respectively.*®

11 Reprinted (figure) with permission from (P.M. Lee,
Review, 135, A1110, 1964) Copyright (1964) by the American Physical Society
http://dx.doi.org/10.1103/PhysRev.135.A1110.
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1.6.1 Intrinsic defects in MgzE (E = Si, Ge, Sn) compounds

A perfect crystal with all the atoms sitting on their own sites is a philosophical ideal that
only exists at zero Kelvin. Above T = 0 K, defects arise from entropic effects, which include
thermal vibration at elevated temperature, the misplacement of atoms, and even the addition
(interstitial) or vacancy (point defect) of atoms. When the disorders occur without modification
of the composition, there are only stoichiometric defects present in Mg2E (E = Si, Ge, Sn) crystal.
With more magnesium than desired stoichiometry, the additional Mg atoms sit on empty
octahedral sites and create interstitial Mg defects (Mgi).%® On the contrary, reduction on
stoichiometry amount create Si vacancies (Vsi).%® Another possible defect in Mg,E is the anti-site

defect, which was created by the misplacement of Mg atoms on Si sites (Mgsi).%

Without any dopant, intrinsic Mg2Si revealed n-type character. According to results from
first principle studies, because of the low formation energy required, the preferred defect under
stoichiometric conditions during synthesis is Mg atoms on interstitial sites (Mgi), and the
negative charge carriers (electrons) are donated by Mg:.5” Under Mg-rich condition, Mg type
defects are also preferred.®” Even with insufficient amount of Mg, since it requires relatively low
formation energy compare to other types of defects, Mg type defect is still observed. On the
contrary to Mg»Si, Vg is the preferred defect type in stoichiometrically synthesized Mg»Ge,
which was mainly because of the loss of Mg under high temperature solid state synthesis.®® The
Vmg donates p-type carriers, and contributes to p-type properties. The Mg content in the lattice
can be altered by an increased amount during the synthesis, and with the excess amount of Mg
being added, the interstitial Mg becomes the majority of defects, and the material can be
transferred from Vmg dominated p-type to Mg dominated n-type.®® In Mg2Sn, Vmg was revealed

to be the major defect regardless the excess or insufficient amount of Mg, thus the intrinsic
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Mg2Sn exhibits p-type properties. The Vg is more favorable compare to Mg and Snmg, which is
mainly because of the difference in atomic radius between Mg and Sn atoms. Thus, Mg»Sn has a
larger interstitial space compare to Mg»Si, which leads to unstable formation of Mg, type

defects.%®

1.6.2 Enhancing the thermoelectric properties of MgzE based materials

The bulk Mg.Si material has a relatively low electrical conductivity as well as a large
band gap. To improve its thermoelectric performance, different approaches were carried out,
with doping and solid solutions formation being the most efficient methods. In doping, the band
gap can be reduced, and carriers added, leading to enhanced performance. Doping can be
achieved by introducing hetero-atoms into intrinsic semiconductors. The dopants can donate or
combine the charge carriers, thus altering the carrier concentration. The doped semiconductors
can be classified based on the nature of their charge carriers: the material with negative carriers
is called n-type semiconductor, and the material with positive carriers is called p-type
semiconductor. Since doping has a dramatic effect on carrier concentration and carrier mobility,
it is suggested to start with a small doping level. Different dopants may apply in order to tune the
structure transport properties. For n-type doping, some work was dedicated with group 3
elements, such as scandium, yttrium, and lanthanum.’®"* But other elements were also used, for
instance cobalt, copper, and zinc.”>"* Elements from group 13 to 17 were adopted as dopants as
well, including boron, aluminum, phosphorus, antimony, bismuth, selenium, and tellurium.5875-84
For p-type doping, elements from group 1 were employed as the major candidates, including
lithium, sodium, and potassium.®%8 Apart from group 1 elements, silver and gallium were also

reported as p-type dopants.®-°! Group 14 elements were used as components for solid solutions,
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the band structure was tuned dramatically, and the thermoelectric performance was improved

effectively with the presence of germanium, tin, and lead.>8%%°

Among all the advantages that Mg.Si based material has, a particularly important one is
the ability in forming an incredibly wide range of solid solutions with germanium and tin, even
with lead, because all the Mg2E (E = Si, Ge, Sn, Pb) based materials are isostructural, adopting
the anti-fluorite type structure. Germanium can form solid solutions with Mg>Si on the entire
range, with a composition of Mg2SixGe1x (0 < x < 1). In the case of tin, with a similar
composition of Mg2SixSni-x, there is a miscibility gap reported with x ranging from 0.4 to 0.6.1%
However, some suggested that the miscibility can be overcame with proper synthesis method,
and the desired compositions that are located within the originally reported miscibility gap can

be stabilized.5>101

T/K
1400 L
I: Mg,Si rich lﬂis;:;t:,ility IIl: Mg,Sn rich
0 40 60 100
Mg,SI Mg,Sn mole% Mg.Sn

Figure 10. Miscibility gap from Mg2Sio.4Sno.s to MgzSiosSno.4 (based on 192),
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Forming solid solutions with heavier elements, the formula weight of Mg.Si based
material is increased, and the thermal conductivity is significantly lowered. In this case, the
substitution atom can be viewed as “impurity”, which acts differently from the original atom
with a different size, a different mass, and different bond strength. Those differences create
disorder in the lattice, and the phonon scattering process is significantly enhanced, which in turn

lower the lattice thermal conductivity.

Besides the intensive phonon scattering created by substituting silicon (Si) with
germanium (Ge) and tin (Sn), the band structure is also greatly modified by the substitutions.
The presence of multiple conduction band minima (referred as band convergence) is an
indication of possibly high performance materials, and can be induced by point defects. An
example with first principle calculations on Mg2Si1-xSnx solid solutions, with x varying from 0 to
1 is illustrated in Figure 11.1% The general trend of the highest valence band and two lowest
conduction band was shown in the figure, with the blue line indicates the light conduction band
(Cu), and the red line indicates the heavy conduction band (Cr). There is an energy separation of
AE between the two lowest conduction band as well. From the range with x =0 to x = 1, the
heavy conduction band moves downwards in energy, with the light conduction band moves
downwards before x = 0.3, and moves upwards after x = 0.3. The two conduction bands cross
around a composition where x = 0.65 to 0.7. In a semiconductor with two conduction bands, the
total Seebeck coefficient can be considered as the weighted average stemming from both
conduction bands, and the maximum value can be achieved when the two conduction bands have
equal contributions towards the total Seebeck coefficient, and the maximum effective mass (m”)

can also be achieved at the same point.1%
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Figure 11. Band structure of Mg2Si1-«Snx solid solutions.10%

The material can also be tuned with p-type doping. There are two kinds of p-type dopants,
the first kind was used to substitute Mg, and the second kind was used to substitute Si. Some
typical elements for the first kind include sodium (Na), potassium (K), lithium (Li), and silver
(AQg), while gallium (Ga) was usually employed as the second kind of p-type dopant. Between all
the first kind p-type dopants, lithium (Li) is the most efficient one, yielding a high electrical
conductivity Li-doped Mg.Si of approximately 1100 Qcm™.8” The reason behind this is the
similar radius that Li* (0.73 A) has compared to Mg?* (0.71 A).** Dopants with larger radius
will presumably either occupy the octahedral holes directly, or boost magnesium into the

octahedral holes, and will in turn lower the concentration of positive charge carriers. According

8 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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to first principle calculations, Ag-doped Mg»Si revealed a preference of Mg occupying
interstitial sites and became Mg defects.!® Thus Ag-doped Mg:Si exhibits a lower charge carrier
concentration with a lower electrical conductivity. % With Ga being the dopant, first principle
calculations revealed a Fermi level that is closer to the valence than in the undoped material, and
the calculation results correspond well with the experimental results when Ga was employed in
doping Mg2Si and Mg2Si1-«Gex.2*” Even though Ga®* has a similar radius (0.61 A) compared to
Mg?*, Ga was a preferred substitution for Si rather than for Mg, which is mainly because of the
low required formation energy with Ga.1% After all, lithium (Li) doped material still possessed
the highest positive charge carrier concentration of around 4.9 x 10%° cm, but the disadvantage
of adding lithium is the instability issue under high temperature, which is due to the movement

of lithium ions.8’

Undoubtedly, antimony (Sb) and bismuth (Bi) are considered the most efficient n-type
dopants. The carrier concentration increases significantly with the presence of antimony and

bismuth, and consequently, the electrical conductivity is increased.

