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Quantity Symbol Values 
Planck’s constant ℎ 6.62 ×  10−34 J s 
Electron rest mass 𝑚𝑚0 9.1 ×  10−31 kg 
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Heat 𝑄𝑄 J 
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Heat flow 𝑄̇𝑄 W 
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Hot side temperature 𝑇𝑇H K 
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Temperature difference ∆𝑇𝑇 K 
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Electronic thermal conductivity 𝜅𝜅el W m-1K-1 
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Thermoelectric figure of merit of devices 𝑍𝑍𝑍𝑍 - 
Specific heat capacity at constant pressure 𝑐𝑐P J kg-1K-1 
Dulong-Petit limit of specific heat capacity 𝑐𝑐V𝐷𝐷𝐷𝐷 J kg-1K-1 
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Grain size 𝐵𝐵 µm 

Wave vector 𝑘𝑘 m-1 
Fermi level 𝐸𝐸F eV 
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Scattering parameter 𝜆𝜆 - 
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Phonon group velocity 𝑣𝑣 m s-1 
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Deformation potential constant 𝐸𝐸Def eV 
Thermoelectric material parameter 𝛽𝛽 - 
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Order of reflection 𝑛𝑛 - 
Sintering temperature 𝑇𝑇sinter K 

Annealing temperature 𝑇𝑇anneal K 
Lattice spacing (d-spacing) 𝑑𝑑′ Å 
Wavelength of incident ray 𝜆𝜆 nm 
Isothermal compressibility 𝛽𝛽T   Pa-1 

Geometrical correction factor 𝐶𝐶  

Coefficient of thermal expansion 𝐸𝐸t K-1 
Mg deficiency in Mg2−𝛿𝛿(Si, Sn) 𝛿𝛿 - 

Angle of incidence and reflection of incident ray 𝜃𝜃 o 
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Quantity Symbol Units 
Goodness-of-fit 𝑅𝑅2 - 
Differential gain 𝐴𝐴𝑑𝑑 - 

Sample resistance 𝑅𝑅S 𝛺𝛺 
Internal resistance 𝑅𝑅int. 𝛺𝛺 

Differential voltage 𝑈𝑈𝑑𝑑 V 
Common-mode gain 𝐴𝐴CM - 
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Amplified output voltage 𝑈𝑈𝑎𝑎 V 
Hall voltage at 𝐵𝐵 = 0 T 𝑈𝑈H,𝐵𝐵=0 V 

Common-mode input voltage 𝑈𝑈CM V 
Probe to edge (of sample) distance 𝑎𝑎 mm 

Voltage drop at positive terminal of the LIA 𝑈𝑈P V 
Voltage drop at negative terminal of the LIA 𝑈𝑈N V 

Number of points at each (magnitude of) 𝐵𝐵-field 𝑈𝑈H,1B - 
Number of sweeps (𝐵𝐵-field) at each temperature point 𝑆𝑆N - 
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Quantity Symbol Units 
Diffusion flux 𝐽𝐽 atoms cm-2s-1 

Activation energy 𝐸𝐸𝑎𝑎 kJ mol-1 (or eV) 
Molar gas constant 𝑅𝑅 J mol-1K-1 

Diffusion coefficient 𝐷𝐷 cm2 s-1 
Pre-exponential factor 𝐴𝐴 h-1 
Concentration gradient ∇ϕ atoms cm-4 

Chemical potential of Mg 𝜇𝜇Mg J mol-1 
Equilibrium (or rate) constant 𝐾𝐾 h-1 

Pre-exponential factor (diffusion) 𝐷𝐷0 cm2 s-1 
Activation enthalpy of diffusion process ∆H kJ mol-1 (or eV) 

Chemical potential difference (with respect to Mg) ∆𝜇𝜇Mg J mol-1 
 

Other relevant quantities 

 

ℎ+ Hole 
𝑒𝑒− Electron 
𝑄̇𝑄in Absorbed heat 
𝐶𝐶L Light conduction band  
𝐶𝐶H Heavy conduction band 

SnMg Mg on Sn site (anti-site) 
𝜎𝜎′(𝐸𝐸) Differential conductivity 
𝑉𝑉Mg Mg vacancy (charged: 𝑉𝑉Mg2−) 
𝐼𝐼Mg Mg interstitial (charged: 𝐼𝐼Mg2+) 
Ξ(𝐸𝐸) Transport distribution function 
𝑛𝑛D,Sb
+  Carrier concentration due to ionized donor Sb atoms 

𝑛𝑛D,Mg
+  Carrier concentration due to ionized donor Mg atoms 
𝑛𝑛a,Mg
−  Carrier concentration due to ionized acceptor Mg atoms 
𝑅𝑅C,II Resistance of the outer circuit II (cables, feedthroughs, probes etc.) 
𝑑𝑑𝑄̇𝑄𝜏𝜏 Thomson heat generated (or absorbed) at each infinitesimal length (𝑑𝑑𝑑𝑑) 
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1 
 

Zusammenfassung 

Auf Mg2X (X: Si, Sn) basierende Mischkristalle sind moderne thermoelektrische (TE) 

Materialien im mittleren Temperaturbereich (300 K –  900 K). Insbesondere n-leitendes 

Mg2Si1-xSnx im Bereich 𝑥𝑥 =  0,6 –  0,7 zeigt hervorragende TE Eigenschaften. Diese 

Materialien besitzen eine niedrige Massendichte, gute Umweltverträglichkeit und basieren auf 

gut verfügbaren und kostengünstigen Ausgangsstoffen. All diese Eigenschaften machen diese 

Materialien zu einer hervorragenden Wahl für die Herstellung von thermoelektrischen Modulen 

zur Stromerzeugung. Trotz der nachgewiesenen exzellenten TE Eigenschaften besteht ein 

offensichtlicher Bedarf an weiterer Forschung, um die Beziehungen zwischen 

Zusammensetzung, Synthese, Mikrostruktur und Eigenschaften dieser Materialien zu 

verstehen.  

Die Motivation dafür ergibt sich aus der Tatsache, dass die bisher angewendeten 

Laborsyntheserouten in der Regel Tage bis Wochen für die Herstellung einer Materialcharge 

benötigen sowie aus der mangelhaften Reproduzierbarkeit der TE Eigenschaften von Proben 

mit nominell gleicher Zusammensetzung. Letzteres könnte auch auf ungenügende Genauigkeit 

bei der der Durchführung der Synthese zurückzuführen sein. Für die Entwicklung effizienter 

Mg2Si1-xSnx TE Module sollte daher eine Syntheseroute zur Herstellung von Mg2Si1-xSnx-

Materialien mit hoher Reproduzierbarkeit und kurzer Prozessdauer entwickelt werden. 

Außerdem sollten Syntheseparameter, die die TE-Eigenschaften beeinflussen, sowie die 

mikroskopischen Materialparameter, die durch eine Variation der Syntheseparameter 

beeinflusst werden, identifiziert werden.  

Weiterhin ist die Hochtemperaturstabilität von Mg2Si1-xSnx-Materialien eine große 

technologische Herausforderung, die es zu bewältigen gilt, damit die Module langfristig 

funktionieren und ihre maximale Effizienz beibehalten. Frühere Studien haben gezeigt, dass 

die Temperaturstabilität von n-leitendem Mg2Si1-xSnx bei etwa 800 K –  875 K durch Mg-

Verluste beeinträchtigt wird. Diesen Studien mangelt es jedoch an einer angemessenen 

Methodik, da die Hochtemperaturtemperung zu einer Materialzersetzung und der Bildung von 

Sekundärphasen führt. Infolgedessen ist ein Vergleich der vor und nach dem Tempern 

gemessenen TE-Eigenschaften nicht aussagekräftig, da die nach dem Tempern gemessenen 

Eigenschaften für Mischphasenmaterial repräsentativ sind. In diesen Studien wurde auch der 

Degradationsmechanismus nicht genau beschrieben, und aus der berichteten Mikrostruktur 

können keine Rückschlüsse auf den Mechanismus gezogen werden. Diese Untersuchungen 
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unterstreichen die Tatsache, dass das praktisch relevante Thema der thermischen Stabilität von 

Mg2Si1-xSnx tiefer untersucht werden muss.  

Daher liegt der Schwerpunkt dieser Arbeit auf der Untersuchung der Beziehungen zwischen 

Zusammensetzung, Synthese, Mikrostruktur und Eigenschaften von n-Typ Mg2X (X: Si, Sn) 

Mischkristallen und den Auswirkungen einer langfristigen Wärmebehandlung auf die 

elektrischen Transporteigenschaften dieser Materialien unter Verwendung von 

halbleiterphysikalischen Modellen. 

Die Ladungsträgerkonzentration (𝑛𝑛) ist ein grundlegender Parameter, der optimiert werden 

muss, um die besten TE-Eigenschaften eines jeden Materials zu erreichen. Daher wurde eine 

bereits vorhandene Hall-Anlage im Haus erfolgreich für Hochtemperaturmessungen (𝑇𝑇 = 300 

K –  723 K) von Mg2Si1-xSnx weiterentwickelt. Die Hall-Anlage ist in der Lage, gleichzeitig den 

Hall-Koeffizienten (𝑅𝑅H) und die elektrische Leitfähigkeit (𝜎𝜎) in einer van der Pauw-

Konfiguration zu messen. Die Unsicherheit in den Signalen, die dem 𝜎𝜎 der Messung 

entsprechen, wurde untersucht, teilweise aufgelöst und quantifiziert. Der Einfluss einer nicht 

idealen Kontaktgeometrie auf die Messung wurde mit Hilfe von Finite-Elemente-Simulationen 

untersucht. Für bestimmte relevante Fälle wiesen die aus der Simulation und dem analytischen 

Ausdruck abgeleiteten Werte eine relative Abweichung (R. D. )  >  5 % auf, so dass die 

Ergebnisse des analytischen Ausdrucks mit Hilfe der Simulationsergebnisse weiter korrigiert 

werden konnten. Raumtemperatur- und 𝑇𝑇-abhängige Messungen von 𝑅𝑅H und 𝜎𝜎 an Mg2(Si,Sn) 

und p-Typ FeSi2 in der Hall-Anlage des DLR und anderen internationalen Forschungslabors 

zeigten eine gute Übereinstimmung der absoluten Messwerte mit einer relativen Abweichung 

von R. D.≤  8 %. 

Zum besseren Verständnis der Beziehung zwischen Zusammensetzung, Synthese, 

Mikrostruktur und Eigenschaften wurde Sb-dotiertes Mg2Si0.4Sn0.6 durch mechanisches 

Legieren synthetisiert. Anhand einer eingehenden Mikrostrukturanalyse wurde der 

Bildungsmechanismus dieses Materials durch mechanisches Legieren im Detail untersucht. Die 

Mg-Sn-Phase bildet sich leicht, gefolgt von einer langsamen Si-Diffusion in der duktilen 

Matrix. Die Untersuchungen zeigten jedoch, dass die Pulverprobe selbst nach umfangreicher 

Vermahlung nicht phasenrein war, weshalb ein Hochtemperaturverdichtungsschritt 

hinzugefügt wurde, der eine erfolgreiche Synthese der gewünschten Zusammensetzung 

ermöglichte. Die Wirkung der Syntheseparameter (Mahldauer, Sinterdauer und Temperatur) 

wurde systematisch untersucht. Die TE-Eigenschaften wurden durch die Mahldauer kaum 

beeinflusst. Allerdings nahm die Ladungsträgerkonzentration mit zunehmender Sinterzeit und 

Temperatur ab, was zu einer beobachtbaren Auswirkung auf die TE-Eigenschaften führte. Die 
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maximale TE-Leistung, gekennzeichnet durch eine TE-Kennzahl 𝑧𝑧𝑧𝑧~1,4 , wurde für Proben 

erreicht, die 20 Minuten lang bei 973 K gesintert wurden. 

Eine mikrostrukturelle Analyse auf TEM-Basis wurde an den Proben durchgeführt, die für 

verschiedene Dauern (10 min, 20 min und 40 min) bei 973 K gesintert wurden. Diese Analyse 

wurde mit dem Ziel durchgeführt, die Empfindlichkeit der TE-Eigenschaften gegenüber der 

Sinterdauer zu beobachten. Eine Verlängerung der Sinterdauer führte zu Mg-verarmten 

Korngrenzen und lokalen Inhomogenitäten in der Zusammensetzung. Die 

Transporteigenschaften dieser Proben wurden unter Verwendung eines 

Einzelparabelbandmodells (SPB) unter der Annahme von akustischen Phononen (AP) und 

Legierungsstreuungsmechanismen (AS) analysiert. Die Analyse ergab einen 

Ladungsträgerverlust, eine Abnahme der Ladungsträgerbeweglichkeit (𝜇𝜇) und eine 

Verringerung der Wärmeleitfähigkeit des Gitters (𝜅𝜅lat) mit zunehmender Sinterdauer. Die 

geringere Beweglichkeit der Probe (mit längerer Sinterdauer 40 min) war auf eine kombinierte 

Wirkung von zunehmender Elektron-Phonon-Wechselwirkung (höhere 

Verformungspotenzialkonstante 𝐸𝐸Def) und lokalen Inhomogenitäten in der Zusammensetzung 

zurückzuführen, die beide mit Mg-Verlusten einhergehen. Die veränderte 

Temperaturabhängigkeit der elektrischen Leitfähigkeit konnte durch die Berücksichtigung der 

Korngrenzenstreuung (GB) zusammen mit AP und AS reproduziert werden, wodurch die 

beobachteten Veränderungen der Mikrostruktur mit dem TE-Transport in Verbindung gebracht 

werden konnten. Die Kompensation zwischen einer niedrigeren Wärmeleitfähigkeit und der 

Mobilität der 40-minütig gesinterten Probe führte zu einer ähnlichen TE-Leistung wie bei 

kurzzeitig gesinterten Proben, mit 𝑧𝑧𝑧𝑧 = 1,3 ± 0,18 für alle Proben. Das Fehlen eines starken 

Einflusses der Sinterdauer deutet darauf hin, dass Mg2Si1-xSnx Materialien und damit auch die 

daraus hergestellten TE-Module einen gewissen Mg-Verlust verkraften können, ohne dass sich 

ihre Leistung verschlechtert. 

Theoretische Untersuchungen haben Scandium (Sc) als Dotierselement für Mg2X Materialien 

vorgeschlagen, da es zur Bildung von resonanten Zuständen in der elektronischen Bandstruktur 

führen könnte, die den Seebeck-Koeffizienten (𝑆𝑆) und die gesamte TE-Leistung erheblich 

verbessern könnten. Dementsprechend wurde die Wirkung der Substitution von Mg durch Sc 

in Mg2X binären und ihren Mischkristallen experimentell untersucht. Die TE-Eigenschaften 

wurden durch den Zusatz von Sc zu Mg2X material nicht verbessert, was die Ergebnisse der 

theoretischen Studie widerlegt. 
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Die Auswirkung des Langzeittemperns auf die Transporteigenschaften von Mg2Si1-xSnx wurde 

bei verschiedenen Temperaturen weiter untersucht. Die gewählten Temperaturen lagen in der 

Nähe des Betriebstemperaturbereichs von Mg2Si1-xSnx basierten TE-Modulen. Aus den eigenen 

Untersuchung geht hervor, dass der Mg-Verlust unvermeidlich ist. Was fehlt, ist das Ausmaß 

und die Geschwindigkeit des Mg-Verlustes bei höheren Temperaturen. Darüber hinaus ist 

unklar, ob der mikroskopische Mechanismus der Degradation temperaturabhängig ist oder 

nicht. Vor diesem Hintergrund wurden die elektrischen Transporteigenschaften von sechs 

thermoelektrisch identischen Proben in-situ in zwei verschiedenen Versuchsanordnungen 

gemessen: 𝑆𝑆 und 𝜎𝜎 (drei Proben), und 𝑅𝑅H und 𝜎𝜎 (die anderen drei Proben) während des 

Temperns bei 710 K, 773 K and 848 K. Alle Proben waren weitgehend einphasig, ohne 

Anzeichen einer Entmischung nach dem Glühen über mehrere hundert Stunden. Die in-situ 

gemessenen Eigenschaften wurden mit Hilfe eines SPB- und eines Zwei-Parabelband-Modells 

(2PB, ein Leitungs- und ein Valenzband) analysiert. Die Analyse ergab einen Verlust von 

Majoritätsträgern aufgrund des fortschreitenden Mg-Verlustes bei fortschreitender Temperung. 

Außerdem wurde eine Verringerung der Mobilität aufgrund eines Anstiegs von 𝐸𝐸Def, und eine 

Verringerung der effektiven Masse der Zustandsdichte (𝑚𝑚D
∗ ) beobachtet. Diese Veränderung 

der genannten mikroskopischen Materialparameter könnte direkt mit einem fortschreitenden 

Mg-Verlust oder einer aufgehobenen Entartung der Leitungsbänder in Mg2Si0.4Sn0.6 

zusammenhängen. 

Es wurde ein mikroskopisches, mehrstufiges Modell des Mg-Verlustes entwickelt, das den Mg-

Transport von der Probe zur Umgebung qualitativ erklärt. Zeitkonstanten (und Raten) wurden 

aus der Veränderung der Ladungsträgerkonzentration und der in situ bei verschiedenen 

Temperaturen gemessenen elektrischen Leitfähigkeit geschätzt. Die Raten wurden in den 

Arrhenius-Ausdruck eingesetzt, um die Aktivierungsenergie für den gesamten Prozess zu 

bestimmen. Die Aktivierungsenergie wurde mit der Höhe der mit dem Mg-Transport 

verbundenen Energiebarrieren verglichen, um den begrenzenden Schritt in der Transportkette 

des Mehrstufenmodells zu bestimmen. Es wurde festgestellt, dass der Mg-Transport durch Mg-

Leerstellen dominiert wird, da diese eine geringe Bildungs- und Migrationsenergie aufweisen. 

Mit dem etablierten Mechanismus wurde festgestellt, dass die beobachteten Veränderungen der 

Transporteigenschaften und die Unterschiede in der Rate und dem Frequenzfaktor von der 

Gestaltung der Messaufbauten abhängig sind. Die Ergebnisse dieser Arbeit beschreiben einen 

bisher unbekannten Synthesemechanismus für hochleistungsfähige n-Typ Mg2(Si,Sn)-

Mischkristalle durch mechanisches Legieren. Die Auswirkung der Syntheseparameter auf die 

Materialeigenschaften wird analysiert, was die Diskrepanzen in den Materialeigenschaften 

erklärt, die in verschiedenen Literaturen berichtet werden. Eine Auswirkung der 
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Hochtemperaturdegradation von n-Typ Mg2(Si,Sn) wird durch die Analyse von in situ 

gemessenen Transporteigenschaften verstanden, die die betroffenen mikroskopischen 

Materialparameter und das Ausmaß ihrer Verschlechterung aufzeigen. Schließlich wird die 

Kinetik des Mg-Verlusts in Mg2(Si,Sn)-Mischkristallen des n-Typs anhand der Änderung der 

Konzentration der Hauptladungsträger beschrieben und ein Modell des Mg-Verlusts in 

Mg2(Si,Sn)-Mischkristallen des n-Typs entwickelt. 
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Abstract 

Mg2X (X: Si, Sn) based solid solutions are state-of-the-art thermoelectric (TE) materials in the 

intermediate temperature range (300 K –  900 K). Particularly, the n-type Mg2Si1-xSnx (with 

𝑥𝑥 =  0.6 –  0.7) shows excellent TE properties. These materials possess features such as a low 

mass density, abundant and economic precursors, and less interference to human and 

environmental health. All these characteristics makes these materials a prominent choice for 

the fabrication of modules for power generation. Even though these materials show a high TE 

performance, there is an obvious need for further research to understand the composition-

synthesis-microstructure-property relationships for these materials. The motivation comes from 

the fact that the employed synthesis routes usually take days-to-weeks to prepare one batch of 

these materials, poor reproducibility of TE properties, and a large difference (beyond 

measurement uncertainty) in the TE properties of samples with nominally the same 

composition, as per the literature reports. The discrepancy could arise from the employed 

method, where the systematics are poorly understood i.e. more than one synthesis conditions 

(duration, number of repetitions of high temperature heating or milling etc.) could be 

responsible for the cited deviation in the TE properties. These aspects need to be systematically 

addressed. Therefore, for the development of efficient Mg2Si1-xSnx modules, a synthesis route 

with optimized parameters should be established which can be achieved by utilizing a technique 

to prepare Mg2Si1-xSnx materials with excellent reproducibility in relatively less time, 

identifying the synthesis parameters which influence the TE properties, and analyzing the TE 

properties to identify the microscopic material parameters affected due to a variation in 

synthesis parameters. Besides, for a long-term functioning and sustenance of maximum 

efficiency of Mg2Si1-xSnx based modules, the high temperature stability of Mg2Si1-xSnx materials 

is a significant challenge to overcome. Previous studies reveal that the high temperature (800 

K –  875 K) stability of n-type Mg2Si1-xSnx materials is compromised by Mg loss. However, 

these studies lack proper methodology as the high-temperature annealing causes material 

degradation beyond the actual composition, which results in the formation of secondary phases. 

As a result, a comparison of TE properties measured before and after annealing hold no 

significance as the properties measured after annealing are representative of mixed-phase 

material. These studies also lack a proper detailing of the degradation mechanism and no 

conclusions about the mechanism can be drawn from the reported microstructure. These 

investigations highlight the fact that the practically relevant topic of thermal stability of Mg2Si1-

xSnx materials needs to be addressed well. In this regard, the measurement of TE properties 

should be conducted by simulating the operation conditions of TEGs made from these 
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materials. A measurement of TE properties of these materials at high temperatures of annealing 

would show a direct effect of heat-treatment on the TE properties. Moreover, a modelling-based 

analysis of measured properties will provide the extent of changes in the microscopic material 

parameters. Such an investigation would enable a systematic understanding of the different 

stages of the degradation mechanism of Mg2Si1-xSnx materials. 

Therefore, the focus of this work is to investigate the composition-synthesis-microstructure-

property relationships in n-type Mg2X (X: Si, Sn) solid solutions, and the effects of long-term 

heat treatment on the thermoelectric transport properties of these materials, using 

semiconductor physics-based models.  

Carrier concentration (𝑛𝑛) is one fundamental parameter that needs to be optimized for achieving 

best TE properties of any material. Therefore, a pre-existing in-house Hall facility is 

successfully advanced for high temperature measurements (𝑇𝑇 = 300 K –  723 K) of Mg2Si1-

xSnx materials. The Hall facility is capable to simultaneously measure the Hall coefficient (𝑅𝑅H) 

and the electrical conductivity (𝜎𝜎) in a van der Pauw configuration. The uncertainty in the 

signals corresponding to the 𝜎𝜎 measurement was addressed, partially resolved and quantified. 

The effect of non-ideal contact geometry on the 𝑅𝑅H measurement was investigated using finite 

element simulations. For certain relevant cases, 𝑅𝑅H values deduced from simulation and 

analytical expression showed a relative deviation (R. D.) > 5 %, and so, the results of the 

analytical expression could be furthermore corrected using simulation results. Room 

temperature and 𝑇𝑇-dependent measurement of 𝑅𝑅H and 𝜎𝜎 on Mg2(Si,Sn) and p-type FeSi2, 

respectively, in the Hall facility at DLR and other international research labs showed good 

agreement in their absolute measured values with R. D.≤ 8 %. 

For a better understanding of composition-synthesis-microstructure-property relationship, Sb-

doped Mg2Si0.4Sn0.6 was synthesized using mechanical alloying. Employing an in-depth 

microstructure analysis, the formation mechanism of this material was studied in detail using 

mechanical alloying. The Mg-Sn phase forms readily followed by slow Si diffusion in the 

ductile matrix. However, the investigations showed that the powder sample was not phase pure 

even after extensive milling and therefore a high-temperature compaction step was added, 

enabling a successful synthesis of the desired composition. The effect of synthesis parameters 

(milling time, sintering time and temperature) was studied systematically. TE properties were 

hardly influenced by milling duration. However, carrier concentration reduced with an increase 

of sintering time and temperature which led to an observable effect on TE properties. Maximum 

TE performance, characterized by a TE figure-of-merit 𝑧𝑧𝑧𝑧~1.4, was achieved for samples 

sintered at 973 K for 20 min. 
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A TEM based microstructural analysis was performed on the samples sintered for different 

durations (10 min, 20 min and 40 min) at 973 K. This analysis was done with an objective to 

identify the reason of the sensitivity of TE properties to the sintering duration. An increase in 

the sintering duration resulted in Mg-depleted grain boundaries and local compositional 

inhomogeneities in the material. The transport properties of these samples were analyzed upto 

700 K by using a single parabolic band (SPB) model under the assumptions of acoustic phonon 

(AP) and alloy scattering (AS) mechanisms. Analysis revealed carrier loss, a lowering in carrier 

mobility (𝜇𝜇) and a reduction in lattice thermal conductivity (𝜅𝜅lat) with increasing sintering 

duration. A lower mobility for the sample (sintered for prolonged duration 40 min) was due to 

a combined effect of increasing electron-phonon interaction (higher deformation potential 

constant 𝐸𝐸Def) and local compositional inhomogeneities, which are both associated with Mg 

loss. The altered temperature dependence of electrical conductivity could be reproduced by 

considering grain boundary (GB) scattering together with AP and AS, thus, linking the 

observed changes of the microstructure with the TE transport. The compensation between both 

a lower 𝜅𝜅lat and 𝜇𝜇 of the sample sintered for 40 min led to a similar TE performance as short-

term sintered samples, with 𝑧𝑧𝑧𝑧max = 1.3 ± 0.18 for all samples. The absence of any strong 

influence of sintering duration on 𝑧𝑧𝑧𝑧max indicates that Mg2Si1-xSnx materials, and hence the TE 

modules made from them, can accommodate some Mg loss without their performance being 

degraded. 

Theoretical investigations have suggested scandium (Sc) as an impurity element for Mg2X 

materials that introduces resonant levels in the band structure, which could greatly enhance the 

Seebeck coefficient (𝑆𝑆) and the overall TE performance. Correspondingly, the effect of the 

substitution of Mg by Sc in Mg2X binaries and their solid solutions was experimentally 

investigated. The TE properties showed no enhancement due to an addition of Sc to Mg2X 

material, thus, disproving the results of the theoretical study.  

The effect of long-term annealing on the transport properties of Mg2Si1-xSnx was further 

investigated at different temperatures. Chosen temperatures were near and beyond the operation 

temperature range of Mg2Si1-xSnx based TE modules. It is clear from the last investigation that 

the Mg loss is inevitable. The missing part is the extent and the speed of Mg loss at higher 

temperatures. It is furthermore unclear whether the microscopic mechanism of degradation is 

temperature dependent or not. Considering this, the electrical transport properties of six 

thermoelectrically identical samples were measured in-situ in two different setups: 𝑆𝑆 and 𝜎𝜎 

(three samples), and 𝑅𝑅H and 𝜎𝜎 (other three as-prepared samples) during annealing at 710 K, 

773 K and 848 K. All samples were largely single phase with no hints of de-mixing after 
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annealing for several hundred hours. In-situ measured properties were analyzed using a SPB 

and a two parabolic band (2PB, one conduction and one valence band) model. The analysis 

revealed a loss of majority carriers due to ongoing Mg loss as annealing progressed. Besides, a 

lowering of 𝜇𝜇, due to an increase in 𝐸𝐸Def, and a reduction in the density-of-states effective mass 

(𝑚𝑚D
∗ ) is also observed. This change in said microscopic material parameters could be directly 

related to an ongoing Mg loss or a lifted degeneracy of conduction bands in Mg2Si0.4Sn0.6, 

respectively.  

A microscopic, multi-step model of Mg loss was developed which qualitatively explains the 

Mg-transport from sample to the annealing atmosphere. Time constants (and rates) were 

estimated from the change of majority charge carriers and the electrical conductivity measured 

in situ at different temperatures. Rates were plugged in the Arrhenius expression to determine 

the activation energy of the complete degradation process. The activation energy was compared 

with the height of energy barriers associated with Mg-transport to judge the limiting step in the 

transport chain of multi-step model. Mg-transport was found to be dominated by Mg-vacancies 

owing to their low energy of formation and migration energy. With the established mechanism, 

the observed changes in the transport properties and the differences in rate and the frequency 

factor were found to be dependent on the design of measuring setups. This governs the 

degradation process by allowing one or more steps to act as a dominant mechanism of multi-

step transport chain.  

The findings in this thesis provide a description of previously unknown synthesis mechanism 

of high performance n-type Mg2(Si,Sn) solid solutions using mechanical alloying. The effect 

of synthesis parameters on material properties is analyzed which explains discrepancies in the 

material properties reported in different literature reports. An effect of high-temperature 

degradation of n-type Mg2(Si,Sn) is understood by analyzing in situ measured transport 

properties which revealed the affected microscopic material parameters and the extent of their 

deterioration. Finally, the kinetics of Mg-loss in n-type Mg2(Si,Sn) solid solutions is known by 

utilizing the change in the majority charge carrier concentration and a model of Mg-loss in n-

type Mg2(Si,Sn) is developed.
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 Introduction 

On Earth, the different forms of life are driven by energy. In the past, the human species, in 

particular, has discovered and exploited many resources of energy (fossil fuels (oil), natural 

gas, coal, nuclear energy etc.) to accumulate large amounts of usable energy. Amongst these 

resources, the utilization of fossil fuels has caused detrimental effect on the environment (e.g. 

through greenhouse gas emissions) that include global climate changes and the Ozone layer 

depletion. In the last century, a variety of alternative sources of energy (e.g. solar, wind, 

bioenergy etc.) were devised to tackle the ever-increasing energy demand that lighten the load 

on conventional energy resources and limit the effects of utilizing non-renewable energy 

sources on the climate. However, these energy sources cannot be solely utilized for two reasons, 

first, the limited capacity of energy production and second, the limited capacity of required 

means of the storage of energy produced. This has intensified the exploration of more effective 

sources of power generation than the available state-of-the-art technologies. Alongside this, 

there is an ongoing search for other renewable energy sources that could complement the 

existing alternative sources of energy as well. Among all such sources, the technology based 

on the thermoelectric (TE) effects has proved to be a promising as a supportive energy source. 

The thermoelectric technology can be utilized to scavenge and harness waste heat to produce 

electrical energy [1, 2]. This technology has a great potential since nearly two third of the 

produced energy is rejected in the form of heat, which is independent of the energy resources 

(non-renewable or renewable) [3]. The conversion of heat to electricity is possible by the 

utilization of thermoelectric generators (TEGs). TEGs have numerous advantages over other 

energy conversion devices: they provide direct energy conversion unlike many heat engines 

that convert thermal energy to mechanical energy which is eventually converted to electrical 

energy [4], possess no moving parts and no working fluids. TEGs are maintenance free, and 

have proven to have a long lifespan, and have other advantages such as noiseless operations 

and loss-less scalability.  

Until now, TEGs have been used only in niche applications like radioisotope thermoelectric 

generator (RTG) [5, 6] that are employed on the spacecrafts, and the protection of gas pipelines 

against corrosion [7]. The automotive industries [8-10], the sensors and microelectronics sector 

[11] have also tested TEGs, where these generators have shown promising results as well. TEGs 

have shown great technological potential and maturity as a core element in RTGs. As a result, 

RTGs have found their application in spacecrafts (e.g. Voyager, Cassini etc. and in the Curiosity 

rover) for different exploratory extra-terrestrial missions executed by the NASA and the 
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Russian Space Agency over the last four decades [5, 6]. In automobile industries, manufacturers 

have tested TEG prototypes by installing them in different components of cars and trucks. 

While BMW has tested Bi2Te3 and PbTe based modules in various models of their cars, the 

General Motors have demonstrated the potential of skutterudites based TEGs in their light-duty 

trucks [11]. In microelectronics, the TEGs are used as micro-generators for powering (by a few 

mW or µW) self-sufficient sensor nodes in manifold systems. In this direction, Laird™ thermal 

systems have developed thin-film TEGs to power wireless sensors while Perpetua® by Grace 

have developed miniaturized TEGs for their application in wireless communication sector [11]. 

The other field of applications where thermoelectric technology holds its potential include 

nuclear power plants [12, 13], jet turbines of commercial flights [14], solar thermoelectric 

generators [11] etc. In summary, the utilization of TEGs in the aforementioned sectors 

underscores the potential to lighten the burden on the conventional energy sources. 

Our team at the Department of Thermoelectric Materials and Systems at the German Aerospace 

Center (DLR) is working to develop efficient inorganic TE materials and TEGs for automotive 

and space applications. These inorganic materials are core components of a TEG that are 

fabricated using a variety of synthesis methods and techniques. The electronic transport 

properties of these materials are understood, predicted and optimized by utilizing semi-classical 

semiconductor physics-based models. These optimized materials are then used to construct 

TEG prototypes, which are optimized experimentally and numerically to improve their final 

output efficiency.  

In conclusion, the advantages and promising results of thermoelectric technology, and the 

active research and development focused on optimizing several parts of the thermoelectric 

devices makes it feasible to employ these devices as a mandatory component for future 

technological applications.  

A knowledge of basic principles is needed to advance further in the field of thermoelectrics and 

therefore the different thermoelectric effects are discussed in the upcoming section. 

 Thermoelectric effects 

The field of thermoelectricity encompasses three separately identified effects, namely the 

Seebeck effect, the Peltier effect and the Thomson effect. In this section, each of these 

phenomena is briefly discussed. The interrelation between each of these effects is also briefly 

discussed. 

 



Chapter 1 
 

13 
 

 Seebeck effect 

This effect is named after the German-Baltic physicist T. J. Seebeck but there are some hints in 

the previously published literature which report that Aepinus or Volta discovered this effect 

[15, 16]. In a circuit made of two dissimilar conductors that was held at different temperatures, 

Seebeck observed a deviation in the magnetic needle positioned near this arrangement [2, 16]. 

Later, Oersted coined the term ‘Thermoelectricity’ and explained the said phenomena, stating 

that an electric current in the circuit is generated due to the temperature difference between the 

junctions of two conductors. 

 

 

Figure 1.1 A schematic of the Seebeck effect in an open circuit condition where a) an n-type and b) a p-type 

semiconductor is under temperature difference ∆𝑇𝑇 = 𝑇𝑇H − 𝑇𝑇C. Here, 𝑇𝑇H is the hot-side temperature and 𝑇𝑇C is the 

cold-side temperature, and ∆𝑇𝑇 is shown to increase from 𝑇𝑇C to 𝑇𝑇H. The charge carriers namely, electrons 𝑒𝑒−(n-type) 

and holes ℎ+ (p-type) diffuse preferentially from the hot side to the cold side, respectively, until the induced voltage 

𝑈𝑈 is generated that opposes a further diffusion of carriers from hot side to the cold side. The induced voltage (a 

difference in electric potential) for an n-type and a p-type semiconductor is labelled as 𝑈𝑈e and 𝑈𝑈h, respectively. 

Assuming an exemplary case of an n-type material (shown in Figure 1.1(a)), when a 𝑇𝑇-

difference is created across this material, the electrons on the hot side gain a higher kinetic 

energy and instantaneously migrate (on average) to the cold side. Note that electrons (𝑒𝑒−) are 
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the majority charge carriers in an n-type material. This leads to the formation of an electric 

potential difference across the material that opposes further carrier diffusion when an 

equilibrium is reached (Figure 1.1(a)). The induced electric field is opposite to the applied 

temperature gradient (∇��⃗ 𝑇𝑇) that is expressed as (𝐸𝐸�⃗ = 𝑆𝑆𝑛𝑛∇��⃗ 𝑇𝑇), and vice versa for p-type materials 

(Figure 1.1(b)), where holes (ℎ+) are the majority carriers [16]. 

The thermocouples (TCs) that are commonly used for probing temperatures in various 

applications are based on the Seebeck effect. The physics related to the Seebeck coefficient will 

be discussed in the subsection 2.2.4 of Chapter 2. 

 Peltier effect 

This effect is named after J. C. A. Peltier who discovered this phenomenon in 1834 [2, 15]. He 

conducted an experiment by passing current (𝐼𝐼) through a junction in a circuit which is 

composed of two different materials M1 and M2. Depending on the direction of the current 

flow, he found that heat is either generated or absorbed at this junction. The heat generated or 

absorbed per unit time is known as Peltier heat (𝑄̇𝑄), and the effect is known as Peltier effect. 

The Peltier heat relates to the current 𝐼𝐼 by the expression: 𝑄̇𝑄  =  Π 𝐼𝐼, where Π  is the Peltier 

coefficient. Thomson applied the laws of thermodynamics to a TE circuit, assuming it to be a 

reversible system, and showed that the Peltier coefficient Π  is related to the Seebeck coefficient 

𝑆𝑆 by following relation, called first Kelvin relation: 

ΠM1 −ΠM2 = (𝑆𝑆M1 − 𝑆𝑆M2)𝑇𝑇 Equation (1.1) 

 Thomson effect 

The Seebeck coefficient 𝑆𝑆 is temperature dependent for almost all materials. When a 

temperature gradient is maintained in such (homogeneous) materials, their Seebeck coefficient 

varies with the variation of temperature across the material. When a current 𝐼𝐼 is passed through 

a material subject to a temperature gradient, a local heat (related to the Peltier effect) is 

generated due to the difference in the Seebeck coefficient 𝑆𝑆 of two adjacent regions in the 

material. This generated heat is proportional to the temperature gradient and current 𝐼𝐼 in a form 

of an expression given as [2, 15]: 

𝑑𝑑𝑄̇𝑄𝜏𝜏 = −𝐼𝐼𝐼𝐼
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 𝑑𝑑𝑑𝑑 Equation (1.2) 
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where 𝑑𝑑𝑄̇𝑄𝜏𝜏 is the Thomson heat generated (or absorbed) at each infinitesimal length (𝑑𝑑𝑑𝑑) along 

the length of the current carrying conductor. This heat is generated (or absorbed) due to the 

applied temperature gradient and supplied current. This effect was found by Thomson (later 

known as Lord Kelvin) and correspondingly, 𝜏𝜏 is called the Thomson coefficient, and expressed 

as: 𝜏𝜏 = 𝑇𝑇 (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ ). 

All the aforementioned thermoelectric effects provide a base for the design and optimization of 

highly efficient TE devices for power generation or cooling applications. In the coming section, 

the TE devices are briefly discussed from an application point-of-view.  

 Thermoelectric devices and the thermoelectric figure of merit 

TE devices are heat engines and like all other heat engines, these devices follow the laws of 

thermodynamics. A TE device comprises of many p-type and n-type semiconductor TE 

materials, usually in pairs, connected electrically in series and thermally in parallel.  

 

 

Figure 1.2 Schematic of a thermoelectric uni-couple comprising of a p-type and an n-type semiconductor that 

represents a) power generation and b) cooling mode respectively. Note that the semiconductor legs are connected 

via metal interconnects (represented in grey). The red and blue color represents hot side and cold side, respectively. 
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The construction of these devices is identical for their operation in either refrigeration or power 

generation mode. A 𝜋𝜋–shaped uni-couple (or pair) of p-type and n-type semiconductors is 

shown in Figure 1.2 that represents their arrangement in a TE device. The power generation 

mode is based on the Seebeck effect (see Figure 1.2(a)), whereas the refrigeration mode, as 

shown in Figure 1.2(b) is based on the Peltier effect.  

The performance of a TEG can be characterized by its conversion efficiency (𝜂𝜂) which is the 

ratio of output electrical power (𝑃𝑃 =  𝑄̇𝑄in − 𝑄̇𝑄out) to the absorbed heat (𝑄̇𝑄in) at the hot junction: 

𝜂𝜂 = 𝑃𝑃/𝑄̇𝑄in Equation (1.3) 

Here, 𝑄̇𝑄out is the output heat flow. In the power generation mode, the maximum efficiency 

(𝜂𝜂max) of a TE device, assuming temperature independent materials properties, is given by [17, 

18]:  

𝜂𝜂max =
𝑇𝑇H − 𝑇𝑇C
𝑇𝑇H

�1 + 𝑍𝑍𝑇𝑇� − 1

�1 + 𝑍𝑍𝑇𝑇� + 𝑇𝑇C
𝑇𝑇H

 
 

Equation (1.4) 

 

Here, the TE figure-of-merit of a device (𝑍𝑍) is defined as [17]: 

𝑍𝑍 =
𝑆𝑆pn2

𝑅𝑅𝑅𝑅
 Equation (1.5) 

𝑍𝑍 is determined by the individual thermoelectric properties of p-legs and n-legs and other 

components used in constructing a TE device. Here, 𝑆𝑆pn is the Seebeck coefficient of the device 

which is a summation of the Seebeck coefficients (𝑆𝑆p and 𝑆𝑆n) of the p-type and n-type legs 

expressed as 𝑆𝑆pn = 𝑁𝑁 (|𝑆𝑆p| + |𝑆𝑆n|), where 𝑁𝑁 is the number of p-n leg pairs. The resistance (𝑅𝑅) 

of a device is the sum of series resistance of p-legs and n-legs, contact resistances, bridge 

resistances etc., and 𝐾𝐾 is the total thermal conductance of the device, respectively. Note that 

utilizing the properties of p-type and n-type legs is an ideal assumption, in reality, the ∆𝑇𝑇 at the 

legs would be relatively lower compared to the ∆𝑇𝑇 at the device as temperature drops are ought 

to occur due to parasitic thermal resistance of the ceramic insulation plates, electrical bridges 

etc. The ratio (𝑇𝑇H − 𝑇𝑇C) 𝑇𝑇H⁄  is the Carnot efficiency, and 𝑇𝑇� is the average of 𝑇𝑇H and 𝑇𝑇C. 𝜂𝜂max 

is limited by the Carnot efficiency and therefore to achieve a large 𝜂𝜂max, the difference between 

𝑇𝑇H and 𝑇𝑇C should be large and 𝑍𝑍 should be maximum. However, the values of 𝜂𝜂 close to the 

Carnot efficiency are generally not achieved since 𝑍𝑍𝑇𝑇� is limited due to the material properties. 
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Consequently, efforts are made to maximize 𝑍𝑍 and to increase 𝜂𝜂max, by optimizing the TE 

properties of the p-type and n-type legs. 𝑍𝑍 equals the figure-of-merit for a material (𝑧𝑧), if the 

TE properties of each leg of a uni-couple are similar (except the sign of the Seebeck coefficient) 

with ideal contacts i.e. no contributions of thermal and electrical contact (and other) resistances, 

and no thermal bypass. 𝑧𝑧 can then be expressed by material properties: 

𝑧𝑧 = 𝑆𝑆2𝜎𝜎 𝜅𝜅⁄  Equation (1.6) 

Here, 𝜎𝜎 is the electrical conductivity and 𝜅𝜅 is the total thermal conductivity. 𝑆𝑆2𝜎𝜎 in the 

expression is known as the thermoelectric power factor (PF). Multiplying temperature (𝑇𝑇) on 

either side of Equation (1.5) and Equation (1.6) makes the figure-of-merit (𝑧𝑧) a dimensionless 

quantity (𝑧𝑧𝑧𝑧) [17], which is the commonly used notation across various reports. 𝑍𝑍 is 

distinguished from 𝑧𝑧 for a clear differentiation whether the properties of a device or a material, 

respectively, are discussed.  