As a result of the high affinity of Mg with oxygen, one typical problem happened during
the synthesis and characterization of n-type Mg2Si based material, is the presence of magnesium
oxide (MgO) as impurity. %116 The presence of MgO in grain boundary may possibly improve
the scattering process, but MgO also has low electrical conductivity,'” and high thermal
conductivity,''® which will lower the efficiency of the energy conversion. Removing the MgO

impurity is required to ensure a better performance of Mg>Si based thermoelectric materials.

Besides doping with heteroelements, experiment results revealed that the performance

can be improved with the addition of Mg.110.112113.118-122 The charge carrier concentration can be
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increased with excess Mg occupying the octahedral holes, and creating point defect scattering to

decrease the thermal conductivity. 112121122

Porous material was also investigated, and a high ZT value of 1.63 was achieved with Sb-
doped Mg,SiosSnos using pressure-less spark plasma sintering (SPS). % The porosity reduced
the thermal conductivity significantly and, consequently, the figure-of-merit value increased.
However, the porosity reduces the mechanical strength dramatically, which makes the material
not appropriate for almost all applications. Moreover, further heat treatment would also modify
the level of porosity, therefore affecting the properties. There is also a weak reproducibility for

the porous sample, as the porosity level could not be controlled precisely.?3

1.7 Other Group 2 Thermoelectric Silicides

Besides magnesium, some other elements from the same group can also form silicides

with high potential as thermoelectric materials.

Calcium can form various binary compounds with silicon, such as CaSi, and CaSi. CaSi;
exhibits a high thermodynamic stability, and a good resistance to moisture, which makes the
material more durable and stable under different conditions. Under a high pressure of 15 GPa, a
phase transition was revealed for CaSi», and the material then possesses the properties of a
superconductor under a low temperature of 14 K. CazSi, a p-type semiconductor, has a carrier
concentration of 3.1x10% ¢cm, and a band gap around 0.3 eV.12+12 The material can also be
tuned by adding Na, which will boost the carrier concentration by around a factor of 2 to around
1.3x10* cm. The Ca2Si based material has a high Seebeck value (S) of approximately 200 pV
K1.128 Ca,Si was mainly considered for room temperature thermoelectric applications. On the
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other hand, CasSis can be safely operated under medium temperature until its decomposition

around 1183 K.

Similar to calcium, strontium can also combine with silicon, and form silicides for
thermoelectric purposes. Research was conducted by adding aluminum (Al),*? germanium
(Ge), 0 yitrium (),*3! calcium (Ca),'* and barium (Ba),** into the SrSi; based material. By
doping with yttrium (Y), the SrSi. based material comprises the best ZT value of 0.4 under 300

K 131

1.8 Challenges and Motivations

Overall, magnesium silicide based and some other silicides based materials have great
potentials as promising thermoelectric material. Most of the compositions are widely available,
nontoxic (except for some trace amount dopants), and low-cost elements. The optimized
synthesis is challenging mainly because of the combination of highly volatile Mg with relatively
refractory Si. In addition, to optimize the thermoelectric performance selective isovalent
(alloying), as well as aliovalent (doping) substitutions are the most conventional approaches, but
such chemical manipulations are also challenging for Mg.Si. This is due to either competitive
formation of thermodynamically stable binaries (MgsBi>), or to the high (cubic) symmetry of the
crystal structure of the pristine Mg.Si, which is very sensitive to local symmetry breaking, and

therefore not suitable for high concentration of point defects.

The choice of the alloying/doping element is also critical. Even in the case of isovalent

substitution, a too large difference in atomic properties like electronegativity, size, and frontier
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orbitals' energy, may result in a too high fluctuation of the atomic site energy, which has a

destabilizing effect on the structure’s stability.

With the challenges addressing above, my research was conducted around two major
focuses: the first one was the synthesis procedures, and the second one was improving the

performance through isovalent and aliovalent substitutions.
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2.0 Experiment Procedures

There are certain procedures in synthesizing and optimizing magnesium silicide
materials; all of them are essential to research on thermoelectric magnesium silicide. It is
important to be familiar with the basic principles associated with laboratory operations, and to

eliminate errors during characterization and ensure the quality of synthesized product

2.1 Synthesis

As previously mentioned, one of the major challenges exists in the synthesizing of Mg.Si
based material. To overcome the issue and find the most efficient synthesizing method, different
strategies were employed in my research, including solid state reaction, mechanical alloying, and
B20s flux method. The general procedures will be introduced, and the advantages and drawbacks

of different methods will be discussed.

The expectation from the synthesizing method is not only to produce material with the
desired stoichiometry, but also to satisfy the needs from industry. Being environmental friendly
and cost efficient, Mg.Si based thermoelectric material has a great potential to be employed for

industrial applications, which means a larger batch size is required.

2.1.1 Solid state reaction

2.1.1.1 Principle of solid state reactions

Among all the synthesis methods, one of the oldest, simplest, also most common method
is solid-state reaction. During solid state reactions, reactants will come in contact with each other,
and products will be formed beginning at the interface between different reactants.>® The

principle of solid state reaction can be illustrated using one of the Escher paintings (Figure 12),
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two different reactants (fish and birds) get in contact with each other under solid state reactions,
and on the contact surface, the layer shows features from both fish and bird, but is not

completely the same to either side.

Figure 12. Escher painting: fishes to birds.t33™

The speed of the reaction depends largely on the diffusion rate of the reactants, and solid-
state reactions are usually slow, even with the particles are already well mixed, but the atoms are
not excited and not ready to move towards homogeneity. To trigger the reaction, atomic level
diffusion is required, and the most important two factors about diffusion are the reaction

temperature and the diffusion path. When the temperature is insufficient, the energy input is not

** Reprinted with the permission from (Anthony R. West,
Solid State Chemistry and its Applications, 2nd Edition, Student Edition, Wiley Books, John
Wiley and Sons) copyright (2014)
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enough to meet the requirement for effective diffusion, and an elevated temperature is usually
required. Apart from the reaction temperature, the diffusion path length also has a huge impact
on reaction speed, a shortened diffusion length can significantly reduce the solid-state reaction
time, and reaction with only high temperature has its risk bring defects into the product. To
reduce the diffusion path length, the sample can be pre-ground and pre-mixed, sometimes even
compressed before solid state reaction. To further reduce the diffusion length, several reactants
can be melted to create a liquid-solid mixed phase to create more effective contact area, in which
case the solid reactants were surrounded by liquid reactant, the liquid-solid mixture can also
enhance the reaction rate by reducing the diffusion length. To achieve a better homogeneity, the
solid-state reaction can also be broken down into different steps, proceeding together with re-
grinding, compressing, and re-heating, also known as annealing. The combination of different

synthesis techniques may improve the purity and the homogeneity of the product significantly.