The device efficiency 𝜂𝜂 as a function of ∆𝑇𝑇 is shown in Figure 1.3. Note that the efficiency can 

increase if the ∆𝑇𝑇 is large or the figure-of-merit of materials employed for the construction of 

TE devices is large. 

 

 

Figure 1.3 Theoretical efficiency (𝜂𝜂) of a TE generator as a function of ∆𝑇𝑇 (with 𝑇𝑇C = 300 K) for a range of 𝑧𝑧𝑇𝑇�. The 

plot has been reprinted (adapted) with the permission from [18]. 
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Although the value of 𝑧𝑧𝑧𝑧 is not limited theoretically [19], materials with a peak 𝑧𝑧𝑧𝑧 ≥ 2 are 

rarely reported. This can be observed from Figure 1.4 where only p-type PbTe and p-type SnSe 

have peak 𝑧𝑧𝑧𝑧 ≥ 2. Figure 1.4 also shows that only a single conduction type of these materials 

shows good 𝑧𝑧𝑧𝑧 e.g. a p-type, but their counterparts do not and vice versa. A few exceptions to 

the stated fact are Skutterudites, PbTe, half-Heuslers and Bi2Te3 class of materials which show 

𝑧𝑧𝑧𝑧 > 1 in the low temperature range for both p-type and n-type materials.  

 

 

Figure 1.4 Temperature dependence of 𝑧𝑧𝑧𝑧 values for some typical classes of (a) n-type and (b) p-type bulk TE 

materials. In the legend of these plots TAGS stands for (GeTe)1-x(AgSbTe2)x while SKD and LAST stand for 

Skutterudites and lead antimony silver telluride, respectively. The plot has been reprinted (adapted) with the 

permission from [20]. 

Besides, most of the heat generated in a variety of industrial processes lies in the intermediate 

temperature range (500 K –  900 K) and correspondingly different material classes are 

discovered and explored in this range. The best of those have a peak 𝑧𝑧𝑧𝑧 ≈ 1.3 − 1.8, but 

amongst these materials, the n-type Mg2X (X: Si, Sn) solid solutions stands out owing to their 

precursor abundance, environmental compatibility and low mass density. These characteristics 

makes Mg2X (X: Si, Sn) materials one of the preferred material classes for application purposes.  

 Optimization of the thermoelectric efficiency 

Maximizing thermoelectric performance of any material necessitates a fine balance between 

the electrical and thermal transport properties. The thermoelectric properties (the Seebeck 

coefficient 𝑆𝑆, the electrical conductivity 𝜎𝜎 and the thermal conductivity 𝜅𝜅) are interlinked 

through the carrier concentration (𝑛𝑛), which is one of the necessary parameters for the 

optimization of any prospective thermoelectric material. The dependence of the thermoelectric 

properties on the carrier concentration can be observed in Figure 1.5.  
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Figure 1.5 𝑧𝑧𝑧𝑧 as a function of 𝑛𝑛 in the range 1018 − 1021cm−3. 𝑧𝑧𝑧𝑧max is obtained in the range of 1019 − 1020 cm−3. 

𝑃𝑃𝑃𝑃max is obtained at higher 𝑛𝑛 than 𝑧𝑧𝑧𝑧. The plot has been reproduced (adapted) with the permission from [1]. 

Figure 1.5 shows that there is an evident compromise between the Seebeck coefficient 𝑆𝑆 and 

the electrical conductivity 𝜎𝜎 which should be finely tuned to achieve maximum thermoelectric 

performance. It can be furthermore observed that 𝑧𝑧𝑧𝑧max can be achieved with the carrier 

concentration 𝑛𝑛 ranging between 1019 − 1020 cm-3 (depending on the material system). 

For a further enhancement of TE performance, both electrical conductivity and the Seebeck 

coefficient have been enhanced, both individually or simultaneously, by employing different 

strategies such as engineering the band structure of the materials to enhance the band 

degeneracy (including orbital and valley degeneracy) [21, 22], energy filtering [23-25], 

introducing resonant states [26, 27], modulation doping [28, 29] etc. Band degeneracy means 

that different bands possess the same or comparable energy within a belt of ≤ 1 𝑘𝑘B𝑇𝑇. When 

these bands have nearly identical energy of the band edge, it is called orbital degeneracy. 

Besides, if the edge of a single band is found at other points in the Brillouin zones than its center 

where these are symmetric due to the symmetry of the crystal, it is called valley degeneracy 

[21]. Energy filtering means suppressing (or filtering out) the population of low-energy charge 

carriers for an enhancement of the Seebeck coefficient with only a minor reduction of electrical 

conductivity [25]. The density of states (DOS) is distorted by introducing a resonant impurity 

in the parent compound which increases the Seebeck coefficient in a nearly 𝑇𝑇-independent way 
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(e.g. substituting Tl in place of Pb in PbTe) [27]. The resonant impurity creates an additional 

energy level that resonates with the dominant band of the parent compound, particularly, in a 

narrow energy range near the Fermi level. The concept of the DOS is explained in the later part 

of the introductory section (section 2.2) of Chapter 2. An approach to enhance the electrical 

conductivity of a material is via modulation doping. In this, the carriers are spatially separated 

from their parent impurity atom, which reduces an influence of ionized impurity scattering [29].  

The expression of 𝑧𝑧𝑧𝑧 (Equation (1.6)) can be re-formulated to highlight electronic (𝜅𝜅el) and 

lattice (𝜅𝜅lat) contributions to the total thermal conductivity (𝜅𝜅) as: 

𝑧𝑧𝑧𝑧 =
𝑆𝑆2𝜎𝜎

𝜅𝜅lat + 𝜅𝜅el
𝑇𝑇 Equation (1.7) 

𝜅𝜅el scales with 𝜎𝜎 as shown in Figure 1.5, and it is discussed in detail in sub-section 2.2.5 of 

Chapter 2. Therefore, a majority of studies have employed different strategies to reduce the 

lattice thermal conductivity 𝜅𝜅lat [30-35] to maximize 𝑧𝑧𝑧𝑧. However, minimizing 𝜅𝜅lat while 

maintaining large conductivity 𝜎𝜎 is difficult as the centres that scatter the phonons also scatter 

the charge carriers. Therefore, different strategies have been employed to scatter the phonons 

without affecting the carrier transport. Some of the most relevant strategies are solid solution 

formation [32, 36], nanostructuring [37] (as discussed in 2.3.1.5), nanoscale precipitation [38], 

and lamellar structures by the exploitation of phase diagram of corresponding materials [39] 

etc.  

Conventionally, an optimum carrier concentration 𝑛𝑛 can be achieved by the selection of a 

suitable extrinsic defect(s), adjusting its concentration and a synthesis method that guarantees 

a sufficiently high dopant incorporation. A suitable dopant species can be deduced by its 

valency, with the help of defect energetics calculations, or by using the Hume-Rothery rule 

[40]. The concentration of these dopants can be optimized using well established semiconductor 

transport models as explained in detail in section 2.2 of Chapter 2.  

The importance of synthesis method is at the core of achieving optimized material properties. 

Different literature reports show that different synthesis methods for the same composition 

often lead to different TE properties. This is exemplified by a figure-of-merit 𝑧𝑧𝑧𝑧 plot (in Figure 

1.6) for n-type Mg2Si-Mg2Sn based solid solutions. Generally, these materials show a high 

figure-of-merit 𝑧𝑧𝑧𝑧 ≈ 1.3 − 1.4. Note that the 𝑧𝑧𝑧𝑧 values correspond to the same starting 

composition Mg2−𝛿𝛿(Si0.3Sn0.7)0.98Sb0.02 which are reported in different cited literature 

reports. The value of 𝛿𝛿 can be positive or negative whether the material is deficient or 
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overconcentrated in Mg, respectively. Generally, for the synthesis of these compositions, 

excess Mg is used to compensate for Mg loss at higher temperatures of compaction or 

annealing. A variation in the sample properties could be due to differences in the employed 

synthesis routes in the production of samples in each study. For example, Zhang et al. [41] have 

used melt spinning as well as solid state reaction, followed by plasma activated sintering, to 

produce two different samples, one from each stated process labelled as 1 & 2, respectively, 

see Figure 1.6. 

 

 

Figure 1.6 a) 𝑇𝑇-dependent 𝑧𝑧𝑧𝑧 of Mg2−𝛿𝛿(Si0.3Sn0.7)0.98Sb0.02 reported by Yin et al. [42] (𝛿𝛿 = −0.16), Zhang et al. 

[43] (𝛿𝛿 = 0 to − 0.14), Yin et al. [44], Zhang et al. [41] (𝛿𝛿 = −0.16), Liu et al. [45] (𝛿𝛿 = −0.1) and Zhang et al. 

[46] (no information on 𝛿𝛿). 𝑛𝑛 at room temperature (RT) (b), and c) 𝑇𝑇-dependent 𝜅𝜅 is shown for the samples in 

respective reported studies.  

There is an evident variation in the 𝑧𝑧𝑧𝑧 reported in different studies as shown in Figure 1.6 (a), 

which could arise from a variation in (thermo-)electrical or thermal properties or both. Both 𝑛𝑛 

at RT and 𝑇𝑇-dependent 𝜅𝜅 for samples with respective composition are shown in Figure 1.6 (b) 
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and Figure 1.6 (c), respectively. The results show a large discrepancy at RT as well as at highest 

measurement temperature, respectively. The major reasons can be an off-stoichiometry of the 

synthesized material, a low dopant incorporation, formation of secondary phases in the material 

etc. that are all related to the synthesis route. A likewise large variation in 𝑛𝑛 and 𝜅𝜅 are observed 

for other materials systems such as PbTe–PbSe [47, 48] and PbTe–PbS solid solutions [49, 50]. 

Note that the differences in each property are larger than the typical measurement uncertainties, 

and therefore, the error bars are not shown here for better visibility [51, 52]. 

A further common problem in the optimization of the (long-term) performance of TE materials 

is their thermochemical stability. This could be affected by preferential stability of the binary 

phases compared to the solid solutions, i.e. a miscibility gap as reported e.g. for Mg2Si-Mg2Sn, 

PbS-PbTe, PbTe-GeTe etc. [49, 53], or a high vapor pressure of one or more chemical 

constituents [54, 55]. This leads to difficulties during the material synthesis and its 

optimization, and the experimental optimization of the TE device for their operation at elevated 

temperatures for prolonged duration. Moreover, a high temperature exposure of material can 

cause a variation in the concentration of one or more elements in these materials. This variation 

can lead to observable variations in their transport properties and efficiency of TE devices made 

from these materials.
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 Electronic transport theory, semiconductor 

transport models, transport coefficients and material 

basics on Mg2(Si,Sn) 

 Summary 

This chapter discusses the theory of electrical transport in a semiconductor. The band structure 

models that are used to analyze and predict the high temperature thermoelectric transport 

properties are discussed. These models consist relevant expressions of the transport coefficients 

(solutions of the Boltzmann transport equation (BTE)), which are used to describe carrier 

transport phenomena in thermoelectric semiconductors are also discussed in detail. Besides 

this, the thermal conductivity is discussed briefly highlighting different approaches to reduce 

it. In the later section of this chapter, the physical and thermoelectric properties of Mg2Si-

Mg2Sn are discussed in detail.  

 Electronic transport theory 

As briefly discussed in the last chapter, 𝑧𝑧𝑧𝑧 of a material needs to be maximized to increase the 

efficiency of a TEG at its operation temperatures. Achieving 𝑧𝑧𝑧𝑧max depends on optimizing the 

TE properties i.e. 𝑆𝑆, 𝜎𝜎, and 𝜅𝜅 that are interdependent via the carrier concentration 𝑛𝑛 and other 

material properties. An efficient optimization of 𝑛𝑛 and the corresponding TE properties 

therefore necessitates an in-depth understanding of the electronic band structure and the 

transport of charge carriers in the material under an influence of external forces (e.g. applied 

temperature gradient, 𝐸𝐸�⃗ ). There are a lot of textbooks available where one can refresh concepts 

related to the electronic band structure [56-60]. Herein, the electrical transport in 

semiconductors is briefly discussed with a focus mainly on the heavily doped semiconductors. 

Semiconducting materials are well suited for TE applications as discussed in Chapter 1 and 

therefore the current discussion will focus on these materials. Semiconductors are characterized 

by the presence of an energy gap in the band structure that ranges between 0 eV –  3 eV in 

width (at 0 K). At 0 K, there are no free carriers in a pure semiconductor material (i.e. with no 

impurities or defects). But for the TE applications, these semiconductors are heavily doped (by 

an impurity element) to achieve a high density of free charge carriers. Specifically, these 

impurities introduce localized states that either provide electrons or trap them which makes the 
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material an n-type or a p-type semiconductor, respectively [56]. For example, a phosphorus 

atom is substituted in a silicon crystal to make it an n-type semiconductor. The phosphorous 

atom has an extra electron in its outer shell compared to the silicon atoms. These extra electrons 

are bound to the phosphorus atoms at low temperatures (≤ 100 K) while at higher temperatures, 

these electrons gain energy from the thermal energy, that elevates these donor electrons into 

the conduction band (CB). The energy required to elevate these electrons (called the excitation 

energy of the donor state) is less than the energy required to elevate the electrons that form a 

covalent bond. These donor electrons move in the semiconductor while the phosphorous ion is 

fixed in the crystal. This type of substituted atom that donate an electron to the CB in a 

semiconductor are called donor impurity atom. The following discussion of the fundamentals 

of carrier transport is made by considering electrons as majority charge carriers and therefore 

assuming an n-type semiconductor.  

An external perturbation (e.g. 𝐸𝐸�⃗ ), exerts a force (𝐹𝐹) on the electrons given by 𝐹𝐹 =  𝑚𝑚𝑣̇𝑣 = −𝑒𝑒𝐸𝐸�⃗ . 

Here, 𝑣̇𝑣 is the acceleration and 𝑚𝑚 is the scalar mass of electrons. When the electron is in a three-

dimensional crystal lattice, 𝑚𝑚 is replaced by an effective mass tensor 𝑚𝑚𝑖𝑖𝑖𝑖
∗ . 𝑚𝑚𝑖𝑖𝑖𝑖

∗  accounts for the 

interaction between the periodic potential of the crystal lattice and the drifting electrons. The 

inverse of 𝑚𝑚𝑖𝑖𝑖𝑖
∗  is proportional to the curvature of the energy of a band (𝐸𝐸) with respect to the 

wave vector (𝑘𝑘) i.e. 𝐸𝐸(𝑘𝑘) [56, 61]: 

�
1
𝑚𝑚∗�

𝑖𝑖𝑖𝑖
=

1
ℏ2
𝜕𝜕2𝐸𝐸(𝑘𝑘)
𝜕𝜕𝑘𝑘𝑖𝑖𝜕𝜕𝑘𝑘𝑗𝑗

 Equation (2.1) 

Here, 𝑖𝑖, 𝑗𝑗 are the direction of electron drift and the direction of force, respectively. Generally, 

the acceleration 𝑣̇𝑣 of electrons and the force 𝐹𝐹 are not collinear. For simple cubic systems with 

a parabolic relationship between the energy and wavevector near the band edge, all the off-

diagonal terms (𝑖𝑖 ≠ 𝑗𝑗) in the 𝑚𝑚𝑖𝑖𝑖𝑖
∗  vanish. Therefore, three (inertial) effective mass components 

(𝑚𝑚𝑥𝑥𝑥𝑥
∗ , 𝑚𝑚𝑦𝑦𝑦𝑦

∗  and 𝑚𝑚𝑧𝑧𝑧𝑧
∗ ) would then describe the acceleration of carriers near the band edge. This 

is expressed as:  

𝑚𝑚𝑖𝑖𝑖𝑖
∗ =  ℏ2 �

𝜕𝜕2𝐸𝐸(𝑘𝑘)
𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖2

�
−1

 Equation (2.2) 

Therefore, the 𝐸𝐸(𝑘𝑘) relationship, assuming that the conduction band minimum is located at 

zero wavevector, can be rewritten as: 

𝐸𝐸(𝑘𝑘) = 𝐸𝐸C +
ℏ2𝑘𝑘𝑥𝑥2

2𝑚𝑚𝑥𝑥𝑥𝑥
∗ +

ℏ2𝑘𝑘𝑦𝑦2

2𝑚𝑚𝑦𝑦𝑦𝑦
∗ +

ℏ2𝑘𝑘𝑧𝑧2

2𝑚𝑚𝑧𝑧𝑧𝑧
∗  Equation (2.3) 



Chapter 2 
 

25 
 

Here, ℏ is the reduced Planck’s constant (ℏ = ℎ 2𝜋𝜋⁄ ) and ℎ is the Planck’s constant, 𝐸𝐸C is the 

energy at the conduction band edge, 𝑘𝑘𝑖𝑖 are the wave vectors in the Brillouin zone, aligned in 

different principal axes with 𝑖𝑖 =  𝑥𝑥,𝑦𝑦 and 𝑧𝑧. Note that the system of principal axes is centered 

at a band minimum (or band extremum) such that the system of principal axes and the 𝑘𝑘-space 

co-ordinate system are parallel to each other [62]. For the materials with a spherical Fermi 

surface, (𝐸𝐸(𝑘𝑘𝑥𝑥) = 𝐸𝐸�𝑘𝑘𝑦𝑦� = 𝐸𝐸(𝑘𝑘𝑧𝑧)) near the CB minima, e.g. for n-type Mg2(Si,Sn) [63] or 

GaAs, there can be one effective mass to account for effective masses across all each principal 

axes such that 𝑚𝑚𝑥𝑥𝑥𝑥
∗ = 𝑚𝑚𝑦𝑦𝑦𝑦

∗ = 𝑚𝑚𝑧𝑧𝑧𝑧
∗ . The inertia mass, also called as the conductivity mass, 𝑚𝑚I

∗, 

for a single valley (for an anisotropic parabolic dispersion) is defined as a harmonic mean of 

effective mass along each principal axes: 𝑚𝑚I
∗ = 3 (1

𝑚𝑚𝑥𝑥𝑥𝑥
∗� + 1

𝑚𝑚𝑦𝑦𝑦𝑦
∗� + 1

𝑚𝑚𝑧𝑧𝑧𝑧
∗� )�  [64], which, for 

a spherical Fermi surface is: 𝑚𝑚I
∗ ≡ 𝑚𝑚𝑖𝑖𝑖𝑖

∗ . Besides, the effective mass for the calculation of the 

density of states and the Seebeck coefficient, called a density-of-states effective mass (𝑚𝑚D
∗ ), is 

separately defined. If 𝐸𝐸(𝑘𝑘) is different (e.g. anisotropic dispersion, i.e. ellipsoidal or more 

complicated Fermi surface) for different principal axes [64], then 𝑚𝑚D
∗  is a geometric mean of 

𝑚𝑚𝑖𝑖𝑖𝑖
∗  (the effective mass corresponding to each valley aligned at each principal axis). This is 

given as 𝑚𝑚D
∗ = �𝑁𝑁V2𝑚𝑚𝑥𝑥𝑥𝑥

∗ 𝑚𝑚𝑦𝑦𝑦𝑦
∗ 𝑚𝑚𝑧𝑧𝑧𝑧

∗3 , where 𝑁𝑁v is the valley multiplicity. The DOS effective mass 

for a parabolic isotropic dispersion (spherical Fermi surface) is defined as 𝑚𝑚D
∗ = �𝑁𝑁V2(𝑚𝑚𝑖𝑖𝑖𝑖

3)
3

=

𝑁𝑁V
2/3𝑚𝑚SV

∗ . For a single valley system (in a spherical Fermi surface), 𝑚𝑚SV
∗ = (𝑚𝑚𝑥𝑥𝑥𝑥

∗ 𝑚𝑚𝑦𝑦𝑦𝑦
∗ 𝑚𝑚𝑧𝑧𝑧𝑧

∗ )1/3 

are called as the single valley (density-of-states) effective mass (also called the band edge 

mass). Note that 𝑚𝑚SV
∗  is equivalent to the conductivity mass (𝑚𝑚I

∗ ≡ 𝑚𝑚SV
∗ ) for a spherical Fermi 

surface which is the case here (for Mg2Si-Mg2Sn based materials). They would however, have 

different values if the Fermi surfaces are non-spherical [57, 59, 64]. Different effective masses 

described here are useful for the prediction and an understanding of the electrical conductivity 

and the Seebeck coefficient which will be discussed in sub-section 2.2.1, 2.2.3 and 2.2.4. 

The transport properties result from the motion of electrons which makes the determination of 

the number of carriers available for conduction quite crucial. According to the Pauli’s exclusion 

principle [65, 66], any given quantum state can be occupied by only one carrier, and therefore, 

the number of carriers contributing to the conduction are a function of these quantum states. 

The number of available energy states in a band are known as the density of states (DOS), 

denoted by g(𝐸𝐸). For a bulk (3D) semiconductor, it is expressed in an infinitesimal manner 

defining the number of states existing between an interval 𝐸𝐸 and 𝐸𝐸 + 𝛿𝛿𝛿𝛿. For an extrinsic n-
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type semiconductor, the corresponding density of electronic states per unit volume near the CB 

edge is given as: 

g(𝐸𝐸) =
1

2𝜋𝜋2 �
2𝑚𝑚D

∗

ℏ2 �
1.5

(𝐸𝐸 − 𝐸𝐸C)0.5,𝐸𝐸 ≥ 𝐸𝐸C Equation (2.4) 

Note that Equation (2.4) includes the contribution of the two spin states allowed for each 

quantum state; 𝐸𝐸 is the energy of the CB. The density of carriers, 𝑛𝑛, contributing to the electrical 

transport is obtained by integrating over all the occupied states in the band. This is expressed 

as [56]:  

𝑛𝑛 =  � g(𝐸𝐸)𝑓𝑓0(𝐸𝐸)𝑑𝑑𝑑𝑑
∞

0
 Equation (2.5) 

𝑓𝑓0(𝐸𝐸) is the Fermi-Dirac (FD) distribution function describing the probability of an electron 

occupying a quantized state (with an energy 𝐸𝐸) in a band at temperature 𝑇𝑇. It is given by [57, 

67]:  

𝑓𝑓0(𝐸𝐸) = �1 + exp �
𝐸𝐸 − 𝐸𝐸F
𝑘𝑘B𝑇𝑇

��
−1

 Equation (2.6) 

Here, 𝐸𝐸F is the Fermi level (also called the Fermi energy at 𝑇𝑇 = 0 K). 𝑓𝑓0(𝐸𝐸) gets disturbed from 

its equilibrium under the effect of an external perturbation (𝐸𝐸�⃗ , 𝐵𝐵�⃗ , applied temperature gradient 

etc.).  

 

 

Figure 2.1 a) 𝑓𝑓0(𝐸𝐸) at different temperatures and b) its derivative as a function of energy 𝐸𝐸. The plot has been 

reproduced (adapted) with the permission from [66]. 
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Figure 2.1(a) shows that at 𝑇𝑇0 = 0 K, 𝑓𝑓0(𝐸𝐸) = 0 for 𝐸𝐸 > 𝐸𝐸F while 𝑓𝑓0(𝐸𝐸) = 1 for 𝐸𝐸 < 𝐸𝐸F. This 

means that all states below 𝐸𝐸F are filled and all states above 𝐸𝐸F are empty, therefore, the plot 

looks like a step function. As temperature increases with 𝑇𝑇0 < 𝑇𝑇1 < 𝑇𝑇2, the probability of 

finding electrons at higher available energy states become higher. This can be observed from 

the figure where for 𝑇𝑇 > 𝑇𝑇0, the quantum states below 𝐸𝐸F are partially empty and the states 

above 𝐸𝐸F are partially filled. Independent of temperature 𝑇𝑇, when 𝐸𝐸 = 𝐸𝐸F, 𝑓𝑓0(𝐸𝐸) = 0.5, it 

means that there is equal probability of finding and not finding an electron in a state at this 

energy, respectively. Both 𝐸𝐸 and the 𝐸𝐸F are commonly normalized with respect to thermal 

activation energy to 𝜖𝜖 =  (𝐸𝐸 − 𝐸𝐸C) 𝑘𝑘B𝑇𝑇⁄  and 𝜂𝜂 = (𝐸𝐸F − 𝐸𝐸C) 𝑘𝑘B𝑇𝑇⁄ , which are called the reduced 

energy (𝜖𝜖) and the reduced chemical potential (𝜂𝜂) respectively. Besides, different statistical 

distribution functions are defined to explain the interactions between large number of particles 

in a system. A semiconductor is regarded as degenerate if it follows FD statistics and non-

degenerate semiconductor if it obeys Maxwell-Boltzmann (MB) statistics (not discussed here). 

In a condition where the ratio (𝐸𝐸 − 𝐸𝐸F) 𝑘𝑘B𝑇𝑇⁄ < −2, these distribution functions start to deviate 

from each other, and therefore employing a suitable function is critical for description of the 

system [57, 68]. The probability distribution function (𝑓𝑓0(𝐸𝐸)) can be re-written as: 

𝑓𝑓0(𝐸𝐸) = {1 + exp(𝜖𝜖 − 𝜂𝜂)}−1 Equation (2.7) 

Also, replacing 𝐸𝐸C = 0, the DOS expression can be re-written as: 

g(𝜖𝜖) = 1
2𝜋𝜋2

�2𝑚𝑚D
∗

ℏ2
�
1.5

(𝜖𝜖 𝑘𝑘B𝑇𝑇)0.5 Equation (2.8) 

The electrical conductivity is one of the basic thermoelectric properties which is classically 

introduced in the framework of the Drude model. The Drude model explains that the origin of 

electrical conductivity 𝜎𝜎 is due to the flow of electrons in the direction of electric field 𝐸𝐸�⃗ , here 

simplified to scalar 𝐸𝐸, with an average velocity known as drift velocity (𝑣𝑣d). Then, the resulting 

current density (𝑗𝑗) is given by [61, 69]: 

𝑗𝑗 = 𝑒𝑒𝑒𝑒𝑣𝑣d Equation (2.9) 

On the other hand, Ohm’s law defines 𝑗𝑗 in terms of conductivity 𝜎𝜎 of a material as 𝑗𝑗 = 𝜎𝜎𝜎𝜎 

which gives [61, 69]: 

𝜎𝜎 = 𝑒𝑒𝑒𝑒 𝑣𝑣𝑑𝑑 𝐸𝐸⁄  Equation (2.10) 
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The Drude model treats electrons as classical non-interacting particles which experience a force 

𝐹𝐹 = 𝑒𝑒𝐸𝐸�⃗ . The acceleration 𝑣̇𝑣 is assumed to occur for some average (scattering) time (𝜏𝜏), followed 

by the scattering of these particles by an obstacle (a scattering center). Therefore, an average 

velocity due to scattering can be given as: ∫ 𝑣̇𝑣𝑑𝑑𝑑𝑑𝜏𝜏
0 =  ∫ 𝑒𝑒𝑒𝑒

𝑚𝑚
𝑑𝑑𝑑𝑑𝜏𝜏

0 = 𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚

= 𝑣𝑣d ; in accordance with 

the Newton’s second law. On substituting 𝑣𝑣d in Equation (2.10), a familiar expression is 

obtained: 𝜎𝜎 = 𝑛𝑛𝑒𝑒2𝜏𝜏 𝑚𝑚⁄ . From this expression, the drift mobility (𝜇𝜇d) of electrons is defined as: 

𝜇𝜇d = 𝑒𝑒𝑒𝑒 𝑚𝑚⁄ =  𝑣𝑣d 𝐸𝐸⁄ . This makes Equation (2.10) to be re-written as: 

𝜎𝜎 = 𝑒𝑒𝑒𝑒𝜇𝜇d Equation (2.11) 

This classical theory of free electrons in metals was consistent with Ohm’s law and accounted 

for a wide range of electrical properties. This theory however had some limitations out of which, 

the relevant ones are mentioned here. The dependence of conductivities for metals, declines 

with an increasing temperature while for semiconductors, it varies exponentially with 1/𝑇𝑇. The 

deceasing conductivity in metals come from the temperature dependence of the relaxation time 

𝜏𝜏; the relaxation time decreases with increasing temperature. On the other hand, the relaxation 

time of semiconductors also decreases with increasing temperature but this effect is quite 

overwhelmed due to the increasing carrier density with temperature. This results in an 

exponential increase in electrical conductivity with temperature. Furthermore, this older theory 

resulted into the difference in the measured and calculated Seebeck coefficient of metals by a 

factor of 100. For the prediction of the Seebeck coefficient of metals, the use of classical 

statistical mechanics instead of quantum statistical mechanics results in this deviation. The 

classical statistics underestimates the density of carriers in a system with large number of 

carriers, and therefore leads to a large (calculated) Seebeck coefficient. Due to the same reason, 

the differences in the Seebeck coefficient of metals and semiconductors (roughly, a factor of 

100) remained unexplained by this theory. The discrepancies in the ‘sign’ of the Seebeck 

coefficient and the Hall coefficient were also unexplainable, often predicted incorrectly using 

the classical theory [59].  

The drawbacks of the classical free electron theory were partially resolved by the quantum 

mechanical free electron theory proposed by Sommerfeld, however, the discrepancy with the 

sign of transport coefficients (mentioned above) persisted. Later, band theory was proposed by 

Bloch, Kronig and Penny, and others which provided a more realistic description of electrons 

in a semiconducting solid. The band theory was proposed since the Sommerfeld’s theory failed 

to explain why few materials are conductors while others are semiconductors. Sommerfeld’s 
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model assumed that the conduction electrons in metals experience a constant (zero) potential 

while moving in the crystal and are only restricted by the crystal surface.  

The band theory rather came up with a better description of an electron in the crystal. According 

to the band theory, the crystalline potential is periodic owing to a periodic arrangement of 

positively charged ions in the crystal. Therefore, the motion of electrons in a crystal is explained 

by the Schrödinger’s equation that includes the periodic potential experienced by these 

electrons. The band theory of solids provides a better explanation of the electron transport in 

solids including semiconductors (with the fact that the discretized energy levels are separated 

by forbidden energy zones, called band gaps).  

Besides, on application of an external field, the electrons are no longer in the equilibrium 

condition but move in an orderly fashion. Out of different methods of describing the carrier 

transport phenomena in semiconductors, the Boltzmann transport equation (BTE) (within 

relaxation time approximation (RTA)) is used to describe motion of carriers in the presence of 

externally applied fields. The Boltzmann transport equation (BTE) describes carrier transport 

under the applied external field in multi-dimensional phase space (of position and momentum, 

total six dimensional) at finite temperatures [70]. The BTE allows the description of the carrier 

transport in real materials in which the macroscopic changes in the material are governed by 

microscopic effects (e.g. collision that impede the transport of carriers). The BTE takes large 

computational effort and extended duration to solve it. Therefore, the solutions of the BTE, 

which are the equations of different transport coefficients, are utilized to understand and predict 

carrier transport in semiconductors. It is assumed that the deviation of 𝑓𝑓0(𝐸𝐸) from the 

equilibrium, due to external perturbations, is not large and the relaxation of this distribution 

function back to equilibrium is described by the concept of RTA. The use of the RTA is justified 

under two cases: the collisions between carriers are elastic in nature, and second the probability 

of scattering of carriers is equal along any direction i.e. it is isotropic. Nevertheless, the second 

approximation is only satisfied for spherical energy surfaces, discussed in the beginning of this 

section, and needs an inclusion of the scattering anisotropy for understanding transport 

phenomena in e.g. materials with ellipsoidal surfaces such as Si or Ge [57].  

The different transport coefficients and the carrier scattering will be shortly discussed in the 

upcoming section. The discussion of different transport coefficients/properties is based on the 

single parabolic band (SPB) model.  
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 Carrier scattering 

As shown in the last section, 𝜇𝜇 is directly related to the relaxation time (𝜏𝜏). Relaxation time is 

the inverse sum of the individual scattering times (𝜏𝜏s) of different processes existing 

simultaneously in a material, in accordance with the Matthiessen’s rule [57]:    

1
𝜏𝜏

= �
1
𝜏𝜏ss

 

 

Equation (2.12) 

 

Here, the subscript s refers to the different types of scattering mechanisms. These various types 

of scattering mechanisms are commonly described by a power law as a function of 𝜖𝜖, given by 

𝜏𝜏s = 𝜏𝜏0,s𝜖𝜖𝜆𝜆−1/2. In this expression, 𝜏𝜏0,s is the relaxation time constant of the scattering process, 

which can be a function of microscopic material parameters and temperature, and 𝜆𝜆 denotes the 

scattering exponent [57]. A carrier drifting under an influence of external perturbation can be 

scattered by a number of mechanisms such as acoustic phonon (AP) scattering, alloy scattering 

(AS), grain boundary (GB) scattering, dislocation scattering, point defect scattering, ionized 

impurity scattering and optical phonon scattering etc. [57]. The scattering mechanism relevant 

to Mg2X (X: Si, Sn) materials are correlated with the mobility 𝜇𝜇 and discussed in sub-section 

2.2.3. 

 Carrier concentration and the Hall coefficient 

The carrier concentration 𝑛𝑛 is a central parameter to understand and optimize the thermoelectric 

performance of any material as shown in Figure 1.5. By the substitution of Equation (2.7) and 

Equation (2.8) in Equation (2.5), the following expression is obtained: 

𝑛𝑛 = 4𝜋𝜋 �
2𝑚𝑚D

∗ 𝑘𝑘B𝑇𝑇
ℎ2 �

1.5

𝐹𝐹0.5(𝜂𝜂) Equation (2.13) 

Here 𝐹𝐹0.5(𝜂𝜂) = ∫ {1 + exp(𝜖𝜖 − 𝜂𝜂)}−1𝜖𝜖0.5𝑑𝑑𝑑𝑑∞
0 , is called the Fermi integral of order 0.5.  

The carrier concentration 𝑛𝑛 is determined experimentally from the Hall coefficient (𝑅𝑅H) 

(Equation (2.14)) measurement, see Chapter 5. Within the SPB approximation, 𝑅𝑅H and 𝑛𝑛 are 

related by [57, 67]: 

𝑅𝑅H =
1
𝑛𝑛H𝑒𝑒

=
𝑟𝑟H
𝑛𝑛𝑛𝑛

 Equation (2.14) 
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Where, 𝑛𝑛H is the Hall carrier concentration. The Hall pre-factor 𝑟𝑟H incorporates scattering 

effects that cause deviation between 𝑛𝑛 and 𝑛𝑛H. The 𝑟𝑟H is given as [57, 67]: 

𝑟𝑟H =
3
2
𝐹𝐹0.5(𝜂𝜂)

(1 2⁄ + 2𝜆𝜆)𝐹𝐹2𝜆𝜆−1 2⁄  (𝜂𝜂)
(1 + 𝜆𝜆)2𝐹𝐹𝜆𝜆2

 Equation (2.15) 

In cases where a minority band contributes to the transport properties, the 𝑅𝑅H measurement and 

corresponding model equations are utilized for analyzing transport properties, as discussed in 

sub-section 2.2.7. 

 Electrical conductivity and mobility 

The solution to the BTE gives the electrical conductivity 𝜎𝜎 for a material. The electrical 

conductivity of a material assuming an SPB transport with scattering exponent 𝜆𝜆 = 0 [57] is 

given as:  

𝜎𝜎 = � 𝜎𝜎′(𝐸𝐸)
+∞

−∞

𝑑𝑑𝑑𝑑

=
8𝜋𝜋𝑒𝑒2𝑚𝑚SV

∗ 0.5(2𝑘𝑘B𝑇𝑇)1.5

3ℎ3
𝜏𝜏0𝐹𝐹0(𝜂𝜂) 

Equation (2.16) 

The 𝜎𝜎′(𝐸𝐸) is the differential conductivity at a given energy 𝐸𝐸 due to the motion of each electron 

under the influence of external perturbation. 𝜎𝜎′(𝐸𝐸) is integrated over the energy levels in the 

CB, and 1/𝜏𝜏0 = ∑1/𝜏𝜏0,s. 𝜎𝜎′(𝐸𝐸) is further elaborated as 𝜎𝜎′(𝐸𝐸) =  𝑒𝑒2Ξ(𝐸𝐸) �− 𝜕𝜕𝑓𝑓0(𝐸𝐸)
𝜕𝜕𝜕𝜕

�, where 

Ξ(𝐸𝐸) is called the transport distribution function. This function is related to the group velocity 

of the carriers in the direction of the applied external perturbation, relaxation time 𝜏𝜏 and the 

dispersion relation of carrier energy in the (first) Brillouin zone [71]. Besides, 𝜎𝜎′(𝐸𝐸) also 

consists of a derivative of the distribution function �−𝜕𝜕𝑓𝑓0(𝐸𝐸)
𝜕𝜕𝜕𝜕

� [71, 72], shown in Figure 2.1(b), 

that is centered at 𝐸𝐸F. This is called as the ‘Fermi window’ and it shows the energy interval 

where the carriers flow. This means that only those quantum states that are a few 𝑘𝑘B𝑇𝑇 above 

and below the Fermi level 𝐸𝐸F contribute to the electrical conduction, and not all the states below 

𝐸𝐸F. Moreover, the position of this window depends on the position of the Fermi level 𝐸𝐸F.  

As cited before in section 2.2.1, relaxation time constant 𝜏𝜏0,s is related to the relaxation time 

(𝜏𝜏), and this 𝜏𝜏0,s is a macroscopic average of electron relaxation times which results from the 

interaction of carriers with different scattering centers e.g. lattice defects, carriers, irregularities 

caused by phonons [67]. The different types of scattering mechanisms relevant for Mg2X 

materials have been tabulated (Table 2.1) along with their dependence on other parameters such 
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as temperature, 𝑚𝑚SV
∗  and the elastic constant for longitudinal vibrations 𝐶𝐶l etc. [57, 73, 74]. The 

elastic constant is given by the expression: 𝐶𝐶l = 𝑣𝑣l𝜌𝜌, here, 𝑣𝑣l is the longitudinal speed of sound 

and 𝜌𝜌 is the mass density of the specimen.  

Table 2.1 Expressions of the different scattering mechanisms (with 𝜆𝜆 = 0) and their dependence on 𝑇𝑇, 𝑚𝑚SV
∗  and other 

microscopic material parameters [57, 67, 73, 74]. 

Scattering 
mechanism 

(𝑠𝑠) 
𝜆𝜆 𝑚𝑚SV

∗  dependence 
of 𝜏𝜏0,s 

𝑇𝑇 dependence 
of 𝜏𝜏0,s 

𝜏𝜏0,s 

Acoustic 
phonons 0 (𝑚𝑚SV

∗ )−1.5 𝑇𝑇−1.5 
𝜋𝜋ℏ4𝐶𝐶l 

√2 𝐸𝐸Def2 (𝑚𝑚SV
∗ 𝑘𝑘B𝑇𝑇)1.5

 

Alloy 
scattering 0 (𝑚𝑚SV

∗ )−1.5 𝑇𝑇−0.5 
8𝑁𝑁0ℏ4

3√2 𝜋𝜋 𝑥𝑥(1 − 𝑥𝑥)𝐸𝐸AS2 𝑚𝑚SV
∗ 1.5(𝑘𝑘B𝑇𝑇)0.5

 

Grain 
boundary  (𝑚𝑚SV

∗ )−0.5 𝑇𝑇−0.5𝑒𝑒(−𝑇𝑇−1) 𝐵𝐵𝐵𝐵 ( 1
2𝜋𝜋𝑚𝑚SV

∗ 𝑘𝑘B𝑇𝑇
)0.5 exp (− 𝐸𝐸B

𝑘𝑘B𝑇𝑇
) 

The corresponding drift mobility 𝜇𝜇d is obtained by the substitution of 𝜎𝜎 (from Equation (2.16)) 

and 𝑛𝑛 (from Equation (2.13)) in Equation (2.11), and the expression of 𝜇𝜇d is written as [57]: 

𝜇𝜇d = 2𝑒𝑒
3𝑚𝑚SV

∗ 𝜏𝜏0
𝐹𝐹0(𝜂𝜂)
𝐹𝐹0.5(𝜂𝜂)

 (since 𝑚𝑚I
∗ ≡ 𝑚𝑚SV

∗ ) Equation (2.17) 

The Hall mobility �𝜇𝜇H = 𝜎𝜎
𝑒𝑒𝑛𝑛H

� can be experimentally measured and it is related to 𝜇𝜇d as [57]: 

𝜇𝜇d =  
4
3

𝐹𝐹02 (𝜂𝜂)
𝐹𝐹0.5 (𝜂𝜂) 𝐹𝐹−0.5 (𝜂𝜂)𝜇𝜇H Equation (2.18) 

And, the Hall mobility is related to the mobility parameter by the relation [57]: 

𝜇𝜇H = 𝜇𝜇0
𝐹𝐹−0.5(𝜂𝜂)
2𝐹𝐹0(𝜂𝜂)

 Equation (2.19) 

𝜇𝜇H and 𝜇𝜇d are a function of the Fermi level 𝐸𝐸F via the Fermi integrals. The dependence of these 

quantities on the Fermi integrals makes the utilization of both these quantities inappropriate to 

understand the effect of each scattering mechanism on mobility 𝜇𝜇 and for a prediction of 

optimum carrier concentration. Therefore, the mobility parameter 𝜇𝜇0 is utilized instead of 𝜇𝜇H 

and 𝜇𝜇d. The mobility parameter can be expressed by Equation (2.20) after an algebraic re-

arrangement of Equation (2.18) and Equation (2.19): 
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𝜇𝜇0

=  
3
4
𝐹𝐹0.5 (𝜂𝜂) 𝐹𝐹−0.5 (𝜂𝜂)

𝐹𝐹02 (𝜂𝜂)
2𝐹𝐹0(𝜂𝜂)
𝐹𝐹−0.5(𝜂𝜂)

2𝑒𝑒
3𝑚𝑚SV

∗ 𝜏𝜏0
𝐹𝐹0(𝜂𝜂)
𝐹𝐹0.5(𝜂𝜂)

=
e𝜏𝜏0
𝑚𝑚SV
∗  

Equation (2.20) 

The 𝜇𝜇0 is extracted from the measured values of 𝑛𝑛 utilizing the Fermi integrals. Later, the 

mobility parameter is predicted by incorporating different scattering mechanisms (listed in 

Table 2.1) in the Matthiessen’s rule. The carrier scattering mechanism for most thermoelectric 

materials can be obtained by fitting the experimental data assuming a SPB model. Some 

materials might not obey single parabolic transport, then, other physical models (considering 

non-parabolicity, multi-band transport etc.) should be implemented for analyzing the transport 

properties. At high temperatures, AP scattering is the most dominant amongst all scattering 

mechanisms. Besides this, alloy scattering (AS) needs to be considered as an additional 

scattering mechanism for understanding transport in the Mg2X solid solutions. According to the 

power law, the energy dependence of the relaxation time 𝜏𝜏, which is limited by AP and AS, is 

given by  𝜏𝜏AP/AS ~ 𝜖𝜖−0.5  with 𝜆𝜆 = 0. Each scattering mechanism that is relevant to the work 

(listed in Table 2.1) presented in this thesis is briefly elaborated in the following part. 

The AP scattering [75] is a consequence of carrier-phonon interaction as described by Bardeen 

and Shockley. Generally, the atoms in a semiconductor possess thermal energy at temperatures 

𝑇𝑇 > 0 K which leads to a random vibration of atoms around their lattice position. A random 

vibration of atoms causes a perturbation of the periodic potential that scatter the carriers by 

interacting with them [56, 76]. In case of AP, the neighboring atoms in the lattice move in the 

same direction [77]. 𝜇𝜇d is computed using the Equation (2.17) by replacing 𝜏𝜏0 for AP scattering 

from the Table 2.1. The equation shows dependence of 𝜏𝜏0 (∝ 𝜇𝜇0) on 𝐸𝐸Def which is the 

deformation potential constant. 𝐸𝐸Def characterizes the interaction potential between electrons 

and phonons, which is why it is also called as electron-phonon interaction potential. 𝐸𝐸Def of 

common inorganic TE materials has been reported in the range between 5 –  35 eV [76]. A low 

𝐸𝐸Def translates to a weak interaction between carriers and phonons. A weak interaction could 

lead to a low scattering of carriers and thus a high mobility 𝜇𝜇. Consequently, this could lead to 

good TE properties given that the other parameters are optimized. 

The carrier scattering in alloys due to a random distribution of component atoms on the 

respective lattice sites is referred as alloy scattering [78]. The relaxation time due to AS is given 

by the expression [57] in Table 2.1. In the expression of the mobility parameter for the alloy 

scattering, 𝑁𝑁0 is the total number of atoms per unit volume (in the material) while 𝐸𝐸AS is the 
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alloy scattering potential which accounts for the carrier scattering effects by the fluctuations 

(caused by the atomic disorders, e.g. solid solutions). 

The GB scattering mechanism has been found to effectively scatter charge carriers near or 

below RT [79]. GB scattering stems from atomic defects that could be present at the grain 

boundaries in a material. These defects are incompletely bonded atoms which form trapping 

states for carriers and immobilize them [73]. GB scattering was found relevant for n-type Mg2Si 

materials [74], leading to a lower conductivity near 300 K –  400 K, and could be probably 

active for Mg2(Si,Sn) based solid solutions as well. This is because MgO can also be formed as 

an impurity in these materials like n-type Mg2Si. The magnitude of electrical conductivity is 

affected by the grain size (𝐵𝐵) and the barrier height (𝐸𝐸B) as can be seen from Table 2.1. The 

scattering of carriers due to dislocations, neutral impurities, and ionized impurities are not 

discussed because they are not highly relevant for Mg2X material system but they can be 

referred from [80].  

Using computational tools, the SPB model can be easily scripted and the parameters such as 

𝐸𝐸Def, 𝐸𝐸AS, and 𝜇𝜇0 can be extracted from the experimental data. The temperature dependent 

conductivity can be predicted using the SPB model by plugging these extracted parameters. 

Note that the transport properties are predicted till the temperature point, where a negligible 

influence of minority carrier band is found.   

 The Seebeck coefficient 

The Seebeck coefficient quantifies the re-distribution of carriers in a material whose ends are 

at a temperature difference. While any difference in temperature between the sample ends can 

induce a thermovoltage, a temperature difference of a few K is needed for the measurement of 

thermovoltage. A difference in the Fermi function due to the applied temperature difference is 

the physical reason for the generated Seebeck voltage. The Seebeck coefficient 𝑆𝑆 in the 

conduction band is derived from the relationship of Cutler and Mott [69, 81, 82]: 

𝑆𝑆𝑆𝑆 = −
𝑘𝑘𝐵𝐵
𝑒𝑒
� (𝜖𝜖 − 𝜂𝜂)
∞

0
𝜎𝜎′(𝜖𝜖)𝑑𝑑𝑑𝑑 Equation (2.21) 

Equation (2.21) consists of a difference between the reduced energy and the reduced Fermi 

level weighted with the differential conductivity (𝜎𝜎′(𝜖𝜖)𝑑𝑑𝑑𝑑) due to electrons at a reduced energy 

𝜖𝜖. The integration of weighing factor to the total conductivity due to carriers in a band 

i.e. (∫ 𝜎𝜎′(𝜖𝜖)∞
0 𝑑𝑑𝑑𝑑)/𝜎𝜎), gives an understanding that the Seebeck coefficient 𝑆𝑆 is related to the 

energy difference (𝜖𝜖 − 𝜂𝜂) i.e. the average energy 𝜖𝜖 at which the carriers flow with respect to 
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the Fermi level 𝜂𝜂 [69, 72]. The Seebeck coefficient (Equation (2.21) can be re-written by 

implementing (𝜖𝜖 =  𝐸𝐸avg 𝑘𝑘B𝑇𝑇⁄  and 𝜂𝜂 =  𝐸𝐸F 𝑘𝑘B𝑇𝑇⁄ ) as: 

𝑆𝑆 = −
1
𝑒𝑒𝑒𝑒

 (𝐸𝐸avg − 𝐸𝐸F) Equation (2.22) 

Therefore, (𝐸𝐸avg − 𝐸𝐸F) is called the electronic energy transported per electron. Besides, doping 

leads to a change in the 𝐸𝐸F as well as 𝐸𝐸avg which influences the Seebeck coefficient [56, 72]. 

The Seebeck coefficient 𝑆𝑆 of low doped semiconductors is quite large because 𝐸𝐸F is far below 

𝐸𝐸avg, which is near the band edge where the carriers flow. For a heavily doped semiconductor, 

a lower Seebeck coefficient is observed because the difference between 𝐸𝐸F and 𝐸𝐸avg decreases. 

Each of these mentioned cases can be intuitively understood by the illustration in Figure 2.2. 

 

 

Figure 2.2 Schematic of a CB along with the position of 𝐸𝐸F and 𝐸𝐸avg for (a) low and (b) high carrier concentration 

𝑛𝑛.  

For a low doped semiconductor, the tail of the Fermi window (Figure 2.1(b)), briefly discussed 

in 2.2.3, coincides with the bottom of the CB and consequently, the electrical conductivity is 

limited by the carrier states near the band edge. Unlike this case, the Fermi window lies deep 

within the band for a heavily doped semiconductor that has more states contributing to the 

transport [56, 72]. A simplified expression of the Seebeck coefficient 𝑆𝑆 for a SPB transport can 

be devised from the Equation (2.21) and rewritten as Equation (2.23). The reduced Fermi level 

𝜂𝜂 can be directly calculated from the measured Seebeck coefficient by [67]: 
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𝑆𝑆 =
𝑘𝑘B
𝑒𝑒
�

(2 + 𝜆𝜆)𝐹𝐹𝜆𝜆+1 (𝜂𝜂)
(1 + 𝜆𝜆)𝐹𝐹𝜆𝜆(𝜂𝜂)

−  𝜂𝜂� Equation (2.23) 

A complete derivation of this expression from the BTE can be looked up in [68]. The reduced 

Fermi level (𝜂𝜂) dependence of the Seebeck coefficient can be observed from Figure 2.3(a), 

which shows that the Seebeck coefficient 𝑆𝑆 decreases as 𝜂𝜂 increases and vice-versa. The value 

of 𝜂𝜂 is calculated from Equation (2.23) and the chosen model assumptions, and it is related to 

𝑛𝑛 and 𝑚𝑚D
∗  as given in Equation (2.13) for a particular temperature (here, 𝑆𝑆 vs 𝜂𝜂 at 𝑇𝑇 = 300 K 

is shown in Figure 2.3(a)).  

 

 

Figure 2.3 (a) The Seebeck coefficient 𝑆𝑆 as a function of 𝜂𝜂 at 300 K and 𝜆𝜆 = 0. (b) Experimentally measured 𝑆𝑆(𝑛𝑛H) 

for Bi- and Sb-doped Mg2Si0.3Sn0.7 at 300 K. The plot in (b) has been reproduced (adapted) from Ref. [83] with 

permission from the Royal Society of Chemistry. 

For high degeneracy (e.g. metals or heavily doped semiconductors) i.e. 𝜂𝜂 ≫ 0, and so the 

Equation (2.23) can be re-expressed by a second order approximation of the Fermi integral 

(𝐹𝐹𝑗𝑗(𝜂𝜂) = (𝜂𝜂𝑗𝑗+1 𝑗𝑗 + 1⁄ ) + (𝑗𝑗𝑗𝑗2 6⁄ ) 𝜂𝜂𝑗𝑗−1), which limits the 𝑆𝑆 as [1, 81]: 

𝑆𝑆 =  
8𝜋𝜋2𝑘𝑘B

2

3𝑒𝑒ℎ2
𝑚𝑚D
∗ 𝑇𝑇 �

𝜋𝜋
3𝑛𝑛
�
2
3 Equation (2.24) 

This expression shows that the Seebeck coefficient depends on 𝑚𝑚D
∗  as well as 𝑛𝑛 which must be 

high and low, respectively, for a high Seebeck coefficient. This expression can be utilized to 

gain a qualitative understanding of electrical transport in thermoelectric materials since good 

thermoelectric materials are heavily doped semiconductors. Besides, Figure 2.4 shows the 

temperature dependence of 𝜂𝜂 assuming that 𝑛𝑛 and 𝑚𝑚D
∗  are 𝑇𝑇-independent. 
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Figure 2.4 Schematic of a CB along with the change in position of 𝜂𝜂 with temperature in the 𝐸𝐸(𝑘𝑘) plot. 𝜂𝜂 decreases 

towards the CB edge and beyond as temperature increases. 

For a fixed 𝑛𝑛, 𝜂𝜂 decreases (moves towards the CB minima) with increasing temperature since 

the higher energy states get more heavily populated. Intuitively, the Seebeck coefficient 

increase with increasing measurement temperature thus, reflecting that the reduced Fermi level 

(𝜂𝜂) decreases. 

 Electronic contribution of thermal conductivity and total thermal 

conductivity 

An improvement of TE performance can be accomplished by optimizing the material such that 

the contribution of the electrical transport properties is as large as possible with a low thermal 

conductivity 𝜅𝜅. Achieving a low 𝜅𝜅 without having an adverse effect on the power factor has 

been the central theme of thermoelectric research for the past few decades and it is one of the 

key challenges to overcome. The thermal transport in a material is a broad topic of research in 

itself and here it is only discussed briefly, since the focus of this work is largely based on 

understanding the electrical transport in Mg2(Si,Sn).  

In any solid, heat can be transported in a number of different ways (phonons, free electrons or 

holes, excitons, photons etc.). The thermoelectricians mainly focus on thermal conductivity 

which is written as 𝜅𝜅 = 𝜅𝜅el + 𝜅𝜅lat + 𝜅𝜅bi. The total thermal conductivity has contributions from 

the electronic 𝜅𝜅el, lattice 𝜅𝜅lat and bipolar thermal conductivity (𝜅𝜅bi) (due to the formation of 

𝑒𝑒− − ℎ+ pairs).  
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Figure 2.5 Different strategies employed for phonon engineering that are categorized into methods affecting each 

component of 𝜅𝜅lat, such as specific heat (𝐶𝐶v), phonon group velocity (𝑣𝑣), and mean free path (𝑙𝑙). The figure has been 

reproduced (adapted) from Ref. [84] with permission from the Royal Society of Chemistry. 

The essential requirement to enhance the electrical conductivity of a material through heavy 

doping also leads to a significant contribution of the 𝜅𝜅el to 𝜅𝜅. Therefore, for a variety of 

materials, a lot of work focuses on reducing 𝜅𝜅lat, by employing strategies to scatter the phonons 

in addition to the usual phonon-phonon (Umklapp) scattering, e.g. by lattice disorder, grain 

boundaries, solid solution formation, dislocations, point defects, nanostructuring etc. [30-35]. 

𝜅𝜅lat is approximated by 𝜅𝜅lat = 1
3
𝐶𝐶v𝑣𝑣𝑣𝑣 [68, 84] where 𝐶𝐶v is the specific heat, 𝑣𝑣 is the phonon 

group velocity, 𝑙𝑙 is the phonon mean free path (describing the scattering processes), all 

corresponding to a phonon frequency. A variety of strategies to reduce 𝜅𝜅lat focus on reducing 

either of the parameters in the stated expression of 𝜅𝜅lat, which can be visualized in Figure 2.5. 

The figure also shows that 𝜅𝜅lat can be reduced by mechanisms other than the previously 

mentioned ones. These mechanisms include impurity scattering, utilizing TE materials with 

large unit cell, or materials with enhanced Umklapp scattering. Besides, the accurate estimation 

of the electronic contribution (𝜅𝜅el = 𝐿𝐿𝐿𝐿𝐿𝐿) to the total thermal conductivity 𝜅𝜅 depends on a 
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good estimation of the Lorenz number (𝐿𝐿). For single band transport, 𝐿𝐿 depends only on 𝜂𝜂, and 

is calculated using [57, 67, 85]: 

𝐿𝐿 =  �
𝑘𝑘B
𝑒𝑒
�
2 (1 + 𝜆𝜆)(3 + 𝜆𝜆)𝐹𝐹𝜆𝜆 (𝜂𝜂)𝐹𝐹𝜆𝜆+2(𝜂𝜂)−(2 + 𝜆𝜆)2𝐹𝐹𝜆𝜆+1(𝜂𝜂)2

(1 + 𝜆𝜆)2𝐹𝐹𝜆𝜆(𝜂𝜂)2
 Equation (2.25) 

Note that the scattering parameter plays a crucial role in the determination of 𝐿𝐿, therefore for 

the analysis of the properties, the carrier scattering mechanism must be resolved carefully to 

deduce the contributions from different mechanisms. For an analysis with an SPB transport 

(with 𝜆𝜆 = 0), the Lorentz number 𝐿𝐿 = 1.49 × 10−8 V2K−2 and 𝐿𝐿 = 2.44 × 10−8 V2K−2 is 

valid for the non-degenerate and degenerate regime (and for metals), respectively [84]. 

 Optimization of thermoelectric figure-of-merit 

Thermoelectric figure-of-merit, 𝑧𝑧𝑧𝑧, can be optimized using a SPB model for the temperatures 

below an onset of a significant contribution from the minority carriers. 𝑧𝑧𝑧𝑧 is then given by [64, 

67]: 

𝑧𝑧𝑧𝑧 =  
𝑆𝑆2

𝐿𝐿 + (𝜓𝜓𝜓𝜓)−1
 Equation (2.26) 

Here, 𝜓𝜓 is a function that depends on 𝜂𝜂 and 𝜆𝜆 (but not on microscopic material parameters), 

and is given as: 

𝜓𝜓 =
8𝜋𝜋𝜋𝜋

3
�

2𝑚𝑚0

ℎ2
�
1.5

(1 + 𝜆𝜆)𝐹𝐹𝜆𝜆(𝜂𝜂) Equation (2.27) 

𝛽𝛽, a material parameter, is a measure of the thermoelectric performance of any material [86]. 

The 𝛽𝛽 depends on microscopic material parameters such as 𝜇𝜇0, 𝑚𝑚D
∗  and 𝜅𝜅lat [67]:  

𝛽𝛽 =
𝜇𝜇0𝑚𝑚D

∗ 1.5𝑇𝑇2.5

𝜅𝜅lat
 Equation (2.28) 

The parameters 𝜇𝜇0, 𝑚𝑚D
∗  and 𝜅𝜅lat are determined from the experimentally measured properties 

(𝑆𝑆,𝜎𝜎, 𝜅𝜅 and 𝑅𝑅H) using the SPB model (here, with 𝜆𝜆 = 0). These parameters are then utilized to 

predict the transport properties using SPB model, and calculate 𝛽𝛽 along with 𝑧𝑧𝑧𝑧(𝑛𝑛) for the 

temperatures, where the influence of minority carrier band is negligible [83]. 
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 Mixed conduction 

Note that in the following text, the multiband model is discussed only for the case when a single 

minority band starts contributing to the transport properties. However, the equations discussed 

below are valid for the cases where more than one conduction or valence band contributes (e.g. 

energetically degenerate bands). 

The transport due to single carrier type can be confirmed by one of the following ways. First, 

by observing the slope of 𝑇𝑇-dependent Seebeck coefficient. With increasing temperature, the 

reduced Fermi level 𝜂𝜂 decreases and moves towards the conduction band edge (for n-type 

materials) and vice-versa, as visualized in Figure 2.4. At higher temperatures,  𝑒𝑒− − ℎ+ pairs 

are generated by thermal excitation, and the minority carriers from the minority band start 

contributing to the transport properties. An influence of minority carrier band can be observed 

from the 𝑇𝑇-dependent Seebeck coefficient curve, which achieves a peak absolute value. This 

contribution of the minority carriers due to thermal activation of 𝑒𝑒− − ℎ+ pairs is not accounted 

in the SPB model, and therefore, for such a case, the combined Seebeck coefficient is given by 

𝑆𝑆 = 𝑆𝑆h𝜎𝜎h+𝑆𝑆e𝜎𝜎e
𝜎𝜎h+𝜎𝜎e

. The SPB model is only applicable for temperature dependent thermoelectric 

transport properties before an activation of these pairs. Beyond this it is appropriate to model 

these properties using a multi-band transport model.  

Besides, the Seebeck coefficient 𝑆𝑆 of a material can be plotted as a function of its 𝑛𝑛H (or 𝑛𝑛), 

called a Pisarenko plot, to examine that the material obeys single parabolic band transport or 

not. The plot is constructed at a given temperature point, where the single parabolic transport 

is valid and it is mostly plotted at room temperatures. In Figure 2.3(b), a Pisarenko plot is shown 

for heavily doped n-type Mg2Si0.3Sn0.7 at 300 K. The data points lie on the orange dashed line 

which reflects that the 𝑚𝑚D
∗  of all the samples is constant and do not vary with 𝑛𝑛H (or 𝑛𝑛). 

Nevertheless, for a single dominant carrier type, it is desirable that the band structure of the TE 

semiconductor possesses multiple valleys in the active band(s), that are within the energetic 

interval of the conduction electrons, to observe a high Seebeck coefficient and electrical 

conductivity [64].  

In the case where minority carriers contribute to the transport properties, the SPB model is not 

strictly valid and a multiband transport model is needed for the description of the electrical 

transport properties. The multiband transport model can also be implemented in multivalley 

situations where the microscopic material parameters should be deduced from the SPB model 

as a starting case. Therefore, the following equations are adapted from [67, 87] that are 

generally required to model experimentally measured properties. 
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𝑛𝑛 = �𝑛𝑛𝑖𝑖
𝑖𝑖

 Equation (2.29) 

 

𝜎𝜎 = �𝜎𝜎𝑖𝑖
𝑖𝑖

 Equation (2.30) 

 

𝑅𝑅H =
∑ 𝑅𝑅H,𝑖𝑖𝜎𝜎𝑖𝑖2𝑖𝑖

(∑ 𝜎𝜎𝑖𝑖𝑖𝑖 )2
 Equation (2.31) 

 

𝑆𝑆 =
∑ 𝑆𝑆𝑖𝑖𝜎𝜎𝑖𝑖𝑖𝑖
∑ 𝜎𝜎𝑖𝑖𝑖𝑖

 Equation (2.32) 

 

𝜅𝜅el + 𝜅𝜅bi  = 𝑇𝑇�𝐿𝐿𝑖𝑖𝜎𝜎𝑖𝑖
𝑖𝑖

+
𝑇𝑇

∑ 𝜎𝜎𝑖𝑖𝑖𝑖
� 𝜎𝜎𝑖𝑖𝜎𝜎𝑘𝑘(𝑆𝑆𝑖𝑖

𝑖𝑖≠𝑘𝑘

− 𝑆𝑆𝑘𝑘)2 

Equation (2.33) 

Here, 𝑖𝑖 denotes the number of one type of bands, and 𝑘𝑘 represents the band with a conduction 

type opposite of 𝑖𝑖 (e.g. valence band, if 𝑖𝑖 represents conduction band). These equations 

correspond to the transport coefficients which include contributions of transport coefficients of 

individual bands with a single carrier type. Equations for each band depend on the 

electrochemical potential of that carrier type i.e. 𝑆𝑆1 = 𝑆𝑆(𝜂𝜂1) and 𝑆𝑆2 = 𝑆𝑆(𝜂𝜂2), which can be 

written for a two band (CB+VB) model as: 𝜂𝜂2 = −𝜂𝜂1 − 𝐸𝐸g. The 𝜂𝜂 values obtained for each 

band are plugged in the Fermi integrals 𝐹𝐹𝑗𝑗(𝜂𝜂) to compute the magnitude of transport 

coefficients as well as the contributions of each band to this magnitude. Furthermore, the use 

of appropriate signs in the equations of 𝑆𝑆 and 𝑅𝑅H are crucial in case where transport modelling 

is carried out assuming both type of carriers. The equation for modelling electronic thermal 

conductivity 𝜅𝜅el has two terms on the right side. The first term is identical to the one used for 

modelling using SPB model while the second term accounts for the interaction between 

different bands. Note that the Lorentz number 𝐿𝐿 is utilized only after determining the correct 

values of 𝜂𝜂, since 𝐿𝐿 for each band will be different. 
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 Material basics of Mg2X (X: Si, Sn) 

Heavily doped n-type Mg2X (X: Si, Sn) compounds and their solid-solutions show 

thermoelectric figure-of-merit comparable to other high-performance thermoelectric materials. 

Also, these materials are inexpensive, environmentally compatible and have a low mass 

density. These advantages make them preferred candidates for TEG applications in the 

intermediate temperature range of 𝑇𝑇 = 300 K –  800 K. On the other hand, the binary 

compounds of this material class find their application in other fields of science and 

engineering. For example, Mg2Si is used to strengthen aluminum alloys, which are used in 

aerospace and automotive industries [88-90]. Besides, Mg2Sn has shown to be a promising 

electrode material for batteries that yield high-power output [91, 92].  

 Physical properties 

 Crystal structure 

Mg2X materials crystallize in the cubic anti-fluorite (CaF2) crystal structure (space group 

Fm3�m). The Mg atoms occupy eight tetrahedral sites (8c) in the interior of the lattice cell and 

the X atoms occupy corner and face center positions (4a) of the cubic cell (shown in Figure 

2.6).  

 

 

Figure 2.6 Crystal structure of Mg2X (X = Si, Ge, and Sn) compounds. The octahedral interstitial sites (4b) can be 

occupied by Mg. The plot has been reprinted with permission from [93]. 

Besides, there are four interstitial sites corresponding to (4b) Wyckoff positions. 

Predominantly, Mg atoms occupy these octahedral positions (4b) in the Mg2X lattice, and the 

concentration of the Mg interstitials depends on the chemical environment and their relative 

stability. The lattice parameters of the Mg2Si1-xSnx lie between 6.354 Å and 6.764 Å that 

corresponds to binary Mg2Si and Mg2Sn, respectively [94]. The variation of lattice parameter 
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with 𝑥𝑥 is in accordance with the Vegard’s law. Mg2X are low mass density compounds (varies 

between 2 –  3.6 g/cm3) compared to other state-of-the-art thermoelectric materials such as 

Mg3X2 (X: Sb, Bi) (4.04− 5.84 g/cm3) [95], CoSb3 (7.64 g/cm3) [96] and half-Heusler, 

particularly, TiNiSn (7.9 g/cm3) system [97]. 

 Electronic band structure 

All Mg2X (X: Si, Sn, Ge) materials are indirect band gap semiconductors possessing similar 

electronic band structure. The band gap 𝐸𝐸g in Mg2X decreases with increasing atomic mass of 

X in group 14 elements. 𝐸𝐸g has been reported as 0.77 eV for Mg2Si, and 0.35 eV for Mg2Sn at 

0 K [98]. For Mg2Si1-xSnx solid solutions specifically, a change in the band structure with 

varying Sn content (𝑥𝑥) is shown in Figure 2.7. Here, the valence band maximum (VBM) is 

located at the 𝛤𝛤 point in the Brillouin zone while the conduction band minima (CBM) is at the 

𝑋𝑋 point. 

 

 

Figure 2.7 Band structure schematic showing the energy dependence of the electronic bands, both valence and 

conduction bands, on Sn content in Mg2Si1-xSnx based on DFT calculations. Particularly, the energetic position of 

the heavy conduction band (𝐶𝐶H) which contain electrons with a higher 𝑚𝑚SV
∗ , and the light conduction band (𝐶𝐶L) 

which contain electrons with a lower 𝑚𝑚SV
∗ , vary with the Sn content. The composition of 𝑥𝑥 = 0.65 ~ 0.7 shows a 

convergence of these two conduction bands. This figure has been reprinted with permission from [99]. 

In the past two decades, significant work has been done to optimize the TE properties of Mg2X 

(X: Si, Sn) materials and their solid solutions. The studies have been focused to enhance the 

thermoelectric transport properties of these materials by exploiting their band structure. 

Initially, Fedorov et al. [100] and Zaitsev et al. [98, 101, 102] concluded that the heavily doped 
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n-type Mg2Si1-xSnx solid solutions with 𝑥𝑥 =  0.6 –  0.7 show a comparatively high 

thermoelectric properties compared to the n-type binary compounds. The enhancement of 

thermoelectric properties is due to a convergence of the conduction bands. Using experimental 

and computational methodologies, Liu et al. [99] systematically proved the observations of 

previous study. As shown in Figure 2.7, the band structure of Mg2Si-Mg2Sn possesses a light 

(𝐶𝐶L) and a heavy (𝐶𝐶H) conduction band that are separated by an energy offset (∆E). This split 

conduction band has been a focus of many studies due to its considerable influence on the 

Seebeck coefficient and the electrical conductivity of these compounds [23, 103]. 

 Synthesis of Mg2X materials 

A variety of techniques has been reported for the synthesis of Mg2X materials. These techniques 

include direct melting of precursors [104, 105], induction melting of precursors [106, 107], melt 

spinning [108, 109], self-propagating high temperature reaction [110, 111], ball milling [53, 

112-116], arc melting of precursors [117, 118], B2O3 encapsulation [119, 120] etc. The material 

synthesized using each of these stated techniques is compacted utilizing a variety of sintering 

techniques e.g. hot pressing, spark plasma sintering etc. Therefore, the synthesis methodology 

of these materials consists a synthesis step and a high temperature sintering step. Each synthesis 

step has some disadvantages such as prolonged synthesis durations (days to weeks), high 

temperature treatment of precursors, repetitive steps (including high temperature heat treatment 

in some cases) to achieve homogeneous samples and so on. Note that any inconsistencies in the 

preparation of synthesis such as improper sealing of ampoules, insufficient purging of inert gas 

(or evacuation) of synthesis chamber etc. might lead to the formation of unwanted phases in the 

material. For example, a high vapor pressure of Mg (at high temperatures) and its tendency to 

oxidize quite easily leads to the formation of stable oxide (MgO). Due to this reason, obtaining 

phase pure samples of Mg2X and their solid solutions is a challenge. The stated disadvantages 

and the associated inconsistencies make the overall synthesis methodology cost ineffective.  

Considering the aforementioned issues with the synthesis of these materials, mechanical 

alloying (MA) was employed for the experimental work conducted in this thesis. The 

mechanism of the synthesis of Mg2X solid solutions was studied using mechanical alloying, 

which is detailed in Chapter 6. The effect of various synthesis parameters on the microstructure 

and TE properties was also understood. The results and analysis of this study are detailed in 

Chapter 6 and Chapter 8. As a result of these investigations, the optimized parameters for the 

synthesis of high-performance Mg2X solid solutions were determined. 
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 Point defects 

An irregularity in the crystal lattice that has one or more dimensions of an atomic diameter 

order is known as a crystalline defect. Crystalline materials commonly contain a variety of 

defects in large concentration. These defects are classified as point defects (PD), one-, two- or 

three-dimensional defects based on the geometry or dimensionality of that defect. The 

concentrations of these imperfections in any material have observable effects on their 

microstructure. The concentration of defects is manipulated to control or enhance the electronic, 

magnetic, optical or mechanical properties [121] of materials. 

Point defects arise in a perfectly arranged lattice structure of a material and can be charged in 

semiconductors. Depending on the density of these defects, they are known to influence the 

electrical and thermal transport properties. This reason makes charged point defects interesting 

for the studies conducted within the scope of this thesis. Therefore, the point defects are 

discussed here in detail while the discussion of other types of defects is neglected. In general, 

PD can be classified into two categories: intrinsic and extrinsic defects as shown in Figure 

2.8(a).  

 

 

Figure 2.8 a) Classification of point defects and b) Illustration – Intrinsic (top) and Extrinsic (bottom) point defects. 

The figure in (b) has been re-printed under the terms of the Creative Commons Attribution-Non Commercial-No 

Derivatives License and requires no permission for non-commercial use [121].  

Intrinsic PD consist of chemical species that are part of the base compound, therefore, they are 

also called native defects. They can be vacancies, self-interstitials or anti-site (only found in 

compounds) defects. Vacancies are voids where atoms or ions are missing from their normal 

site in the crystal structure. Self-interstitials are atoms or ions identical to those at the normal 

lattice sites but positioned in an interstitial position. The anti-site defects can be identified in an 

ordered alloy or compound where the atoms of one type of element are present on the lattice 
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site where the atoms of other element should in principle be present [122]. All intrinsic defects 

mentioned are visualized in the upper part of Figure 2.8(b), which depicts an orderly 

arrangement of atoms in a lattice. Extrinsic defects, on the other hand, which are usually 

referred to as impurities, are foreign chemical species introduced in the lattice sites of a bulk 

material. They include substitutional atoms and extrinsic interstitials. In the former type of 

defect, the foreign atoms replace the original atoms that normally occupy the lattice sites in a 

bulk material. The extrinsic interstitials are foreign atoms that occupy interstitial lattice sites of 

the material. These are visualized at the bottom part of Figure 2.8(b). The density of intrinsic 

and extrinsic point defects affects the electronic properties in any semiconductor. For this 

purpose, they are generally exploited to enhance their properties. A variation in the 

concentration of these intrinsic and extrinsic defects can cause changes in the Fermi level 𝐸𝐸F 

[123, 124], the band gap 𝐸𝐸g [125, 126] or even affect the band structure of materials in other 

ways [127, 128]. In all thermoelectric materials, point defects are used as a lever to achieve the 

desired electrical properties. Specifically, the density of (charged) native point defects have 

been manipulated in PbTe [129-131], Bi2Te3 [132-134], and other TE materials (half-Heusler 

[135-137], Mg3X2(X: Sb, Bi) [138, 139]) to enhance their thermoelectric performance. 

Several computational studies focusing on intrinsic and extrinsic defects in binary Mg2X 

materials have been conducted. The nature (charged or neutral) of different intrinsic defects 

and their relative stability in different growth conditions are investigated computationally. The 

formation energy of extrinsic defects and its dependence on the growth conditions (Mg-rich or 

Si/Sn-rich) have been studied for these materials as well. Liu et al. [93] studied the Fermi 

energy dependencies of the formation energies of intrinsic defects in binary Mg2X (X: Si, Sn, 

Ge) with respect to the chemical potential of Mg, i.e. for Mg-rich and Mg-poor environments. 

They found Mg-interstitials (𝐼𝐼Mg) and Mg-vacancies (𝑉𝑉Mg) to be the most dominant point 

defects owing to their low formation energy. They demonstrated that 𝑉𝑉Mg always carries two 

negative charges i.e. 𝑉𝑉Mg2−, in the entire Fermi energy range independent of the chemical 

environment. On the other hand, the 𝐼𝐼Mg forms mainly in the Mg-rich environment and its 

charge depends on the position of the Fermi level. When the Fermi level is within the calculated 

band gap range, 𝐼𝐼Mg is 𝐼𝐼Mg2+ i.e. carries two positive charges. They also found that 𝑆𝑆𝑆𝑆Mg (an anti-

site defect) is one of the most stable defects in Sn-rich (or Mg poor) environment but its charge 

(0/+1/−1) depends on the position of the Fermi level 𝐸𝐸F. All these native defects contribute 

to the total carrier concentration of these materials. Accordingly, the chemical potential of Mg 

is often regulated by the addition of excess Mg during synthesis. As a result, Mg2Si always 

shows n-type conduction while the conduction type of Mg2Sn depends on the chemical potential 
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of Mg. To sum up, the chemical environment plays a crucial role for the formation of intrinsic 

defects in Mg2X based materials. Moreover, Mg-related defects are charged and the most stable 

amongst all intrinsic defects. Correspondingly, these defects influence the conduction type and 

carrier concentration of Mg2X based materials. 

Computational studies were also conducted in search of suitable impurities to enhance the 

electrical properties of Mg2Si and Mg2Sn. Tani et al. [140, 141] carried out a systematic study 

using first-principles calculations considering a variety of elements namely H, Li, Na, K, Rb, 

Sc, Y, La, B, Al, Ga, In, N, P, As, Sb, Bi, Cu, Ag and Au to be used as extrinsic dopants in 

Mg2Si and Mg2Sn. The results showed that Li, Na and Ga (in Mg2Si) induced p-type 

conduction, while Sc, Y, La, As, P, Sb, Bi and N all resulted in n-type conduction. For Ag and 

Cu, the site preference depends on the chemical potentials of Mg and Sn i.e. both Ag and Cu 

prefers to substitute Sn in Mg rich conditions and vice versa. Besides, the formation energy of 

Au was mostly lower compared to Ag and Cu and independent to the atomic chemical potential 

of Mg and Sn. Au prefers to substitute Sn over Mg for the entire range of chemical potential. 

The other elements (Ga (in Mg2Sn) and In) had different conduction types, depending on the 

chemical potential of Mg and Si/Sn, respectively. In Mg2Sn, the formation energies of group 

I(a) elements at their solubility limits were lower when substituting Mg compared to Sn, except 

for the H substitution on the Mg-site. Overall, the group V elements showed better solubility in 

both Mg-rich and Mg-poor conditions and therefore they are preferred candidates for 

substitution. These elements introduce n-type character in the transport properties of the 

material. Moreover, the heavy elements Sb/Bi as dopants also provide mass fluctuation to 

enhance point defect scattering of phonons. Therefore, usually Sb or Bi are substituted on the 

X site in Mg2X (X: Si, Sn) binaries and solid solutions [45, 99, 142-144].  

Jiang et al. [144] have experimentally shown that the thermoelectric properties of Mg2(Si,Sn) 

can be enhanced by substitution of Sb on Si/Sn sites. They also studied an interplay between 

Sb and 𝐼𝐼Mg and 𝑉𝑉Mg. In this work, they showed that the increasing Sb concentration in the 

material affects the concentration of 𝑉𝑉Mg, and also that excess Mg facilitates the formation of 

𝐼𝐼Mg both of which influence the carrier concentration 𝑛𝑛 of the material. A 𝑧𝑧𝑧𝑧~1.1 was achieved 

for Mg2Si0.4Sn0.6-xSbx with x = 0.1. Kato et al. have also shown that annealing Sb-doped Mg2Si 

[145] and Sb-doped Mg2Si0.5Sn0.5 [146] in different Mg partial pressure environment has a 

significant influence on their electrical transport properties and underlying parameters. The 

samples corresponding to the stated compositions were synthesized by taking excess Mg. The 

authors found a decrease in the carrier concentration 𝑛𝑛 and the mobility 𝜇𝜇 of the material on 

annealing the material in Mg-poor environment. These materials recover their original carrier 
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concentration 𝑛𝑛 on annealing them in Mg-rich environment. Kato et al. also found that the 

carrier concentration 𝑛𝑛 increases with increasing Sb content in Mg2Si1-xSbx up to 𝑥𝑥 ≤ 0.1 and 

decreases beyond this. They explained this as a vacancy stabilization mechanism due to defect 

(vacancy – dopant) association between 𝑉𝑉Mg and SbSi/Sn. The experiments by Jiang et al. and 

Kato et al. suggest that the transport properties are sensitive to Mg and a further increase in Sb 

content beyond a certain limit promotes the formation of 𝑉𝑉Mg. This interplay of Mg to Sb 

content suggests that there is probably a 𝑉𝑉Mg − SbSi/Sn association.   

Overall, the chemical potential of elemental species and the chemical environment around the 

material governs the density of charged intrinsic and extrinsic defects as shown by 

computational and experimental studies. The experimentally observed variations in the 

thermoelectric properties due to the change in defect density qualitatively agree with the 

computational studies however, there are certain discrepancies that cause deviations in these 

investigations on comparison. These discrepancies can arise from underlying conditions or 

parameters; the synthesis parameters in experiments or the chemical potential inputs in the 

computational investigations. Therefore, the observations from both types of studies are equally 

important to assess the impact of native defects on the TE properties. The existing 

understanding of the behavior of intrinsic defects in binary Mg2X materials is currently 

extrapolated to Mg2Si-Mg2Sn solid solutions to better understand the sensitivity and the effect 

of native defects on the TE properties because very limited information is available in this 

regard [147]. All the studies conducted within this thesis utilize Sb as a dopant on SbSi/Sn. All 

the samples were synthesized with excess Mg, which would emulate Mg-rich chemical 

potential. Besides this, for one study, investigated in Chapter 7, Sc was substituted on the Mg 

site to investigate its influence on the transport properties. 

 Pseudo-binary phase diagram of Mg2Si–Mg2Sn 

The understanding of the equilibrium phase diagrams of thermoelectric materials is necessary 

to get a good idea of their synthesis conditions and thermochemical stability. The chemical 

stability of materials is quite relevant aspect because these materials are utilized for long-term 

high temperature applications. The understanding is helpful to further comprehend the high 

temperature driven evolution of the secondary phases or chemical reactions, if any, between 

the main phase and a secondary phase (e.g. in composites), which is occasionally added on 

purpose to enhance the thermoelectric performance of these materials.  

Besides, assessing or constructing phase diagrams is also a starting point to identify suitable 

contacting solutions [148]. Nevertheless, for thermoelectric applications, it is generally 
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expected that these materials should be homogeneous, mechanically stable, and no structural 

and chemical changes shall occur at application temperatures.  

There have been lots of experimental studies focused on investigating the equilibrium phase 

diagram of the Mg2Si-Mg2Sn material system that report the presence of a miscibility gap with 

the phase boundaries of Sn-rich and Si-rich phases. The phase boundaries of these phases are 

however reported differently in each study [53, 55, 149-153]. These studies also show a 

discrepancy in the upper temperature limit (750 °C − 850 °C) of the miscibility gap. The 

literature reports indicate that at 700 °C, the solubility limit of Sn in Mg2Si is in the range 

0.1 <  𝑥𝑥 <  0.45, where 𝑥𝑥 is the Sn content while the solubility limit of Si in Mg2Sn varies 

from (1 − 𝑥𝑥)  =  0.6 –  0.9. These reports therefore suggest that both the phase boundaries and 

the upper temperature limit of the phase stability are disputed.  

In this direction, recent work by Yi et al. [53] demonstrates that a single phase Mg2Si0.7Sn0.3 is 

achievable at 720 °C through a homogenization of binary Mg2Si and Mg2Sn powders by a high 

energy ball milling and spark plasma sintering. More specifically, the authors ball-milled the 

respective binaries to form the desired solid solution composition, which according to the 

previous reports, lies in the miscibility gap. In order to check the immiscibility of the 

synthesized phase, they annealed the sample for prolonged duration (3 h and 7 h at 720 °C) 

and found no phase separation, which is not expected from a phase diagram with a miscibility 

gap. This means that the composition was stable at 720 °C, which is in clear disagreement with 

the previously reported experimental [149] and theoretical [154-156] equilibrium phase 

diagram. Besides this, Yasseri et al. [152] have recently proved a complex temperature 

dependence of the miscibility gap. In this investigation, they concluded that Mg2Si1-xSnx with 

𝑥𝑥 =  0.5 –  0.7 (which correspond to the compositions showing best thermoelectric 

performance), are stable at 𝑇𝑇 < 700 °C. They furthermore showed that the presence of Mg-Sn 

melt (at 600 °C) modifies the diffusion compared to a typical solid-state diffusion. Yasseri et 

al. [152] also showed that high temperature annealing leads to a decomposition of Mg2Si-

Mg2Sn solid solution that eventually progresses in the release of elemental Si and Sn, both, due 

to strong Mg loss. In a separate study by Yasseri et al. [55] published recently, they conducted 

annealing experiments (at 𝑇𝑇 ≤ 600 °C) on Mg2Si0.5Sn0.5, also in the miscibility gap, and showed 

an influence of Mg partial pressure on the stability of Mg2Si-Mg2Sn compositions within the 

gap. Independent of the annealing temperatures, the investigations conducted by both Yi et al. 

and Yasseri et al. show a discrepancy in their results from previously published reports. Each 

of these investigations highlighted a potential effect of strain induced due to coherent interfaces 

between grains of the demixing phases, which is usually not considered when establishing an 
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equilibrium phase diagram. The origin of coherence strain is the lattice mismatch between the 

constituent binaries (Mg2Si and Mg2Sn) and hence Si-rich and Sn-rich solid solutions. This 

strain energy has a large contribution to the free energy of mixing and stabilizes a disordered 

system against demixing.  

The discussed studies are highly relevant from the synthesis point-of-view and to understand 

the degradation mechanism which occurs as a result of long-term high temperature annealing. 

An effect of high temperature treatment on the structural, chemical and temperature dependent 

TE properties of samples (powder and sintered pellet, respectively) are sought. Moreover, 

readily available semiconductor physics-based models (SPB, 2PB etc.) that are employed to 

analyze transport properties also necessitate single phase character of the material. Therefore, 

a knowledge and understanding of the phase diagram is important. 

 An overview of TE properties of Mg2X (X: Si, Sn) solid solutions 

In the previous section, the different characteristics associated with the Mg2X material system 

and their correlation to their thermoelectric properties have been discussed. Each of them can 

be (has been) used as a lever to achieve an improved thermoelectric performance of these 

materials. This sub-section deals with an overview of thermoelectric properties of n-type 

Mg2Si1-xSnx that are reported, with an emphasis on the compositions with 𝑥𝑥 =  0.6 –  0.7. The 

transport modelling results from the study of Bahk et al. [23] highlight that Mg2Si1-xSnx with 

𝑥𝑥 =  0.6 –  0.7 show the best 𝑧𝑧𝑧𝑧max at ~700 K (Figure 2.9(a)). The properties were modelled 

using a multi-band (2CB + 1VB) model. A high TE performance results from an enhancement 

of the Seebeck coefficient. The convergence of the conduction bands leads to an enhanced 

valley degeneracy 𝑁𝑁V (near the conduction band edge, as shown in Figure 2.9(b)), thus, results 

in an increase in 𝑚𝑚D
∗  which therefore, leads to an enhancement of the Seebeck coefficient. 

Furthermore, alloying causes the mass fluctuation which leads to a decrease in 𝜅𝜅lat of these 

materials compared to binaries and other solid solutions of this class.  