2.1.1.2 Reaction containers for solid state reaction

The reaction container also plays an important role producing the product. Different
containers have their own benefits and drawbacks, but there are certain general rules to follow
when choosing the container. First, the container should stay inert to the reactant, avoiding to
bring in any possible contaminations. Secondly, the container should be able to withstand the
elevated temperature that is required for the solid-state reaction. Lastly, the container should also
be cost-efficient. Based on the properties of the reactant, and different heating profiles, various
types of reaction containers were used in our laboratory, including vacuum sealed silica (SiO>)

tubes, carbon coated sealed silica tubes, alumina (Al>O3) tubes, alumina crucibles or boats,
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tantalum (Ta) tubes; sometimes niobium (Nb) foils and tantalum foils were also used to shape a

suitable reaction container.

Figure 13. Reaction containers: (a) silica tube, (b) tantalum crucible, (c) sealed tantalum crucible

in sealed silica tube, (d) alumina boat.

Silica tubes were used for most of the reactions in this laboratory, as the silica tubes can
be made with customized volumes, the silica tube has a high melting point of around 1983 K,
and can be evacuated using a vacuum line (Figure 14a), and sealed under vacuum using a
hydrogen-oxygen torch (Figure 14b). The evacuated tubes provide a stable and oxygen free
environment, which is beneficial to oxygen sensitive reactants. Alumina tubes, boats and

crucibles are also used for reactions that could not be performed using silica tubes.

One drawback is the high cost for alumina tubes. Therefore, efforts were made to re-use
the alumina tubes multiple times, but the risk of getting contaminations also increased along with
reusing the containers. Tantalum crucibles were used for reactions containing volatile reactants.
Tantalum has a high melting point of 3290 K, and can be welded using electric arc melting

(Figure 15) to create a sturdy seal. Then the volatile reactants can stay enclosed during the
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reaction without escape from the container and lose the stoichiometry, even under elevated
temperature. During the arc melting, a high voltage arc is generated out of a tungsten electrode,
with a strong current applied. The temperature varies, depending on the current passing through,
and can be as high as 3300 K. However, due to the extremely high temperature, powders are not
suitable because of their large surface area, which can enhance the risk of oxidization. Instead of
powder, chunks, chips, and ingots are usually used for arc melting. The whole arc melting
process should be carried out under a continuous argon flow, with cooling water turned on at a
steady rate. In order to remove all the oxygen inside the arc melting chamber, a zirconium piece

is usually arc melted two to three times in priority to arc melting.

ek

Figure 14. (a) vacuum line, (b) hydrogen-oxygen torch.
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Figure 15. Arc melting set up.

2.1.1.3 Reaction containers for Mg2Si based materials

Mg>Si based thermoelectric materials were successfully synthesized using tantalum
crucibles previously.'3 The starting materials were weighted according to stoichiometry in an
argon-filled glove box (Figure 16), mixed and placed inside tantalum crucibles. The loaded
tantalum crucibles were then transferred and sealed. After arc-melting, the tantalum container
was placed inside a silica tube, then the silica tube was sealed under vacuum with an internal
pressure around 2.5 x 10 mbar. After the preparation, the sample was then moved for the solid

state reaction into a muffle furnace (Figure 17).
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Figure 16. Argon filled glove box.

Although tantalum crucibles have been proved to be one of the most practical containers
for solid state reactions, the applications of tantalum crucibles are still limited by the high costs,
and with welding and cutting, the physical strength of tantalum drops dramatically, making it
remarkably hard to re-use the containers after the first reaction. Only tantalum tubes with small
diameters can be sealed, which also limits the batch size to around two grams of product in each

crucible.
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Figure 17. Muffle furnaces: automated (left), manual (right).

For the above reasons, tantalum can be considered an excellent choice, but not
necessarily the best. To solve these problems, different containers were tested. To replace the
tantalum with a cheaper candidate, alumina crucibles were used first, but that was not suitable
for reactions containing magnesium, as magnesium has a higher affinity to oxygen compared to
aluminum, and under high temperature, the alumina crucible was reacting with the raw materials.
The same problem occurred with fused silica tubes as well, which means for reactions containing
magnesium, any type of direct contact between the raw materials and an oxidic container should
be avoided, and an inert separation layer is required. Niobium foil (Figure 18) was tested at the
beginning, but considering niobium foil has an even higher unit cost compared to tantalum
crucible, the objective of reducing the cost was not achieved. The niobium foil also possessed

limited flexibility, which made it difficult to be shaped to fit into different types of containers.
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< Alfadesar

Niobium foil, 0.05mm (0.002in) thick, 99.89% RSB0
100x100mm, ) . 99.8% (metals basis)

Stock # 39702 Lot # J24L06
Not known to be hazardous in this form

Figure 18. Niobium foil.

To find a better foil material, graphite considered next. The graphite foil (Figure 19a) can
stay stable under high temperature, and remain inactive with Mg. Moreover, the foil is thin and
soft by itself, and can be shaped to fit into the container. For the synthesis of Mg.Si based
materials, the foil was wrapped to form a small cylinder that can be placed inside a silica tube
(Figure 19b). To avoid the volatilization of magnesium under vacuum, the silica tube was left
one-end open to maintain the standard atmospheric pressure. Raw materials were weighed,
mixed, and loaded into the container in the glove box, and then transferred into a tube furnace

purged with continuous argon flow (Figure 20) for heat treatment.

The advantages for solid state reaction include the straight forward process, the high yield,
and the cost-efficient design. The customized container reduced the cost significantly comparing
to the previously utilized tantalum crucible. The drawback for this method is the long annealing

time required for the solid state reaction, which often takes from severval days to weeks.
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Figure 20. Tube furnace with argon flow.

After reaction, the sample was taken out. An ingot was formed at the bottom of the

container (Figure 21), and graphite was gently removed from the surface.
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Figure 21. Product after reaction.

2.1.2 Mechanical Alloying

Mechanical alloying has been proven to be efficient in enhancing thermoelectric
materials, which can be performed by planetary ball mills (Figure 22). The planetary ball mill is
so named because of the special planet-like movement.'® The vials are rotated around their own
central axis, because of a special disk arrangement. The impact on materials and balls inside the
system is provided by the centrifugal force. Because the vial rotates in an opposite direction as
the disk, the centrifugal force changes its direction continuously, which causes the friction effect,
and grinding balls slide down along the inner wall, collide and grind freely inside the vial (Figure
23). During continuous grinding, the energy is transformed from kinetic energy to chemical
energy.*3 Thus the mechanical mill process is more suitable for brittle materials, as the impact

from balls can be easily transferred.*3® In our case, magnesium is relatively soft, and tends to
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deform under impact instead of getting fractured, which will lead to aggregation of magnesium
at the inner wall of the ball mill chamber, hence resulting in non-stoichiometric, Mg-poor

products.

Figure 22. Fritzsch ball mill machine.

One potential solution is using milling media, such as n-hexane to reduce the stickiness
of magnesium, but this might in turn lead to organic impurities in the product.*®’ To solve the
problem, a so called “incremental milling” was proposed by Dr. Bux: during the mechanical
alloying of bismuth doped Mg>Si, by taking the silicon as milling aid, magnesium turnings were
added gradually until the stoichiometric amount was reached, while the initial silicon and
bismuth amounts were based on the final product.'3® After 8 - 10 hours, blue Mg2Si powder
product was observed, and the amount was 4 to 10 grams per batch. The advantage of this
method is the short processing time, and the drawback is the poor control of the side products, as
frequently opening and adding material into the reaction chamber might introduce

contaminations.
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Figure 23. Schematic of ball mill motion inside the jar.