A deviation between the experimental to the modeled 𝑧𝑧𝑧𝑧 is observed for 𝑥𝑥 =  0.6, 0.7 due to a 

variation in the carrier concentration 𝑛𝑛 (Figure 2.9(a)). Note that 𝑛𝑛 shown here is measured at 

700 K assuming a SPB model with the Hall factor 𝑟𝑟H = 1, which is practically ~1.1. The 𝑧𝑧𝑧𝑧 

values reported by Liu et al. [83] fit well with the model while those reported by Søndergaard 

et al. [157] deviate from the model. One crucial difference between the cited literature is their 

employed synthesis route. For a ubiquitous agreement between experimental and modeled 

properties, a synthesis route with excellent process control and reproducibility of thermoelectric 

properties is necessary. This is because the synthesis routine would affect the properties of 
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Mg2X solid solutions as thoroughly discussed in section 2.3. Employing a robust synthesis 

routine will also enable extracting reliable microscopic material parameters through band 

modelling.  

 

 

Figure 2.9 a) 𝑧𝑧𝑧𝑧 of Mg2Si1-xSnx (with 𝑥𝑥 =  0 –  1) as a function of doping density at 700 K. The plot has been 

reproduced from the results reported by Bahk et al. [23]. The measured 𝑛𝑛H and the experimental 𝑧𝑧𝑧𝑧 reported by Liu 

et al. [83] (𝑥𝑥 =  0.7) (Bi-doped) and Søndergaard et al. [157] (𝑥𝑥 =  0.6) (Sb-doped) is shown. 𝐸𝐸 vs 𝑘𝑘 schematic for 

these compositions is shown in (b) that represents the convergence of the conduction bands responsible for an 

enhancement of the Seebeck coefficient, and thus, 𝑧𝑧𝑧𝑧 shown in (a). A schematic of the corresponding Brillouin zone 

is also shown in (c) [83]. The presented figure has been reprinted with permission from [23, 83, 157] respectively. 

Besides this, the long-term stability of Mg2X-based solid solutions at elevated temperatures is 

crucial for TEGs made from them to operate for longer duration. Previous studies have shown 

that these materials have a poor stability at high temperatures, which has been a significant 

challenge to overcome. The high temperature instability stems from: a high vapor pressure of 

Mg that leads to Mg loss [149, 158], a formation of stable secondary phases (such as MgO, Si-

/Sn-rich Mg2Si1-xSnx, elemental Si and Sn) [107, 159], dopant segregation [160, 161], unstable 

desired phase or thermodynamically driven separation of solid solution to constituent Si-rich 

and Sn-rich phases [151, 152, 162] etc. In this direction, Bourgeois et al. [163] studied the 

thermal stability of Mg2Si0.75Sn0.25 (both powder and compact) by temperature dependent in situ 

X-ray powder diffraction in Ar atmosphere where they found that the sample decomposes into 

another Mg2Si1-xSnx composition, Si and MgO at 630 K. Additionally, no significant change 

was observed on the transport properties of Mg2Si0.75Sn0.25 even after annealing the pellets at 

875 K for a month in fused silica tubes. Andersen et al. [42, 164] conducted temperature 



Chapter 2 
 

52 
 

dependent in-situ synchrotron structural characterization on cation (Ca/Zn) and anion (Sb/Bi) 

doped Mg2Si0.4Sn0.6 powder. Thermal cycling during in-situ synchrotron measurement on these 

samples caused only minor changes in the peaks corresponding to secondary phases. Yin et al. 

[42] examined the thermal stability of Sb-doped Mg2Si0.3Sn0.7 in vacuum and air. On heating at 

773 K, the material oxidizes in air whereas it experiences loss of Mg and Sn from the matrix 

in vacuum. They also investigated the role of coating in the prevention of material degradation 

and sample properties. The samples were coated with boron nitride (BN) and annealed in 

vacuum and air at 773 K and 823 K, respectively. Yin et al. found no change in the (micro-

)structure and high-temperature transport properties of the coated samples when they are 

subject to annealing in air and vacuum at 773 K. The coated samples annealed in air at 823 K, 

nevertheless, showed a poor chemical homogeneity (with areas rich in Mg2Si, and elemental 

Mg and Sn) and a deterioration of thermoelectric properties. Zhang et al. [165] also studied the 

effect of annealing on Sb-doped Mg2Si0.4Sn0.6 both with and without coating. They showed that 

the material oxidizes when annealed at elevated temperatures in air. Moreover, the material 

subject to annealing in a highly pure inert atmosphere does not prevent its oxidation. Al2O3 

coating on the sample provides resistance against degradation compared to an uncoated sample. 

All the cited studies show that at the elevated temperatures of annealing (or TEG operation), 

the Mg2X based solid solutions are not stable and readily degrade in to Si-rich and Sn-rich 

Mg2(Si,Sn) or lose Mg, and form MgO. However, these investigations also show that the 

material degradation can be suppressed by using a suitable coating material (BN, Al2O3) that 

prevents Mg loss or oxidation. The effect of annealing on the 𝑛𝑛, 𝑚𝑚D
∗  and 𝜇𝜇 of the materials (at 

room temperature) in different studies from Yin [42], Zhang [165] and Kato [146] can be 

observed from Figure 2.10. The apparent deviation also affects corresponding thermoelectric 

properties which are not shown here. The investigations of Yin et al. summarize that lowering 

of carrier concentration 𝑛𝑛 is due to the Mg loss, which promotes formation of 𝑉𝑉Mg while a 

lowering of the mobility 𝜇𝜇 is attributed to the formation of Mg2Si nanostructures and other 

structural changes. Zhang and co-workers have also attributed a loss of 𝑛𝑛 to the formation of 

charged Mg vacancies 𝑉𝑉Mg. Particularly, Mg vacancies form localized hole states in the band 

structure, which trap the electrons. The authors suggest that these vacancies do not provide 

extra holes to the system and also do not move the Fermi level towards the valence band as 

inferred by the rigid band modelling approach. Annealing investigations conducted by Kato et 

al. on Sb-doped Mg2Si0.5Sn0.5 in different Mg partial pressure environment show a variation in 

𝑛𝑛 and 𝜇𝜇, which is also attributed to the variation in the 𝑉𝑉Mg concentration. 
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Figure 2.10 Plots showing variation in a) 𝑛𝑛, b) 𝑚𝑚D
∗  and c) 𝜇𝜇 before and after annealing Mg2Si0.3Sn0.7 [42] (study 

number 1), Mg2Si0.4Sn0.6 [165] (study number 2) and Mg2Si0.5Sn0.5 [146] (study number 3), all doped with ~0.067 

at.% Sb. Note that for Kato’s study the annealing was conducted in different Mg partial pressure environment (Mg-

rich (10 Pa) and Mg-poor (0.1 Pa)). Some microscopic material parameters such as 𝑚𝑚D
∗  for Kato’s data and 𝑚𝑚D

∗  and 

𝜇𝜇 corresponding to Zhang’s study shown here were not published but numerically obtained by analyzing RT 

thermoelectric properties from corresponding reports using a SPB model developed for the work presented in this 

thesis. 

The transport properties measured after annealing in these reports plausibly have contributions 

from the effects (Mg loss, secondary phases, Si-/Sn-rich areas, MgO etc.) mentioned earlier. 

Based on the structural and chemical characterizations, these investigations speculate about the 

degradation mechanism at the annealing temperature 𝑇𝑇anneal only qualitatively. More 

specifically, both the different stages of degradation (inhomogeneity in matrix, Mg loss, 

formation of secondary phases etc.) and their chronology are unclear, which would have 

otherwise enabled to systematically devise a mechanism. Moreover, these stages are not 

spatially and temporally differentiated and most probably have their combined influence on the 

transport properties, which is often difficult to disentangle. As a result, the thermoelectric 

properties measured after annealing might not be representative of a single phase. Therefore, 

an in-depth understanding of the different stages of the degradation of material due to a heat 

treatment and their correlation to the transport properties necessitates a strategy to measure 

these properties at operation temperatures for prolonged durations.  

 Thermoelectric transport properties of n-type Mg2X based solid solutions 

 Electrical properties 

The temperature dependent Seebeck coefficient 𝑆𝑆 and electrical conductivity 𝜎𝜎 of Sb/Bi-doped 

Mg2Si0.4Sn0.6 and Mg2Si0.3Sn0.7 are shown in Figure 2.11 which are arguably the compositions 

with the best thermoelectric properties.  
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Figure 2.11 𝑇𝑇-dependent 𝑆𝑆 and 𝜎𝜎 of Mg2Si1-xSnx with 𝑥𝑥 =  0, 0.6, 0.7 and 1. The data is taken from the reports 

published by Bux et al. [115], Goyal et al. [166], Yin et al.  [42, 44], Liu et al. [45, 83, 99], Zhang et al. [41, 43, 46] 

and Zhu et al. [167]. Each of these studies used 3 − 7 at.% excess Mg to compensate for the Mg loss. Note that the 

transport properties of Sb doped compositions of both binaries are shown for comparison.  

The Seebeck coefficient increases while the electrical conductivity decreases with increasing 

temperature, respectively, which reflects a characteristic temperature dependence of a heavily 

doped semiconductor. The negative Seebeck coefficient shows that the electrons are the 

majority carriers contributing to the transport. The plot also shows that samples with identical 

composition show a nearly identical temperature dependence of the electrical transport 

properties but with an obvious variation in their absolute values. The thermoelectric properties 

that are reported in different studies are not in good agreement, especially for the similar starting 

composition of the Mg2X solid solution. The probable reasons can be the employed synthesis 

procedure, synthesis parameters (sintering time (𝑡𝑡sinter) and temperature 𝑇𝑇sinter), starting Mg 

concentration or a difference in the type and concentration of the substituted impurity (Sb/Bi) 

or due to inhomogeneities in the material. The carrier concentration 𝑛𝑛 at RT for some of the 

compositions (~0.067 at.% Sb doped (i.e. Mg2−𝛿𝛿(Si0.3Sn0.7)0.98Sb0.02) in Figure 2.11) are 

shown in Figure 1.6(b), which shows drastic variations from one another and implies that the 

material synthesis is unoptimized. The synthesis of the binary and the solid solutions of Mg2X 

and its optimization have been systematically studied previously. However, the optimization 

has only been focused on varying either the dopant concentration [44, 83, 99, 115, 166, 167], 

or the consolidation parameters [168, 169], in some other few cases. A systematic study to 

investigate an influence of different synthesis parameters, if any, on the thermoelectric 

properties of Mg2Si1-xSnx (with 𝑥𝑥 =  0.6, 0.7) is unavailable. Therefore, investigations focusing 

on understanding the effect of various synthesis parameters on the thermoelectric properties are 
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necessary. Analyzing thermoelectric properties will furthermore make it possible to establish a 

quantitative correlation between synthesis parameters and the properties. This would lead to an 

optimized set of synthesis parameters. 

 Thermal properties 

The synthesis of Mg2Si1-xSnx (with 𝑥𝑥 =  0.6, 0.7) not only leads to an enhancement in the 

Seebeck coefficient values but also a lower 𝜅𝜅lat compared to their respective binaries due to a 

contrast of elemental mass between Si and Sn. This leads to a high figure-of-merit 𝑧𝑧𝑧𝑧 = 1.3 −

1.4 for these materials. The room temperature (300 K) 𝜅𝜅lat as a function of Sn content in 

Mg2Si1-xSnx is shown in Figure 2.12. 𝜅𝜅lat of p-type and n-type Mg2Si1-xSnx samples (with 𝑥𝑥 =

0.6 − 0.7) is also shown for comparison. 

 

 

Figure 2.12 Calculated [171] (dashed green) and experimental 𝜅𝜅lat (symbols) of undoped [83, 166, 172] (with 𝑥𝑥 =

0 − 1), n-type [83, 99, 166, 170] and p-type [114, 120] Mg2Si1-xSnx at 300 K. 

The data shows that the 𝜅𝜅lat of heavily doped samples is comparatively low than the undoped 

samples (except for the samples synthesized by Dasgupta et al. [170]). The experimental data 

generally agree well with the simulated values that were calculated assuming different phonon 

scattering mechanisms (namely Umklapp scattering, scattering due to alloy disorder, 

nanoparticles and GB contributions). The simulated data was obtained by plugging suitable 

values of the microscopic material parameters in the model which showed lowest lattice thermal 

conductivity for Mg2Si0.4Sn0.6. The plot also shows that statistically the experimental 𝜅𝜅lat of 

𝑥𝑥 =  0.6 is lowest amongst all. Besides, the plot shows that the experimental data does not 
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perfectly agree with each other as well as with the simulated one. The possible reasons of 

imperfect agreement can be different employed synthesis route that causes grain size variation, 

different starting Mg concentration, higher density of microstructural defects (such as intrinsic 

and extrinsic point defects, grain boundaries, dislocations etc.), and measurement uncertainties. 

An optimization of the synthesis route could enable to achieve more reliable values of 

microscopic material parameters to simulate 𝜅𝜅lat and reduce relative deviation between 

experimental and calculated values.  

Note that heavily doped Mg2Si0.4Sn0.6 was chosen for the experimental investigations presented 

in this thesis, since this composition has shown the best thermoelectric performance. The 

thermoelectric PF of Mg2Si0.3Sn0.7 is in tendency higher than of Mg2Si0.4Sn0.6 but the modelling 

results show that the 𝜅𝜅lat is comparatively lower for the latter composition. As a result, the 

overall TE performance of both these compositions is quite identical. 
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 Summary of Research 

 Summary 

In this chapter, the most relevant scientific questions related to the optimization of 

thermoelectric properties of n-type Mg2(Si,Sn) are described. In this context, the importance of 

highly reproducible synthesis route is emphasized and a possible effect of variation in intrinsic 

defect density on the thermoelectric properties is also highlighted. Furthermore, the topic of 

thermal stability of these materials is discussed briefly and the challenges in capturing the 

degradation mechanism are underscored. An overview of the problems related to the 

thermoelectric optimization and the issues in understanding the degradation mechanism of n-

type Mg2(Si,Sn) provide a foundation to investigate composition-synthesis-microstructure-

property relationships in these materials. Later, the tools, techniques and the approaches 

employed to address these questions are detailed in the overview section. 

 Scientific questions 

The n-type Mg2Si1-xSnx (with 𝑥𝑥 =  0.6 –  0.7) shows 𝑧𝑧𝑧𝑧max ≈ 1.3 − 1.4 owing to a high 

Seebeck coefficient due to the convergence of the conduction bands and a low lattice thermal 

conductivity 𝜅𝜅lat due to a mass difference in their elemental constituents (Si and Sn). As 

previously stated, the control of the density of defects (both intrinsic and extrinsic) is crucial to 

achieve an optimized thermoelectric performance. A variation in the density of one or both 

types of defects can lead to an observable change in the electrical and thermal transport 

properties. The optimization studies on Mg2X solid solutions are largely focused at determining 

the (extrinsic) dopant concentration to achieve the best thermoelectric properties. On comparing 

the thermoelectric properties of n-type Mg2(Si,Sn) (measured in different experimental studies), 

it is found that there is a large relative deviation (even beyond measurement uncertainty) for an 

identical extrinsic defect concentration. One possible reason for this deviation could be the 

chosen synthesis route, which leads to an inhomogeneous microstructure and prevents complete 

dopant incorporation in the material. In a few studies with detailed microstructural analysis, the 

extrinsic dopant atoms were found to be segregated at the grain boundaries. It could be possible 

that the dopant was added beyond the solubility limit which did not dissolve in the lattice of the 

grains in Mg2Si and Mg2(Si,Sn) materials. Taking these observations into context, the observed 

thermoelectric properties are lower compared to the properties predicted using established 

semiconductor band structure models.  
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Beyond the stated observations, the question of particular interest is whether this lowering can 

be due to a sensitivity of the transport properties to the variation in the intrinsic defect density 

as well. In this regard, only a few studies have been focused on investigating the plausible 

influence of native charged point defects on the thermoelectric properties of n-type Mg2X solid 

solutions. The current understanding of the influence of varying intrinsic defect density on the 

thermoelectric properties of Mg2X solid solutions originates from the investigations conducted 

on binary Mg2Si and Mg2Sn materials but systematic investigations on solid solutions are 

scarce. 

Mg2X materials are promising candidates for TEG applications but their thermal stability has 

been a pressing issue which prevents them to be used for commercial purposes or real-world 

applications. In this regard, several annealing studies have been carried out on high performance 

n-type Mg2X solid solutions at (and beyond) application temperatures to observe any changes 

in their thermoelectric properties. These investigations are largely focused on understanding 

the degradation mechanism of these materials and providing probable solutions to prevent their 

degradation e.g. by coating. Previous studies conclude that the degradation of thermoelectric 

properties of n-type Mg2X materials and their solid solutions is driven by the formation of 

charged Mg vacancies. Mg vacancies form as a result of Mg loss due to its high vapor pressure 

at high temperatures. The formation of Mg vacancies leads to a variation in the majority charge 

carrier density as they are doubly charged acceptor defects. The results also show a variation in 

the carrier mobility 𝜇𝜇 and the density-of-states effective mass 𝑚𝑚D
∗  due to high-temperature 

annealing but the underlying reason of this variation is not clear. The microstructure reported 

in some of the literature investigations suggests that the heat treatment leads to the degradation 

of the material due to Mg loss beyond the solubility limit of Mg vacancies. This results in the 

formation of secondary phases. Therefore, Mg loss beyond the solubility limit of Mg vacancies 

is responsible for compositional inhomogeneities in these materials. The thermoelectric 

properties measured after high temperature annealing are thus not representative of one single 

phase rather a composite that consists several phases (effective thermoelectric properties). Due 

to this reason, it is challenging to clearly and systematically understand the microscopic 

degradation mechanism of Mg2X solid-solutions. Particularly, the observables are spatially and 

temporally convoluted, as several steps might have already occurred at the time of observation. 

The different steps of the mechanism of degradation are unknown and unclear, and a 

quantitative correlation of each of these steps with the thermoelectric properties of the materials 

is furthermore missing. Moreover, the role of intrinsic defects inducing the degradation of 

material properties, if any, is also discussed vaguely and controversially. 
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The cited issues can be addressed using a suitable and optimized synthesis method. Generally, 

the employed techniques for the synthesis of Mg2X materials take days to weeks to achieve 

phase-pure compositions. These synthesis methods often lead to microstructure-wise 

inhomogeneous material and also incorporate the substituted impurities only to a limited extent. 

Correspondingly, a highly reproducible, convenient and fast synthesis method that allows a 

complete incorporation of dopants is essential.  

Besides this, a systematic understanding of the role of intrinsic defects is missing i.e. the 

influence of variation in the intrinsic defect density on the thermoelectric properties is unclear. 

The manipulation of the intrinsic defect density can be experimentally controlled by using 

excess Mg for incorporating Mg-interstitials (𝐼𝐼Mg), while the formation of Mg-vacancies (𝑉𝑉Mg) 

is possible by inducing Mg-loss on purpose e.g. by tuning the sintering parameters (𝑡𝑡sinter, 

𝑇𝑇sinter) of the material. The intrinsic defect density can be manipulated by a long-term high 

temperature annealing of the material as well. Since the variation in charged intrinsic defects 

has a direct influence on the density of the majority charge carriers, a technique to determine 

the carrier density of the material is needed. Therefore, a pre-existing facility that is used to 

simultaneously measure the Hall coefficient 𝑅𝑅H and the electrical conductivity 𝜎𝜎 at room 

temperature, has been extended for measuring these transport properties in the intermediate 

temperature range (300 K –  723 K).  

Using the available facilities, the Seebeck coefficient, electrical conductivity and the Hall 

coefficient of n-type Mg2X solid solutions can be measured at high temperatures (𝑇𝑇 > 700 K), 

thus, simulating typical TEG operation conditions. Particularly, the material would be held at a 

specific high temperature point in these setups and the thermoelectric properties would be 

measured (an in-situ measurement). The in-situ characterization of these properties can provide 

a direct insight on the degradation mechanism of n-type Mg2X solid solutions. The in-situ 

measured thermoelectric properties can be then analyzed using semi-classical transport models 

(single- and multi-band models) based on the solutions of the Boltzmann transport equation. 

The modelling results can yield affected microscopic material parameters and the extent of their 

degradation. These results can be correlated to the changes in the microstructure of the material 

(e.g. intrinsic defect density), which could also allow an understanding of different stages of 

the degradation process and a chronology of each step of degradation process. 
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 Overview of the thesis 

In this PhD thesis, first, a general introduction to thermoelectrics and the required 

methodological background were provided in Chapter 1 and Chapter 2 respectively. A detailed 

description of the employed experimental synthesis and characterization methods is provided 

in Chapter 4.  

Then, the Hall measurement setup is described in detail in Chapter 5, which is extended to 

measure the high-temperature transport properties (𝑅𝑅H and 𝜎𝜎). In particular, a brief background 

on the measurement principle, different components of the Hall facility, error indicators that 

give an idea of the quality of measurement, and reference measurements are presented. Finally, 

the geometric correction factor (GCF) corresponding to the Hall coefficient 𝑅𝑅H measurement 

was validated using finite element simulations. Using the simulation corrected GCF, the Hall 

coefficient measured at the presented Hall facility was corrected. The simulation corrected GCF 

led to a close agreement between the Hall coefficient measured at the presented facility and at 

different facilities of the laboratories across the globe. 

In the next chapters, first in Chapter 6, the synthesis and optimization of the thermoelectric 

properties of high performance n-type Mg2(Si,Sn) solid solutions is discussed. This material is 

synthesized using a two-step synthesis method, mechanical alloying and direct current sintering 

press (DSP), both of which are discussed in detail. In particular, an understanding of the 

formation mechanism of Mg2X (X: Si, Sn) solid solutions using mechanical alloying is 

presented. Later, the optimization methodology of the synthesis route is also discussed in detail. 

In this methodology, the synthesis parameters (such as milling time, sintering time 𝑡𝑡sinter, and 

sintering temperature 𝑇𝑇sinter) are tuned to achieve high performance thermoelectric materials 

and the effects of variation of each synthesis parameter on the thermoelectric properties is 

observed. The results show that the milling of precursors lead to the formation of Mg2Sn phase 

after first few hours of milling followed by slow Si (brittle) diffusion in the Mg – Sn (ductile) 

rich matrix. The powder homogenizes with increasing milling time; however, it is not phase-

pure after milling. This suggests that the powder needs to be treated at high temperatures. This 

is fulfilled by a high temperature sintering step that combines heat treatment and compaction 

(by the application of external mechanical pressure) to obtain a densified pellet. Analyses of 

these pellets show that the homogeneity and thermoelectric properties of n-type Mg2X solid 

solutions are sensitive to the sintering parameters but not the milling duration. Particularly, the 

thermoelectric properties deteriorate with increasing 𝑡𝑡sinter or 𝑇𝑇sinter. However, it was not clear 
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if this change is due to the variation in the intrinsic defect concentration or the extrinsic defect 

concentration.  

In Chapter 7, a substitution of Mg by a transition metal (Sc) in Mg2X materials and their solid 

solutions has been attempted to further improve the thermoelectric performance of these 

materials. This study experimentally investigates the theoretically reported band structure 

modification of Mg2X materials by Sc doping.  

In Chapter 8, the mechanically alloyed powder was sintered for different durations 𝑡𝑡sinter (at 

constant sintering temperature 𝑇𝑇sinter = 973 K) followed by the measurement of 

thermoelectric properties and a detailed microstructural investigation using transmission 

electron microscope. The temperature dependent thermoelectric properties of these samples 

were analyzed using a single parabolic band (SPB) model to physically interpret the reason for 

the observed changes, notably, in the electrical conductivity values due to a variation of 

sintering time 𝑡𝑡sinter. The results obtained from the modelling of thermoelectric transport 

properties were correlated with microstructural investigations.  

The effect of short-duration high temperature heat treatment on the thermoelectric properties 

was understood in Chapter 8. With this knowledge, n-type Mg2X solid solutions were heat-

treated for longer duration at the typical TEG operation temperatures, which is discussed in 

Chapter 9. The Seebeck coefficient 𝑆𝑆, the electrical conductivity 𝜎𝜎 and the Hall coefficient 𝑅𝑅H 

were measured at a constant annealing temperature (𝑇𝑇anneal = 710 K) (in-situ measurements) 

for a direct observation of their change and to gain an insight on the degradation mechanism of 

these materials. The measured thermoelectric transport properties were analyzed using SPB and 

two parabolic band (2PB (1CB+1VB)) models. The modelling-based analysis was carried out 

to understand the reason for the change in these thermoelectric properties. The analysis revealed 

a change in majority charge carrier density (𝑁𝑁D) which can be attributed to the loss of Mg from 

the sample. This analysis also leads to the determination of the extent of degradation of the 

microscopic material parameters, which result in the change of corresponding properties.  

In Chapter 10, the in-situ measurement of the thermoelectric properties (𝑆𝑆, 𝜎𝜎 and 𝑅𝑅H) are 

conducted at even higher annealing temperatures (𝑇𝑇anneal = 773 K and 848 K). The in-situ 

measured properties were analyzed using the established SPB and 2PB models. The change in 

majority charge carrier density 𝑁𝑁D data was captured using exponential decay function and the 

rate of Mg loss was deduced corresponding to each annealing temperature. Besides this, a 

microscopic, multi-step model of the Mg-loss in Mg2(Si,Sn) is developed to rationalize the 

mechanism of degradation. The Mg loss in these materials is driven by the establishment of a 
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difference in Mg-chemical potential between the sample and the annealing environment. Mg-

vacancies were found to be the most relevant defects for the transport of Mg atoms due to their 

low formation energy and low migration energy. The effective activation energy for the loss of 

Mg was estimated from the Arrhenius expression using the Mg loss rates (estimated from 

𝑁𝑁D(𝑡𝑡), and 𝜎𝜎(𝑡𝑡) data) corresponding to different conditions at stated annealing temperature 

points. A deviation was found between the kinetic parameters corresponding to the samples 

annealed in different setups, which were correlated with the differences in the specific 

annealing conditions. The effective activation energy was compared with the height of different 

energy barriers corresponding to each step to identify the limiting step(s) of the multi-step 

transport chain. 
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 Experimental methods 

 Summary 

In this chapter, the tools and techniques utilized for the synthesis and characterization of 

thermoelectric materials are discussed. n-type Mg2X material and their solid solutions were 

synthesized using mechanical alloying, and a high temperature sintering step. Each of these 

techniques are discussed in detail. Furthermore, the principles related to the structural (XRD) 

and chemical (SEM, TEM) characterizations and the measurement of thermoelectric properties 

(the Seebeck coefficient, electrical conductivity and the Hall coefficient) are discussed. 

 Synthesis 

 Mechanical alloying (MA) 

Mechanical alloying (MA) is a solid-state technique for the synthesis of scientifically and 

industrially interesting materials. In this method, blended elemental or pre-alloyed material is 

loaded in a vial or jar along with the milling media. The milling media are the balls of same or 

different diameters that are usually made of the same material as the vial, e.g. stainless steel, 

tungsten carbide (WC), agate etc. During the milling procedure, the milling balls collide and 

transfer their kinetic energy to the powder material through continuous mechanical impacts that 

leads to a heavy deformation of powder particles. The mechanism of the synthesis of Mg2Si1-

xSnx using mechanical alloying is discussed in detail in Chapter 6. Mechanical alloying has 

several advantages over other synthesis procedures: it is a simple near-room temperature 

technique, and microstructurally, it shows better homogenization of the material compared to 

other synthesis techniques [113, 173-175]. The material prepared using this method shows 

negligible signatures of oxidation. This is because during the course of milling, the precursor 

elements and powder are handled under inert atmosphere. Moreover, a better dopant 

incorporation in the material using mechanical alloying compared to other synthesis methods 

has been previously reported [107, 115, 176, 177].  

For the studies conducted in this work, a high energy ball mill (HEBM) (SPEX 8000D shaker 

mill) is employed for the mechanical alloying of precursors that promotes the synthesis of 

homogeneous, single phase samples in a short period of time. The precursors (Mg turnings 

(Merck), Si (< 6 mm, ChemPure), Sn (< 71 μm, Merck) and Sb granules (5 mm, Alfa Aesar) 

with purity > 99.5 %) were weighed according to the target nominal composition. A 2 at.% 
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excess of Mg was added to compensate for potential Mg loss during high temperature sintering 

step. These precursor elements were transferred to a stainless-steel jar with a ball to powder 

weight ratio (BPR) of 1.6: 1. The milling process was stopped after certain time intervals to 

allow the cooling of the ball mill system and to ensure a proper mixing of particles. During 

milling, the finer particles usually cold weld together and form a lump on the jar walls. During 

the stated time intervals, the lump was scraped off from the jar walls using mechanical tools 

such as chisel, hammer, knives etc. under inert conditions. The powder was handled inside a 

glove box under Ar atmosphere to prevent the oxidation and contamination of powder sample. 

These precursor elements were milled at ~875 rpm until fine and homogeneous powders were 

obtained. The milling time in case of Mg2Si1-xSnx solid solutions mainly depends on the Si:Sn 

ratio because Si is brittle while Mg and Sn are ductile [178, 179]. A detailed study in this regard 

has been reported by Kamila et al. [113]. 

 High temperature sintering step 

The final step of the synthesis is the sintering of milled powder material to produce dense 

pellets. A thermal treatment of powder or its compact at elevated temperatures below the 

melting point of the material is called sintering [180]. This heat treatment allows a change in 

pore shape, a shrinkage of pores and grain growth in powder samples. Sintering is largely driven 

by a reduction in total particle surface area. In the present case, the powder is sintered at higher 

temperature by combining it with an externally applied mechanical pressure and current. The 

sintering process can be shortly described in different stages as shown in Figure 4.1.  

A stage in a sintering process can be described as an interval of geometric change in which the 

pore shape change is totally defined (e.g. rounding of necks in the initial stage of sintering). 

The stage can be alternatively defined as a time interval where a pore remains constant in shape 

while its size decreases (e.g. shrinkage of spherical pores during final sintering stage) [180]. 

The powder sample is transferred to the sintering mold, where the powder particles are in 

contact with each other. Thus, there is an increase in interparticle contact area even before the 

sintering process has started (Figure 4.1(a)). In the initial stage of sintering, neck growth occurs 

(Figure 4.1(b)). Neck growth means an increase in interparticle contact area, and the particles 

approach each other i.e. interparticle shrinkage occurs, and the relative density of a typical 

powder compact increases [181]. However, the different neighboring necks do not interact with 

each other at this stage. Besides, grain boundary forms within each neck due to mass transport 

by atomic diffusion at the particle surface and interfaces near the neck region. Note that at this 

stage the grain boundaries are confined to neck region and immobile. A significant increment 

in the area and energy of grain boundaries is necessary for their movement (called as grain 
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boundary migration) [182]. The formed neck regions become blunted as they grow and the 

inhibition of grain boundary migration decreases until the grain growth occurs [182]. The 

presence of individual pore or grain boundaries contribute to the surface energy of the material 

being sintering. Consequently, several pores attach to the grain boundaries at this stage owing 

to a comparatively low configurational energy [183] of pore-grain boundary combination 

compared to surface energy due to pore and the grain boundary energy. The initial stage of 

sintering is considered to terminate when an onset of grain growth is observed. 

 

 

Figure 4.1 Schematic of changes occurring in a powder compact at microscale, which is subjected to high 

temperature sintering. (a) Loose powder particles after cold pressing. (b) Initial, (c) intermediate and (d) final stage 

of sintering. The figure has been reprinted (adapted) with the permission from [183, 184]. 

The remaining cavities between interconnected particles evolve to form pore as the sintering 

progresses (Figure 4.1(b)). The intermediate stage of the process has begun after the initiation 

of grain growth. Particularly, the particle-particle grain boundary area increases that enables 

grain growth, which results in large average grain size with fewer grains. The grain growth is 

also assisted by the grain boundary migration that occurs on the expense of grain boundary 
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energy. However, the grain boundary migration is impeded by the pores that are attached to 

these grain boundaries. Therefore, a dynamic relationship exists between the grain boundary 

migration and the inhibition caused due to the presence of pores at the grain boundaries. This 

stage is furthermore characterized by the formation (and presence) of interconnected cavities 

between the contact points of several particles (Figure 4.1(c) and Figure 4.2(a)). Particularly, 

the equilibrium dihedral angles are formed on pore surface at the intersection point with grain 

boundary surface [182]. As a result of this dihedral angle, a continuous channel of pores is 

formed along the edges of the grain boundaries (Figure 4.2(a)). The intermediate stage is also 

characterized by the shrinkage of these continuous channels with ongoing sintering. As a 

consequence, the grain growth progresses with an elimination of pore structures and the 

migration of grain boundaries along with the mobile pores. 

 

 

Figure 4.2 Geometrical models for (a) intermediate stage and (b) final stage sintering proposed by Coble et al. [182]. 

The plot has been reprinted (adapted) with the permission from [185]. 

In the final stage of sintering, generally, larger grains form at the expense of smaller grains, 

thus, leading to an overall grain growth, and the formed pores become smaller, more spherical 

and eventually pinch off as sintering progresses (Figure 4.1(d)). This stage is characterized by 

pore closure, pore isolation and migration (Figure 4.1(d) and Figure 4.2(b)) [186].  

The driving force for sintering process is the elimination of interfacial area, i.e. first, the particle 

surface area followed by grain boundary area. Energetically, the surface energy is predominant 

in the initial stage and to some extent in the intermediate stage. With an increasing density of 

grain boundaries in the formed necks, the grain boundary energy acts as a driving force in the 

intermediate and final stage of sintering. This energy gets eliminated as a result of grain growth 
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in the final stage [187]. Due to sintering, the powder particles coalesce and a reduction of pore 

density occurs and consequently, the mechanical integrity of the samples increases.  

Note that the final densification of the material is also influenced by the sintering atmosphere. 

In case the sintering atmosphere is a gas, then the gas gets trapped in the isolated pores which 

creates a counteracting gas pressure making densification close to theoretical values impossible. 

In case of fast diffusing gases, a full densification is possible, however, for slowly diffusing gas 

or inert gases, a full densification is only possible if a high external pressure is applied [185].  

For this thesis, the sintering of powder samples was carried out in vacuum with continuous 

pumping. The basic process of DSP is similar to hot-pressing (applying external mechanical 

pressure and elevated temperature) with a combination of electric field 𝐸𝐸�⃗  that leads to an 

enhanced interparticle bonding and densification. In the conventional hot pressing, the powder 

is indirectly heated by radiation followed by convection and conduction. Nevertheless, during 

the current-assisted sintering process, microscopically, the initial packing of the powder (Figure 

4.1(a)) forms a network of percolating current paths. The Joule heating occurs along these paths 

and in certain areas, hot spots form in this network that have high local current density and 

eventually, the temperature of the powder rises locally. At these hotspots, the temperature rise 

can exceed the set process temperature such that an overheating of the powder occurs locally. 

This results in atomic diffusion, but melting and recrystallization can also occur, in the overall 

development of the microstructure. Compared to the other regions where the current density is 

low, the material densification sets in faster within these hotspots [188]. The sample heating 

rate is controlled by a feedback loop using a thermocouple. At times, several effects can occur 

during the sintering process. These effects can be either beneficial or detrimental to the sintering 

process and the sample. Some of the relevant effects include the Peltier heating and cooling, 

electromigration, electroplasticity and in some cases surface oxide removal [189]. 

Electromigration leads to a preferential diffusion of the lattice ions while electroplasticity is the 

plastic deformation of a material under the influence of an electric field. In electroplasticity, the 

electrons drifting under the influence of applied field either collide and scatter or transfer their 

momentum to the scattering centers. This results in an increase in the rate of atomic diffusion 

which help the movement of dislocations through the lattice structure [190]. As a further 

consequence, flow stress reduces, which is necessary for the plastic deformation (a non-

reversible change in the shape). Generally, a better densification of materials results in an 

enhanced electrical, thermal and mechanical properties. For thermoelectric applications, 

particularly, a lowering of the total thermal conductivity is sought. Accordingly, different 
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strategies are employed to reduce the lattice component of the thermal conductivity (highlighted 

in 2.3.2.1.2).  

The high-temperature sintering of powder samples was conducted using a DSP 510 SE, Dr. 
Fritsch GmbH. For the sintering, the mechanically alloyed powder material is transferred in the 

graphite mold/die (Ø ≈ 13.3 mm) and placed in a sintering chamber. The sintering chamber 

was evacuated (~10−5 bar) and a mechanical pressure of 67 MPa was externally applied on 

the sintering mold. The powder samples were heated at a rate of 1 K s-1 to reach the target 

sintering temperature. After the completion of high-temperature sintering procedure, the 

graphite mold with the powder compact is allowed to passively cool down to the room 

temperature, without externally applied mechanical pressure. This is done because a continuous 

application of external pressure during the cooling step has mostly led to broken compacted 

pellets. A variation in 𝑇𝑇sinter and 𝑡𝑡sinter affects the thermoelectric properties of Mg2Si1-xSnx. 

This is because some precursors either remain unalloyed during mechanical alloying or because 

they can easily sublimate because of their higher vapor pressure (e.g. Mg) at high temperatures 

compared to other precursors. This would affect the (local) stoichiometry which might lead to 

an inhomogeneous sample. The influence of a variation in the synthesis parameters on the TE 

properties has been investigated and discussed in Chapter 6 and Chapter 8.  

 

 

Figure 4.3 Work flow of the synthesis route, characterization and the analysis of the n-type Mg2X (X: Si, Sn) and 

their solid solutions prepared using high-energy ball milling. There are two synthesis steps: mechanical alloying (by 

HEBM) and DSP. The sintered materials are characterized for structural, chemical and thermoelectric properties. 
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A complete workflow of the experiments, characterizations and analysis is visualized in Figure 

4.3. The method of synthesizing n-type Mg2X (X: Si, Sn) and their solid solutions were 

discussed in detail in the last section. In the next section, the characterization techniques are 

described in detail. 

 Characterization 

The pellets obtained after the high temperature sintering step were wet ground with ethanol 

using SiC (carborundum) paper to prepare them for structural, chemical characterization and 

thermoelectric transport property measurements. The Archimedes’ method was used to 

determine the mass density 𝜌𝜌 of the compacted pellets. 

 Structural and chemical characterization 

The milled powders and the compacted pellets were analyzed using X-ray diffraction (XRD) 

and scanning electron microscope (SEM). A transmission electron microscope (TEM) was 

utilized for a further detailed analysis of the compacted pellets (Chapter 8). These techniques 

were employed to investigate the structural purity, homogeneity and chemical purity of the 

samples, respectively. Each characterization technique is described briefly in the following 

section.  

 X-ray diffraction (XRD) 

The phase purity of n-type Mg2X solid solutions was investigated by using X-ray diffraction. It 

is a commonly used instrument for the identification of phase(s) in a material. The principle of 

X-ray diffraction is based on Bragg’s law which is given by: 

𝑛𝑛𝑛𝑛 = 2𝑑𝑑′sin𝜃𝜃 Equation (4.1) 

Here, 𝑛𝑛, 𝜆𝜆, 𝑑𝑑′ and 𝜃𝜃 are the order of reflection, the wavelength of the incident X-ray, the 

interplanar spacing of the crystal, and the angle of incidence and reflection of the incident X-

ray, respectively. The Bragg’s law needs to be satisfied for observing diffraction which means 

that the orientation of crystallographic planes should not be arbitrary with respect to the incident 

X-ray beam.  

During the measurement, the electrons of atoms in the sample, which are exposed to the incident 

X-rays, physically interact with the incoming X-rays. The electrons of the atoms in the material 

scatter this incident X-ray and produce a pattern in accordance with the Bragg’s law stated 

above. This pattern is recorded and analyzed to determine crystal structure i.e. the phase of 
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material. Out of all the diffracted X-rays, only those ones that are in-phase (mutually reinforce 

one another) form a diffracted beam. The diffracted beam that makes an exit angle equal to the 

angle of incidence, 𝜃𝜃, is shown in Figure 4.4(a). The essential components of an XRD system 

are: an X-ray source (a sealed X-ray tube), an X-ray detector, a goniometer, as shown in Figure 

4.4(b), and electronics for counting detector pulses in synchronization with the position of the 

goniometer [191].  

 

 

Figure 4.4 (a) A scheme highlighting two atomic planes separated by a spacing, 𝑑𝑑′, with incident and diffracted 

waves (Bragg’s law) and (b) a schematic of the D5000 diffractometer setup [192]. The figures have been reprinted 

(adapted) with the permission from [191]. 

The X-ray tube contains an electron source (cathode), and a metal target (anode). The tube is 

evacuated and the cathode is maintained at a voltage of 𝑈𝑈 = 30 − 50 kV while the anode is at 

the ground potential to create a potential difference. A current of 𝐼𝐼 ≈ 3 A is passed through the 

cathode, a tungsten filament, which causes a thermionic emission of electrons. Due to a high 

electric potential difference maintained in this tube, the emitted electrons accelerate towards 

the anode, and generate X-rays on collision. The electrons collide with the anode and lose their 

kinetic energy, and a part of this lost energy is emitted as X-rays. Since most of the kinetic 

energy is lost in the form of heat (≈ 98 % −  99 %), the anode is always water cooled to 

prevent its melting. Based on the energy of accelerated electrons, they produce characteristic 

X-rays and a continuous X-ray spectrum at sufficiently higher voltage magnitudes. The 

characteristic X-rays are used for the purpose of characterizing a material. Here, the employed 

XRD system is based on the Debye-Scherrer method. This method utilizes monochromatic 

radiation on a polycrystalline sample, which comprises a distribution of the crystallographic 

planes, thus, fulfilling the Bragg’s law. For the Debye-Scherrer method, a goniometer is 

required for the precise mechanical movements of both, the detector and the specimen, with 
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respect to the X-ray source. A Bragg-Brentano geometry-based goniometer is implemented in 

the XRD system used here as shown in Figure 4.4(b). In addition to the source tube and the 

detector, and the supportive electronics, there are other necessary components of the XRD 

system that improve the quality of measurement which include filters and collimators. A filter, 

e.g. Ni foil, for X-rays coming out from the metal target, or a monochromator, e.g. Ge or 

graphite, are used for the primary purpose of suppressing the undesired part of the spectrum 

and to decrease the background radiation (fluorescent radiation and incoherent scattered 

radiation originating from the specimen) that also comes along the characteristic X-rays from 

the specimen. X-rays pass through a collimator before being incident on the sample. A similar 

collimator is also present on the detector side to reduce the divergence of the diffracted beams. 

The diffracted X-rays (from the specimen) are absorbed by the detector which generates a 

current pulse. The diffractometer used here contains a scintillation detector. A scintillation 

detector is mainly an optically active material (mostly NaI) that makes a flash of light on 

interaction with X-rays. This light leads to the generation of an electron pulse by the 

photocathode (in a photomultiplier) of the detector. The electrical circuits (pulse height 

analyzer and scalars) count the electric pulses per second and this information is transferred to 

the acquisition software for further analysis [193]. This software provides relevant information 

about 𝑑𝑑′, the diffraction angle 2𝜃𝜃 etc. and display it as diffractograms i.e. counts per second (a 

measure of intensity) as a function of the diffraction angle 2𝜃𝜃. The diffractograms of powder 

sample or the cylindrical pellets were measured by utilizing two XRD systems namely Siemens 

D5000 Bragg–Brentano diffractometer and a Bruker D8 advance diffractometer with a 

secondary monochromator. The setups were operated at an acceleration voltage of 𝑈𝑈 ≈ 40 kV 

and Cu-K𝛼𝛼 radiation (1.5406 Å) in the range of 2𝜃𝜃 =  20 ° −  80 °/120 ° with a step size of 

0.01 °. The powder samples or the cylindrical pellets each were placed on a sample holder or 

fixed with a polymer (plasticine), respectively. The samples were carefully leveled with the 

sample holder to prevent any geometry related errors with the measurement. Using the software 

DIFFRAC.SUITE EVA V4.0, the analysis of diffractogram was performed to identify different 

phases in the material synthesized for the experiments presented in this thesis. 

 Scanning electron microscopy (SEM) 

The scanning electron microscopy is utilized to study the surface morphology, grain size/shape, 

inclusions, precipitates, dendrites, grain boundaries, compositional contrast, surface 

topography etc. that are present in any material. Moreover, using the capabilities of energy 

dispersive X-ray spectroscopy (EDS), a quantitative elemental analysis can be easily performed 

either pointwise or over extended surface regions of the sample.  
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During an SEM investigation, the interaction of the electron beam with a sample surface leads 

to the generation of different signals in the form of secondary electrons (SE), back-scattered 

electrons (BSE), and characteristic X-rays. These signals are processed for an image generation 

and its analysis. The electrons of the electron beam penetrate the sample surface by a few 

microns and generate stated types of signals. A schematic illustration of the volume of the 

electron-sample interaction, resulting signals, and information produced from the signals 

coming from different depths of the specimen is shown in Figure 4.5.  

 

 

Figure 4.5 A schematic illustration of the interaction volume (teardrop shaped) between a focused electron beam and 

a solid sample showing a variety of generated signals. The figure has been reprinted (adapted) with the permission 

from [195]. 

Commonly, SE and BSE images are acquired and the EDS analysis is conducted to obtain 

chemical information of the sample on a micron scale, respectively. Each of these modes have 

been utilized for investigating samples produced for this thesis which are briefly described in 

the following section. 

Backscattered electrons (BSE) 

During the electron beam-specimen interaction, the beam electrons that scatter elastically can 

be deflected with a scattering angle ranging between 0°− 180° and eventually leave the 

specimen [194]. These electrons are called backscattered electrons. The BSE constitute a 

significant portion of the total energy of the incident beam. The contrast shown by an image 

formed due to these electrons is called compositional or atomic number (𝑍𝑍) contrast. This means 

that a heavier element can be correlated with the brighter spots in the image of the specimen 

while the lighter ones would be comparatively dark. 
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Secondary electrons (SE) 

In addition to the BSE, some electrons are also ejected from the specimen itself and these 

electrons are called secondary electrons. The secondary electrons are loosely bound outer shell 

electrons of atoms, which reside near the sample surface. When these loosely bound electrons 

are struck by the electrons of the incident beam, an inelastic scattering event occurs, which 

results in a knock-out of secondary electrons. If adequate energy is transferred, these loosely 

bound electrons are ejected out of the specimen and collected by the SE detector. Generally, 

the surface morphology and topographic features of samples are investigated using secondary 

electrons. The morphological features include grain shape, precipitate size, the phase 

distribution of specific physical features, while the topographic features include distribution 

and arrangement of physical features at sample surface, defects, crack voids etc. This is feasible 

due to the low energy of the SE, which are emitted from the top surface of the sample. The 

sample features facing towards the detector generate higher intensity compared to those away 

from the detector. 

Energy dispersive X-ray spectroscopy (EDS) 

The electron beam-sample interaction results in the generation of characteristic X-rays and 

background X-rays (white radiation/background radiation/continuum), collectively forming 

an X-ray signal. This X-ray signal is collected using an X-ray detector and analyzed. The 

characteristic X-rays form the basis for microchemical analysis since they are unique for each 

element which produces them. The analysis provides a complete information of the elements 

and their concentrations in the investigated areas of the sample. The EDS detectors are the most 

commonly used X-ray detectors in the SEM. 

The SEM instrument Zeiss Ultra 55 SEM with a Zeiss QBSE detector equipped with an Oxford 

energy dispersive X-ray (EDS) detector (PentaFETx3) was used for investigating Mg2X 

samples (both powder and pellets), with high energy electrons (10 or 15 keV) under vacuum. 

Some samples were prepared by embedding/mounting them in a polymer stub before preparing 

them for the SEM investigation. The embedding process was initiated by placing the samples 

(powder or pellet) on the metal surface (~25 mm in diameter) of the embedding machine 

sample holder (Struers CitoPress-30). A thermosetting resin (POLYFAST) powder made of 

Bakelite with carbon fillers was put on top of the sample. The amount of resin powder depends 

on the required thickness of the stub. This resin powder was mounted on the mounting cylinder 

(with sample) and pushed towards the heater where they were heated at 𝑇𝑇 = 180 °C for 4 min 

at an applied pressure 𝑝𝑝 = 200 bar. For the brittle samples, time and pressure were lowered to 
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2 min and 50 bar respectively to prevent any damage to the sample. This step was followed by 

a cooling step of 3 min before the solid embed was taken out of the embedding system. Both 

embedded and the non-embedded samples are prepared for the SEM investigation by wet-

grinding on SiC paper using ethanol. The sample pellets are grinded on papers with different 

Grits (1200, 2500 and 4000) in an increasing order starting from the grit 1200. At each stage 

of grinding/polishing, the direction of scratches on the ground/polished surface should be 

carefully observed. Ideally, the scratches should be in one direction, and no scratches must be 

present from the previous grinding/polishing step. The polishing is usually carried out to 

enhance the features of sample surface, observing grains and most importantly, a removal of 

any scratches left (from the previous grinding step). The pellets and the polymeric stub with 

embedded powders (or pellets) were polished using disks with a diamond solution of size 3 𝜇𝜇m 

using Buehler EcoMet 250 system. As a last step, the polished sample surface is first cleaned 

and then sonicated using ethanol.    

 Transmission electron microscopy (TEM) 

The TEM is a sophisticated and powerful electron-optical instrument for the nano- and the 

microstructural characterization of different types of materials. For a TEM investigation, the 

specimen must be very thin (~50 nm) so that the electron beam transmits through the specimen 

even if some part of the incident electron beam either scatters or gets absorbed. The electron-

specimen interaction results in different types of signals. These signals include transmitted 

electrons, backscattered electrons, secondary and Auger electrons, visible light (due to 

cathodoluminescence), X-ray signals and heat generated by the electron beam during exposure. 

Some of these signals are shown in a schematic in Figure 4.6.  

The transmitted electrons include unscattered, elastically scattered and inelastically scattered 

electrons. Generally, the experiments that are conducted using TEM include conventional 

imaging (bright-field and dark-field imaging), electron diffraction (SAED), convergent-beam 

electron diffraction (CBED), phase-contrast imaging (HR-TEM), high-angle annular dark-field 

imaging (HAADF or 𝑍𝑍-contrast imaging) and electron energy-loss spectroscopy (EELS). These 

analyses largely utilize the transmitted electrons while the X-ray signals are used for EDS 

analysis to analyze chemical composition of the samples. During a TEM investigation, other 

generated signals are furthermore not utilized for the analysis except visible light signals, which 

are used to investigate optical properties. The experiments stated above are used for imaging 

the specimen and extracting information at atomic resolution (down to the angstrom or even 

sub-angstrom level). In high-resolution mode, the crystallographic information of specimen at 
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the nanoscale can be obtained by electron diffraction as well. Overall, the samples can be 

investigated to extract information such as the presence of different types of defects and 

secondary phase particles, the arrangement of atoms and chemical information of the specimen 

by electronic excitations from small areas of the specimen. 

 

 

Figure 4.6 A schematic illustration of electron beam-specimen interaction in a TEM column showing a variety of 

signals generated. The image has been taken from [196]. 

TEM systems are made up of different components: electron gun, electron accelerator, 

condenser-lens system, specimen stage, imaging system, vacuum system. The electron gun 

generates an electron beam, similar to an SEM, but with a kinetic energy high enough to pass 

through the thin areas of the sample. This gun consists of a negatively charged electrode 

(cathode) which is held at high negative potential (kV) with respect to the ground potential. 

There are different types of electron sources which are based on different processes such as 

thermionic, Schottky and field emission. The TEM instrument used for the present work has a 

field emission gun (FEG) as an electron source. The FEG has an added advantage over other 

sources of electron beam such as a possibility of operation at RT and extended usage lifetime.  

The Mg2X samples were investigated using a Philips Tecnai F30 STEM at an acceleration 

voltage 𝑈𝑈 = 300 keV. The microscope is equipped with a Gatan MSC 794 CCD camera and a 

windowless EDAX Apollo XLTW SDD-detector for the EDS analysis. The imaging and 
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analysis of the samples prepared for the present work was conducted in dark-field, bright-field, 

and HAADF modes (both before and after EDS measurements). Additionally, EDS (point 

scans, maps and line scans) and SAED measurements were also conducted in different areas of 

the sample. Particular details about sample preparation and instrument calibration are provided 

in the materials and methods section of Chapter 8. The TEM measurements and the data 

analysis were carried out by Dr. Klemens Kelm while the interpretation and correlation of 

microstructural data with the TE properties were conducted by the author of this thesis. 

Each technique described above in this section is used for analyzing the structural and chemical 

features of the samples prepared for this work. The equilibrium phase diagram of Mg2Si-Mg2Sn 

solid solutions shows a miscibility gap which can lead to the occurrence of certain microscopic 

features during synthesis that cannot be resolved from X-ray diffractograms and thus, 

necessitates the use of SEM or TEM. 

 Characterization of thermoelectric transport properties 

 Seebeck coefficient and electrical conductivity measurements 

The temperature dependent thermoelectric properties, both 𝑆𝑆 and 𝜎𝜎, were measured using an 

in-house developed measurement facility (HT-𝑆𝑆𝑆𝑆) utilizing a four-probe technique. The 

measurement system is capable of accurately measuring the transport properties in the 

temperature range of 𝑇𝑇 = 300 K –  1000 K. The sample holder is made of Shapal (AlN), and 

is equipped with two gradient heaters, as shown in Figure 4.7. 

 

 

Figure 4.7 (a) Mounted sample in the sample holder and (b) system of the mechanical and electrical connections for 

the HT-𝑆𝑆𝑆𝑆 facility. Note that the sheath of thermocouples acts as current feed for electrical conductivity 

measurement. This image has been reprinted with the permission from [197]. 
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The advantage of two heaters is that the Seebeck coefficient 𝑆𝑆 of the sample can be measured 

by varying the heat/temperature gradient in both directions. Each heater is a bifilar winded 

filament that gets heated by supplying electrical power. The sample is mounted and fixed in the 

sample holder using a headless screw and a ‘T’-piece. Samples with dimensions from 10 to 30 

mm in length, and 0.1 to 8 mm in thickness (𝑑𝑑) can be easily measured. The samples can be 

measured in either vacuum or inert gas atmosphere. There are two type N thermocouples that 

record temperatures on each end of the sample. When the sample is heated by the gradient 

heaters at respective ends, these thermocouples also measure the thermally induced voltage 

from the sample. These thermocouples are sheathed which makes them advantageous compared 

to the ceramic tube coated thermocouples. The thermocouple sheath provides a better 

mechanical flexibility facilitating easy thermocouple assembly and exchange. The sheath is 

made of Inconel which prevents the chemical contamination of the measuring junction. The 

individual wires of the thermocouple (within the Inconel sheath) are insulated from each other 

by a ceramic filling. Flat tungsten-rhenium alloy springs allow the thermocouples to be strongly 

pressed on to the sample for a better thermal coupling of sample and the thermocouples. The 

tungsten-rhenium alloy has a large Young’s modulus at elevated temperatures and enables 

accurate measurement of the thermovoltage, and correspondingly an accurate determination of 

the Seebeck coefficient. Additional potential probes (for the determination of 𝜎𝜎) are pressed on 

the sample by two C-shaped springs. This entire sample holder is enclosed in a few mm thick 

graphite enclosure that allows homogenization of the thermal environment and serves as a 

radiation shield. This sample holder is connected to a vacuum flange by molybdenum rods. The 

flange covers the edge of the quartz tube which contains the sample holder.  

The properties are measured in the following manner: first, the electrical conductivity is 

measured at a desired temperature point, and for this purpose, the furnace temperature is set 

and allowed to stabilize. Following this, an alternating current (AC) is passed through the sheath 

of the thermocouples acting as current leads and the voltage is measured across the tungsten 

carbide potential probes. 𝜎𝜎 is calculated using the relation 𝜎𝜎 =  𝐼𝐼
2𝜋𝜋𝑠𝑠′𝑈𝑈𝑈𝑈

, where 𝑠𝑠′ is the spacing 

between the tips, 𝐶𝐶 is a geometric correction factor (GCF), which accounts for finite sample 

size, its geometry and spacing between the tips [197].  

The thermovoltage is measured using the thermocouples that are made of different types of 

wire material (Nisil and Nicrosil). Accordingly, the measured thermovoltage has a contribution 

of the Seebeck coefficient of each thermocouple wire as well. Note that the thermovoltage 

across same type of wire material (in a thermocouple) are recorded. As mentioned earlier, the 

setup is equipped with two gradient heaters which are used to develop a small ∆𝑇𝑇 for the 
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Seebeck coefficient measurement. In such condition, consecutive measurements of 

thermovoltage and temperatures are carried out. To record the voltage and temperature for a 

number of data points, the first heater is switched on for 60 s creating a ∆𝑇𝑇 with respect to the 

second heater, which is inactive. Later, the first heater is switched off to allow the system to 

relax and during this time, temperature and voltage developed are recorded, and later used for 

analysis. This step is repeated with the second heater while keeping the first heater switched 

off. Instead of a single 𝑈𝑈 − 𝑇𝑇 pair, the developed voltages (𝑈𝑈A and 𝑈𝑈B) and temperatures 

corresponding to each consecutive measurement (where heater 1 then heater 2 are active) are 

used for further analysis. Specifically, the slope of 𝑈𝑈A versus 𝑈𝑈B is employed to determine the 

Seebeck coefficient by using the expression: 𝑆𝑆(𝑇𝑇�) = 𝑆𝑆TC(𝑇𝑇�) (1 − 𝜕𝜕𝑈𝑈B 𝜕𝜕𝑈𝑈A⁄⁄ ) + 𝑆𝑆A(𝑇𝑇�), with 

𝑆𝑆TC =  𝑆𝑆B − 𝑆𝑆A is the Seebeck coefficient of thermocouples while 𝑆𝑆A and 𝑆𝑆B are the Seebeck 

coefficient of the Nisil and Nicrosil wires probing the voltage drop (𝑈𝑈A and 𝑈𝑈B), respectively. 

Mean temperature, 𝑇𝑇�, is determined by averaging the temperature points of thermovoltage 

measurement.  

The sample properties were measured in the temperature range RT –  723 K/773 K. 

Particularly, these measurements were made at many intermediate temperature points (within 

the stated range) during heating and cooling (collectively called as a thermal cycle). Generally, 

a good measurement reproducibility was observed in temperature dependent thermoelectric 

properties of n-type Mg2X solid solutions (Figure 4.8). The thermoelectric transport properties 

measured during cooling are analyzed using semiconductor transport models. 

 

 

Figure 4.8 Temperature dependence of (a) the Seebeck coefficient 𝑆𝑆 and (b) the electrical conductivity 𝜎𝜎 of 

Mg2.06Si0.385Sn0.6Sb0.015 while heating up and cooling down the sample. 
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All measurements have their respective uncertainties and therefore it is crucial to discuss the 

various sources of uncertainty for both the Seebeck coefficient 𝑆𝑆 and the electrical conductivity 

𝜎𝜎 measurements. The uncertainty in the electrical conductivity 𝜎𝜎 could stem from a 

combination of noisy voltage readings affecting resistance measurements, from geometrical 

uncertainties of the sample or probe spacing which can affect 𝑠𝑠′ or 𝐶𝐶, respectively. The 

electrical conductivity 𝜎𝜎 calculation utilizes a GCF and therefore for a proper positioning of the 

tips, a uniform spacing between them, sample preparation and the measurement of geometrical 

dimensions are crucial factors. If the spacings between the tips are not same for all four tips, 

the GCF equation does not hold valid.  

On the other hand, uncertainties in the Seebeck coefficient measurement stem from 

inaccuracies in the voltage 𝑈𝑈 readings, since, these readings are usually quite small in 

magnitude and can be affected by noise. A further uncertainty can occur during the analysis of 

measurement signals when voltage signals are interpolated with respect to time. This 

uncertainty originates due to the spurious thermal offset voltages. The equation stated above 

does not require that the thermal offset voltage (of 𝑈𝑈B and 𝑈𝑈A) should be same, rather, they 

should be constant over time. Any change in the said voltage offset affects the Seebeck 

coefficient, that might be identified by observing a deviation in the correlation coefficient 

between 𝑈𝑈B versus 𝑈𝑈A from unity. Moreover, a comparatively severe uncertainty comes from 

the thermal contact resistance between the sample, the thermocouples, and a part of the sample 

holder pressed onto the sample. Such thermal contact resistances can cause an error in the 

temperature readings (but not the measured Seebeck voltage 𝑈𝑈Seebeck readings), which can 

thus, lead to incorrectly determined Seebeck coefficient values [197].  

The uncertainty in the measurement of both the Seebeck coefficient 𝑆𝑆 and the electrical 

conductivity 𝜎𝜎 is ±5 % which is confirmed by measuring NIST standard reference material 

3451, a low temperature standard material for the Seebeck coefficient, and measurements on a 

high temperature reference material (𝛽𝛽-FeSi2) proposed in [198, 199]. The measurement 

uncertainties of the HT-𝑆𝑆𝑆𝑆 setup is comparable to that obtained in an international round robin 

test [200, 201]. Note that the round robin test was conducted to understand the discrepancy in 

measurements and the development of standard testing procedures. The temperature dependent 

Seebeck coefficient and conductivity measurements for the thesis were performed by Mr. P. 

Blaschkewitz, DLR.  
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 Hall measurement  

The carrier concentration 𝑛𝑛 is one of the fundamental parameters for the optimization of 

thermoelectric performance. A measurement setup based on the principle of the Hall effect is 

the commonly utilized technique for the determination of the carrier density of any conducting 

material. In principle, a current (𝐼𝐼) is passed through a conducting sample placed in a 

homogeneous magnetic field (𝐵𝐵), which exerts a force on the moving charge carriers 

transversely to their direction of flow, called the Lorentz force. As a result, the carriers 

accumulate at one side of the material, and likewise produce an opposite charge on the other 

side, thus, forming a dipole. This exerted force is given by the relation 𝐹𝐹 =  𝑞𝑞𝑞𝑞𝑞𝑞, where 𝑞𝑞 is 

the electric charge, and 𝑣𝑣 is the electron velocity. The accumulation of charge at opposite ends 

leads to the formation of an electric field and induces an electric potential difference that can 

be measured. This ‘induced’ electric potential difference is called the Hall voltage (𝑈𝑈H), which 

is used to calculate the Hall coefficient (𝑅𝑅H). Therefore, the developing potential difference 

across a current-carrying conductor (transverse to the current), of thickness 𝑑𝑑, placed in a 

magnetic field perpendicular to the current flow (Figure 4.9) is called the Hall voltage.  

 

 

Figure 4.9 Schematic sketch of the sample holder for the measurement of Hall voltage in a van der Pauw geometry. 

The Hall coefficient of thermoelectric samples was measured at RT using an in-house 

developed facility with a van der Pauw configuration. In this configuration, the sample and the 

sample holder geometry are different from the traditional bar shaped geometry. For a successful 

measurement of the Hall coefficients in a van der Pauw configuration, there are a few pre-

requisites, which are: the sample must be flat with a uniform thickness, it should possess no 
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voids, and the measurement probes must be sufficiently small in their diameter. In the van der 

Pauw configuration, the measurement probes are sometimes parallel to each other, and they 

should lie perpendicular to each other at the sample surface in a geometry, as shown in Figure 

4.9. Nevertheless, the measurement probes should ideally be located at the periphery of the 

sample. While the same geometry (of the sample holder) can be utilized for a square shaped 

geometry, it is convenient if a cylindrical geometry is used for the measurement. The same 

cylindrical geometry is shown in Figure 4.9 with contacts A, B, C and D near the sample 

periphery.  

For a van der Pauw geometry, the Hall coefficient can be calculated as: 𝑅𝑅H,AC  = 𝑈𝑈AC
𝐼𝐼BD

𝑑𝑑
𝐵𝐵

. 

According to this expression, plugging in the voltage signals and other parameters would yield 

the value of Hall coefficient. In principle, when a constant current 𝐼𝐼BD is passed through a 

conducting specimen (diameter 𝐷𝐷, thickness 𝑑𝑑) in a constant magnetic field with flux 𝐵𝐵 

(perpendicular to the sample surface), an electric potential difference 𝑈𝑈AC is generated which 

is perpendicular to the direction of applied current and the magnetic field. In the present facility, 

nevertheless, the Hall coefficient is determined by measuring the change of voltage as a 

function of change in the flux of magnetic field i.e. (𝜕𝜕𝜕𝜕H 𝜕𝜕𝜕𝜕⁄ ) (the slope). The slope 

corresponding to a constant current value is utilized as an input to deduce the Hall coefficient 

at any temperature point. The voltage signals are measured across two configurations (𝑈𝑈AC and 

𝑈𝑈BD) for the sake of averaging.  

For the measurement of the Hall coefficient on the presented setup, a minimum sample diameter 

should be 𝐷𝐷 > 9.5 mm since the diagonal contact distance is 8.2 mm, while the thickness (𝑑𝑑) 

should be around 1 mm for a good signal-to-noise ratio. The diameter is not an input parameter 

to deduce the Hall coefficient if the contacts lie perfectly at the edge, it is nevertheless needed 

to use it in a geometry correction factor, given as: 𝐺𝐺𝐺𝐺𝐺𝐺 = −8𝑎𝑎 𝜋𝜋𝜋𝜋⁄ , that corrects the error 

arising due to geometry. The 𝐺𝐺𝐺𝐺𝐺𝐺 is a correction term utilized in the calculation of the Hall 

coefficient, since, in the present setup, the probes are not exactly on the sample edge, rather 

near the sample edge as shown in Figure 4.9. The corresponding deviation (𝑎𝑎) of the probes 

from the specimen periphery is highlighted by ‘a’ in the figure. Further details of the Hall 

measurement system, data acquisition routine, analysis of the raw measurement data, the stated 

calculation etc. are discussed in detail in Chapter 5. For heavily doped thermoelectric materials, 

𝑛𝑛H (at RT) is calculated from 𝑅𝑅H by the expression 𝑛𝑛H =  1
𝑅𝑅H𝑒𝑒

 assuming a single carrier type. 
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 Thermal conductivity measurement  

The thermal conductivity is a measure of the ability of a material to conduct heat. As previously 

stated, for a material to have high 𝑧𝑧𝑧𝑧, its thermal conductivity should in principle be as low as 

possible. For the studies conducted within the framework of this thesis, the laser flash method 

is used to measure the thermal diffusivity (𝛼𝛼) of the sample. The temperature dependent 

diffusivity values are utilized to calculate the thermal conductivity (as discussed later in the 

text). The laser flash method is a transient technique of measurement and it possesses features 

such as easy sample preparation, short measurement duration with high accuracy [202]. It is a 

non-contact and non-destructive technique for the measurement of the thermal diffusivity of 

materials [203]. It was first introduced by Parker et al. [204]. A schematic with a mounted 

sample is shown in Figure 4.10. In laser flash method, heat is supplied to the sample in the form 

of a pulse (from a laser source) that results in transient (amplitude signal output) change in the 

sample temperature (as shown in Figure 4.10). 

 

 

Figure 4.10 Schematic illustration of the laser flash method for thermal diffusivity measurement. The right sub-

figure shows a zoom-in of the furnace where the sample is placed. These images are reprinted from [205]. 

The curve resulting from instantaneous heating of the sample is shown in Figure 4.11. The heat 

wave propagates through the sample and the detector on the rear side of the sample tracks the 

time dependent rise in temperature at the sample surface. The signal reaches a maximum and, 

at the very end, the signal shows a decrease with time because the heat is lost from the sample 

to the surroundings (in furnace) which can be visualized in Figure 4.11.  
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Figure 4.11 Plot showing signal measured from the rear side (facing the detector) of the sample that corresponds to 

a temperature rise at the sample surface, as a function of time. The plot has been reconstructed from [206]. 

The time-dependent temperature response curve shows the speed of a rise in sample 

temperature, where a fast temperature rise on the rear side of sample corresponds to a rapid 

transfer of heat. This allows a determination of the thermal diffusivity of sample. An adiabatic 

model is utilized to explain the rise of temperature (time axis intercept) until it reaches a 

maximum. The time corresponding to 1
2� (∆𝑇𝑇max) (i.e. half of the maximum temperature 

(∆𝑇𝑇max) during a temperature rise) is called half-time (𝑡𝑡1/2). The half-time is plugged in the 

diffusivity equation, 𝛼𝛼 = 0.1388 𝑑𝑑2

𝑡𝑡1/2
, where the constant value (0.1388) is a factor for the 

adiabatic case; the employed software takes the sample geometry and non-adiabatic conditions 

into account. Since 𝛼𝛼 and 𝜅𝜅 are directly related to the sample thickness (𝑑𝑑) by 𝛼𝛼 ∝ 𝜅𝜅 ∝ 𝑑𝑑2, so, 

𝑑𝑑 should be measured with care [204]. 

The thermal diffusivity of the cylindrical pellets prepared for this thesis were measured by 

Netzsch LFA 427 and LFA 467HT HyperFlash® apparatuses [205]. The cylindrical pellets 

with a diameter of ~12.7 mm were measured from RT to 723 K/773 K with a step width of 

25 K or 50 K. Thermal conductivity was calculated from the measured diffusivity by the 

relation: 𝜅𝜅 =  𝛼𝛼𝑐𝑐p 𝜌𝜌, and the 𝑐𝑐p value was calculated from the Dulong-Petit limit for the specific 

heat at constant volume (𝐶𝐶VDP) by using the expression 𝑐𝑐p = 𝐶𝐶vDP + 9𝐸𝐸t2𝑇𝑇
𝛽𝛽T 𝜌𝜌

, where 𝐸𝐸t and 𝛽𝛽T  are 

the coefficient of thermal expansion and the isothermal compressibility at different 

temperatures, respectively [207]. The uncertainty in 𝛼𝛼 measurements is ± 8 %. The 
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measurements of the temperature dependent thermal diffusivity were carried out by Mr. P. 

Blaschkewitz, DLR. 

 Analysis of thermoelectric transport properties 

The thermoelectric properties were analyzed using single band and multiband models assuming 

parabolic bands. These models consist the equations of transport coefficients that are solutions 

to the Boltzmann transport equation. The models were scripted and the calculations were 

performed in MATLAB® as the equations contain infinite integrals that needs to be solved 

numerically.
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 Establishing and analysis of high 

temperature Hall measurements 

 Summary 

Herein, a detailed description of the facility used for the measurement of the Hall coefficient 

(𝑅𝑅H) and electrical conductivity (𝜎𝜎) is presented. The Hall coefficient 𝑅𝑅H is used to determine 

carrier concentration 𝑛𝑛, which is one of fundamental parameters to optimize the TE 

performance of any material. The facility uses a van der Pauw technique for the measurement 

of the Hall coefficient and electrical conductivity. The capability of this facility is extended for 

measuring these properties at elevated temperatures (300 K –  723 K). A schematic and a 

circuit diagram of this facility is presented and the function of each component of this facility 

is briefly discussed. Room temperature reference measurements are carried out on Mg2(Si,Sn) 

samples (with different types of conductivity (both p-type and n-type)) in different Hall 

facilities at laboratories across the globe that allowed a comparison of measurement 

uncertainties between these facilities. Moreover, the temperature dependent measurements of 

the Hall coefficient and the electrical conductivity were carried out on a p-type FeSi2 specimen 

in the Hall facilities at DLR and the Department of Chemistry, Aarhus University, Denmark. 

The measurement data acquired on each of these setups was compared and discussed. The 

geometry correction factor associated with the van der Pauw technique is validated by the finite 

element modelling (FEM) using ANSYS. 

 

In a separate technical report (accessible under [208]), the following information is provided: 

• Flowcharts of the pre-existing data acquisition routine (including central routine, 

temperature loop, sub-routines for the measurement of the Hall voltage and voltage for 

electrical conductivity) and their detailed description.  

• Flowcharts of the data analysis routine along with the sub-routines for the checks to 

assess the quality of the Hall measurement before and after analyzing the raw signals.  

• Furthermore, there were issues related to the measurement of electrical conductivity 

which are highlighted in the technical report. In this regard, a description of different 

experiments conducted to resolve these issues and the solutions to this problem are 

discussed there as well. 
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 Purpose and relevance 

Thermoelectric properties of materials are governed by their carrier concentration 𝑛𝑛, as shown 

in Figure 1.5. Correspondingly, 𝑛𝑛 is tuned by manipulating the (intrinsic and extrinsic) point 

defect concentration in any material for achieving optimized thermoelectric properties. The 

Hall effect is a commonly used method for the determination of the carrier concentration of a 

material. The carrier concentration can be directly calculated using the measured Hall 

coefficient 𝑅𝑅H (𝑛𝑛 ∝ 1 𝑅𝑅H⁄ ) for the temperature regime where only majority carrier contributes 

to the thermoelectric properties. The electrical conductivity 𝜎𝜎 of the same material can be 

simultaneously measured with the same measurement facility. Moreover, a temperature 

dependent measurement of these transport properties could provide useful insight on the 

contributions of different bands in a semiconductor with complex band structure as is typical 

for many TE materials. This is possible by plugging these transport parameters in well-

established models (discussed in 2.2 of Chapter 2) for the physical interpretation of carrier 

transport phenomena in semiconductors. In addition to this, the Hall mobility 𝜇𝜇H can be 

calculated from the measured properties which provides an insight on the relevant mechanisms 

of carrier scattering. In the coming section, the pre-conditions and principles of the van der 

Pauw technique is discussed in detail. 

 Theoretical background of van der Pauw method 

The van der Pauw geometry of the sample holder is utilized for the measurement of these 

properties as shown in Figure 5.1(c-e). This configuration can be utilized for an arbitrarily 

shaped sample; however, a cylindrical specimen is shown here that represents the shape of the 

sintered pellets. For a simultaneous measurement of the Hall coefficient 𝑅𝑅H and the electrical 

conductivity 𝜎𝜎, van der Pauw geometry utilizes four probes while a traditional sample holder 

geometry utilizes five (or six) probes. Figure 5.1(a) and Figure 5.1(b) also shows a traditional 

sample geometry for the Hall coefficient 𝑅𝑅H and the conductivity 𝜎𝜎 measurement for 

comparison. There are some pre-conditions for the van der Pauw technique: the sample should 

be homogeneous, conducting and of uniform thickness 𝑑𝑑 [209]. The sample shape is less 

important but there should be no isolated holes (or pores) in the material. Moreover, the contacts 

should be at the circumference of specimen but can otherwise be located arbitrarily, and should 

be small in diameter compared to the sample diameter (𝐷𝐷). In this section, the measurement 

principles and the expressions to deduce the electrical conductivity 𝜎𝜎 and the Hall coefficient 

𝑅𝑅H are briefly described. 
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Figure 5.1 Different specimen and contact geometries for the measurement of both the Hall voltage 𝑈𝑈H and measured 

voltage (𝑈𝑈𝜎𝜎) corresponding to the electrical conductivity of a specimen using the traditional and the van der Pauw 

method, respectively. Probe positions for electrical conductivity 𝜎𝜎 measurement with the traditional and the van der 

Pauw method is shown in (a), (c) and (d) respectively. The Hall coefficient 𝑅𝑅H measurement using the traditional 

and the van der Pauw technique is shown in (b) and (e). The direction of the magnetic field (𝐵𝐵�⃗ ) is represented by ⨂ 

meaning that the field is perpendicular and inwards the plane (away from the reader) with respect to the specimen 

in (b) and (e). 
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 The electrical conductivity 

Van der Pauw [209, 210] showed that the electrical conductivity of an arbitrarily shaped 

specimen with a constant thickness can be determined from Equation (5.1) using conformal 

mapping under the stated pre-conditions. For a round specimen, as shown in the panels (c) and 

(d) of Figure 5.1, passing a current from contact B to C (or D to C), induces a voltage (𝑈𝑈𝜎𝜎) that 

can be measured between contacts A and D (or A and B), respectively. The corresponding 

resulting resistance is given simply by: 𝑅𝑅1 = 𝑅𝑅BC,AD = 𝑈𝑈AD 𝐼𝐼BC⁄  (and 𝑅𝑅2 = 𝑅𝑅DC,AB =

𝑈𝑈AB 𝐼𝐼DC⁄ ). 𝑅𝑅1 and 𝑅𝑅2 are resistances calculated from the voltage signals that are measured in 

the configurations shown in (Figure 5.1(c) and Figure 5.1(d)). The different configurations of 

the measurement probes are based on the selection of these probes to pass current and measure 

voltages as shown in respective figures. Due to symmetry, interchanging the current source and 

voltmeter or reversing the polarity of current source and the voltmeter (in the shown 

configurations) will yield the same result. The two resistances fulfill the van der Pauw 

relationship expressed as [209, 210]: 

𝑒𝑒(−𝜋𝜋𝑅𝑅1 𝑑𝑑𝜎𝜎) + 𝑒𝑒(−𝜋𝜋𝑅𝑅2 𝑑𝑑𝑑𝑑) = 1 Equation (5.1) 

Equation (5.1) is numerically solved using root finding functions that are available in different 

high-level programming languages (e.g. MATLAB, Python). The solution yields the value of 

electrical conductivity. Besides, for a simplified calculation (without need of root finding 

functions), 𝜎𝜎 can also be written as expressed in Equation (5.2) [209, 210]. Note that the 

equation utilizes factor 𝑓𝑓 is a factor which is a function of the ratio 𝑅𝑅1 𝑅𝑅2⁄ . 

1
𝜎𝜎

= 𝜌𝜌 =
𝜋𝜋𝜋𝜋
𝑙𝑙𝑙𝑙2

𝑅𝑅1 + 𝑅𝑅2
2

𝑓𝑓 �
𝑅𝑅1
𝑅𝑅2
� Equation (5.2) 

Equation (5.2) is useful for quick manual estimates of conductivity, 𝑓𝑓 (as given in Figure 5 of 

the paper from van der Pauw [210]), is not so different from unity if the resistance values (in 

the shown configurations) were not too different (𝑅𝑅1 ≈ 𝑅𝑅2). It was, e.g., used to calculate 

conductivity 𝜎𝜎 values at room temperature while conducting handwaving tests manually. Note 

that these tests were conducted to find the origin of large deviation in the electrical conductivity 

𝜎𝜎 values measured at the HT Hall and HT-𝑆𝑆𝑆𝑆 facilities (discussed in detail in the technical 

report) [208].  
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 The Hall coefficient  

In a van der Pauw geometry, the Hall coefficient 𝑅𝑅H is determined by utilizing the same four 

contact probes used for the electrical conductivity 𝜎𝜎 measurement. However, in this case, the 

probes that are diagonal to each other are utilized for the measurement of the Hall voltage (𝑈𝑈H), 

which is induced when current is passed through a specimen in a magnetic (𝐵𝐵) flux 

perpendicular to the surface of the specimen as shown in Figure 5.1(e). The Hall coefficient is 

calculated by the expression 𝑅𝑅H,AC  = UAC
IBD

𝑑𝑑
𝐵𝐵

. In the facility at DLR, the measurement is repeated 

to confirm the reproducibility of the measured values. The 𝑅𝑅H for this (other) configuration is 

given as 𝑅𝑅H,BD  = UBD
IAC

𝑑𝑑
𝐵𝐵

, and in ideal pre-conditions stated above, the 𝑅𝑅H,AC = 𝑅𝑅H,BD.   

The stated conditions of the measurement of these transport properties are used in our lab to 

our advantage, by readily using the cylindrical pellet obtained after sintering since no specific 

sample geometry is required. This makes the van der Pauw technique compatible with the 

facilities used for the Seebeck coefficient and thermal diffusivity measurements. This also 

reduces the inhomogeneity issues that can occur while shaping the sample geometry. The 

measurement of both the Hall coefficient 𝑅𝑅H and the electrical conductivity 𝜎𝜎 using this 

technique is carried out in the plane of the cylindrical specimen disk i.e. perpendicular to the 

sample pressing direction. Therefore, for materials with a directional dependence of transport 

properties (e.g. single crystals, polycrystalline textured materials, Bi2Te3 etc.), anisotropy needs 

to be taken into account [211]. Using a sample holder with a bar-shaped geometry is 

advantageous in this case as the current flow can be aligned to the crystal axes in 1D (valid 

only for thin samples), however, in a van der Pauw based geometry, current flow is aligned in 

2D. In the presented Hall facility, bulk samples of thickness (𝑑𝑑 ≈ 1 − 2 mm), and diameter 

(𝐷𝐷 ≥ 10 − 15 mm) can be utilized. Ideally, a sample with 𝐷𝐷 = 12.5 mm and 𝑑𝑑 = 1 mm 

thickness would yield good signal-to-noise ratio, given the other measurement conditions are 

kept unchanged. The ease of van der Pauw geometry has been utilized in the design of a few 

different setups [211-217] for measuring temperature dependent Hall coefficient 𝑅𝑅H and 

electrical conductivity 𝜎𝜎, while a few utilize the traditional bar shaped geometry [215, 217, 

218] as well.  

The facilities to measure the Hall coefficient 𝑅𝑅H and the Hall mobility 𝜇𝜇H at high temperatures 

are scarcely available. As a result, thermoelectricians have achieved only a limited 

understanding of the carrier transport at higher temperatures. Therefore, a setup with a 

capability of measuring temperature dependent transport properties is essential for advancing 

the field and a further development of thermoelectric devices.  
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 Components of the measurement system 

In this section, the function of each component of the Hall measurement facility is briefly 

described. The basic schematic of the Hall measurement system is shown in Figure 5.2(a) along 

with a corresponding circuit diagram highlighting the connections in Figure 5.2(b). Moreover, 

a pictorial representation of the Hall measurement system is shown in Figure A.1 of Appendix 

A. 

 

 

Figure 5.2 a) Schematic of the Hall measurement system, and the corresponding b) electrical circuit of the 

measurement system. 
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 The magnet 

The setup utilizes an electromagnet that comprises a pair of Helmholtz coils (copper) (Figure 

5.2(a)) for the generation of a uniform 𝐵𝐵-field. The distance between the pole caps of the 

electromagnet is 11 cm and the diameter of each pole cap is 18 cm. This ensures a perpendicular 

and homogeneous 𝐵𝐵-field, which is essential for 𝑅𝑅H measurement at the sample position (placed 

in the center of the gap between the pole caps). Moreover, a sufficiently large distance between 

the pole caps allows for the accommodation of a heating vessel in which the sample holder is 

rested. The details of the sample holder are described in the coming section (5.4.2). The 

magnitude of the 𝐵𝐵-field developed from this electromagnet lies in the range 𝐵𝐵 ≈ ±0.5 T. 

During the measurement routines, the magnitude of the 𝐵𝐵-field is varied stepwise by the 

acquisition routine (discussed briefly after the end of section 5.7 and in detail in the technical 

report [208]) that controls the power supply of the electromagnet. The magnitude of the 𝐵𝐵-field 

is calibrated by a magnetometer with respect to the current supplied from the electromagnet 

power unit. Therefore, in the data analysis routine, a calibrated curve of the change of 𝐵𝐵-field 

with (measurement) time is utilized for analyzing raw signals from each measurement since the 

𝐵𝐵-field settings were unchanged during all measurements. 

 Sample holder 

Figure 5.3 shows the sample holder where the probes of four thermocouples are positioned in 

a van der Pauw geometry. A direct contact between the probes and the specimen is maintained 

by pressing the specimen on the probe tips with the help of a ceramic stub. The ends of this 

stub are screwed on the sample holder which keeps the specimen fixed in this position. A 

ceramic piston acts as a base for the sample so that the sample is immovable with respect to the 

probes during the measurement. This piston also helps in maintaining the van der Pauw 

geometry of thermocouple probes: Beneath the piston, the thermocouples are loaded 

individually with compression springs, which gives them mechanical flexibility such that their 

tips are pressed onto the specimen. Furthermore, the ceramic springs between the ceramic 

components allow a good fixing of the ceramic stub on the sample holder.  

Note that Figure 5.3(c) shows an arrangement of probes for 𝑈𝑈H measurement through the AC 

configuration only but the same arrangement is utilized for measurement across the BD 

configuration, with an interchange of probe channels for 𝐼𝐼 and 𝑈𝑈H during the measurement. The 

same arrangement is used for 𝑈𝑈𝜎𝜎 measurement across different configurations. The only 

difference between the schematic in Figure 5.3(c) and in Figure 5.1(e) is the placement of 
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probes which is not exactly at the edges in the present setup. An influence of asymmetry in 

probe arrangement and non-edge contacts on the measurement is discussed in section 5.9.1. 

 

 

Figure 5.3 a) The sample holder integrated on the measuring head of the Hall facility. The sample holder is zoomed-

in showing thermocouple probes in b), while c) shows the schematic of the van der Pauw configuration for the Hall 

measurement (for comparison). The probe-to-edge distance, a, indicates that the probes do not exactly lie on the 

sample edges. The specimen is d) mounted on the sample holder, and e) pressed on the thermocouple tips with help 

of a ceramic stub. The specimen is supported by a ceramic piston on the other face of specimen. 

 Controlled recipient 

The sample holder resides in a stainless-steel cylindrical vessel furnace so that the sample can 

be heated to higher temperatures. This vessel is evacuated with continuous pumping using a 

rotary vane vacuum pump to prevent sample oxidation during 𝑇𝑇-dependent measurements. The 

vessel diameter is designed such that it easily accommodates the sample holder, and the vessel 

occupies the area between pole caps of the magnet. Note that the electromagnet and the vessel 

both are connected to cooling water supply to prevent their overheating. 
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 Thermocouples 

The furnace temperature is probed and controlled by using a type-N thermocouple. Both 

voltages (𝑈𝑈H and 𝑈𝑈σ) and the sample temperature are measured on the sample surface by type-

N thermocouple probes as well. The probes are 1 mm in diameter and tapered to 0.5 mm at the 

tip. These thermocouples are sheathed with Inconel to prevent them against corrosion during 

high temperature measurements. During a measurement, two probes are utilized for measuring 

the voltage drop while other two probes are utilized to supply current. The current is supplied 

via the Inconel sheath as it is electrically conductive. Moreover, each of the thermocouples is 

surrounded by a high-temperature braided sleeve to avoid the contact between the thermocouple 

and the electrically conductive components of the sensor head. This is because both current and 

voltage signals can transmit through the thermocouple sheath. The same configuration can be 

used for 𝑇𝑇-dependent measurement of the Seebeck coefficient. Overall, these thermocouples 

provide better mechanical strength and flexibility to be utilized as signal probes over those (e.g. 

non-sheathed, soft-metal based contacts etc.) that have been typically used in other systems that 

employ van der Pauw geometry [211, 213-215]. This is mainly because no medium (e.g. silver 

paste) is used to contact the measuring probes to the sample, and sheathing allows the supply 

of current and simultaneous voltage measurements.  