2.1.3 Boron oxide flux synthesize method

A flux method using B2Os for synthesizing magnesium silicide material was introduced
in 2011.2%8 At high temperature, the B2Os flux functions as a liquid seal to separate the raw
materials from the air, so that the oxidation of magnesium is reduced or even completely
inhibited.!® For the flux method, raw materials were weighed and mixed in a glove box, then
transferred into alumina crucibles. Graphite foils were also used to separate the raw material
from the B2Os powder. The loaded alumina crucibles were transferred into a preheated furnace
for annealing. After annealing, the final product was removed. The removal method was not
mentioned in the publication, but apparently the alumina crucible was smashed into pieces to get
the sample out. A hot-pressing procedure was applied afterwards. The advantage of the flux
synthesis is the short processing time and straight forward process. The drawback is the

difficulty in separating product and the flux. The physical separation will result in severe damage
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to the container, which increases the cost dramatically, while the chemical separation might

damage the product.

There were also other approaches reported with success on the synthesis of Mg.Si based
thermoelectric material. Because of the limitation of time and equipment, only the methods
mentioned here were attempted, and the solid-state reaction was chosen as the preferred

synthesis method in this thesis.

2.2 Characterization

2.2.1 Powder X-ray diffraction analysis (P-XRD)
P-XRD is a technique used wildly in characterizing the crystal structure of an object, and
phase identification of the synthesized material. The INEL XRG 3000 powder diffractometer

with a copper- Kal radiation was used in this research (Figure 24).

Figure 24. INEL XRG 3000 powder X-ray diffractometer.
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The functioning principle of X-ray diffraction machine can be described as the following:
heating a tungsten filament generates electrons, and those electrons are accelerated by a high
voltage of 30 kV in our case. The high-speed electrons bombard a copper anode, kicks one of the
inner shell electrons out, and creates a vacancy. The created vacancy would be filled by an
electron from the outer shell, and generates an inequivalency in energy. Any extra energy would
be emitted in the form of X-rays. X-rays being generated vary in wavelength, which depends on
the material used. In order to produce a monochromatic beam of X-rays, a monochromator made

of a germanium crystal is applied in our setup.*%

X-rays interfere with electrons either constructively or destructively (Figure 25). Referring
to Bragg’s law (Equation 11), if the difference between the lengths of two beams' pathway equals
to an integer number of the wavelength of the X-rays, the interference is constructive., Otherwise
the interference is destructive, and only the constructive interaction can be observed and

recorded.

nAd = 2d sinf Equation 11

Figure 25. Constructive X-ray interference,1 and 2: incident beams, 1’ and 2': reflected beams
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To characterize a product using the powder X-ray diffraction machine, the product must
be ground into fine powder to achieve the maximum number and random orientations of crystals.
In this research, the annealed product was ground using mortar and pestle (Figure 26). The X-ray

machine was run for at least thirty minutes to determine the phase purity.

Figure 26. (a) Mortar and pestle, (b) grounded product

2.2.2 Consolidation

After examining the purity of a synthesized sample, the next step was consolidation. The
consolidation process took place in the Oxy-Gon hot-press machine (Figure 27). During the
consolidation, high pressure and high temperature was applied at the same time, with the sample
being pressed in a graphite die. The energy was transferred from the tungsten heating elements to
the sample, and the temperature was set below the melting point of the product. The force was
applied vertically via two specifically strengthened graphite rods, with an upper limitation of 30

tons. During the hot-pressing process, the sample forms a thin pellet with a diameter of 12.7 mm
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and a height of 2 - 4 mm (Figure 28). To ensure the absence of any undesired oxygen inside the

pressing chamber, the whole pressing process is carried out under inert gas flow.

Figure 27. Hot-press instrument.

Figure 28. Pressed sample
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2.2.3 Density measurement

The density of sample was measured after densification, and the Archimedean method
was used. The Sartorius YDKO1 density kit (Figure 29) was employed for this measurement. By
immersing the pressed disk into the reference liquid (distilled water or ethanol), the weight of the
sample would be decreased by a certain amount, which is the same as the weight of the liquid

being displaced by the sample. The density can be determined using the following equation:

Myir X djigyi
dgypig = ———tauid Equation 12

Where d,,;i4 1S the density of sample, mg;, is the weight of sample measured in air,

Myiquia 1S the weight of sample measured in liquid, d ;4,4 is the density of the reference liquid.

Figure 29. The Sartorius YDKO1 density Kkit.
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However, the accuracy from this equation is not enough, as there are other factors that
need to be evaluated, such as the influence of the temperature on the density of the reference
liquid, the volume of the measurement kit immersed in the liquid, and the possibility of air

bubbles on or in the sample.

To eliminate the error caused by the fluctuation of temperature, the real time temperature
need to be recorded during measurement, and a corresponding d;;4,i4 Should be chosen
accordingly. Moreover, for distilled water, the change in every degree is around 0.02%, and the
change is 0.1% for ethanol. Therefore, distilled water is the preferred reference liquid unless in

case of water-sensitive samples.

The density of air was also considered as an error source, and the equation was further

modified (Equation 13) to cancel this error out, with the density of air being 0.0012 g/cm?.

Mair X (dliquid - dair)

Mair — Miiquid

dsotia = + dair Equation 13

A correction coefficient of 0.99983 was added to the denominator to fix the impact from

the partially immersed density kit, with the formula being modified to:

do = Mair X (diiquia — 0.0012) '
solid ™ 99983 x (Mair = Myiquia) air

Equation 14
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To get rid of adhesive air bubbles, the sample was examined carefully before being
immersed into the liquid. Sometimes the sample was immersed in the reference liquid in a

different container before the actual measurement.

2.2.4 Thermal Diffusivity Measurements

Thermal diffusivity measurements can be performed on the pellet prepared in the hot-
press. During the measurement, the bottom surface of pellet will be struck by an intense beam of
a xenon flash. The heat will then propagate through the pellet to the top surface. The temperature
of the top surface will change accordingly to the energy absorbed, and the difference in
temperature will be detected by an infrared (IR) detector (Figure 30).14° During the whole
measurement, the furnace chamber is under argon, to avoid any oxidation.

The expression used to determine the thermal diffusivity is shown below: 14

a=cx I?>x t5i. Equation 15

Based on this equation, the thermal diffusivity can be determined by multiple parameters
including thickness [, half time ¢, 5, and the constant c. In order to perform a precise
measurement, one needs to precisely determine the thickness of the tested sample. Moreover,
coated graphite layers on the top of both surfaces are necessary to reduce the error caused by
reflection. After the measurement, the thermal conductivity can be calculated based on the

expression provided below: 14

K= a-p-Cp. Equation 16



K is the thermal conductivity, « is the thermal diffusivity as measured, p is density, and

C, is the specific heat capacity, for example calculated with the Dulong-Petit approximation:

Cp= —. Equation 17

Where R is the gas constant and M is the calculated average molar mass.

(b)

A

Top surface — Temperaturerise T, +AT
I Thickness /

Bottom surface ? Initial temperature 7,

Intense Xe flash pulse

Figure 30. (a) Anter Flashline 3000; (b) Schematic of Flash Method Measurement.

2.2.5 Electrical Property Measurements

After the flash method is conducted, the sample will be prepared for electrical property
measurements, performed by using the ULVAC-RIKO ZEM 3 instrument. The sample is cut into
a rectangular bar with approximate dimensions of 2 x 2 x 10 mm, and placed between two
electrodes, with a pair of thermocouples in contact on its side (Figure 31). The measurement
process is carried out in a helium filled chamber, with temperatures ranging from room
temperature to 800 K. To ensure the quality of contact, a V (voltage) - | (current) plot is drawn

first.
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Figure 31. ULVAC-RIKO ZEM3.