 The heater 

The sample and a significant fraction of the sample holder is placed in a cylindrical ring (outer 

diameter 𝑑𝑑 =  6.5 cm, and a length of 10 cm) made of carbon-fiber reinforced carbon (CFC) 

composite material. This heater is connected to the power supply with a type-N thermocouple 

in its proximity for probing temperatures, which is displayed and stabilized by a 𝑇𝑇-controller 

(Eurotherm®). The desired temperature is set by the acquisition program, and current is supplied 

to the heater which heats up the furnace by resistive heating. The heater power supply is 

connected to the 𝑇𝑇-controller to monitor and control the supply. 

 Measurement power supply and measurement of electrical signals 

A lock-in amplifier (LIA) acts as a current source (signal generator, reference oscillator) for 

electrical measurements and amplifies the voltage measured on the sample. The AC is passed 

through the sample via a reference resistor (𝑅𝑅𝑅𝑅) box, with a highly accurate value of 𝑅𝑅 = 2.4 Ω, 

and a corresponding voltage signal is recorded. The measurement signal is amplified with 

respect to a reference signal of known phase and frequency. This means that signals with other 

frequencies are filtered out and the overall noise in the measured signal is reduced.  
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Besides, the sensitivity of the LIA is in the range of nanovolts (nV), and such sensitivity is 

required to measure highly conductive samples.  

 Switch system and multimeter 

The switch system consists of a multiplexer and a matrix card that are responsible for an 

interconnection of channels for the measurement of voltage and supply of current, respectively. 

During the measurement cycle, the switch system is controlled by an acquisition routine 

implemented on a computer (discussed in the technical report [208]). The switch system enables 

voltage measurement across different channels without a need to swap cables manually. The 

four thermocouples are connected to the multiplexer card which initiates and measures the 

sample temperature (on the surface). The sample temperature is measured by a digital 

multimeter (DMM) in the form of a voltage signal using the thermocouples on the sample 

surface. The DMM is also connected to the multiplexer card and acquisition computer. During 

acquisition, the measurement routine commands the DMM to measure voltages and 

temperatures. Besides, the measurement routine also commands the LIA to supply current. The 

channels for measuring voltage are closed with the help of multiplexer card while the matrix 

card closes channels for supplying current. The analog signals are converted into digital signals 

by an analog-to-digital converter in the multimeter. The magnetometer is also connected to the 

DMM, and its probe is used for measuring the magnitude of 𝐵𝐵-field at the pole cap during the 

measurement. As mentioned earlier in 5.4.1, the magnetometer is used for calibration but not 

utilized permanently in the Hall facility. 

 Electrical connections 

The electrical connections are visualized in Figure 5.2(b), and in more detail in Figure A.1 of 

Appendix A. The control computer is connected to the power supply of the electromagnet via 

an RS 232 interface, which enables the program to set current on the power supply to achieve 

a desired magnitude of 𝐵𝐵-field. The Eurotherm® is connected to the computer via an RS 485 

interface. The thermocouples at the sample holder are connected to the switch system. When a 

measurement is initiated or executed, the switch system commands the DMM card to make a 

voltage measurement across closed channels on the multiplexer which correspond to a 

particular configuration. The switch system and the DMM are connected to the computer via 

daisy chain method using an IEEE 488 interfacing. In network communication, daisy-chaining 

is one of common methods of signal propagation along a network. In such method, the 

components are connected in series [219, 220]. The LIA is connected to the computer via a RS 

485 interface. 
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 Geometric correction factors 

The necessity of the correction factor arises from the fact that the measurement probes are 

positioned not exactly at the edge of the sample, as shown in Figure 5.3. The GCF for the 

calculation of 𝑅𝑅H was derived by van der Pauw and is given by Equation (5.3). The measured 

and the true (or real) 𝑅𝑅H are related by Equation (5.4) [210]:  

𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅H  = ∆𝑅𝑅H
𝑅𝑅H,real

= −8𝑎𝑎
𝜋𝜋𝜋𝜋

 Equation (5.3) 
∆𝑅𝑅H

= 𝑅𝑅H,meas − 𝑅𝑅H,real 
Equation (5.4) 

This expression shows that 𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅H  depends on the probe to edge distance (𝑎𝑎) and the diameter 

𝐷𝐷 of specimen. The probe-to-edge distance ‘𝑎𝑎’ is further expressed as: 𝑎𝑎 = (𝐷𝐷 − 8.2) 2⁄ , 

where 8.2 (in mm) is the diagonal distance between two thermocouples. Note that non-ideal 

contacts lead to a small 𝑅𝑅H value, and therefore this factor overcomes discrepancy due to this 

contact configuration. The final equation can be expressed as: 𝑅𝑅H,real =

𝑅𝑅H,meas 1 + (−8𝑎𝑎 𝜋𝜋𝜋𝜋⁄ )⁄ . Another geometric correction factor, 𝐺𝐺𝐺𝐺𝐺𝐺𝜎𝜎, corresponding to 

measured conductivity signals, is also required because of the same stated reason that leads to 

a deviation in the measured value (𝜎𝜎meas) from the true (or real) value (𝜎𝜎real). In a van der 

Pauw configuration, the relative deviation is given as ∆𝜎𝜎 𝜎𝜎real⁄ . The true value can be 

determined after plugging Equation (5.6) in Equation (5.5) [210, 221]: 

𝐺𝐺𝐺𝐺𝐺𝐺𝜎𝜎 =
∆𝜎𝜎
𝜎𝜎real

=
−2𝑎𝑎2

𝐷𝐷2 ln(2)
 Equation (5.5) ∆𝜎𝜎 = 𝜎𝜎meas − 𝜎𝜎real Equation (5.6) 

The true value of conductivity can be expressed as:  𝜎𝜎real = 𝜎𝜎meas/1 + (−2𝑎𝑎2 𝐷𝐷2 ln(2)⁄ ). This 

expression is utilized in the program that automates the data analysis. 

 Measurement acquisition routine 

The acquisition routine measures voltage (both 𝑈𝑈H and 𝑈𝑈σ) drop on the sample (output voltage 

signals), detects currents driven through the sample, temperature readings etc. The user supplies 

desired measurement parameters on the graphical user interface (GUI) of the acquisition 

routine. Some of the relevant parameters are: temperature steps, 𝐵𝐵-field: number of points in a 

specified range (from −0.5 T to +0.5 T), number of sweep cycles (one sweep refers to a 

variation of magnitude of 𝐵𝐵-field (from −0.5 T to +0.5 T)), and thickness (𝑑𝑑) and diameter 

(𝐷𝐷) of the samples etc. for 𝑅𝑅H and 𝜎𝜎 measurements. The program also computes electrical 

conductivity values using corresponding voltage and current values that are measured and 

supplied respectively. 
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The raw data output files are later utilized for the analysis of the measured signals. The 

acquisition routine is scripted in MS Visual Basic which was developed by ex-colleague Dr. 

Gabriele Karpinski and later updated by Dr. Hendrik Kolb. A detailed description of the data 

acquisition routine is given in the technical report [208]. 

 Data analysis routine 

A data analysis routine was developed for the analysis of raw voltage signals (both 𝑈𝑈H and 𝑈𝑈σ). 

A detailed description of the data analysis routine is given in the technical report [208]. Broadly, 

for the analysis, the program files are copied in the folder containing the raw data files. The 

code/name of the measured specimen is a necessary input to the central routine program code 

(named ‘Hall Program’) to run the analysis. The main function of the data analysis routine is to 

sort raw signals, check for inconsistencies and filter such signals out, out of which some aspects 

are discussed in the coming section. The true values of the Hall coefficient and the electrical 

conductivity are calculated (by the program) from the filtered raw signals after employing the 

values of 𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅H  (Equation (5.3)) and 𝐺𝐺𝐺𝐺𝐺𝐺𝜎𝜎 (Equation (5.5)). The data analysis software is 

designed and scripted in MATLAB® by the author of this thesis. This program was developed 

for a time-efficient analysis of the raw signals to deduce the transport properties for ≥ 100 

samples (from the author and department colleagues) throughout the Ph.D. work. 

A constant set of measurement conditions were implemented for the Hall measurements at the 

presented facility. During the measurement, the magnitude of 𝐵𝐵-field is varied between −500 

mT to +500 mT at an interval of 250 mT. The voltage signal is measured at five different 

values of the magnitude of 𝐵𝐵-field i.e. −500, −250, 0, +250, +500 mT, and back (which is 

referred to here as a sweep cycle). So, each sweep cycle has two sweeps. Therefore, in total, 

the voltage measurement is measured in ten (10) sweep cycles at each temperature point, and 

the total number of sweeps are 𝑛𝑛 = 20. Furthermore, the voltage signals are measured twenty 

times at each value of the magnitude of 𝐵𝐵-field. This routine is followed for the measurement 

at one or more temperature points. During the data analysis, briefly, these twenty voltage values 

are averaged out at each magnitude of 𝐵𝐵-field which gives five values of voltages, each 

corresponding to one value of the magnitude of 𝐵𝐵-field (e.g. +250 mT) in a sweep of a sweep 

cycle. In principle, the five values (each corresponding to one value of magnitude of B-field) 

should follow a linear trend, which is expected on varying the magnitude of 𝐵𝐵-field (as 

explained in the coming sub-sections). These voltages 𝑈𝑈H are linearly fitted with respect to a 

change in the magnitude of 𝐵𝐵-field to determine slope, �𝜕𝜕𝑈𝑈H
𝜕𝜕𝜕𝜕
�, which is plugged in the equation 

expressed in section 5.3.2, to calculate the Hall coefficient. The aforementioned text gives a 
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brief overview of the acquisition routine and the data analysis routine that gives a necessary 

base for a clearer understanding of the discussion in the upcoming sections. 

 An assessment of the quality and reliability of the Hall coefficient 

measurements 

An evaluation of raw signal quality is a necessary step to obtain reliable transport properties. 

In this section, these aspects are discussed for the measurement signals corresponding to the 

Hall coefficient. On the other hand, the electrical conductivity measurements had some issues 

before the extension of the HT Hall facility for high temperature operations. Specifically, 𝜎𝜎 

values (at RT) measured at the HT-𝑆𝑆𝑆𝑆 and HT Hall facilities showed a large relative deviation 

(≥ 50 %) with lower values measured at the HT Hall facility. In this regard, a variety of 

experiments were conducted that led to the main reason for the observed discrepancy in the 

electrical conductivity values. The details of each experiment, the results and the corresponding 

interpretation is discussed in the technical report [208]. Finally, the issues were identified and 

resolved which lowered the relative deviation between the electrical conductivity values 

measured at the HT-𝑆𝑆𝑆𝑆 and HT Hall facilities to R. D.≤ 8 %, as discussed in the coming 

sections. 

 Hall voltage – ideal and real measurement  

A change in the measured Hall voltage with a change in the magnitude of 𝐵𝐵-field, both as a 

function of time is shown by the means of a 2Y-plot, which is visualized in Figure 5.4(a) and 

Figure 5.4(b). The data corresponding to a change of the Hall voltage with the change in the 

magnitude of 𝐵𝐵-field is extracted for further analysis (as described in the last paragraph of the 

previous section). The extracted data is shown in Figure 5.4(c) and Figure 5.4(d) which enables 

to make a preliminary conclusion about the quality of the measurement signal. Particularly, a 

change of the Hall voltage 𝑈𝑈H signal with respect to the variation in the magnitude of 𝐵𝐵-field 

should be linear. A linear fitting of the Hall voltage 𝑈𝑈H versus the magnitude of 𝐵𝐵-field gives 

the slope. This slope is obtained for each sweep at each temperature point which is utilized for 

the calculation of the Hall coefficient 𝑅𝑅H. Besides, the variation of the magnitude of 𝐵𝐵-field 

from negative to positive and back to negative should in principle, decrease (increase) to 

increase (decrease) and decrease (increase) the Hall voltage. The measured voltage signal is 

displayed on the lock-in amplifier (LIA). 
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Figure 5.4 Schematic change of the Hall voltage 𝑈𝑈H with a change in the magnitude of 𝐵𝐵-field with respect to time 

𝑡𝑡, with the direction of voltage drop in a) one direction, and b) in other direction. Note that the direction of voltage 

drop depends on the phase difference between the measured and the reference signal, explained in detail in relevant 

section below. c) & d) show 𝑈𝑈H as a function of the magnitude of 𝐵𝐵-field from the black rectangular box in a) and 

b), respectively. Note that the 𝑈𝑈H data shown here is synthetic data which is referred to as ideal. 

Note that LIA extracts and displays only those signals (from the measured voltage), which have 

the same frequency as the reference signal. Besides this, the phase between signals must not 

change with time as it will influence the measured signal (and the signal amplitude displayed 

on the LIA). LIA maintains a constant phase difference between the measured and the reference 

signal. LIA uses a phase-locked loop that locks the phase of the reference signal to the phase 

of the measurement signal, and this loop also ensures that the phase shift is always constant 

[222]. The phase of the reference oscillator can be tuned by the user manually as well. An 

automated phase difference set by the LIA affects the sign (+ or –) of the amplitude of the 
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signal displayed. This is exemplified by the two types of ideal signals that are shown in Figure 

5.4(a) and Figure 5.4(b). Here, the voltage drop has a positive or a negative slope because the 

LIA found a phase difference between the measured voltage signal and the reference oscillator 

signal (current) near 0° or 180° respectively. And so, the voltage drop shows either an increase 

or decrease with respect to the magnitude of 𝐵𝐵-field.  

 

 

Figure 5.5 2Y-plots showing a change of 𝑈𝑈H and the magnitude of 𝐵𝐵-field with respect to time 𝑡𝑡. The plots show a) 

real (close to ideal), b) real (scattered) conditions while c) and d) show poor signal output with respect to change in 

the magnitude of 𝐵𝐵-field. 

As said, the LIA is based on the principle of phase sensitive detection (PSD) which ensures that 

the signal is not lost in the interfering signals. The LIA filters the signal using a reference 

frequency and phase, thus, ignoring other signals. Therefore, ideally, the magnitude of 𝑈𝑈H at a 
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particular magnitude of 𝐵𝐵-field should remain constant as shown by the illustration in Figure 

5.4(a) and (b). However, the recorded signals are mostly not ideal and, in some cases, quite far 

from ideal. The raw signals can be correspondingly roughly classified based on two aspects, 

first, the scatter (low or high) in voltage signal at a particular magnitude of 𝐵𝐵-field, and second, 

whether the variation in voltage signal due to the varying magnitude of 𝐵𝐵-field is linear or not. 

For one’s understanding the classification as a good signal (close to ideal or scattered) or a poor 

signal can be exemplarily visualized in Figure 5.5. The good signals can be observed to vary in 

a manner, which is similar to the ideal signals but with some degree of scatter compared to the 

ideal signals at each magnitude of 𝐵𝐵-field. The poor signals, on the other hand, are qualitative 

different from the expectation and change partially non-systematically with the varying 

magnitude of 𝐵𝐵-field, as shown in Figure 5.5(c) and Figure 5.5(d). The probable reason for poor 

signal quality can be at the specimen level or the measurement system level or at times both. 

Note that in the Figure 5.4 and Figure 5.5, only one sweep cycle is shown to highlight the issue 

of signal quality and reliability. However, the measurement is performed usually by selecting 

multiple sweep cycles to obtain statistically robust slope values from the raw signals and 

correspondingly reliable 𝑅𝑅H values. 

 Error indicators 

In the previous section, some preliminary analysis was shown in order to assess the quality of 

measurement. Besides observing the raw signals, other parameters are quantified which are 

useful in recognizing issues related to 𝑈𝑈H measurement. These indicators are the Hall voltage 

at zero magnitude of 𝐵𝐵-field (𝐵𝐵 = 0 T), 𝑈𝑈H,𝐵𝐵=0, the correlation coefficient 𝑅𝑅C.C. and the 

standard deviation of the slope values 𝑠𝑠 �𝜕𝜕𝑈𝑈H
𝜕𝜕𝜕𝜕
�. 𝑈𝑈H,B=0 is actually expressed as (𝑈𝑈H,B=0)T =

1
𝑖𝑖
∑ 𝑈𝑈H,B=0
𝑖𝑖
1 , where 𝑈𝑈H,B=0 is the measurement value at 𝐵𝐵 = 0 T for each sweep of the 

magnitude of 𝐵𝐵-field, indexed by 𝑖𝑖 and T is the measurement temperature. The correlation 

coefficient 𝑅𝑅C.C. is the degree of association between two variables, which here are 𝑈𝑈H 

(dependent (on 𝐵𝐵) variable) and the magnitude of 𝐵𝐵-field (independent variable) [223]. 𝑅𝑅C.C. =

±1 or the values close to unity shows that the 𝑈𝑈H and 𝐵𝐵 are well correlated while the values 

deviating away from these values reflect poor correlation. 𝑠𝑠 �𝜕𝜕𝑈𝑈H
𝜕𝜕𝜕𝜕
�  =  ∑ | 𝜕𝜕𝑈𝑈H

𝜕𝜕𝜕𝜕
− M|

2
𝑛𝑛
𝑖𝑖=1 /(𝑛𝑛 −

1) is the standard deviation of the slopes (𝜕𝜕𝑈𝑈H
𝜕𝜕𝜕𝜕

), and their mean (M), M = 1
𝑛𝑛
∑ (𝜕𝜕𝑈𝑈H

𝜕𝜕𝜕𝜕
)𝑖𝑖𝑛𝑛

𝑖𝑖=1 , and 

here, 𝑛𝑛 = number of slope values corresponding to each sweep (at each temperature point). 

𝑠𝑠 �𝜕𝜕𝑈𝑈H
𝜕𝜕𝜕𝜕
� is computed after each filtering step in the data analysis program, as described in detail 

in the technical report [208].  
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Figure 5.6 a) 𝑈𝑈H,𝐵𝐵=0, b) 𝑅𝑅C.C. of 𝑈𝑈H and 𝐵𝐵, and the c) 𝑠𝑠 �𝜕𝜕𝑈𝑈H
𝜕𝜕𝜕𝜕
� (≈ 10−10) across AC and BD configurations. The 

standard deviation is calculated after each filtering step (elaborated in the technical report [208]) of the data analysis 

program. The red and the blue data points in (c) and (d) correspond to heating and cooling temperatures respectively. 

The 𝑈𝑈H,B=0 should ideally be zero since the 𝑈𝑈H measurement probes (which are perpendicular 

to the current 𝐼𝐼 flow) should lie on a line of symmetry. However, due to a non-ideal positioning 

of the thermocouple probes, a small signal is measured even at 𝐵𝐵 = 0 T, which can be observed 

from different sweeps in Figure 5.5(a) and Figure 5.5(b). This anomaly is used here as an error 

indicator to check if the measurement runs as expected or not, particularly, an abrupt change in 

𝑈𝑈H,𝐵𝐵=0 at any temperature point can be indicative of a problem with the measurement. The 

𝑈𝑈H,𝐵𝐵=0 is shown in the Figure 5.6(a) for a 𝑇𝑇-dependent measurement (discussed in detail in 

section 5.9.2) on a p-type FeSi2 specimen. 𝑈𝑈H,𝐵𝐵=0 increases with increasing measurement 

temperature. This agrees with the behavior of a typical doped semiconductor, for which the 

resistivity of material increases with increasing temperature.  
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Besides, the 𝑅𝑅C.C. between 𝑈𝑈H and the magnitude of 𝐵𝐵-field is also plotted to observe the quality 

of the obtained slopes. In particular, the values close to ±1 show a good correlation, and values 

towards zero show poor correlation. 𝑅𝑅C.C. is also utilized in one of the filtering steps to 

efficiently filter out the slope values that show a value lower than 0.90 (please refer to the 

technical report [208]). This coefficient is particularly helpful to sort out slopes corresponding 

to bad signal sweeps and use relatively good signals for analyzing the data since not always all 

sweeps are bad.  

The standard deviation, 𝑠𝑠 �𝜕𝜕𝑈𝑈H
𝜕𝜕𝜕𝜕
�, is another statistical parameter that is utilized as an error 

indicator. The slope values of heavily doped semiconductor specimens have been usually 

observed to be of the order of 10−9 or lower (in m2/s). The calculation of slope corresponding 

to each sweep, the mean and standard deviation corresponding to the Hall voltage measurement 

at each temperature point is briefly described in the last paragraph of the previous section. 

𝑠𝑠 �𝜕𝜕𝑈𝑈H
𝜕𝜕𝜕𝜕
� is calculated thrice in the data analysis routine to observe the changes in the order and 

its magnitude as shown in Figure 5.6(c) and Figure 5.6(d). The 𝑠𝑠 �𝜕𝜕𝑈𝑈H
𝜕𝜕𝜕𝜕
� is computed, first, 

immediately after the linear fitting of 𝑈𝑈H versus the magnitude of 𝐵𝐵-field, and the rest are 

calculated each after subsequent filtering steps. A detailed description of different filtering steps 

together with the flowcharts of the sub-functions where these filtering steps have been 

implemented are provided in the technical report [208]. 

 A Comparison of the measurements of the Hall coefficient and the electrical 

conductivity at room temperature 

The Hall coefficient and electrical conductivity values of a few specimens (both p- and n-type 

Mg2(Si,Sn)) were measured on the presented Hall facility (at RT). The stoichiometry of these 

specimens is listed in Table 5.1. Note that the p-type specimens (Li-doped) were prepared using 

induction melting and the n-type specimen (Sb-doped) was prepared using MA and the DSP. 

Table 5.1 Sample code and composition for the specimens measured at different facilities. 

Sample code Composition 

1 Mg1.96Li0.04Si0.2Sn0.8 

2 Mg2.05Li0.04Si0.2Sn0.8 

3 Mg2.06Li0.04Si0.2Sn0.8 

4 Mg2.07Li0.04Si0.2Sn0.8 

5 Mg2.06Si0.385Sn0.6Sb0.015 
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The Hall carrier concentration is calculated from the Hall coefficient using the expression: 

|𝑅𝑅H| = ±1 𝑛𝑛H𝑒𝑒⁄ , which is a reasonable assumption at room temperature for this class of 

materials. The sign of 𝑅𝑅H depends on the transport of the type of carriers (electrons or holes). 

The room temperature transport properties of these samples were also measured on other Hall 

facilities at the Department of Metallurgical Engineering and Materials Science, IIT Bombay, 

India and the Department of Experimental Physics, JLU Gießen, Germany. The transport 

properties measured at different facilities were compared (Figure 5.7(a) and Figure 5.7(c)) to 

quantify the measurement uncertainty and to test the reliability of measurement.  

 

 

Figure 5.7 RT a) Hall carrier concentration & c) electrical conductivity of five different samples (both p-type and n-

type) measured on the Hall facilities at DLR, IIT Bombay and JLU Gießen with van der Pauw configuration of the 

sample holder, and the corresponding relative deviation in b) 𝑛𝑛H & d) 𝜎𝜎 measurement. Note that the 𝑛𝑛H and 𝜎𝜎 

measurements were carried out at relatively low temperature (𝑇𝑇 ≈ 277 K) in the Hall facility at JLU Gießen. 
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The comparison shows that both 𝑛𝑛H and 𝜎𝜎 values are in good agreement with a relative 

deviation of < ±8 % (Figure 5.7(c) and Figure 5.7(d)). A relative deviation of < ±2 % was 

found between the 𝑛𝑛H values of heavily doped Mg2.06Si0.385Sn0.6Sb0.015 specimen, which was 

measured on the facilities at DLR and JLU. Comparing the results obtained from different 

measurement systems is reasonable since the sample holder of each of these setups is based on 

the van der Pauw method. Nevertheless, beyond the van der Pauw geometry of sample holder, 

other sample holder geometries should also give same results. The facility at IIT Bombay 

utilizes an electromagnet that generates a maximum magnitude of 𝐵𝐵-field of 𝐵𝐵 = ±0.6 T and 

the measurement utilizes a DC current unlike the presented DLR facility, which utilizes an AC 

measurement signal. The in-house developed Hall facility at the JLU works in the temperature 

range between 1.5 K −277 K with a maximum magnitude of 𝐵𝐵-field of 10 T, and therefore, 

the measurement of 𝑛𝑛H and 𝜎𝜎 is at a lower temperature (~277 K) instead of 300 K (RT). The 

carrier concentration of n-type Mg2(Si,Sn) materials does not fluctuate between the range of 

277 K (JLU facility) and 300 K (DLR facility) [83, 224, 225]. Due to this fact, the comparison 

of Hall carrier concentration 𝑛𝑛H data measured at both facilities is feasible. The room 

temperature electrical conductivity value of n-type specimen nevertheless shows an observable 

deviation on comparison. For this specimen, a higher value of conductivity is measured at the 

JLU facility. A lower value of conductivity measured the Hall facility at DLR is not unexpected 

as the carrier scattering increases with temperature. This is observed, especially for Mg2(Si,Sn) 

materials, as shown in Figure 5(b) of Chapter 8. A linear extrapolation of the temperature 

dependent electrical conductivity data (300 K – 419 K) to 277 K leads to a decrease in relative 

deviation from 7.5 % to 5.3 %. A temperature dependent electrical conductivity plot (1.5 K – 

773 K) for this n-type sample is shown in Figure A.3 of Appendix A. The Hall carrier 

concentration is constant for heavily doped semiconductors, so, any variation in temperature 

will lead to a change in the electrical conductivity. 

 Results and discussion 

A dimensionless parameter that corrects the measured values, which are often different from 

true values owing to differences in the probe positioning with respect to the sample geometry, 

is called geometric correction factor. In this section, the validity of geometric correction factor 

is investigated by comparing the experimental and simulated Hall voltages. Note that the Hall 

voltages were measured at different probe positions in a simulation environment. Lastly, a 

temperature dependent reference measurement of the Hall coefficient and the electrical 

conductivity is discussed. 
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 Utilizing GCF equations and their validation 

The arrangement of thermocouple probes for the measurement of the Hall coefficient and the 

electrical conductivity is shown in Figure 5.3(c). In case of the specimens with larger diameter 

(𝐷𝐷 ≥11 mm), these probes do not lie exactly on the edges but only close to the edge. Therefore, 

the utilization of the generic equations of the Hall coefficient and electrical conductivity 

(expressed in section 5.3.2 and Equation (5.1)) will lead to a deviation between the calculated 

and the real values. Thus, van der Pauw gave a set of equations (GCF) accounting for the 

inconsistencies in the measurement of each transport property due to the specimen geometry. 

The GCF for computing real values of the Hall coefficient and electrical conductivity are 

expressed in Equation (5.3), Equation (5.4), Equation (5.5) and Equation (5.6), respectively. 

The corrected value of the Hall coefficient depends on the GCF (Equation (5.3)), which is 

implemented in the data analysis routine. It is not clearly known whether the GCF is applicable 

for all the values of probe-to-edge distance (𝑎𝑎) or when does the implicit assumptions used to 

derive the given expression breaks down. The relative offset, 𝑎𝑎/𝐷𝐷, is a crucial parameter for 

the GCF, therefore, GCF obtained by using Equation (5.3) was validated by simulating the 

measurement. The FEM software ANSYS, Inc. (versions 19.1) with the mechanical 

APDL module has been utilized for simulating the experimental environment, and measuring 

the Hall voltage 𝑈𝑈H under the influence of an applied magnitude of 𝐵𝐵-field. The simulation part 

was carried out by Dr. Prasanna Ponnusamy, who was a Ph.D. colleague in the department at 

DLR, while the interpretation of the results of the simulation was done by the author of this 

thesis. 

For the modelling of the Hall voltage 𝑈𝑈H using ANSYS, a van der Pauw arrangement of four 

probes was constructed, which is similar to the sample holder in the present facility (Figure 

5.8(a)). The Hall voltage 𝑈𝑈H was obtained by applying the current on two probes under a 

magnetic field magnitude of 𝐵𝐵 = 0.8 T. The model was tested with a value of 𝐵𝐵 = 0 T which 

resulted in an output voltage of 𝑉𝑉 =  0 V. The sample thickness was kept constant with a value 

𝑑𝑑 = 1 mm. The effect of sample thickness on the resistivity measurements in a van der Pauw 

geometry was studied by Kasl et al. [226]. They concluded that top/bottom contacts in 

combination with a finite sample thickness 𝑑𝑑 lead to significantly incorrect measurements when 

thickness is 2𝑑𝑑 ≥ 𝐷𝐷, whereas in our experiments, the samples thickness is low, in the range 

10𝑑𝑑 ≤ 𝐷𝐷 ≤ 5𝑑𝑑. It can be therefore argued that the effect of sample thickness in our case is 

negligible and so, the effect of using a sample thickness different than that of an actual sample 

can be ignored. Besides, note the difference in the (initial) modelling arrangement and the 

sample holder of the current Hall facility (Figure 5.3(c)). Particularly, in the beginning of the 
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simulation, the probes are fixed at the edges of the sample to determine the real values of the 

Hall coefficient 𝑅𝑅H. In the later stages of simulation, the probe positions are varied, which is 

explained in the later part of this section. Under an applied magnitude of 𝐵𝐵-field, the Hall 

voltage 𝑈𝑈H is measured by two thermocouples probes as shown in the Figure 5.8(a). The probes 

for passing current 𝐼𝐼 signals during the simulation are on the opposite surface of the specimen 

(not shown in Figure 5.8(a)). The corresponding schematic of the position of different probes 

on the specimen is shown in Figure 5.8(b). The applied magnitude of 𝐵𝐵-field is perpendicular 

to the specimen and the direction of the flow of current through the specimen.  

 

 

Figure 5.8 a) Construction of the model in ANSYS, Inc. for a FEM of the sample holder with the color indicating 

the potential field forming 𝑈𝑈H, (b) a schematic to show the position of the probes and the direction of 𝐵𝐵-field. 

For the given cylindrical geometry, Hall voltage 𝑈𝑈H was simulated for a material of known Hall 

coefficient 𝑅𝑅H, and pre-defined values of current 𝐼𝐼 and thickness 𝑑𝑑. For a constant value of 

current, the applied magnitude of 𝐵𝐵-field and thickness 𝑑𝑑, the Hall voltage 𝑈𝑈H translates directly 

to 𝑅𝑅H. Therefore, the 𝑅𝑅H,real of the material with the contacts on the edges (real case) was 

simulated, and it was compared with 𝑅𝑅H,FEM, which was also simulated when the contacts are 

off from the edge (non-ideal case). For a comparison with the GCF derived by van der Pauw 

[210], Equation (5.3) can be re-expressed here: 𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅H = ∆𝑅𝑅H
𝑅𝑅H,real

= −8
𝜋𝜋
�𝑎𝑎
𝐷𝐷
�, where ∆𝑅𝑅H =

𝑅𝑅H,meas − 𝑅𝑅H,real. Note that van der Pauw [210] has used this expression for the correction of 

the Hall coefficient 𝑅𝑅H considering the individual shift of each probe i.e. 𝐺𝐺𝐺𝐺𝐺𝐺 = −2
𝜋𝜋
�𝑎𝑎
𝐷𝐷
�, while 

here, a shift of all four probes is considered, which is representative of the sample holder design. 

Here, 𝑎𝑎 and 𝐷𝐷 are related to each other due to fixed probe positions, i.e. 𝑎𝑎 is directly influenced 

by a chosen value of diameter 𝐷𝐷, and a variation of the relative offset, 𝑎𝑎
𝐷𝐷

, can lead to a 
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discrepancy in the 𝑅𝑅H values. Therefore, the ratio of 𝑅𝑅H,meas 𝑅𝑅H,real⁄ = 1 + (−8𝑎𝑎 𝜋𝜋𝜋𝜋⁄ ) = 𝑃𝑃, 

and the ratio 𝑅𝑅H,FEM 𝑅𝑅H,real⁄ = 𝑄𝑄 are calculated. Note that 𝑄𝑄 is computed after obtaining the 

respective values by FEM simulation. Both 𝑃𝑃 and 𝑄𝑄 are compared to investigate the validity of 

the equation of GCF reported by van der Pauw [210]. For comparison, in one case, the ratio 𝑎𝑎
𝐷𝐷

 

is varied symmetrically, which means that all four probes were uniformly varied to obtain 

𝑅𝑅H,FEM. Whereas, in the other case, the ratio 𝑎𝑎
𝐷𝐷

 is varied asymmetrically. An asymmetric 

variation means that the ratio 𝑎𝑎
𝐷𝐷

 for only one of the probes was varied while for the other three 

probes, this ratio is kept constant (𝑎𝑎
𝐷𝐷

=  0.01). For this case, e.g. the ratio of 𝑅𝑅H can be re-

expressed as: 𝑅𝑅H,meas 𝑅𝑅H,real⁄  = 3 −2
𝜋𝜋

(0.01) + −2
𝜋𝜋
�𝑎𝑎
𝐷𝐷
�, where 𝑎𝑎

𝐷𝐷
 is varied. The symmetric and 

the asymmetric cases, and the corresponding change in the relative offset to determine the ratio 

are shown in Figure 5.9(a) and Figure 5.9(b), respectively. Besides, the discrepancy in 𝑅𝑅H 

(corrected using the traditional GCF equation and the ANSYS simulated values) is deduced by 

computing relative deviation R. D. % = (𝑃𝑃 − 𝑄𝑄) 𝑃𝑃⁄ .  

 

 

Figure 5.9 𝑃𝑃 and 𝑄𝑄 with respect to (𝑎𝑎 𝐷𝐷⁄ ) for a) symmetric and b) asymmetric case. The relative deviation between 

𝑃𝑃 and 𝑄𝑄 for the respective cases is shown in blue. 

The results show that 𝑄𝑄 deviates from 𝑃𝑃 as the value of 𝑎𝑎
𝐷𝐷

 increases and this deviation makes 

the correction factor proposed by van der Pauw (expressed in Equation (5.3)) less accurate. 

Particularly, considering a sample diameter 𝐷𝐷 =  12.7 mm, and 𝑎𝑎 =  2.25 mm, which 

corresponds to the present sample holder, the relative offset comes out to be 𝑎𝑎
𝐷𝐷
≈ 0.135. Figure 
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5.9(a) shows that for 𝑎𝑎
𝐷𝐷
≈ 0.135, the (relative) deviation R. D. > 5 %. Considering this value 

(of 5 %) as the limit of the deviation, the usage of GCF proposed by van der Pauw is less 

reliable for 𝑎𝑎
𝐷𝐷

> 0.135 and 𝑎𝑎
𝐷𝐷

> 0.241 for the symmetric and asymmetric case, respectively. 

Moreover, 𝑃𝑃 (van der Pauw expression) is higher in magnitude compared to 𝑄𝑄 (FEM validated) 

for all the values of 𝑎𝑎
𝐷𝐷

, and this difference is observed for both the cases (symmetric and 

asymmetric). For the reference measurement carried out in the temperature range from 300 K 

–  723 K (as discussed in the next section), the value of 𝑎𝑎
𝐷𝐷

 was utilized to determine the relative 

deviation between the Hall coefficient calculated from the van der Pauw derived GCF and the 

FEM calculated values. The FEM corrected value of GCF was employed to calculate the Hall 

coefficient. Besides, the FEM computational modelling can get affected due to chosen 

computational parameters (meshing, probe diameter etc.). Particularly, a discrepancy in the 

calculated values of 𝑃𝑃 and 𝑄𝑄 while optimizing FEM simulation was observed. Therefore, to 

neglect the effects of simulation parameters that could lead to inaccuracies in the output values, 

the probe diameter was kept constant with 𝐷𝐷 = 0.02 mm, and a converged meshing was used 

in the mechanical APDL module.   

A validation of the geometric correction factors related to the determination of true values of 

electrical conductivity should, in principle, be performed. Nevertheless, the values of electrical 

conductivity measured in the setups employing different measurement principles and equations 

for calculating it, has shown small error uncertainty (at room temperatures and high 

temperatures, discussed in the next section). Therefore, the need of a validation of 

corresponding factors was less and thus, not performed. 

 A comparison of the measurement of the Hall coefficient and the electrical 

conductivity on a reference specimen at high temperatures 

The temperature dependent measurement of the Hall coefficient and the electrical conductivity 

was simultaneously carried out in the presented setup and a Hall facility at the Department of 

Chemistry, Aarhus University, Denmark [211]. Each of these measurements were compared 

and the accuracy of the Hall measurement setup was examined. For this purpose, a p-type 𝛽𝛽-

FeSi2 sample was utilized. The temperature dependent thermoelectric properties (𝑆𝑆,𝜎𝜎 and 

𝑅𝑅H,𝜎𝜎) of p-type 𝛽𝛽-FeSi2 sample is visualized in Figure A.4 and Figure A.5 of Appendix A. 𝛽𝛽-

FeSi2 was chosen because it has been recently shown [197, 198] that this material fulfills the 

criterion of a high temperature reference material for the Seebeck coefficient measurement, 

which is related to 𝑅𝑅H, as discussed in section 2.2.4.  
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 Hall coefficient 

The temperature dependent Hall coefficient measured in both setups and the relative deviation 

between the measured data are shown in Figure 5.10. Note that |𝑅𝑅H| is shown here. The 

measured values showed a good agreement with an overall relative deviation of R. D.≤ 8 %. 

The Hall coefficient value calculated using GCF (given by van der Pauw, Equation (5.3)) led 

to a relative deviation of R. D.≈ 6.3 % lower compared to the values computed by utilizing 

FEM simulation corrected GCF. In relation to 𝑄𝑄(= 0.5815), 𝑃𝑃(= 0.6206) is over-estimated, 

which is a major cause of observed deviation. This allows for a correction of the values obtained 

from 𝑃𝑃 with 𝑄𝑄, which led to a better agreement between temperature dependent transport 

properties obtained from the DLR setup and the Aarhus setup as shown in Figure 5.10(a). 

 

 

Figure 5.10 𝑇𝑇-dependence of a) 𝑅𝑅H and b) relative deviation in the measurement. The red and blue curve in sub-

figure (b) shows a relative deviation (1 − (𝑅𝑅H,DLR 𝑅𝑅H,Aarhus⁄ )) between the 𝑅𝑅H measured at the HT Hall setup at 

DLR (with GCF according to van der Pauw’s original work and the improved FEM derived values) and Aarhus 

University, respectively. 

Note that the comparison between 𝑅𝑅H calculated after correcting the GCF (by FEM simulation) 

and the data measured on the Aarhus setup holds legitimate since the Aarhus setup has the 

measurement probes exactly at the sample edges [211], which do not need a correction of the 

geometry unlike the DLR setup. The agreement in the absolute values gets better, which can be 

observed by a lowering of the relative deviation. This means that the values measured at the 

present setup are close to the true values of the Hall coefficient. Besides, the comparative RT 

measurements shown in Figure 5.7 of the sub-section 5.8.3 have also been corrected by using 



Chapter 5 
 

110 
 

FEM corrected GCF, and the new results are shown in Figure A.2 in the section A.2 of 

Appendix A. The relative deviation between the RT Hall carrier concentrations is also lowered. 

 Electrical conductivity 

The temperature dependent electrical conductivity of the same sample (p-type 𝛽𝛽-FeSi2) was 

measured simultaneously (along with 𝑅𝑅H) in the Hall facilities at the Aarhus University and 

DLR (Figure 5.11).  

 

 

Figure 5.11 Temperature dependent a) electrical conductivity measured on HT-𝑆𝑆𝑆𝑆 setup, Hall setup at DLR and 

Aarhus University, respectively, and b) relative deviation (1 − (𝜎𝜎others 𝜎𝜎DLR,HT Hall⁄ ) between the measurement data 

conducted at different (HT-𝑆𝑆𝑆𝑆 and Aarhus University) facilities. 

The electrical conductivity of this sample was also measured at HT-𝑆𝑆𝑆𝑆 setup, and compared 

with the conductivity data measured on other two facilities, as shown in Figure 5.11. The 

temperature dependence of electrical conductivity values measured on each stated facility is 

identical. The relative deviation (Figure 5.11(b)) in the data obtained from the DLR HT Hall 

facility and HT-𝑆𝑆𝑆𝑆 facility lies between 6 % −  8 %. The relative deviation between the 

electrical conductivity data measured on the HT Hall facility at DLR and Aarhus University is 

even lower (4 % –  6 %). Note that the relative deviation between the measurement data was 

calculated by fitting the HT-𝑆𝑆𝑆𝑆 data and Aarhus University data by a 3rd order polynomial 

equation.  

Therefore, the overall relative deviation in the Hall coefficient and the electrical conductivity 

measurements using the Hall facility at DLR and other facilities is R. D. < 8 %.  
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 Conclusion 

A pre-existing facility to simultaneously measure the Hall coefficient (𝑅𝑅H) and electrical 

conductivity (𝜎𝜎) was extended to operate at higher temperatures (300 K –  723 K). The facility 

is based on the van der Pauw (vdP) method which is discussed in detail. The details of the 

measurement acquisition routine and the data analysis routine are briefly discussed. The data 

analysis routine was developed to automate the analysis of the measured signals. This routine 

has the ability to handle the signals with relatively poor quality as well. The slopes (𝜕𝜕𝑈𝑈H 𝜕𝜕𝜕𝜕⁄ ) 

are calculated from the plot of the measured Hall voltage (𝑈𝑈H) versus the magnitude of 𝐵𝐵-field. 

Several error indicators are discussed which are beneficial in quantifying the errors associated 

with the acquired raw signals. These include the measured Hall voltage offset at zero magnitude 

of magnetic field, the correlation coefficient and the standard deviation of slopes.  