The measurement and calculation of the Seebeck coefficient can be performed by heating
the bottom of the tested sample, with recording the difference in temperature between the two
thermocouples. With measuring the voltage difference between the two thermocouples, the

Seebeck coefficient can be determined as:

AV

S= o Equation 18
The electrical resistivity (p) can be calculated based on the equation:
p= RL;A. Equation 19

L is the distance between two thermocouples, A is the sample’s cross sectional area, and

R is the resistance, which can be determined by:
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R=—. Equation 20

Respectively, the electrical conductivity can be determined with:

1
o =-—.
p

Equation 21
2.2.6 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermal analysis technique, during which
the heating process of the sample is recorded and analyzed. Based on the achieved result, the
melting point can be determined, and then the heating and annealing conditions can be
configured and adjusted accordingly for the synthesis and hot-pressing process. However, a
reference material is required for DSC measurements. DSC is processed by NETZSCH STA
409PC LUXX (Figure 32), with a possible temperature range from 300 K to 1900 K, and under

inert argon atmosphere.

Figure 32. NETZSCH instrument for DSC.
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2.2.7 Electron dispersive X-ray spectroscopy (EDX)

The energy dispersive X-ray spectroscope is used to estimate the elemental composition
of the analyzed sample, and identify the presence of heteroelements, if any. During the EDX
analysis, the sample will be exposed to a high energy beam, by which some electrons will be
knocked out from the inner shell (Figure 33). Consequently, electrons from outer shell will then
fall down to fill the vacant position. The migration of the electron from an outer shell to an inner
shell will result in an energy difference. The energy difference will generate a characteristic X-
ray, which can be analyzed to identify the element. To analyze the surface geometry of the

analyzed sample, a scanning electron microscope is usually operated at the same time.

(T
i
g _

Kg X ray

Kg, Xetay

b

*Electron dislodged
from K-shell

Figure 33. Quanta FEC 250 EDX machine (left), and working mechanism of EDX (right).
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2.2.8 Density functional theory for energy band calculation

To calculate the electronic structures of various model compounds, the density function
theory (DFT) was employed, using the software package WIEN2K.#? In the case of MgSi-Mg-
2Sn-Mg2Pb solid solutions, a consistent supercell was used to simulate different Si/Sn/Pb ratios.
It is worth noting that the band width from this calculation is usually underestimated, thus,
corrections were made by applying the modified Becke and Johnson potential (mBJ) during the

calculation.1*®
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3.0 Results and discussion

3.1 Synthesis

The synthesis methods were discussed in previous chapters, and as specified, the solid-

state reaction synthesis was employed as the primary synthesis method.

Samples were prepared from pure elements (Mg chips: Sigma Aldrich Chemistry,
99.98%); Si powder: Alfa Aesar, 99.9%; Sn granules: Alfa Aesar, 99.9%; Pb granules: Strem
Chemistry, 99.99%; Bi granules: Sigma Aldrich Chemistry, 99.99%). A large quartz tube with an
inner diameter of eight centimeters was used. To fulfill the requirement for large scale
production, multiple tubes with samples inside were placed in the larger tube for heating
treatment (Figure 34). With this arrangement, the estimated yield can be as high as 50 grams per
batch, which is a large step towards fulfilling the needs from industry. During the reaction, the

large quartz tube remains open, with argon being purged throughout the entire process.

Large quartz tube

Figure 34. Arrangement of reaction containers in the large quartz tube.
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To successfully synthesize the product, efforts were made tuning the heating profile.
Magnesium is highly volatile; thus, a low synthesis temperature is more favorable to avoid the
potential stoichiometry loss. Recent research reported successful synthesis with the help of
mechanical milling, and with the annealing under 873 K for 1 hr.1#* Extrapolating the heating
profile from the literature, the duration of annealing was extended without mechanical alloying,
with 16 hours of annealing at 673 K, then 48 hours at 873 K, afterwards down to room

temperature (RT) in 7 hours (Figure 35).

B73K

48 h

673K

16 h 7h

2h
RT RT

Figure 35. Heating profile extrapolated from literature.

However, with this profile, the attempts on obtaining single phase product were not
successful; numerous impurity phases were reviewed in the products according to X-ray powder
diagrams. The failures were mainly due to the relative low reaction temperature, as silicon has a
high melting point around 1680 K. The literature reported 873 K, however, this was not
sufficient to complete the reaction without the aid of mechanical alloying. Therefore, a higher
reaction temperature of 1173 K was employed. The side phases were reduced to a minimum
amount with only Mg.Si, and regardless of the reaction time, Mg>Si always exists in the product.

To understand the reason, the phase diagram presented in Figure 36 was reviewed.
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Figure 36. Phase diagram for Mg-Si-Sn system, adopted from 4,

Using the composition of Mg2Sio.4Sno.s as an example (indicated by the red line), to

achieve an efficient reaction, the previously used annealing temperature should be increased, to

the point where the liquid - solid phase reaction can be triggered. In the case of Mg2Sio.4Snos, the

annealing point should be at least above point n (1193 K, 920°C), and the previously employed

temperature may have the risk of falling into the region with multiple stable phases (between n

and m), and to bypass region nm, a fast cooling process is preferred. A test with a sealed

tantalum crucible was conducted on a Bi-doped Mg.Sio.4Sno.s Sample, namely with an annealing

temperature of 1223 K, a fast cooling down by water quenching, and finally a three-day

annealing step at 973 K (point o in Figure 36), the modified heating profile is demonstrated in

Figure 37.
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3 days

RT RT

Figure 37. Modified heating profile with water quenching.

After reaction, the sample was retrieved, and ground into fine powder for powder X-ray

diffraction analysis, and the result is shown in Figure 38, compared with the reference pattern of

undoped Mg2Sio.+Snos from ICSD #44934,146

Sample with water quenching

— Mg Si, Sn 1CSD #44934

4I() : 6

Intensity

L, l\ ]\ h

20

N 1
50 0
26 (degree)

Figure 38. X-ray diffraction analysis for sample with water quenching.
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From the X-ray diffraction result, we can conclude that the sample is almost pure, the
positions for the major peaks correspond well to the reference with a systematically shift to the
left, which was mainly due to the lattice expansion with the doping of Bi. Therefore, the result
proves that a fast cooling process can facilitate the synthesis of single phase product. However,
small shoulders were observed at 24° and 40°, which suggests an incomplete reaction. As a result,

the heating profile needed to be further modified to achieve purer product if possible.

To achieve a more sufficient solid-liquid reaction, the annealing duration under 1223 K
should be extended. Moreover, the water quenching process will not work for a reaction without
a sealed environment. For the open tube used in this project, a fast cooling from 1223 K to 973 K
in half hour was employed to simulate the quenching process. The efficiency of the second
annealing at 973 K was also evaluated, and different durations were tested. The result is shown

in Figure 399.

T ) T Y T
*  Sn ICSD #40038
3 days at 973 K
——2days at 973 K
1 day at 973 K
———0day at 973 K
—Mg,Si, Sn,  1CSD #44934

0.47770.6

=
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A A
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Figure 39. Bi-doped Mg>Sio.4Sno.s samples with different annealing durations.
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At this point, no single-phase product was obtained, but there is a trend in decreasing the
level of phase segregation with a longer annealing duration. The secondary phase exists in the
sample with two days and three days annealing, which was revealed to be tin (Sn) peaks in
Figure 39. The presence of tin was mainly due to the magnesium loss under high temperature
with long time annealing. To counter the loss, excess magnesium was added for the reaction with
three days of annealing. After that, the sample was hot-pressed under the pressure of 60 MPa and
a high temperature of 923 K. Thereafter, the sample with three days annealing at 973 K revealed

to be single phase. An example is shown in Figure 40.

T T T T T
Hot-pressed sample with 3 days @ 973K
——Mg Si Sn__1CSD #44934

27 04 0.0

Intensity

N 1 N 1 s 1
20 30 40 50 60

26 (degree)

Figure 40. X-ray diffraction pattern for hot-pressed sample with three days annealing at 973 K.

The finalized heating profile was then applied, and all the work presented in this thesis

hereafter was conducted using the same heating profile.
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3.2 Enhanced performance of magnesium silicide-stannide based material

Magnesium silicide-stannide based materials with the best performances are listed in

Table 1.

Table 1. Physical properties of magnesium silicide-stannide based thermoelectric materials

Seebeck Thermal Power
Composition (LV/K) Conductivity Factor ZT T (K)
H (W/m-K) | (uWiem-K)
|V|gz.16(3i0_3G90_053no,65)0_983b0,02147 220 2.3 47 15 740
Mg2.16(Si0.4SN0.6)0.97Bi0.03'*® 220 2.3 43 1.4 800
Mg2Sio.3SNo.65Bio.035°8 220 2.3 43 1.4 773
Mgz_16(8io_4sno_5)o,9858bo,015113 240 2.1 37 1.3 740
Mg2Si0.4SnosBio 03 260 1.2 28 1.2 573

Excellent thermoelectric properties were revealed for Bi and Sb doped samples, and the
sample composition is always around Mg2Sio.4Sno.s. Another way to improve the performance is
by adding lead (Pb) into the bulk material; a research conducted in 2013 by Muthiah et al.
suggested an increase in ZT from 0.03 to 0.56 with 2 atomic percent of lead being added into
bulk MgSi.%” However, until recent, there is no work reported with Pb and Bi co-doping on

Mg2SixSnix solid solutions, which became the major focus of this research.

Unlike the doping with bismuth, the carrier concentration remains unchanged when lead
is added instead. The enhancement in thermoelectric properties is mainly due to the phonon

scattering by point defects introduced by the alloying, and as well as the increased structure
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complexity. With enhanced scattering, the lattice thermal conductivity can be reduced
significantly. Furthermore, as introduced in previous chapters, the band convergence is one of
the reasons that enhanced the performance of Mg.Si-Mg.Sn solid solution, and with the similar
mechanism, it can be predicted that the Mg2Si-Mg.Sn-Mg.Pb system also shows band
convergence, which would enhance the thermoelectric performance by enhancing the Seebeck

coefficient without changing the electrical conductivity.

However, alloying introduces point defects which scatter phonons but also reduce the
carrier mobility and subsequently the electrical conductivity. Mg2Pb with its small band gap
exhibits a significant bipolar effect. In semiconductors with small band gaps, the intrinsic charge
carriers can be easily bumped up into conduction band by thermal excitation, and result in the
presence of both positive charge carriers and negative charge carriers.® The co-existence of
different charge carriers lowers the Seebeck coefficient, as the n-type charge carriers contribute

to a negative Seebeck, while p-type carriers contribute to a positive Seebeck coefficient.

For the above reasons, the doped products may not reveal better electrical properties
compared to the Sb or Bi doped samples, but their thermal conductivities are expected to be
lower than the sample without Pb doping. Hence, the amount of dopant needs to be optimized
accordingly. Considering the large atomic radii of Pb and Bi, trace amount of dopant was
employed. With a composition of Mg2Sio.4-xSno.s-yPbyBix, with x fixed at 0.05, and y = 0, 0.03,

0.05, 0.07, 0.1.
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3.3 Sample purity, lattice parameter, and density

After the solid state reaction, the samples were hot-pressed. Then the products were

ground into fine powder, and their purity was examined with the aid of the X-ray diffraction

machine (Figure 41).
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Figure 41. X-ray diffraction patterns of Mg>Sio.35Sno.6-xPbxBio.os sSamples, with x =0, 0.03, 0.05,

0.07, 0.10.

From the X-ray patterns, all examples were close to pure, with no MgO phase was

revealed in the product.
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Lattice parameters of selected samples were also obtained through refinement using the

“Rietveld” program, and the results are in agreement with the expected lattice expansion.

Table 2. Lattice parameter refinements on selected samples.

Composition Lattice Parameter (A) Volume (A3)
Mg2Si0.35Sn0.6Bi0.0s 6.6569 (6) 295.0
Mg2Sio.35Sn0.57Pbo.03Bio.os 6.6584 (7) 295.2
Mg2Si0.355N0.53Pho.07B10.05 6.6602 (2) 295.4
Mg2Sio.35Sn0.5Pbo.10Bi0.0s 6.6622 (4) 295.7

3.4 SEM and EDX

One of the major concerns towards doped materials is the localization of the dopant in
grain boundaries. To prove that uniform distributions were achieved for all the samples, EDX
mapping and area scans were performed. Five areas for each sample were scanned for evaluation
of composition, and the average was calculated to compare it with the stoichiometric value.
However, with the limitation of the accuracy of EDX, errors exist in the analysis of the
composition, and only the trend of the dopant amounts was compared. In the analyzed mapping

pictures, Mg is represented in blue, Si in yellow, Sn in red, Pb in light gray, and Bi in green.
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Table 3. Area scan results (percentages) of Mg2Sio.35Sno.6Bio.os sample.

Element Area 1 Area 2 Area 3 Area 4 Area 5 Avg. Nominal
Mg 65.5 66.3 66.3 66.4 67.5 66.4 66.7
Si 10.4 10.7 10.2 11.8 8.9 10.4 11.7
Sn 22.2 21.3 21.7 19.8 21.6 21.3 20.0
Bi 1.8 1.6 1.9 2.0 2.1 1.9 1.7

Figure 42. EDX mapping of Mg2Sio.365Sno.6Bio.os sample, with (a) mapping area; (b) Mg; (c) Si;
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(d) Sn; (e) Bi represented by different colors.




Table 4. Area scan results (percentages) of Mg2Sio.35Sno.57Pbo.03Bio.os sSample.

Element | Areal Area 2 Area 3 Area 4 Area 5 Avg. Nominal
Mg 66.2 66.5 65.7 66.3 66.3 66.2 66.7
Si 12.8 11.2 12.3 9.8 11.9 11.6 11.7
Sn 18.7 20.1 195 21.6 195 19.9 19
Bi 1.6 1.3 1.7 1.3 14 1.5 1.7
Pb 0.7 0.9 0.8 1.0 0.9 0.9 1.0

Figure 43. EDX mapping of Mg2Sio.35Sn0.57Pbo.03Bio.os sample, with (a) mapping area; (b) Mg; (c)

Si; (d) Sn; (e) Bi; (f) Pb represented by different colors.
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Table 5. Area scan results (percentages) of Mg2Sio.35Sno.55Pbo.0sBio.os sSample.

Element | Areal Area 2 Area 3 Area 4 Area 5 Avg. Nominal
Mg 66.5 66.4 66.2 68.1 67.9 67.0 66.7
Si 10.7 12.7 17.5 8.3 8.4 11.5 11.7
Sn 20.2 18.2 14.8 20.6 20.6 18.9 18.3
Bi 1.5 1.6 0.9 15 1.7 14 1.7
Pb 1.2 1.2 0.6 1.5 1.4 1.2 1.7

—_——
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Pty

—_—

Figure 44. EDX mapping of Mg2Sio.35Sno.ssPbo.osBio.os sample, with (a) mapping area; (b) Mg; (c)

Si; (d) Sn; (e) Bi; (f) Pb represented by different colors.



Table 6. Area scan results (percentages) for Mg2Sio.35Sno53Pbo.07Bio.os sample.

Element | Areal Area 2 Area 3 Area 4 Area 5 Avg. Nominal
Mg 66.2 66.8 66.2 66.2 66.7 66.4 66.7
Si 11.2 11.7 11.8 11.8 13.2 11.9 11.7
Sn 19.1 18.2 18.5 18.4 171 18.3 17.6
Bi 14 14 1.5 1.7 1.6 1.5 1.7
Pb 2.1 1.8 2.1 1.9 1.4 1.9 2.3

e —

Figure 45. EDX mapping of Mg2Sio.35Sno.s3Pbo.o7Bio.os sample, with (a) mapping area; (b) Mg; (c)

Si; (d) Sn; (e) Bi; (f) Pb represented by different colors.
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Table 7. Area scan results (percentages) for Mg>Sio.35SnosPbo.1Bio.os sample.