The geometric correction factor (GCF) (proposed by van der Pauw) was validated by finite 

element simulations, which depicts the probe positioning in the sample holder of current 

facility. GCF is a function of probe-to-edge distance (𝑎𝑎) and sample diameter (𝐷𝐷), which is 

expressed as: 𝑎𝑎
𝐷𝐷

. The Hall coefficient was simulated by systematically varying 𝑎𝑎
𝐷𝐷

, particularly, 

the position of one (asymmetric case) or all (symmetric case) probes was varied. A ratio of the 

𝑅𝑅H (simulated asymmetrically and symmetrically) and real 𝑅𝑅H value (also simulated by 

positioning the measuring probes exactly on the sample edge, real case) was computed. For the 

same values of 𝑎𝑎
𝐷𝐷

, these ratios were computed using the equation proposed by van der Pauw and 

compared with the ratios of FEM determined 𝑅𝑅H values. Computed ratios were observed to 

deviate with increasing 𝑎𝑎
𝐷𝐷

. Considering the limit of the relative deviation of ~5 % between these 

‘ratios’, the GCF equation (proposed by van der Pauw) is insufficient for  𝑎𝑎
𝐷𝐷

> 0.135 and 𝑎𝑎
𝐷𝐷

>

0.241 for the symmetric and asymmetric cases, respectively. Besides, a reference measurement 

comparing the Hall coefficient and the electrical conductivity, both at room (300 K) and high 

temperature range (300 K –  723 K), carried out on the presented Hall facility and other 

facilities (of different international research groups) showed a good agreement with a relative 

deviation of ≤ 8 %. 
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 Understanding the synthesis mechanism of 

optimized n-type Mg2Si0.4Sn0.6 and tuning the synthesis 

parameters  

 Summary 

It was mentioned in the introductory chapters (sub-section 2.3.1.3 and section 3.2) that the 

synthesis of high performance Mg2X solid solutions is challenging due to several reasons such 

as a high vapor pressure of Mg at typical synthesis temperatures, low dopant solubility, a 

tendency of the precursors to oxidize, and inhomogeneity; achieving a homogeneous phase 

requires a prolonged treatment of precursors at high temperatures. To overcome these 

challenges, mechanical alloying was employed for the synthesis of these materials. The 

previously unknown mechanism of the formation of Mg2(Si,Sn) using mechanical alloying was 

understood. Mechanically alloyed powder was characterized at different time intervals using 

advanced techniques of microstructure analysis. Mg-Sn (ductile) rich matrix forms rapidly after 

a few hours (1 − 2 h) of milling of precursors followed by slow Si (brittle) diffusion in the 

ductile matrix, over a longer following period (35 h). The results show that a phase-pure 

material was not formed at the end of milling but powder with particles of different Si:Sn ratio 

was obtained. A high-temperature treatment of milled powders was necessary to achieve phase-

pure samples. The effect of a variation of synthesis parameters (𝑡𝑡milling, 𝑡𝑡sinter and 𝑇𝑇sinter) on 

the TE properties was investigated as well. The carrier density (at RT) was sensitive to varying 

sintering parameters (both 𝑡𝑡sinter and 𝑇𝑇sinter), which led to observable changes in TE properties 

of the samples, however, these properties remain largely unaffected by varying 𝑡𝑡milling. 

Optimized TE properties were comparable to the best reports in the literature, and finally a 

maximum TE performance 𝑧𝑧𝑧𝑧 = 1.3 was achieved for the sample sintered at 973 K/20 min. 
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 Attempt to modify the electronic band 

structure in Mg2X (X: Si, Sn) for an optimization of 

thermoelectric properties 

 Summary 

In a quest to improve the TE performance, Bourgeois et al. [163] computationally studied the 

effect of the substitution of different transition elements in Mg2X materials. They concluded 

that substituting Mg with scandium can modify the electronic band structure by increasing the 

density-of-states (DOS) near the conduction band (CB) edge and shifting the Fermi level 

towards the CB edge. Increasing DOS could lead to a large DOS mass 𝑚𝑚D
∗ , thus enhancing the 

Seebeck coefficient and corresponding TE performance of Mg2X solid solutions. Accordingly, 

ScxMg2-xSi0.4Sn0.6 with 𝑥𝑥 =  0.01, 0.05 were prepared using mechanical alloying and 

characterized using XRD and SEM. The results showed that the synthesized samples were 

phase pure while the microstructure analysis revealed the presence of scandium silicide phases. 

The effect of Sc on the TE properties can be observed only if the formation of scandium silicide 

phases is prevented. Therefore, ScxMg2-xSn with 𝑥𝑥 =  0.01, 0.05 were synthesized. XRD and 

SEM investigations showed the presence of scandium stannide phases (Sc5Sn3 and ScSn2) and 

unreacted tin. The formation of scandium stannide phases agrees with the Sc-Sn equilibrium 

phase diagram. The observed unreacted tin is not unexpected as the Mg loss is plausibly strong 

at sintering temperature, such that the Mg concentration taken for the synthesis of Mg2Sn is not 

sufficient to form a phase pure material. Note that 7.5 % excess Mg was used for the formation 

of undoped and Sc-doped Mg2Sn, which resulted in a nominal stoichiometry of Mg2.15Sn. 

Temperature dependent thermoelectric properties of scandium-added (but not substituted) 

ScxMg2Si0.4Sn0.6 and ScxMg2Sn showed semiconductor behavior with intrinsic charge carrier 

activation. Thus, Sc was found to be inefficient as a dopant on the Mg site in Mg2X materials. 
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 Influence of sintering duration on the 

transport properties and the critical role of Mg 

 Summary 

The variation in sintering time (𝑡𝑡sinter) and temperature (𝑇𝑇sinter) (at a constant mechanical 

pressure of 67 MPa) led to an observable variation in the temperature dependent TE properties 

of Mg2X solid solutions as discussed in Chapter 6. A variation of the carrier density 𝑛𝑛 at RT 

with increasing 𝑡𝑡sinter was also observed which qualitatively explains the variation in 

respective TE properties. The reason of a variation in 𝑛𝑛 with increasing 𝑡𝑡sinter was unclear. It 

was important to identify the reason of this observation as this was related to an optimization 

of the synthesis route of Mg2(Si,Sn). Consequently, three samples with identical composition 

Mg2.06Si0.385Sn0.6Sb0.015 were synthesized using identical synthesis steps and parameters but with 

different 𝑡𝑡sinter (i.e. at 10 min, 20 min and 40 min). The microstructure of the samples sintered 

for 20 min and 40 min was investigated using TEM which revealed the presence of Mg-

depleted grain boundaries (GBs) and local compositional inhomogeneity in different regions 

(both matrix and GBs). The 40 min sintered sample showed stronger variations in the Mg:Sn 

ratio compared to the 20 min sintered sample. The elemental concentration of Si was nearly 

identical in all regions of the sample, and importantly no dopant loss was observed. The analysis 

of the transport properties using the SPB model revealed a loss of 𝑛𝑛 and mobility 𝜇𝜇, and a 

lowering of lattice thermal conductivity 𝜅𝜅lat (~20%) with increasing 𝑡𝑡sinter. A variation in the 

said parameters as well as the local compositional inhomogeneity were both linked to the Mg 

loss. Nevertheless, the TE performance of all these samples was similar. This study shows that 

the transport properties are quite sensitive to slight variation in the Mg content while the TE 

performance of Mg2X material behaves relatively robustly to these changes and the TE devices 

made from these materials can accommodate some Mg loss. 
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 Analyzing the effect of in-situ annealing on 

the thermoelectric properties of n-type Mg2Si0.4Sn0.6  

 Summary 

The study discussed in Chapter 8, and other literature reports suggest that the transport 

properties in Mg2X materials are sensitive to Mg variation. If this is the case, then the TE 

properties of these materials could be affected due to the variation of the Mg content at 

operation temperatures as well. As a result, this could eventually lower the materials 

performance and inhibit their long-term usage. Consequently, an influence of thermal treatment 

on the TE properties of this material was investigated by simulating the operation environment 

of corresponding TEGs. Two samples with an identical composition Mg2.06Si0.385Sn0.6Sb0.015 

were prepared using mechanical alloying (20 h) and sintering (at 973 K/20 min with an axial 

pressure of 67 MPa). Room temperature TE properties of these samples were nearly identical 

as well. 𝑆𝑆, 𝜎𝜎 and 𝑅𝑅H of these samples were simultaneously measured in-situ during annealing 

(at 𝑇𝑇 =  710 K) in HT Hall and HT-𝑆𝑆𝑆𝑆 facilities, respectively. The samples showed no de-

mixing even after annealing for ~275 h and > 1100 h of annealing, respectively. The measured 

properties were analyzed using SPB and 2PB models which revealed a loss of majority charge 

carriers. This loss is due to Mg loss in the material which leads to a formation of compensating 

p-type intrinsic defects. Further analysis showed a reduction of mobility and a lowering of DOS 

mass 𝑚𝑚D
∗  at RT, which could be due to Mg loss or a lifted degeneracy of the CBs. The 

corresponding rate of Mg loss was determined as well. In-situ measurement of transport 

properties and their analysis using band structure models give a new insight on the degradation 

of Mg2X materials at high temperatures. Besides, the previously unknown phase width of this 

composition (with respect to Mg) at elevated temperature (710 K) was established using a 

simple defect chemistry model.  
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 Discussion 

 Summary 

The main objective of this work was to understand the composition-synthesis-microstructure-

property relationships in n-type Mg2(Si,Sn) and the effects of long-term heat treatment on these 

materials. In this regard, a pre-existing Hall setup was extended to measure the Hall coefficient 

and the electrical conductivity at high temperatures (300 K –  723 K). In Chapter 6, mechanical 

alloying was utilized to synthesize n-type Mg2(Si,Sn) solid solutions that showed excellent 

reproducibility of high TE performance. Thus, mechanical alloying was established as a fast 

and reliable synthesis technique to understand process-microstructure-property-performance 

relationships in this material class. Optimized TE properties were affected due to a variation in 

the high-temperature sintering parameters. The room temperature carrier concentration of the 

samples decreased with increasing sintering duration supporting the observations of the 𝑇𝑇-

dependence of the Seebeck coefficient and electrical conductivity. A TEM-based 

microstructure analysis of samples sintered for different duration revealed no hints of dopant 

(Sb) loss but Mg loss, which was the reason for a variation in TE properties (Chapter 8). Later, 

in-situ measurements of TE properties were conducted at 710 K using existing HT 

measurement setups (Chapter 9). These experiments were performed to understand the long-

term effects of HT annealing and quantify the extent of degradation of underlying microscopic 

material parameters. 

In this final discussion chapter, the results of TE properties measured in-situ during annealing 

at higher temperatures (773 K and 848 K) are analyzed and discussed. The measurement 

(Chapter 5) and synthesis (Chapter 6) techniques, and the analytical tools (Chapter 8 and 

Chapter 9) established in the earlier chapters are utilized for this investigation. Using the 

knowledge of Chapter 6, Chapter 8 and Chapter 9 and the analysis presented in this chapter as 

a foundation, the practically relevant but unaddressed topic of high temperature Mg loss 

kinetics is investigated. For this purpose, the change of majority charge carrier concentration 

𝑁𝑁D(𝑡𝑡) was estimated by analyzing the in-situ measured transport properties using a two-band 

model. 𝑁𝑁D(𝑡𝑡) was fitted using an exponential decay function to estimate Mg loss rates at 

different annealing temperatures. Rates were plugged in the Arrhenius equation to determine 

the effective kinetic parameters (the activation energy and the pre-exponential factor) of Mg 

loss in HT-𝑆𝑆𝑆𝑆 and HT Hall facilities. The Hall carrier concentration 𝑛𝑛H (≈ 𝑁𝑁D at RT) of the 

samples sintered at 973 K for different duration were fitted using exponential decay function 
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as well (Chapter 6 and Chapter 8). Estimated rates and the kinetic parameters of degradation in 

DSP and other two facilities were compared. The analysis presented in this chapter exemplifies 

a methodology to study the kinetics of Mg loss rate in n-type Mg2X (X: Si, Sn) solid solutions 

at different annealing and sintering temperatures.  

 In-situ measurement of the electrical transport properties 

The major motivation to carry out in-situ measurements at further higher temperatures was to 

develop a kinetic model for the loss of Mg in n-type Mg2(Si,Sn) and a prediction of material 

instability in different measurement conditions and application temperatures. The in-situ 

measurements carried out in different measurement facilities (at several temperature points) are 

summarized in Table 10.1. 

Table 10.1 Sample number, measurement facility, 𝑇𝑇anneal and 𝑡𝑡anneal employed for the in-situ annealing 

measurement. 𝑆𝑆, 𝜎𝜎 and 𝑛𝑛H measured at room temperature and density-of-states effective mass 𝑚𝑚D
∗  predicted from 

the SPB model both before (B) and after (A) in-situ annealing are tabulated as well. The values with asterisk are 

predicted from an assumed 𝑚𝑚D
∗ .  

Sample 

number 

Measure-

ment facility 

In-situ 

annealing 

temp. 

 (K) 

In-situ 

annealing 

duration (h) 

Measurement 

time (in-situ 

annealing) 

𝑆𝑆 

(µV/K) 

𝜎𝜎 

(S/cm) 

𝑛𝑛H 

(1020 

cm-3) 

 

𝑚𝑚D
∗ (𝑚𝑚0) 

1 HT-𝑆𝑆𝑆𝑆 (He) 710 275 
B -116 1888 2.45 2.4 

A -228 161.3 0.29 1.8 

2 
HT Hall 

(vacuum) 
710 ~1100 

B -111 1944 2.3 2.4 

A -119.5 1305.2 1.7 2.05 

3 HT-𝑆𝑆𝑆𝑆 773 ~95 
B  -127 1544 1.9* 2.4* 

A -234 173.75 0.29 1.8 

4 HT Hall 773 ~700 
B  -118 1794 2.04 2.2 

A -217 185 0.35 1.8 

5 HT-𝑆𝑆𝑆𝑆 848 ~2.5 
B  -123 1649 2.04* 2.4* 

A -207 305 0.42 1.8 

6 HT Hall 848 ~120 
B  -116 1852 2.4 2.4 

A -224 162 0.38 2.0 

Note that all the measurements in HT-𝑆𝑆𝑆𝑆 and HT Hall were carried out in helium atmosphere 

(𝑝𝑝 ≈ 1 bar) and vacuum (~10−3 bar), respectively. Particularly, the RT thermoelectric 
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properties (𝑆𝑆, 𝜎𝜎 and 𝑛𝑛H) and SPB estimated DOS effective mass 𝑚𝑚D
∗  of the samples annealed 

at different temperatures are tabulated. Powder sample with a stoichiometry of 

Mg2.06Si0.385Sn0.6Sb0.015 was prepared by mechanical alloying (20 h) of precursors. Four 

different samples were sintered at 973 K/ 20 min with an axial pressure of 67 MPa. At RT, 

the thermoelectric properties of all samples were measured, however, 𝑛𝑛H of sample 3 and 

sample 5 was not measured but estimated using the equations of the SPB model (assuming a 

constant 𝑚𝑚D
∗  corresponding to other as-prepared samples). 

 Analysis of the transport properties measured at 773 K 

The 𝑇𝑇-dependent Seebeck coefficient and electrical conductivity of sample 3 were measured 

before the in-situ annealing experiment (as shown in Figure 10.1(a) and (b), respectively).  

 

 

Figure 10.1 𝑇𝑇-dependent measurement of a) 𝑆𝑆 and b) 𝜎𝜎 of sample 3 (Mg2.06Si0.385Sn0.6Sb0.015) during a first thermal 

cycle. Figure c) and d) show 𝑆𝑆 and 𝜎𝜎 measurements: cooling data during first thermal cycle (shown in (a) and (b)), 

measurement during heat-up ramp to reach 𝑇𝑇anneal ≈ 773 K and a prediction (using SPB model) of 𝑇𝑇-dependent 

properties. SPB parameters used to predict the transport properties in (c) and (d) are 𝑚𝑚D
∗ = 2.4𝑚𝑚0, 𝑛𝑛 = 2.09 × 1020 

cm-3 and 𝐸𝐸Def = 10.35 eV, respectively. 
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The Hall carrier concentration 𝑛𝑛H of sample 3 was measured before the start of the in-situ 

annealing experiments as listed in Table 10.1. Moreover, the sample was re-polished before 

annealing experiment to remove a corrosion layer. This layer might have been formed due to 

the surface oxidation of Mg2(Si,Sn) during high temperature measurements. Although the 

measurement is done under inert gas (He), some oxygen contamination cannot be completely 

excluded. The sample was re-mounted and furnace of the HT-𝑆𝑆𝑆𝑆 setup was heated up to reach 

𝑇𝑇anneal = 773 K. During the heat-up ramp, the 𝑇𝑇-dependent properties were re-measured as 

shown in Figure 10.1(c) and Figure 10.1(d). Both the 𝑇𝑇-dependent measurements (cooling part 

of initial thermal cycling and during heat-up ramp) show heavily doped semiconductor behavior 

with no significant influence of the minority carriers. After reaching (and holding) the target 

𝑇𝑇anneal = 773 K, the transport properties were measured until they saturated. The in-situ 

measured TE properties are shown in Figure 10.2. 

 

 

Figure 10.2 The measurement of – a), b) 𝑆𝑆 and c), d) 𝜎𝜎 of sample 3 (Mg2.06Si0.385Sn0.6Sb0.015) at 𝑇𝑇anneal = 773 K. 
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𝑆𝑆(𝑡𝑡) can be divided into two regions (Figure 10.2(a)): first, where it exhibits a non-linear 

change, and the second region (𝑡𝑡 > 15 h) where it shows nearly constant values. In the first 

region, the absolute value of 𝑆𝑆 increases and reaches a maximum (𝑆𝑆 ~ −258 µV/K) followed 

by a gradual decrease before saturating around −240 µV/K. The electrical conductivity (Figure 

10.2(c)) continuously decays with annealing duration and saturates around 195 –  200 S/cm. 

The transport properties of sample 3 between 0 h –  15 h are shown in Figure 10.2(b) and Figure 

10.2(d), on which 2PB modelling has been performed (in section B.1 of Appendix B). Note that 

the Seebeck coefficient is fitted using a 9th order polynomial expression which is used as 

‘measured’ data for later discussion and modelling. For 𝑡𝑡 > 15 h, the sample shows nearly 

constant values of the Seebeck coefficient and the electrical conductivity indicating the 

saturation of properties.  

An in-situ annealing experiment on an as-prepared sample (sample 4) was carried out at the HT 

Hall facility to simultaneously measure 𝜎𝜎 and 𝑅𝑅H. Before initiating the in-situ measurement in 

HT Hall, the 𝑇𝑇-dependent transport properties of sample 4 were measured at the HT-𝑆𝑆𝑆𝑆 facility. 

The transport properties of sample 4 are nearly identical to those of sample 3, signifying a 

heavily doped semiconducting behavior, and the corresponding data is shown in Figure B.7(a) 

and Figure B.7(b) in Appendix B. 𝑅𝑅H and 𝜎𝜎 were measured while heating up the sample to 

reach the target annealing temperature and the data is shown in Figure B.7(c) and Figure B.7(d).  

 

 

Figure 10.3 In-situ measured electrical conductivity 𝜎𝜎 of sample 3 (in HT-𝑆𝑆𝑆𝑆) and sample 4 (HT Hall) at 𝑇𝑇anneal =

773 K, respectively; note the different 𝑥𝑥-axes. 
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For comparison, the electrical conductivity measured in HT-𝑆𝑆𝑆𝑆 (helium) and HT Hall (vacuum) 

facilities are visualized in Figure 10.3. The electrical conductivity of both samples shows a 

continuous decay with annealing duration 𝑡𝑡anneal. Even though the electrical conductivity 

measured on sample 3 and sample 4 show a similar trend with 𝑡𝑡anneal and nearly identical 

values of absolute starting and saturation values, their degradation occurs at a quite different 

rate. The electrical conductivity of sample 3 and sample 4 saturates after 15 hours and ~700 

hours of annealing, respectively. It can also be seen that the time dependence is not exactly the 

same, even if rescaled. This observation agrees with the results of in-situ measurement at 710 

K (discussed in Chapter 9), where a different rate of the degradation of electrical conductivity 

was observed for two samples (each annealed in the HT-𝑆𝑆𝑆𝑆 and HT Hall facilities respectively). 

Therefore, the initial idea of combining the transport properties of sample 3 (𝑆𝑆 and 𝜎𝜎) and 

sample 4 (𝜎𝜎 and 𝑅𝑅H) and then using them for a combined transport modelling (e.g. use a 

rescaled Hall carrier concentration 𝑛𝑛H from sample 4 to analyze the data from sample 3) is not 

feasible. Nevertheless, the modelling of sample 3 and sample 4 can be performed individually 

but as the degradation mechanism is identical for both the samples, only the in-situ measured 

properties of sample 3 are predicted using transport modelling. 

The temperature dependent TE properties measured before and after annealing show a single 

(converged) band transport behavior at room temperature. This conclusion is supported by the 

results of the SPB analysis of 𝑇𝑇-dependent properties measured before annealing, as visualized 

in Figure 10.1(c) and Figure 10.1(d). Additionally, the effect of minority carriers is only 

observed in the measurement temperature range 𝑇𝑇 > 450 K of the temperature dependent 

properties measured after annealing (Figure B.1). This proves that the effect of minority carriers 

is negligible at room temperature, and correspondingly, these properties were analyzed and 

predicted using SPB model as well. The modelling revealed that 𝑛𝑛 (≈ 𝑁𝑁D, dopant concentration 

at RT), 𝑚𝑚D
∗  and 𝐸𝐸Def are the most affected microscopic material parameters. The RT 

thermoelectric properties show single-band behavior while in-situ measured Seebeck 

coefficient (Figure 10.2(c)) indicates plausible influence of minority carrier band characterized 

by a hump (~4 h). Therefore, the SPB parameters extracted from the room temperature 

thermoelectric properties are insufficient to predict in-situ measured properties as these 

parameters do not reflect changes in the measured properties at annealing temperatures. These 

properties can be modelled using 2PB model but require dopant concentration, 𝑁𝑁D, as an input, 

which is not directly available for the annealing duration. Note that, generally, 𝑁𝑁D is regarded 

as the concentration of extrinsic dopants, however, for Mg2(Si,Sn), 𝑁𝑁D can be called as dopant 

concentration referring to an effective charge carrier concentration due to intrinsic and extrinsic 
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point defects, rather than an atomic concentration. The dopant concentration can be then written 

as 𝑁𝑁D = 𝑛𝑛D,Sb
+  + 𝑛𝑛D,Mg

+ − 𝑛𝑛A,Mg
− , where, 𝑛𝑛D,Sb

+ , 𝑛𝑛D,Mg
+  and 𝑛𝑛A,Mg

−  refers to carrier concentration 

due to ionized Sb atoms, charged interstitial Mg atoms, and charged Mg vacancies, 

respectively. The contribution of 𝑛𝑛D,Sb
+  to the dopant concentration is constant as the 

microstructural investigation in Chapter 8 showed no indications of Sb loss. Therefore, any 

changes in the in-situ measured properties are plausibly due to variation in Mg-related charged 

defects. Unlike in the present case, 𝑁𝑁D values corresponding to the in-situ experiments at 710 

K (in Chapter 9) could be partially extracted from the Seebeck coefficient measured in the 

interval of 0 h –  80 h of the annealing duration using an SPB model since a single band 

behavior was observed in this interval. For the in-situ annealing experiment here, 𝑁𝑁D was 

estimated using an approach (described in detail in section B.1 of Appendix B) where the 

measured Seebeck coefficient was utilized to extract 𝑁𝑁D at annealing temperature. Specifically, 

two different sets of 𝑁𝑁D(𝑡𝑡) values were extracted by implementing two different values of both, 

𝑚𝑚D,CB
∗ , and 𝐸𝐸Def,CB, corresponding to before and after annealing, while keeping the other 

essential microscopic material parameters constant. Implementing these values of stated 

parameters in 2PB model, 𝑁𝑁D values were estimated within the upper (≈ 2.5 × 1020cm-3) and 

lower limit (≈ 0.3 × 1020cm-3) of SPB carrier concentration 𝑛𝑛 (≈ 𝑁𝑁D, dopant concentration at 

RT) computed both before and after annealing, respectively. The upper and lower limit of the 

carrier concentration corresponds to the non-depleted and depleted state of the sample with 

respect to Mg. The microscopic material parameters corresponding to these states are 

designated as non-annealed parameters (NAP) and post-anneal parameters (PAP), respectively. 

Besides, the band gap, 𝐸𝐸g, which is another essential input to the 2PB model, was optimized to 

extract reliable 𝑁𝑁D values. The Seebeck coefficient 𝑆𝑆(𝑁𝑁D) is only a function of 𝐸𝐸g when the 

microscopic material parameters and temperature are kept constant. Considering this, different 

sets of 𝑆𝑆(𝑁𝑁D) values were predicted by using different 𝐸𝐸g values and employing non-annealed 

parameters in the model. The band gap value of 𝐸𝐸g = 0.296 eV was chosen which led to a close 

agreement between the maximum value of the predicted and measured Seebeck coefficient 

(Note that the maximum value of the in-situ measured Seebeck coefficient at 773 K is 

characterized by a hump in Figure 10.2(c)). In this way, the band gap was estimated and reliable 

𝑁𝑁D(𝑡𝑡) data was extracted from the model. Later, this 𝑁𝑁D(𝑡𝑡) data was utilized to predict the 

measured electrical conductivity 𝜎𝜎(𝑡𝑡) which showed a good agreement. This simplified 

approach allowed a good prediction of 𝑁𝑁D values for the annealing duration. 
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 In-situ measurement of transport properties while annealing at 848 K 

The in-situ measurement of thermoelectric properties was carried out on an as-prepared sample 

(sample 5) in the HT-𝑆𝑆𝑆𝑆 facility at 𝑇𝑇anneal = 848 K as shown in Figure 10.4. The measured 

properties degrade even before reaching 𝑇𝑇anneal = 848 K which is highlighted by the initial 

few data points in blue color with their corresponding temperature values (in K). This translates 

to the fact that the degradation of transport properties is quite fast at this temperature due to Mg 

loss. During the optimization of this experiment, it was observed that the transport properties 

degrade even before reaching the target 𝑇𝑇anneal. Keeping this observation in context, 𝑇𝑇-

dependent transport properties of this sample were not measured during heat-up ramp (unlike 

sample 3). Instead, the sample was mounted and heated such that the sample temperature 

approached the target 𝑇𝑇anneal directly. After reaching 𝑇𝑇anneal, the Seebeck coefficient is 

observed to reduce slowly without showing a maximum. 

 

 

Figure 10.4 a) 𝑆𝑆 and b) 𝜎𝜎 of sample 5 (non-annealed Mg2.06Si0.385Sn0.6Sb0.015) measured at 848 K for a duration of 

nearly 2.5 hours. Note that the measurement temperature was not stable in the beginning of in-situ measurement. 

The actual measurement temperature (in K) is indicated close to the blue data points, while points in red indicate 

that the desired 𝑇𝑇anneal is reached. 

From the almost constant 𝑆𝑆(𝑡𝑡) after reaching a stable temperature, it can be inferred that most 

of the degradation progress occurred even before reaching 𝑇𝑇anneal. The electrical conductivity 

also starts to degrade before reaching the 𝑇𝑇anneal, and continue to degrade as the 𝑇𝑇anneal is held 

constant which agrees with the result of previous in-situ experiments conducted at 773 K. The 

sample was taken out before the TE properties fully saturated. As most degradation supposedly 

occurred before reaching 𝑇𝑇anneal therefore, the modelling of these properties is not 

straightforward and will be carried out in future.   
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 Studying the kinetics of Mg loss in Mg2(Si,Sn) 

In-situ annealing experiments have shown that the thermal stability of Mg2(Si,Sn) is 

compromised by Mg loss which serves as the main reason of material degradation. As a first 

necessary step, the degradation kinetics of these materials need to be known at the elevated 

temperatures (673 K − 773 K) of TEG operation to predict TEG lifetimes. The microscopic 

mechanism of Mg loss in Mg2(Si,Sn) is a practically relevant topic that must be understood 

before devising suitable solutions, e.g. coating, to prevent it. The diffusion of Mg-atoms is the 

most plausible mechanism at high temperatures that would enable and support Mg loss in 

Mg2(Si,Sn). A directed material transport in a solid by an atomic motion of one or more species 

i.e. the net flux of any species (e.g. ions, atoms etc.) is called diffusion. Diffusion is driven by 

a concentration gradient of the diffusing species and the temperature. A difference in the 

chemical potential of one or more components of a solid is the driving force for the transport 

of those components from a region of high concentration to low concentration. In the presence 

of an external driving force, diffusion becomes direction dependent [227]. The generally 

relevant external driving forces include: electric field, thermal gradient, stress gradient etc. The 

rate of diffusion of a particular species (atoms, ions) can be measured or determined by its flux 

𝐽𝐽. Flux is defined as the number of atoms passing through a plane of unit area per unit time. In 

the absence of an external driving force [228], a net flux of atoms in a bulk material is 

proportional to the concentration gradient ∇ϕ (Fick’s first law): 

𝐽𝐽 = −𝐷𝐷∇ϕ Equation (10.1) 

Here, 𝐷𝐷 is the diffusion coefficient (in cm2/s), and ∇ϕ is the concentration gradient in 3D (in 

atoms/cm3 cm). The diffusion flux and the concentration gradient are related to the gradient of 

the chemical potential ∆𝜇𝜇 of the diffusing species [229]. Besides, diffusion depends on specific 

experimental conditions such as temperature, pressure, composition, time, type of diffusion 

(e.g. bulk or grain boundary etc.), bonding and crystal structure, concentration of diffusing 

species and matrix composition etc. [230]. In most cases, the temperature dependence of the 

diffusion coefficient can be approximated by: 

𝐷𝐷 = 𝐷𝐷0𝑒𝑒(−∆H 𝑘𝑘B𝑇𝑇⁄ ) Equation (10.2) 

Here, 𝐷𝐷0 is the pre-exponential factor (or frequency factor) and ∆H is the activation enthalpy 

associated with the diffusion process. Equation (10.2) describes a diffusion-controlled process, 

which is derived from the Arrhenius expression that is given as [231]: 
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𝐾𝐾 = 𝐴𝐴𝑒𝑒−𝐸𝐸a 𝑅𝑅𝑅𝑅⁄  Equation (10.3) 

Here, 𝐾𝐾 is the equilibrium (or rate) constant, while 𝐴𝐴 and 𝐸𝐸a are the pre-exponential (or 

frequency) factor and the activation enthalpy of a reaction, respectively. The molar gas constant 

𝑅𝑅 amounts to 8.314 J mol-1 K-1, and 𝑅𝑅 = 𝑘𝑘B𝑁𝑁A, where 𝑁𝑁A is the Avogadro’s number. The pre-

exponential factor, 𝐴𝐴, includes parameters such as the vibrational frequency of atoms, atomic 

jump frequency, probability of jump (to be successful), the concentration of defects etc. [147, 

232]. Equation (10.3) is an emperical expression for the temperature dependence of the rate 

constant that is used to identify the mechanism of a chemical process in gases, liquids or solids. 

In solids, thermally induced reaction and processes (e.g. the temperature dependence of the 

formation of vacancies, the temperature dependence of diffusion coefficients etc.) are modeled 

using expressions that follow an Arrhenius type dependence. A multi-step process in solids 

(e.g. high temperature oxidation behavior of ZrNiSn-based half Heusler thermoelectrics [233], 

degradation kinetics of CoSb3-based skutterudite thermoelectric device [234]) usually involves 

more than one steps including the formation of defects, a diffusion of one or more species etc. 

Then, such a process can be understood as an analogue to a chemical reaction. Thus, Equation 

(10.2) describing the temperature dependence of the diffusion coefficient can be treated as a 

special case of Equation (10.3), where the diffusion coefficient 𝐷𝐷 is the rate constant 𝐾𝐾, while 

𝐷𝐷0 and ∆H corresponds to 𝐴𝐴 and 𝐸𝐸a 𝑁𝑁A⁄ , respectively.  

The whole process of Mg loss in Mg2(Si,Sn) is assumed here as a chain of process steps that 

follow one to the other like in the chemical reaction kinetics, which is described by Equation 

(10.3). Each individual step of the whole process is assumed to follow an Arrhenius type 

dependence, which naturally leads to an Arrhenius type dependence of the overall process as a 

whole if one of the steps in a complex Mg loss mechanism is dominant. Therefore, the 

determined Arrhenius parameters, 𝐴𝐴 and 𝐸𝐸a, are effective as they represent the contributions of 

the pre-exponent and activation energy (referred here as energy barriers) of individual processes 

of the complete mechanism, respectively.  

Based on the results of Chapter 8, Chapter 9 and the studies of Kato et al. [145, 146, 235], the 

loss of Mg in Sb-doped Mg2(Si,Sn) can be broadly expressed in the following way: 

Mg2.06−𝑥𝑥Si0.385Sn0.6Sb0.015 (s)  

Mg2.06−𝑥𝑥−𝑦𝑦Si0.385Sn0.6Sb0.015 (s) +  𝑦𝑦Mg (g)↑ 
Equation (10.4) 

Note that 𝑥𝑥 refers to the loss of Mg during the high temperature sintering process while 𝑦𝑦 refers 

to the loss of Mg during the in-situ annealing experiment.  



Chapter 10 
 

163 
 

The Mg loss in n-type Mg2(Si,Sn) is assumed to be a multi-step process which can be structured 

as: (1) the transport of sublimated Mg away from the atmosphere surrounding the sample, (2) 

Mg sublimation from the sample surface to atmosphere nearby the sample surface, (3) the 

transport of Mg atoms along the grain boundaries to the sample surface, (4) the formation of 

Mg vacancies (𝑉𝑉Mg2−) and/or annihilation of Mg interstitials (𝐼𝐼Mg2+) and (5) the diffusion of Mg 

via vacancies and/or interstitial sites towards the grain boundaries, allowing the segregation of 

Mg atoms from the matrix. Note that step (1) of the degradation process depends on the type 

of annealing atmosphere.  

This first description of a microscopic Mg loss mechanism is supported by the following points: 

There is a difference in the chemical potential of Mg, ∆𝜇𝜇Mg, between the sample and the 

annealing atmosphere (environment). The origin of ∆𝜇𝜇Mg in Mg2X can be understood by taking 

the example of elemental Mg [146, 235, 239]. At high temperatures, the Mg vapor pressure 

increases exponentially with temperature, and is 1 Pa at 701 K, 10 Pa at 773 K and 100 Pa at 

861 K [238], respectively. So, when an elemental (solid) Mg is heated (say at 𝑇𝑇 > 700 K) 

[238] and the Mg partial pressure in its environment is lower than the Mg vapor pressure at this 

temperature, this corresponds to 𝜇𝜇Mg(s) > 𝜇𝜇Mg(g), where 𝜇𝜇Mg(s) and 𝜇𝜇Mg(g) are the chemical 

potentials of Mg in solid and annealing atmosphere, respectively. In this situation, the system 

will tend to move towards thermodynamic equilibrium i.e. 𝜇𝜇Mg(s) = 𝜇𝜇Mg(g), by the sublimation 

of Mg. In a closed system, Mg partial pressure will increase until equilibrium is reached i.e. 

𝜇𝜇Mg(g) ≈ 𝜇𝜇Mg(s). In an open system, with an ongoing annealing, Mg first sublimates to the 

surrounding atmosphere as the Mg vapor pressure is higher than the Mg partial pressure i.e. 

𝜇𝜇Mg(s) > 𝜇𝜇Mg(g) (note that the Mg partial pressure in the surrounding atmosphere is not exactly 

zero, 𝜇𝜇Mg(g) ≠ 0). Sublimated Mg is continuously removed away from the surrounding 

atmosphere as the Mg partial pressure of the atmosphere far away is negligible i.e. 𝜇𝜇Mg(atm) ≈

0. It is therefore plausible that the solid Mg turns to sublimated Mg gas trying to equilibrate the 

system. The kinetics of this process will depend majorly on the height of the energy barrier. So, 

Mg atoms need to overcome this energy barrier to convert from one state (solid) to the other 

(gas). Mg loss in n-type (Mg-rich) Mg2(Si,Sn) is analogous to this as in both cases (elemental 

Mg and (Mg-rich) Mg2X), a sublimation of elemental Mg occurs at elevated temperatures (see 

Equation (10.4)). If the sample is devoid of excess Mg i.e. an Mg-poor material, the sample 

will still tend to lose Mg to equilibrate the system thermodynamically. However, the height of 

the energy barriers will be largely different in Mg-rich and Mg-poor samples: in the former 

case, only individual Mg atoms gets removed from the crystal while forming a vacancy (or 

removing an Mg interstitial or the Mg atoms gets removed from a binding state in a grain 
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boundary or at the sample surface which has an even lower binding state). In the latter case, the 

crystal lattice needs to be destroyed to remove Mg such that Mg2(Si, Sn)  (2 − 𝑥𝑥) Mg (g) ↑ 

+Si + 𝑥𝑥Mg − Sn (l) [55, 152, 153], which depends on the temperature. A decomposition into 

elemental constituents will only occur when the lower solubility limit of Mg is reached. 

Nevertheless, the results of Chapter 8 and Chapter 9 suggest a saturation of Mg loss instead of 

a complete decomposition. This implies that the height of energy barrier in the second case is 

higher. This also means that the sample will lose excess Mg during in-situ annealing experiment 

until it reaches the lower solubility limit of Mg. Correspondingly, Mg flux and 𝜇𝜇Mg(s) will 

change which would influence ∆𝜇𝜇Mg, that will vary throughout the annealing duration. The 

establishment of ∆𝜇𝜇Mg not only results in the sublimation and the transport of sublimated Mg 

(step 1 and step 2) but also acts as the driving force for the diffusion mediated transport of Mg 

in the material (step 3 and step 5), and governs the formation of Mg-related intrinsic defects 

(step 4) as well.  

With ongoing annealing, Mg atoms diffuse from the matrix to the grain boundaries (step 5) via 

𝑉𝑉Mg2−, formed partially during step (4) of the degradation process. Liu et al. [93] have 

computationally investigated the role of intrinsic point defects in Mg2X (X: Si, Sn) and showed 

that 𝑉𝑉Mg2− have a low formation energy in binary Mg2Si and Mg2Sn materials in both Mg-rich 

and Mg-poor environments. Besides, Kasai et al. [236] have measured the 𝑇𝑇-dependence of the 

atomic displacement parameters of Mg2Sn and Mg2Si, and the results showed higher values for 

Mg2Sn over the complete measurement temperature range, thus, indicating weaker Mg−Sn 

bonding character compared to Mg−Si. The formation of 𝑉𝑉Mg2− is furthermore supported by a 

high vapor pressure of Mg [237] at elevated temperatures. These investigations indicate that 

Mg vacancies are relatively easily formed in Mg2X (X: Si, Sn) solid solutions as well. This 

serves as the fourth step of degradation process. Besides, the Mg atoms consecutively diffuse 

along the grain boundaries to the sample surface which serves as the step (3) of the degradation 

process. Many investigations on the growth of polycrystalline Mg2Si [240-243], both bulk and 

thin films, have shown that depending on the temperature, either grain boundary diffusion (low 

temperatures) or bulk diffusion (high temperatures) can be dominant. Unlike the present case, 

there was a surplus availability of Mg (in both gaseous and solid form, respectively) during the 

growth experiments reported in these studies. On further comparison, these reported studies 

differ in the choice of material, where in the case of Mg2(Si,Sn), the contribution of diffusion 

via grain boundaries to the Mg transport cannot be completely excluded. Therefore, it is 

hypothesized that the transport of Mg atoms is faster at the grain boundaries compared to the 

crystallite (or bulk) diffusion as the grain boundaries are proven to be energetically favored 
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path for diffusive transport [244]. After reaching the sample surface, these Mg atoms sublimate 

in the annealing atmosphere to minimize ∆𝜇𝜇Mg and get closer to the thermodynamic equilibrium 

(between the sample and the annealing atmosphere) (step 2). Sublimated Mg atoms are possibly 

removed from the sample surroundings, in step (1), and due to a continuous removal of 

sublimated Mg from the nearby surroundings of the sample, the thermodynamic equilibrium is 

not attained (∆𝜇𝜇Mg ≠ 0). This drives Mg loss from the sample (in a dynamic equilibrium) until 

the sample reaches the lower Mg solubility limit i.e. as long as there is excess Mg (as described 

in Equation (10.4)). This qualitative mechanism of the transport of Mg atoms from within the 

sample to its surroundings can be visualized by a schematic model presented in Figure 10.5. 

 

 

Figure 10.5 Schematic model of Mg loss in Mg2(Si,Sn). Note that the Mg chemical potential (𝜇𝜇Mg) is different in 

the sample (𝜇𝜇Mg(s)) and in the annealing surrounding (𝜇𝜇Mg(g)).  

The schematic model shows a simplified view of the degradation process in n-type Mg2X (X: 

Si, Sn) where Mg loss is nearly identical to the discussed case of closed system (where Mg 

atoms sublimate until 𝜇𝜇Mg(s) ≈ 𝜇𝜇Mg(g)). However, unlike the closed system, it is plausible that 

the equilibrium might not be established between the sample and the atmosphere e.g. during 

the in-situ annealing of the sample in HT-𝑆𝑆𝑆𝑆, the sublimated Mg deposits at the cold spots, 
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which are quite far from the sample surroundings and thus, 𝜇𝜇Mg(s) ≠ 𝜇𝜇Mg(g). Nevertheless, for 

establishing equilibrium, a further removal of Mg from the material would require a complete 

decomposition of Mg2X which is not expressed in Equation (10.4) and is experimentally not 

observed (initially). The schematic model in Figure 10.5 differs from this scenario mainly in 

terms of the differences in the height of energy barriers corresponding to e.g. step (4). The 

energy barrier of step (4) in Mg-rich Mg2X is the formation of 𝑉𝑉Mg2− while in case of Mg-poor, 

it is the decomposition of Mg2X, with the latter probably having a comparatively higher energy 

barrier. Besides, the model emphasizes that there are five steps in the proposed multi-step 

degradation reaction and there are four different energy barriers that correspond to step (2) to 

step (5). There is no microscopic energy barrier for step (1) since the Mg atoms are free to 

move after step (2). Step (1) is highlighted by an exponential gradient in 𝜇𝜇Mg, which signifies 

that the sublimated Mg might not leave the sample surroundings immediately. Particularly, the 

transport of sublimated Mg (either through conduction or convection) is extended over the 

volume of the furnace where the sample undergoes annealing. At regions far away from the 

sample surroundings, however, 𝜇𝜇Mg eventually matches to zero i.e. 𝜇𝜇Mg ≈ 0. This means that 

𝜇𝜇Mg is lower in the regions away from the sample compared to the nearby surroundings of the 

sample (i.e. even lower than that of Mg-poor material). Besides, the energy barriers 

corresponding to steps (2 − 5) are: the sublimation energy of Mg atoms (at in-situ annealing 

temperatures) (step 2), migration energy of Mg atoms at the GBs (step 3), the formation energy 

of 𝑉𝑉Mg2− (step 4), and the migration energy of 𝑉𝑉Mg2− (step 5), respectively. During step 2, Mg-

atoms sublimates after overcoming an energy barrier, where the barrier within vertical dashed 

lines emphasizes that sublimation is a local process. Moreover, 𝜇𝜇Mg is assumed to be close to 

𝜇𝜇Mg in Mg-poor Mg2X (X: Si, Sn) at the sample surface, however, as there is a continuous 

supply of Mg from within the sample, the sample is not Mg-poor material (yet). The diffusion 

of Mg atoms from the GBs to the sample surface is the step (3), where Mg-atom should 

overcome multiple energy barriers for the (GB) diffusion of Mg atoms. This is symbolized by 

the wide gap between step (2) and step (3) and emphasizes that the step (3) is a process that 

occurs repeatedly. A gradient of pink region in the wide gap signifies a reduction in 𝜇𝜇Mg after 

each jump to overcome multiple energy barriers, however, for brevity only a single barrier is 

visualized. Step (4) is local and happens only once during the reaction i.e. per Mg-atom 

removed which leads to the formation of a vacancy. After the completion of step (4), 𝜇𝜇Mg is 

relatively lower as an increase in the density of 𝑉𝑉Mg2− in the material increases. The gap between 

step (3) and step (4) shows a continuous diffusion of Mg atoms (essentially step (3)) from the 

GBs to the sample surface. Step (5) is the diffusion of Mg-atom via 𝑉𝑉Mg2−, and therefore there is 
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a migration energy barrier that the 𝑉𝑉Mg2− need to overcome. The sketch shows a hypothetical 

situation, where the end-point is Mg-rich state i.e. 𝜇𝜇Mg(s) ≈ 𝜇𝜇Mg-rich. It means that the first 

formed vacancy has not reached the inside of the grain yet otherwise 𝜇𝜇Mg would already be 

lower. Moreover, the 𝜇𝜇Mg gradually reduces between step (4) and step (5) which is shown by 

an extended pink gap. This gap symbolizes that step (5) occurs repeatedly (overcoming multiple 

migration barriers) i.e. an ongoing diffusion of 𝑉𝑉Mg2− from the area near GBs towards the inside 

of the grain (or Mg-atoms from the inside of grain to the grain boundary). On the other hand, 

the height of different energy barriers is assumed constant as they are not known for different 

steps. With an ongoing loss of Mg, the 𝜇𝜇Mg in the sample would decrease and plausibly lead to 

a change in the height of each energy barrier. This situation is shown by the lower xy-plot in 

the schematic model after the sample has reached the lower solubility limit of 𝑉𝑉Mg2− due to 

prolonged annealing.  