Element | Areal Area 2 Area 3 Area 4 Area 5 Avg. Nominal
Mg 67.4 67.2 67.1 67.5 66.2 67.1 66.7
Si 134 13.8 16.3 14.6 15.1 14.6 11.7
Sn 16.0 155 14.2 15.2 15.7 15.3 16.7
Bi 1.2 1.2 1.0 0.9 1.0 1.1 1.7
Pb 2.0 2.3 1.4 1.8 2.0 1.9 3.3

Figure 46. EDX mapping of Mg2Sio.35SnosPbo.1Bio.os sample, with (a) mapping area; (b) Mg; (c)

Si; (d) Sn; (e) Bi; (f) Pb represented by different colors.
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From Table 3 to Table 7, an increasing amount of Pb, and a decreasing amount of Sn
were observed, with Mg, Si, and Bi roughly stayed the same. The trends revealed to be the same
as the stoichiometry. The variations between the measured average values and the nominal
compositions lie within a reasonable range. The mapping results are demonstrated from Figure
42 to Figure 46, and all the dopants exist in the matrix as solid solutions with even distributions,

and there is no aggregation in any particular area.

3.5 Physical Property Measurements

The electrical conductivity curves are illustrated in Figure 47. The electrical conductivity
for all the samples decreases with rising temperature, proving that all the samples are heavily
doped semiconductors. With increasing temperature, the magnitude of the atom vibrations also
increases, causing a decrease in the mobility of the charge carriers. This in turn reduces the free

mean pass, and as a result, the electrical conductivity is lowered.

69



3000
H Pb=10 -
- Pb = 0.03
2500 - + lit. value
=4 j u A Pb=0.05 i
L e
IC} 2000 = A + B el -
R
;w A u -
2 o+
o 1500 - A | -
= !
g « < + . i |
S < +A ]
2 1000 = « 1 -
<
*:; <
- 500 - -
=
0 [ M | n [ M | N [ ] " 1
300 400 500 600 700 800

Temperature (K)

Figure 47. Electrical conductivity of Mg2Sio.35Sn0.6-xPbxBio.os (x = 0, 0.03, 0.05, 0.07, 0.10), lit.

value (Mg2Sio.365Sn0.6Bio.0s) is adopted from 8,

Figure 48 demonstrates the experimental Seebeck coefficient results. All samples
revealed negative values as the they are all heavily doped n-type semiconductor. The sample
with 0 Pb displays a Seebeck coefficient of -105 pVK™ at room temperature, and -190 pVK™ at
773 K. The sample with 0.05 Pb displays a Seebeck coefficient of -110 uVK* at room
temperature, and -200 pVK™ at 773 K. There is no significant difference between the results for
sample with 0, 0.03, 0.05, 0.07 Pb per formula unit, as the 5% error at this level is around +5
VK at room temperature, and +10 pVK™ at 773 K, the results for these samples remain within
the range of the experimental error. However, the sample with 0.10 Pb has a significantly larger

Seebeck coefficient compared to the rest samples, with -120 pVK™ at room temperature, and -
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215 pvK? at 773 K. In comparison, the sample with similar composition but no Pb
(Mg2Sio.365SN0.6Bio.035) has a comparable room temperature Seebeck coefficient of around -120

VK1, and -200 uvK?! at 773 K.*®
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Figure 48. Seebeck coefficient of Mg2Sio.35Sno.s-xPbxBio.os (x = 0, 0.03, 0.05, 0.07, 0.10), lit.

value (Mg2Sio.36sSno.6Bio.os) is adopted from %8,

The enhancement in Seebeck coefficient was reported to be partially related to a band
convergence.'% For the band structures of the Mg2(Si,Sn) models, one can focus on three bands:
one heavy conduction band and one light conduction band on top of the valence band.
Depending on the amount of tin, within the composition range from Mg2Sio.4Sno to

Mg2Sio.35Sno.es, the two conduction bands cross each other. Therefore, the maximum effective
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mass was achieved, with equal contributions from both bands, which then increases the Seebeck
coefficient. A recent research predicted that a similar band convergence can be achieved with the
Mgz(Si, Sn, Pb) system.!®! To validate the assumption, a DFT calculation was performed, and

the result for the selected model of Mg2Sio.4Sno.s, Mg2Sio.4Sno.54Pbo.os, and Mg2Sio.4Sno.s1Pbo.og IS

shown in Figure 49.
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Figure 49. Calculated energy bands (/= X), the convergence area is indicated by red line. From

left to right: (a) Mg2Sio.4Snos; (b) Mg2Sio.4Snos4Pbo.os; (C) Mg2Sio.4Sno.s1Pho.os.

It is widely known that Mg2E (E = Si, Ge, Sn) based materials are indirect gap semi-
conductors, with the conduction band minimum (CBM) being located at point X, and the valence
band maximum (VBM) being located at point 7~ However, in our calculation, both the CBM and
VBM are located at point 7; which is mainly due to the calculation method that employed a

supercell (2 x 2 x 2) to achieve the optimum Si to Sn ratio, and the bands are folded.
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To use the appropriate lattice parameters of the electronic structure models, the Vegard’s
law was employed for calculation. The Vegard’s law defines a linear relationship between the
composition of a solid solution and its lattice parameter.>2 The reference lattice parameters for

the starting compounds were retrieved from literature, and the values are listed in table below.

Table 8. Lattice parameters for electronic structure calculation

Composition Lattice Parameter (A) Volume (A3)
Mg.Si® 6.351 256.2
Mg2Sn® 6.765 309.6
Mg2Pb®® 6.815 316.5
Mg2Sio.4Sno (calc.) 6.599 287.4
Mg2Sio.4ShossPbo.os (calc.) 6.602 287.8
Mg2Sio.4Sho.s1Pbo.og (calc.) 6.604 288.0

After the lattice parameters were calculated, a 2 x 2 x 2 supercell was generated using the
software named “PowderCell”, with a total 32 positions for the E atoms, and 64 positions for Mg
atoms. Among the 32 positions for the E atoms, Si atoms occupied 14 positions to achieve a
content of approximately 0.4, and the rest 18 positions were mixed occupied by Sn atoms and Pb

atoms to achieve the desired composition.

The density field theory was then utilized to calculated the electronic structure for
different models using the WIEN2K software package, and the PBE function was employed,

which belongs to the generalized gradient approximation (GGA).*? The structure file generated
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was finalized by adding suitable symmetry and the band structure was then calculated. It is worth
noting that the density field theory has the known issue of underestimating the band gap.
Therefore, the modified Becke-Johnson potential (mBJ) was applied to correct the band gap. The
pathway for the calculation was selected only from point 7°to X, which reduces the duration of
the calculation significantly, while sufficient enough to reveal the special band character, as both
of the conduction band minimum (CBM) and valence band minimum (VBM) are located within

the selected region.

From the calculated result, the assumption is proved that within the studied range, band
convergence is retained for the samples with the addition of Pb. Apart from the retained band
convergence, the band gap is also significantly reduced with the addition of Pb, with the energy
gap for Mg2Sio.4Shos calculated to be 0.4 eV to 0.5 eV, which is slightly smaller than the
literature reported value of 0.6 eV.%! The energy gap for Mg2Sio.4Snos4Pbo.os is calculated to be
around 0.1 eV, and the energy gap for Mg2Sio.4Snos1Pbo.og is calculated to be around 0.1 eV as

well.

Figure 50 demonstrates the power factor (PF) of all the measured samples, as well as a
comparison with the literature values. Below 680 K and 773 K, the PF values are comparable for
the samples with 0 Pb and 0.03 Pb (both around 40 pWem™K2), and also comparable to the
highest literature value from the composition of Mg2Sio.36sSno.6Bio.03s (40 pWecm™2K2 at 500 K).
However, there are no significant differences between the performances of the three samples
mentioned above 680 K, as their power factor values all remain within the estimated 7% error (+

3 pwWemtK?).
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Figure 50. Power Factor (PF) of Mg2Sio.35Sno.e-xPbxBio.os (x = 0, 0.03, 0.05, 0.07, 0.10), lit. value

(Mg2Sio.365Sno.6Bio.0s) is adopted from %8,

Since the thermal diffusivity measurement machine is temporarily out of order, thermal
diffusivity measurements could not be conducted. However, as previously discussed, thermal
conductivity consists of two parts: k., + k;, and k, can be estimated using Equation 9. The single
parabolic band (SPB) model was proved to be as efficient as the three band model calculating the

Lorenz number, so the Lorenz number can be determined by using Equation 22.1%

_ 2
= Ly {(1 )G +DEMFam) — 2+ DZFM(")} Equation 22

(1+1)2F2(n)
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Where kg represents Boltzmann constant, e is the charge of electron. With acoustic
phonon scattering being the major scattering mechanism, A can be assumed as zero. F, (1)

represents the Fermi-Dirac integral, which can be calculated using Equation 23.

Equation 23

5= kg (2 +DF 0
" a+nRm "

Figure 51 demonstrates the calculated Lorenz number for Mg2Sio.4-xSno.e-yBixPby (X =

0.05), with the comparison from literature.
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Figure 51. Calculated Lorenz number using SPB model of Mg2Sio.35Sno.6-xPbxBio.os (X = 0, 0.03,
0.05, 0.07, 0.10), lit. value (Mg2Sio365SNn0.6Bio.0s) is adopted from 8.
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Figure 52. Electronic thermal conductivity of Mg2Sio.35Sno.6-xPbxBio.os (X = 0, 0.03, 0.05, 0.07,

0.10), lit. value (Mg2Sio.365SN0.6Bio.0s) is adopted from %8,

Because of its low electrical conductivity, the sample with 0.1 Pb has the lowest
electronic thermal conductivity of 0.75 W-mK! at room temperature, and 0.81 W-m*K* at 773
K. The results show a general trend of decreasing electronic thermal conductivity with increasing
Pb content. The sample with 0 Pb revealed a consistent electronic thermal conductivity around
1.5 W-mK1, which is comparable to a recent literature sample with a composition of

Mg2Sio.3655N0.6Bio.0ss (1.45 W-m™K™).58
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The lattice thermal conductivity was then estimated. A standard value was extrapolated
from recent literature, with the most similar composition of Mg2Sio.36sSno.6Bio.o3s.> The lattice

thermal conductivity from literature is illustrated in Figure 53.
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Figure 53. Lattice thermal conductivity of Mg2Sio365Sn0.6Bio.oss, adopted from %8,

The fitting line was drawn from the experimental data, and the lattice thermal
conductivity was drawn from 350 K to 773 K. The total thermal conductivity was then calculated

and demonstrated in Figure 54.
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Figure 54. Predicted thermal conductivity of Mg2Sio.35Sno.6xPbxBio.os (x = 0, 0.03, 0.05, 0.07,

0.10), lit. value (Mg2Sio.365SN0.6Bio.0s) is adopted from %8,

Because the total thermal conductivity is the sum of the lattice thermal conductivity and
the electronic thermal conductivity, the total thermal conductivity revealed the same trend as the
electrical thermal conductivity, as the lattice thermal conductivity was fixed for a first
approximation. The sample with 0 Pb has the highest thermal conductivity of 2.89 W-m*K™ at
350 K, and reaches its minimum of 2.48 W-mK™ at 680 K. The sample with the highest Pb
amount has a thermal conductivity of 2.18 W-m*K™* at 320 K, and reaches the minimum value

of 1.84 W-miK*at 773 K.

79



With the estimated thermal conductivity for all the samples, the estimated figure of merit

can then be calculated, and the results are shown in Figure 55.
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Figure 55. Predicted figure of merit of Mg2Sio.35SNn0.6-xPbxBio.os (x = 0, 0.03, 0.05, 0.07, 0.10), lit.

value (Mg2Sio.365Sno.6Bio.os) is adopted from %8,

The figure of merit value increases with increasing temperature for all the samples. The
highest value of 1.34 was achieved at 773 K for the sample with 0.03 Pb. At 773 K, the figure of
merit values range from 1.2 to 1.3, with an error of +£0.1, despite in part quite different power

factor values.
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The role of Pb for thermal conductivity was not investigated in this research due to the
failure of the instrument. However, recent research reported significantly reduced thermal
conductivity values with the addition of different amounts of Pb to Mg2Sno.gsSho.o2, ranging from
0.05 Pb to 0.25 Ph.! The reported reduction in thermal conductivity corresponds well with the
assumption being made in this research, but the magnitude of impact from Pb might be different
as the reported composition (Mg2Sno.os-xPbxSho.o2) is different compared to the composition

employed in this research, which gives different mechanisms for lattice distortions.

Table 9. Physical properties of Mg2Sio.35Sn0.6-xPbxBio.os (x = 0, 0.03, 0.05, 0.07, 0.10), lit. value

(Mg2Sio365Sno0.6Bio.os) is adopted from 8,

Electric_:a_l Seepe_ck Power Factor Therm_al_ Temperature
Sample | Conductivity | Coefficient 12 | Conductivity ZT
@iem?) | (uvkd) | EWEMTKD ik (K)

Pb=0 1160 -190 41 (2.48) 773 (1.29)
Pb=0.03 1031 -200 40 (2.32) 773 (1.34)
Pb =0.05 870 -199 35 (2.11) 773 (1.27)
Pb = 0.07 882 -193 33 (2.13) 773 (1.19)
Pb=0.10 660 -215 30 (1.84) 773 (1.26)
lit. value 969 -200 40 2.24 773 1.35

81




4.0 Conclusion and future work

In this research, the optimization of a systematic synthesis procedure, and the impact of

Pb on Bi-doped Mg.Si-Mg>Sn based thermoelectric material were investigated.

Physical properties were measured and estimated for all the samples in this research.
Based on our estimations, samples with compositions of Mg2Sio.355n0.6Bio.05 and
Mg2Sio.35Sno.57Pbo.03Bio.os displayed high figure of merit of 1.29 and 1.34, respectively. These
results are comparable with some of the best literature values being reported. The estimations
made in this research are rather conservative; with the assumption that the thermal conductivity
will decrease with the addition of Pb, samples synthesized in this research are most likely going
to possess better figure of merit results with valid thermal conductivity measurements. The
calculated band structures indicate that the band convergence is retained with the addition of Pb,

together with a reduced band gap.

The synthesis method optimized in this research for magnesium silicide stannide based
thermoelectric material was proved to be cost-efficient and reproducible. The reduced cost and
reduced reaction duration with simplified procedures are beneficial for large scale production,

which makes the product more achievable for industrial applications.

For the future work, valid thermal diffusivity measurements are required to prove the
assumptions made in this research, as well as calculating more accurate figure of merit values for
all the samples. Hall measurements are also important for the evaluation of the carrier
concentration, and should therefore be performed in the near future. For theoretical studies, more
systematic work is preferred on the band convergence condition for Mgz(Si, Sn, Pb) solid

solutions with more Pb content, ideally from 0.05 Pb to 0.5 Pb.
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