Nevertheless, an assessment of these microscopic energy barriers is crucial to understand the 

kinetics of Mg loss in Mg2(Si,Sn). In this direction, Ryu et al. [147] have investigated Mg 

diffusion in p-type Mg2(Si,Sn) materials. They quantified the diffusion energy barrier by 

employing the climbing image nudged elastic band (ciNEB) approach, which is a first 

principles method [245], by accounting for varying Mg content in the material (translating to 

different 𝜇𝜇Mg). As said, the sublimation in step (2) and the diffusion processes in step (3) and 

(5) are largely dominated by ∆𝜇𝜇Mg, and the fact that ∆𝜇𝜇Mg varies as the annealing progresses, 

it could be possible that the migration energy barrier corresponding to these steps might also 

be affected but a systematic study is missing in this regard. Note that the ∆𝜇𝜇Mg is defined as the 

difference between the sample and the surroundings, specifically, the whole difference between 

inside the grain before step (5) to after step (1). Also, the height of each energetic barrier 

represents diffusion resistance experienced by diffusing Mg atoms during each step. Besides, 

it is necessary to highlight that, depending on the microstructure, the magnitude of these barriers 

might or might not be the same. The experimental quantification of the energy barrier and the 

rate of degradation corresponding to each step is quite challenging. Mg is highly volatile at 

higher temperatures and would require better control of Mg content in the samples while 

conducting such experiments (for the determination of the height of energy barriers 

corresponding to step (2)). The other option is extending the first principles calculations (e.g. 

ciNEB) for steps (3); however, no results are reported here and it is beyond the scope of current 

analysis. Besides, Ryu et al. [147] have also calculated the formation energy of different 

intrinsic defects in undoped Mg-rich and Mg-poor Mg2Si0.4Sn0.6 as shown in Figure 10.6.  
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Figure 10.6 Calculated charged defect formation energies of Mg2Si1-xSnx (𝑥𝑥 = 0.6) in a) Mg-rich and b) Mg-poor 

environment. X in the figure legend refers to Si or Sn. The figure has been re-printed under the terms of the Creative 

Commons Attribution-Non Commercial-No Derivatives License and requires no permission for non-commercial use 

[147].  

Based on this figure, some information relevant to the present analysis can be extracted. The 

formation energy of charged intrinsic defects is different in Mg-rich and Mg-poor Mg2Si0.4Sn0.6 

materials, i.e. the formation energy is sensitive to the Mg content (or 𝜇𝜇Mg), in agreement with 

the model presented in Figure 10.5. Specifically, the formation energy of 𝑉𝑉Mg2− decreases with 

decreasing Mg content in the material. On the other hand, a decrease in the electron chemical 

potential (𝜂𝜂) results in an increase of the defect formation energy of 𝑉𝑉Mg2− in n-type Mg2X (X: Si, 

Sn) materials. In the present study, with an ongoing Mg loss (𝜇𝜇Mg decreases), 𝜂𝜂 decreases as 

well, therefore, the defect formation energy of 𝑉𝑉Mg2− is changed in a (partially) compensated 

manner due to a variation of both 𝜇𝜇Mg and 𝜂𝜂. Moreover, Duparchy et al. [251] have shown that 

the height of migration energy barrier that needs to be overcome by Mg atoms during diffusion 

via defects, is lower for 𝑉𝑉Mg2− compared to 𝐼𝐼Mg2+ in both Mg2Si and Mg2Sn. This means that the 

Mg diffusion via 𝑉𝑉Mg2− is preferred over 𝐼𝐼Mg2+ and this is also in agreement with the presented 

model. 

For most inorganic solids and semiconductors, any high temperature process involving the 

formation of defects or a diffusion process obeys an Arrhenius-like temperature dependence 

[227, 231, 246-250]. It is therefore plausible that each step of the Mg transport in n-type 

Mg2(Si,Sn) follows an Arrhenius-like temperature dependence as well. The Arrhenius equation 

expressed in Equation (10.3) can be re-written as: 

ln (𝐾𝐾 𝐴𝐴⁄ )  =  −𝐸𝐸a 𝑅𝑅𝑅𝑅⁄  Equation (10.5) 
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Both 𝐸𝐸a and 𝐴𝐴 are referred here as kinetic parameters which are associated with each step of 

the kinetics of Mg loss in the present analysis. Here, the analysis of Mg loss kinetics is carried 

out under a few assumptions. As a simplification, the multi-step degradation process is 

approximated by a single-step process which can be modelled by a single Arrhenius expression. 

This will yield effective kinetic parameters for the complete process. As stated previously, 

substituting a multi-step transport chain by a single step is justified in the situation where one 

of the steps in the transport chain is dominant i.e. the height of energy barrier for one step is 

larger than the others. As a second simplification, the height of microscopic energy barrier is 

assumed to be constant in time (i.e. constant over the progressing time of the Mg depletion 

process). In reality, the height of each microscopic energy barrier will not be constant due to a 

change of 𝜇𝜇Mg(s). As highlighted earlier, the loss of Mg causes a decrease in 𝜇𝜇Mg(s) and 𝜂𝜂, and 

an interplay of these parameters affects the height of the energy barrier of step (4) throughout 

the annealing duration. Therefore, a change in 𝜇𝜇Mg(s) will affect ∆𝜇𝜇Mg which, based on the Mg 

content in the material, might affect the height of energy barrier of steps (2), (3) and (5) as well. 

Nevertheless, the effect of variation 𝜇𝜇Mg(s) or 𝜂𝜂 on the height of each barrier, respectively, is 

neglected within the framework of the qualitative model presented in Figure 10.5. This is a 

reasonable assumption since it is quite difficult to monitor and determine the variation of 𝜇𝜇Mg(s) 

or ∆𝜇𝜇Mg. Mg loss in Mg2(Si,Sn) is a multi-step process similar to a chemical reaction, and 

despite of the multi-step nature of this process, the utilization of the Arrhenius expression to 

describe Mg loss mechanism may work if one of the steps is dominant. According to Equation 

(10.5), the rate constant (𝐾𝐾) is required as an input in the Arrhenius expression. Here, 𝐾𝐾 is 

related to a variation of the Mg-flow in Mg2(Si,Sn) degradation process, where Mg flow is 

linked to Mg flux and the cross section area of the acting channels. Note that Mg flux and Mg 

flow are used here interchangeably assuming an invariant microstructure and disregarding 

different cross sections for different steps of Mg loss mechanism. This variation in Mg flow is 

captured by the change in 𝑁𝑁D(𝑡𝑡), which is extracted by the analysis of in-situ measured TE 

properties at different temperatures. Note that Mg loss favors the formation of Mg vacancies, 

𝑉𝑉Mg2−, and each 𝑉𝑉Mg2− lowers 𝑁𝑁D by two. A variation in Mg flow is proportional to the diffusion 

coefficient 𝐷𝐷 (according to Equation (10.1) and Equation (10.2)). Due to this, the 𝑇𝑇-dependence 

of both these quantities (𝐷𝐷 and 𝐾𝐾) are proportional as well (Equation (10.2)). In this way, the 

rate constant of Mg flow, 𝐾𝐾, is linked to the diffusion coefficient 𝐷𝐷. The time constants of 

𝑁𝑁D(𝑡𝑡) will contain the contributions from the diffusion dominated steps. Therefore, the 

estimation of time constants allows the quantification of effective kinetic parameters. For each 

temperature point, both time constant and rate constant 𝐾𝐾 were estimated using the following 
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approach. 𝑁𝑁D(𝑡𝑡) curves were extracted by implementing non-anneal parameters (NAP) and 

post-anneal parameters (PAP) in a two-band model. The extracted 𝑁𝑁D(𝑡𝑡) curves corresponding 

to 710 K and 773 K are fitted using an exponential decay function. This function is expressed 

as 𝑁𝑁D(𝑡𝑡) =  𝑁𝑁0  +  𝐴𝐴𝑒𝑒−𝑡𝑡anneal 𝜏𝜏⁄ . Here, 𝑁𝑁0 is the saturation value of the dopant concentration, 

𝐴𝐴 = (𝑁𝑁D(𝑡𝑡 = 0) −𝑁𝑁0) is the pre-exponential factor, and 𝜏𝜏 is the time constant. 𝜏𝜏 is used to 

estimate the rate constant of Mg loss in Mg2(Si,Sn) by 𝜏𝜏 = 1 𝐾𝐾⁄ . A complete approach of 

extracting 𝑁𝑁D(𝑡𝑡) using the 2PB model is described in Chapter 9 (for 𝑇𝑇anneal = 710 K) and 

section B.1 of Appendix B (for 𝑇𝑇anneal = 773 K), respectively.  

 

 

Figure 10.7 𝑁𝑁D(𝑡𝑡) and 𝜎𝜎(𝑡𝑡) of (a) sample 1, (b) sample 3, (c) sample 4 and (d) sample 6 measured at 𝑇𝑇anneal (710 

K, 773 K and 848 K) in HT-𝑆𝑆𝑆𝑆 and HT Hall facilities, respectively. 𝑁𝑁D(𝑡𝑡) for both non-annealed parameters and 

post-annealed parameters in b) are obtained by 2PB modelling of the in-situ measured thermoelectric properties. 

The fitted 𝑁𝑁D(𝑡𝑡) curves corresponding to in-situ measurements at 710 K and 773 K are shown 

in Figure 10.7(a) and Figure 10.7(b). Besides, 𝑁𝑁D(𝑡𝑡) curves are not directly available for all 

samples (but only for those where 2PB modelling could be employed). So, 𝜎𝜎(𝑡𝑡) is used for all 

in-situ annealed samples to estimate 𝐾𝐾. Both 𝜎𝜎 and 𝑁𝑁D are not exactly proportional and their 
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evolution is different (due to changes in the mobility), however the interplay between the 

different changing parameters and the dominant effect of reducing 𝑁𝑁D(𝑡𝑡) on 𝜎𝜎(𝑡𝑡) would yield 

a practically reasonable approximation of 𝐾𝐾. Also note that for the samples where both 𝑁𝑁D(𝑡𝑡) 

and 𝜎𝜎(𝑡𝑡) was employed, the rates agree better than within a factor of 1.5. Besides, the 

exponential decay function implemented on both 𝑁𝑁D(𝑡𝑡) and 𝜎𝜎(𝑡𝑡) data corresponding to 

different annealing temperatures showed a goodness-of-fit 𝑅𝑅2 > 0.94 signifying that the 

quality of fit was good. Considering the assumptions for the Arrhenius analysis stated above, 

the estimated rate of Mg loss at different temperatures is plugged into the Arrhenius equation 

(Equation (10.5)). Figure 10.8 shows an implementation of the Arrhenius equation to plot a 

dependence of ln (𝐾𝐾) versus 1 𝑇𝑇anneal⁄ .  

 

 

Figure 10.8 ln (𝐾𝐾) (in units of h) vs 1 𝑇𝑇anneal⁄  (Arrhenius plot) from the rates determined by the exponential fitting 

of the 𝑁𝑁D(𝑡𝑡) and 𝜎𝜎(𝑡𝑡) plots. The green curve is plotted using 𝐾𝐾 estimated from 𝜎𝜎(𝑡𝑡) measured in HT Hall while the 

orange (■) and blue (●) data points correspond to 𝐾𝐾 estimated by fitting 𝜎𝜎(𝑡𝑡) and 𝑁𝑁D(𝑡𝑡) measured in HT-𝑆𝑆𝑆𝑆, and 

predicted from 2PB modelling, respectively. 𝐾𝐾 at 848 K is estimated from extrapolation of the plots of both measured 

𝜎𝜎(𝑡𝑡) (in HT-𝑆𝑆𝑆𝑆 facility) ( ) and 𝑁𝑁D(𝑡𝑡) ( ). 

The slope and intercept of the fit correspond to ln (𝐸𝐸a/𝑅𝑅) and ln 𝐴𝐴 respectively in Equation 

(10.5). The values of effective Arrhenius parameters (𝐸𝐸a and 𝐴𝐴), respectively, are extracted 

from the slope and intercept and are listed in Table 10.2. Note that 𝜎𝜎(𝑡𝑡) measured in-situ in the 

HT Hall facility (at 710 K) (Chapter 9) was also fitted using an exponential decay function 

which yielded a rate constant 𝐾𝐾 =  3.6 × 10−4 h-1, which is higher by ~25% than the 
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prediction from the Arrhenius equation for the Hall system (𝐾𝐾 =  2.78 × 10−4 h-1). This higher 

uncertainty might be due to an incomplete saturation and a stronger deviation from an 

exponential behavior. This indicates that the relative weighting of the different steps of 

degradation might be different for these conditions. 

Table 10.2 The Arrhenius parameters (𝐸𝐸a and 𝐴𝐴) obtained by fitting ln (𝐾𝐾) vs (1 𝑇𝑇anneal⁄ ). Note that the 𝑁𝑁D was 

predicted from the two-band model while 𝜎𝜎 was measured in HT-S𝜎𝜎 and HT Hall facilities, respectively. 

Measurement system Property 𝐸𝐸a (kJ mol-1)/(eV) 𝐴𝐴 (1013 h-1) 

HT-𝑆𝑆𝑆𝑆 
𝜎𝜎 213/2.2 8.9 

𝑁𝑁D  223/2.31 39.9 

HT Hall 𝜎𝜎 227.72/2.36 1.5 

𝐸𝐸a extracted from the Arrhenius plots lie in the same range (2.2 eV –  2.36 eV), while the values 

of 𝐴𝐴 come out to be different from each annealing experiment. In principle, 𝐴𝐴 might depend on 

the differences in the grain size (because of varying contributions from the grain boundary or 

bulk diffusion), length of the diffusion path (i.e. sample geometry and sample surface area 

covered by sample holder) or the differences in the defect concentration. The grain size does 

not change significantly after several hours of annealing; thus, the effect of grain growth on 𝐴𝐴 

can be neglected here. A faster Mg transport is furthermore supported by the specific annealing 

conditions explained in the coming part of the section, which affects the values of 𝐾𝐾 and 𝐴𝐴. 

This simplified approach allows a quantification of the kinetic parameters of the degradation 

mechanism, nevertheless, more data points are clearly desirable for a more solid analysis. Still, 

an estimation of Mg loss rates at other temperatures is feasible using this analysis (e.g. at 

𝑇𝑇anneal = 848 K). The decay of TE properties measured in-situ in the HT-𝑆𝑆𝑆𝑆 at 𝑇𝑇anneal = 848 

K was so fast that the measurement could not stabilize in time. Nevertheless, the Arrhenius 

plots allowed an estimation of Mg loss rates of 𝐾𝐾𝜎𝜎(𝑡𝑡) ≈ 6.37 h-1 and 𝐾𝐾𝑁𝑁D(𝑡𝑡) ≈ 6.90 h-1 at this 

temperature point.  

Ryu et al. [147] have calculated the formation energy dependencies of 𝑉𝑉Mg2− as a function of 𝐸𝐸F 

for Mg2Si0.4Sn0.6 under different Mg conditions (Figure 10.6). For the condition when 𝐸𝐸F =

𝐸𝐸CBM, the formation energy of 𝑉𝑉Mg2− lowers from 0.8 eV (Mg-rich conditions) to 0.43 eV (Mg-

poor conditions) which in the present analysis, corresponds to the non-depleted and depleted 

state of the samples with respect to Mg, respectively. In a study focusing on the room 

temperature instability of Mg2(Si,Sn), Duparchy et al. [251] showed that the height of migration 

energy barrier for 𝑉𝑉Mg2− in Mg2Si and Mg2Sn is 472 meV and 537 meV, while for 𝐼𝐼Mg2+, it is 828 

meV and 733 meV in Mg2Si and Mg2Sn, respectively. The migration energy refers to the 
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diffusion energy barrier corresponding to step (5) of the degradation process presented in Figure 

10.5. The migration energy of Mg atoms via 𝑉𝑉Mg2− in Mg2Si0.4Sn0.6, 𝐸𝐸mig = 511 meV, was 

estimated by linearly interpolating the values of migration energy corresponding to Mg 

diffusion via 𝑉𝑉Mg2− in the respective binaries. Note that this is an assumption, it might also be 

that the migration barriers are lower for solid solutions due to the various local Si:Sn 

configurations. It will be furthermore interesting to investigate if the energy barriers are 

sensitive to the starting Mg concentration (Mg-rich or Mg-poor) or not. Nevertheless, the 

effective activation energy estimated in the present analysis lies between 2.2 eV –  2.4 eV, 

significantly larger than the (combined) DFT results presented by Ryu et al. [147] and 

Duparchy et al. [251]. However, the value there covers only step (4) and step (5) of the multi-

step transport chain and the potential contributions from step (2) and step (3) contained in the 

effective parameter obtained from experimental data here naturally lead to larger values. 

 

 

Figure 10.9 Carrier concentration 𝑛𝑛 (≈ 𝑁𝑁D at RT) of the samples sintered at 973 K for different durations.  

Besides, the Arrhenius equation is utilized to estimate the kinetic parameters of the sintering 

process. For this analysis, the carrier concentration 𝑛𝑛 (= 𝑁𝑁D at RT) of samples sintered for 

different durations (5, 10, 20, 30 and 40 min) at 973 K (with an externally applied constant 

pressure of 67 MPa) were exponentially fitted to deduce the Mg loss rate. The carrier 

concentration data fitted using an exponential decay function is shown in Figure 10.9. Based 

on the observation of in-situ annealing experiments at 710 K, 773 K and 848 K, it is confirmed 

that the degradation of 𝑁𝑁D occurs from an initial doping concentration 𝑁𝑁D ≈ 2.5 × 1020 cm-3 

to an asymptotic saturation value of 𝑁𝑁D,sat ≈ 0.3 × 1020 cm-3, respectively. Therefore, 𝑛𝑛 is 
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fitted using the same exponential decay function as employed previously (𝑁𝑁D(𝑡𝑡)  =  𝑁𝑁0  +

 𝐴𝐴𝑒𝑒−𝑡𝑡sinter 𝜏𝜏⁄ , here 𝑁𝑁0 = 𝑁𝑁D,sat = 0.3 × 1020 cm-3, 𝐴𝐴 =  2.28 × 1020 cm-3 with time constant 

𝜏𝜏 =  88.52 h (𝐾𝐾DSP (= 1 𝜏𝜏⁄ ) = 0.113 h-1)). On the other hand, the rate constant of Mg loss at 

973 K is estimated using the Arrhenius equation to be 𝐾𝐾 =  9.425  h-1 (in HT Hall), and 𝐾𝐾𝜎𝜎(𝑡𝑡) =

 311.45 h-1 and 𝐾𝐾𝑁𝑁D(𝑡𝑡) = 405.37 h-1 (in HT-𝑆𝑆𝑆𝑆) which is nearly two and three orders of 

magnitude higher compared to 𝐾𝐾DSP, respectively. Note that this comparison is done 

considering the cited dominant effect of 𝑁𝑁D on 𝜎𝜎 i.e. 𝐾𝐾𝑁𝑁D(𝑡𝑡) ≈ 𝐾𝐾𝜎𝜎(𝑡𝑡). 

A difference in the rate of Mg loss, the trend of Mg loss in each setup and the obtained kinetic 

parameters can be attributed to the different characteristics of the employed setups: the 

annealing atmosphere, the design of facility, and the actual sample area exposed to the 

environment. The rate and kinetic parameters of degradation corresponding to first, HT-𝑆𝑆𝑆𝑆 

setup and HT Hall setup, and then HT-𝑆𝑆𝑆𝑆, HT Hall and DSP setups are compared and discussed 

on the basis of the stated characteristics of these setups. In case of the HT-𝑆𝑆𝑆𝑆 setup, the design 

of the setup (measurement under helium atmosphere) enables convection, and as a result, allows 

efficient Mg transport away from the sample surface. Sublimated Mg can condense at cold 

spots (down to ~50 °C) in the (quartz) tube of the setup, relatively close to the sample. In order 

to thermodynamically equilibrate the atmosphere near the sample, a continuous and fast loss of 

Mg may occur from the sample. In contrast, the sample is heated in a different manner in HT 

Hall setup. A cylindrical CFC composite ring is located in the furnace of the HT Hall setup 

which envelops the sample holder on the entire recipient head. This composite ring acts as a 

radiative heater which elevates the temperature of the furnaces’ inner volume that contains the 

sample holder. Unlike the HT-𝑆𝑆𝑆𝑆 setup, there is no moderating atmosphere around so, the Mg 

gas molecules in HT Hall (vacuum) should ideally transport faster from a region of high 

concentration (vicinity of the sample) to a region of low concentration (away from sample). 

Besides, the sample surface area directly exposed to the annealing environment can be one of 

the reasons of the differences in the rate constant and the kinetic parameters. The exposed 

surface area of the sample in HT-𝑆𝑆𝑆𝑆 setup and HT Hall setup can be visualized in Figure 10.10. 

In HT-𝑆𝑆𝑆𝑆, ~47 % of the full sample surface is exposed to the surrounding atmosphere. While 

for the HT Hall sample holder, ~50 % of the full sample surface area is exposed. Note that the 

rest of the sample surface is covered by the ceramic tools of the sample holder. Therefore, no 

significant difference in the exposed sample surface area is found between the samples annealed 

in HT-𝑆𝑆𝑆𝑆 and HT Hall facilities.  
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Figure 10.10 Sample holder design of a) HT-𝑆𝑆𝑆𝑆 and c), d) HT Hall facilities. In b) a picture of the sample after in-

situ measurement in the HT-𝑆𝑆𝑆𝑆 is shown which gives an idea about the sample area directly exposed to the annealing 

atmosphere while e) shows a schematic of a HT Hall sample indicating the surface area that is directly exposed to 

the annealing environment. Dotted lines show the boundaries of sample area exposed due to the design of the ceramic 

piston (covering back side of the sample) on which the sample is mounted while the solid black lines highlight the 

boundaries of sample area exposed due to the design of ceramic stub (on the front side of the sample) used to fix the 

sample on the holder. The image in (a) has been reprinted with the permission from [197]. 

Besides this, a difference in the kinetics can also arise due to the length of travel path of Mg, as 

Mg atoms far from the open surface area also diffuse out of the sample. The maximum length 

of diffusing Mg atom would depend on the location of open surface area from the center of the 

sample. Note that the maximum length is a distance from the center of the sample to the exposed 

surface area. And, this length can be either the half of sample thickness in relation with the top 

or bottom surface, or half of the sample diameter in relation with the lateral surface area of the 

sample, respectively. Here, the location of open sample surfaces is nearly identical in both 

measurement setups which is visualized from the Figure 10.10 and so, the Mg diffusion length 

is qualitatively identical i.e. in either case, the travel length is either half of sample thickness or 

nearly half of the sample diameter. 
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To conclude, the difference in the kinetic parameters arises from the design of HT-𝑆𝑆𝑆𝑆 setup. 

Particularly, the presence of cold spots in the sample surroundings promotes the removal of 

sublimated Mg from the area near sample surface. These conditions favor a higher Mg flow 

and a formation of Mg vacancies in high concentration in the sample annealed in the HT-𝑆𝑆𝑆𝑆 

setup. The Mg vacancies formed during annealing also facilitates Mg loss, and it is the plausible 

reason for a comparatively higher value of the pre-exponent 𝐴𝐴. In HT-Hall, the cold spots are 

not in close vicinity of sample, which results in a low Mg flow and a slower change in ∆𝜇𝜇Mg, 

thus, a slow Mg-loss compared to the Mg-loss in HT-𝑆𝑆𝑆𝑆 facility. These reasons also explain 

the observed slow rate of degradation of electrical conductivity of sample 4 (HT Hall setup) 

compared to sample 3 (HT-𝑆𝑆𝑆𝑆 setup) in Figure 10.3.  

Besides this, the strong deviation is found between the rate of Mg loss in the sample annealed 

in HT-𝑆𝑆𝑆𝑆, HT Hall and powder sample sintered in DSP facility. This deviation can be explained 

by a difference in the surface area exposure to the annealing and sintering atmosphere and the 

maximum length of diffusing Mg atom from the center to the open surface of the sample, 

respectively. During sintering, both surfaces (top and bottom) are fully covered by the die 

punches (of the sintering mold), thus, completely enclosing the sample except the long 𝜇𝜇m-

wide slits in the pressing tool. Therefore, the sample is even less exposed to the sintering 

atmosphere directly. Additionally, the maximum length that the diffusing Mg atoms would need 

to travel is from the center of the sample to the 𝜇𝜇m-wide slits between the die and the punches. 

In this situation, the Mg flow is not too large owing to the fact that sublimated Mg atoms do 

not immediately leave the sample surroundings. On the other hand, while ∆𝜇𝜇Mg is established, 

however, a lowering of ∆𝜇𝜇Mg will require prolonged sintering duration. It might be furthermore 

possible that the transport of Mg away from the sample (step 1) will be retarded due to the 

absence of cold spots in the sintering chamber. Therefore, the Mg loss from the sample is even 

more constrained in the DSP in comparison to the HT-𝑆𝑆𝑆𝑆 or HT Hall measurement facilities.



Chapter 10 
 

177 
 

 Conclusion 

In-situ measurements were carried out at 773 K and 848 K in the HT-𝑆𝑆𝑆𝑆 (helium atmosphere) 

and HT Hall (vacuum) facilities, respectively. For annealing at each temperature, two samples 

with a stoichiometry of Mg2.06Si0.385Sn0.6Sb0.015 and nearly identical room temperature (RT) 

thermoelectric properties (TE) were utilized. At 773 K, the transport properties of the sample 

annealed in HT-𝑆𝑆𝑆𝑆 saturate after 15 hours of annealing. At 848 K, the transport properties 

decayed quite fast and their saturation probably occurred even before reaching the target 

annealing temperature. Identical measurements on as-prepared samples were conducted at the 

HT Hall facility that showed quite similar temperature dependence but a prolonged duration of 

saturation.  

SPB model-based analysis of RT transport properties measured before and after annealing (at 

773 K) confirmed that 𝑛𝑛 (= 𝑁𝑁D, dopant concentration at RT), the density-of-states effective 

mass and the deformation potential constant of the dominant band were the most affected 

microscopic material parameters. 𝑁𝑁D corresponding to the annealing duration was not directly 

available, because the properties measured in HT Hall and HT-𝑆𝑆𝑆𝑆 facilities could not be 

combined directly due to the different rate of degradation in each setup. Instead, 𝑁𝑁D was 

extracted by implementing two sets of microscopic material parameters in a two-band (one 

conduction band and one valence band) model. Each set of microscopic parameters corresponds 

to non-depleted (before annealing) and depleted (after annealing) state of sample with respect 

to Mg, respectively. The predicted 𝑁𝑁D(𝑡𝑡) data gave a range of values where the true 𝑁𝑁D would 

lie. 

A microscopic, multi-step diffusion-dominated mechanism is developed attempting to 

rationalize the observed changes in the in-situ measured thermoelectric properties. It is 

highlighted that the degradation process is driven by a difference in the Mg chemical potential 

established between sample (Mg-rich) and the surrounding atmosphere (Mg-poor). Moreover, 

at annealing temperatures, Mg loss occurs via the diffusion of Mg vacancies owing to a 

comparatively lower height of energy barriers (the formation energy and migration barrier) than 

the Mg interstitials. The effective kinetic parameters (the activation energy and the frequency 

factor) were quantified using the Arrhenius expression. The activation energy associated with 

annealing experiments in HT-𝑆𝑆𝑆𝑆 and HT Hall facilities closely agreed and the values were 

compared with the height of energy barriers of transport chain. On the other hand, the values 

of frequency factor corresponding to each facility showed deviation which explains the 

variation in rate constant by two orders of magnitude. The design of measuring setups leads to 
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observable difference in the stated parameters. Besides, Mg loss rates of the samples sintered 

in the DSP was lower than HT Hall annealed samples by two order of magnitude, potentially 

again related to the difference in the exposed surface area and the travel path of Mg atoms from 

the sample to its surface.
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 Conclusions and Outlook 

 Conclusions 

The operation range of a pre-existing setup that simultaneously measures the Hall coefficient 

(𝑅𝑅H) and the electrical conductivity (𝜎𝜎) was successfully extended to higher temperatures (𝑇𝑇 =

300 K –  723 K). The measured Hall voltage at zero magnetic field flux, the correlation 

coefficient and the standard deviation of slope are quantified by analyzing the raw data. These 

parameters are used as error indicators to highlight any issue with the measurement. The 

geometric correction factors (GCF) (proposed by van der Pauw) are relevant in the present case 

(for both conductivity and Hall coefficient calculations) since the voltage and current probes 

are not positioned exactly on the edge of the sample as ideally required. The GCF expression 

proposed by van der Pauw depends on the ratio of probe-to-edge distance (𝑎𝑎) and the diameter 

(𝐷𝐷) of the sample, as (𝑎𝑎 𝐷𝐷⁄ ). This expression is validated using FEM calculations in the present 

work. Particularly, first, (𝑎𝑎 𝐷𝐷⁄ ) was varied symmetrically i.e. (𝑎𝑎 𝐷𝐷⁄ ) is varied for all measuring 

thermocouple probes, and second, (𝑎𝑎 𝐷𝐷⁄ ) was varied for one probe while it was kept constant 

for the other three probes for each simulation. The ratio of output Hall coefficient to the true 

Hall coefficient (probes exactly on the sample edge) was computed and compared with the ratio 

which was computed using the GCF proposed by van der Pauw. The deviation in these ratios 

increased with increasing 𝑎𝑎 𝐷𝐷⁄ . Particularly, the GCF suggested by van der Pauw becomes 

insufficient for 𝑎𝑎
𝐷𝐷

> 0.135 (symmetric) and 𝑎𝑎
𝐷𝐷

> 0.241 (asymmetric), with a relative deviation 

of > 5 %. The 𝑅𝑅H and 𝜎𝜎 measurement of n-type and p-type Mg2(Si,Sn), and p-type FeSi2 at 

room temperature and the high temperature range (300 K –  723 K), respectively, was carried 

out at the presented Hall facility and the Hall facilities of other international research groups 

with a van der Pauw configuration of sample holder. On comparison of the transport properties 

measured on different facilities, a good agreement with a relative deviation of ≤ 8 % is found. 

The mechanism of the formation of Mg2X solid solution was studied by utilizing mechanical 

alloying (MA) as a synthesis technique. Moreover, the effect of the variation of synthesis 

parameters on thermoelectric (TE) properties of n-type Mg2Si0.4Sn0.6 is investigated and 

discussed. The formation mechanism of the desired composition progresses by solid-state 

reaction, first, with the formation of Sn-rich Mg2(Si,Sn) phase followed by a slow Si diffusion 

to form the desired Mg2Si0.4Sn0.6 composition. This is directly confirmed by analyzing the 

powder samples milled for different durations using XRD, particle size analyzer and 

SEM/EDS. At the end of the milling experiment (after 35 h), the obtained powder sample was 
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a mixture of particles with different Si:Sn ratio, somewhat close to the desired phase. The results 

showed that phase pure Mg2Si0.4Sn0.6 cannot be achieved in a reasonable time only by MA and 

necessitates a high temperature heat treatment. Correspondingly, the desired composition was 

synthesized by a two-step process, first, the mechanical alloying of elemental precursors 

followed by high temperature sintering. The effect of the variation of the synthesis parameters 

on the thermoelectric properties was systematically investigated to optimize the synthesis 

procedure and to achieve best TE performance. The thermoelectric properties were found to be 

sensitive to the time and temperature of sintering. An increase in the Seebeck coefficient and a 

lowering in the electrical conductivity was observed as a result of increasing sintering 

time/temperature. This deterioration of properties was attributed to a lowering of carrier 

concentration (𝑛𝑛) with increasing sintering time/temperature, which was confirmed by 

measuring room temperature Hall carrier concentration of these materials. Optimal and 

reproducible TE properties were achieved for the powder compacted at 973 K/20 min. 

Besides, the powder precursors were ball milled for different durations (𝑡𝑡milling = 2, 4, 20, 50 

h) and the effect of varying milling duration on the thermoelectric properties was studied. The 

thermoelectric properties of the samples obtained from different milling duration showed no 

significant difference, which suggest that milling the precursors for only 2 h was enough. 

The effect of scandium (Sc) substitution on the Mg site in Mg2X materials was investigated and 

discussed in Chapter 7. Based on a theoretical investigation, Sc is expected to enhance the 

Seebeck coefficient and improve the overall TE performance of these materials. The 

thermoelectric properties of Sc-doped Mg2Si0.4Sn0.6 showed intrinsic semiconductor like 

behavior which led to a 𝑧𝑧𝑧𝑧max =  0.19. The microstructure analysis of these sample revealed 

that the addition of scandium leads to the formation of different Sc-Si phases. Subsequently, Sc 

was attempted to be substituted at the Mg site in Mg2Sn to prevent the formation of silicide 

phases and observe its effects on the TE properties. These samples showed n-type behavior but 

the carrier concentration 𝑛𝑛 was far below the optimum range. The SEM-EDS micrographs of 

these samples showed that Sc either forms Sc-Sn phases or essentially remains unreacted in 

these samples. The (Sc, Sb) co-doped and Sb-doped Mg2Sn specimens were prepared to further 

investigate an effect of Sc substitution on Mg site. The temperature dependent TE properties 

showed the typical behavior of a heavily doped semiconductor, and the absolute values were 

quite similar. Thus, this experimental investigation proves that the Mg substitution with 

scandium does not enhance the TE properties of Mg2X materials. 

The lowering of the carrier concentration 𝑛𝑛 of Sb-doped Mg2Si0.4Sn0.6 with increasing sintering 

duration (𝑡𝑡sinter) motivated to investigate their microstructure in detail. For this study, three 
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samples were prepared by sintering the mechanically alloyed powder (20 h) for different 

durations (10 min, 20 min and 40 min) at 973 K (with an externally applied axial pressure of 

67 MPa). TEM-EDS investigations were carried out on samples sintered for 20 min and 40 

min, and local compositional variations were observed in each sample. The grain boundaries 

were deficient in Mg but no dopant (Sb) loss was observed. On analyzing TE properties, a loss 

of carrier concentration (𝑛𝑛), significantly reduced carrier mobility (𝜇𝜇) and a lowering in the 

lattice thermal conductivity (𝜅𝜅lat) was observed with increasing 𝑡𝑡sinter. The thermoelectric 

properties were further analyzed by the single parabolic band (SPB) model by taking acoustic 

phonon and alloy scattering of charge carriers into account. With increasing 𝑡𝑡sinter, the 

electron-phonon interaction got stronger (increased deformation potential constant 𝐸𝐸Def). 

Increasing local compositional inhomogeneities and a higher 𝐸𝐸Def both could be linked to 

ongoing Mg loss. Based on the observation of previous work and this study, the lowering in 𝑛𝑛 

and 𝜅𝜅lat can be attributed to the Mg loss as well. The TE performance of Mg2(Si,Sn), 

nevertheless, remains uninfluenced due to a compensating variation in the microscopic material 

parameters due to increasing 𝑡𝑡sinter. A 𝑧𝑧𝑧𝑧max  =  1.3 ± 0.18 is achieved for all samples, 

mainly, due to the counteracting effects of reduced 𝜇𝜇 and 𝜅𝜅lat.  

This investigation gave a motivation to deeply analyze the effect of prolonged (high) 

temperature treatment on the thermoelectric properties of these samples. In-situ measurements 

of transport properties was carried out on six identical samples (Sb-doped Mg2Si0.4Sn0.6) at a 

holding temperature 𝑇𝑇 = 710 K, 773 K and 848 K, respectively. Two sets of three samples 

each were annealed using the available setups for measuring the Seebeck coefficient (𝑆𝑆), 𝜎𝜎 

(HT-𝑆𝑆𝑆𝑆) and 𝑅𝑅H and 𝜎𝜎 (HT Hall, extended for high temperature measurements), respectively. 

Microstructurally, samples annealed at 710 K were phase pure and did not show any signs of 

de-mixing even after being heat-treated for several hundred hours. In-situ thermoelectric 

properties of all these samples showed a variation as a function of annealing duration. The 

transport properties of samples measured in-situ in HT-𝑆𝑆𝑆𝑆 at 710 K and 773 K were analyzed. 

The analysis of the room temperature transport properties of each of these samples measured 

before and after in-situ annealing using an SPB model showed loss of carriers 𝑛𝑛, a lowering of 

mobility 𝜇𝜇 (high 𝐸𝐸Def) and a reduced density-of-states effective mass (𝑚𝑚D
∗ ) of the samples as a 

result of high temperature annealing. The transport properties measured in-situ in HT-𝑆𝑆𝑆𝑆 at 

710 K and 773 K were analyzed using a two parabolic model. The analysis revealed that 

besides the change in 𝐸𝐸Def, the major cause of the observed behavior of thermoelectric 

properties is the loss of majority charge carriers, 𝑁𝑁D, which roughly decays exponentially with 

annealing duration. The formation of Mg vacancies due to Mg loss is the reason for the loss of 



Chapter 11 
 

182 
 

𝑁𝑁D, which leads to corresponding variations in thermoelectric properties. For 773 K, the Hall 

coefficient (𝑅𝑅H) predicted using a two-band model shows qualitatively a good agreement with 

the 𝑅𝑅H measured in the HT Hall facility. Time constants related to Mg loss were estimated from 

the 𝑁𝑁D data for the present experimental conditions at stated temperature points. A width of 

Mg2−𝛿𝛿Si0.4Sn0.6

A microscopic diffusion-dominated model describing a multi-step mechanism of Mg loss in 

Mg2(Si,Sn) is developed that attempts to explain the changes occurring in the transport 

properties during in-situ annealing. The model emphasizes that the driving force of diffusion is 

a difference in the Mg chemical potential established between the sample (Mg rich) and the 

surrounding atmosphere. Moreover, the Mg loss occurs via the diffusion of Mg vacancies that 

dominates over a diffusion of Mg-interstitials (owing to a lower formation energy and migration 

energy). Furthermore, the concentration of Mg vacancies is comparatively higher than the 

interstitials, which is supported by the observed change in 𝑁𝑁D. Using the rate constants obtained 

by fitting 𝑁𝑁D(𝑡𝑡) (710 K and 773 K) and 𝜎𝜎(𝑡𝑡) (710 K, 773 K and 848 K (in both HT-𝑆𝑆𝑆𝑆 and 

HT Hall facilities)), the kinetics of Mg loss were studied using the Arrhenius equation. A higher 

Mg flow followed by a high defect concentration in the samples annealed in HT-𝑆𝑆𝑆𝑆 setup than 

the HT Hall setup are the plausible reasons for the differences in the frequency factor obtained 

for experiments in each setup. The obtained values of activation energy are compared with the 

defect formation energy and other migration energy barriers to judge the limiting-step in the 

transport chain of multi-step model. The analysis indicates that even though the Mg loss 

mechanism is nearly identical, however, the design of measuring setups causes one or more 

microscopic process-mediated steps of degradation to dominate over the other steps. As a result 

of the differences in the design of measurement setups, the differences in the rate of Mg loss 

and the frequency factor are observed.  

 Outlook  

 Optimization of synthesis methods 

The utilization of heavy element milling media can lead to a faster formation of the desired 

phase. Usage of such milling media is speculated to form a desired phase without the need of a 

high temperature heat treatment. Therefore, the influence of heavy elements based milling 

media (e.g. tungsten carbide (WC)) on the synthesis of Mg2(Si,Sn) solid solution should be 

studied. This will be technologically relevant as the industries look out for fast and reliable 

methods for the synthesis of inorganic materials.  

 phase,  with  respect  to  Mg content  is  estimated  for  the  sample  annealed  at 
710 K.  
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A set of Bi-doped Mg2Si powder samples were synthesized by Bux et al. [115] using the MA 

setup (SPEX 8000D), which is identical to the milling system employed in the present work. 

Importantly, they utilized tungsten carbide based milling media instead of stainless steel for the 

synthesis and showed that the formation of phase pure powder material is possible without the 

need of high temperature sintering. In comparison to Mg2Si, the dynamics and the progress of 

solid-state diffusion might be different for the synthesis of Mg2(Si,Sn) solid solutions, as Sn 

has great affinity to Mg than Si (to Mg). Such an investigation would enable to assess whether 

a phase pure composition is achieved by utilizing the tungsten carbide milling media or not. 

Moreover, the difference in the speed of phase formation (stainless steel versus tungsten 

carbide) can be understood as well. 

 A detailed investigation of the microstructure using advanced techniques 

The microstructural investigation using TEM showed Mg loss and a variation in Mg/Sn content 

at/near grain boundaries in the samples sintered for different duration. This led to a lowering 

of both carrier concentration 𝑛𝑛 and mobility 𝜇𝜇, and corresponding TE properties of Sb-doped 

Mg2Si0.4Sn0.6. The grain boundaries of the samples sintered for longer duration were found to 

be enriched with Sn with some signals corresponding to Mg and Si. In this context, the nature 

of tin is not known that enriches the grain boundaries. It is possible (but unclear at the moment) 

that whether it is a Sn-rich Mg2(Si,Sn) phase, an Mg-Sn melt or a thin layer of elemental Sn. 

The microstructure should be investigated using high-resolution transmission electron 

microscopy (HR-TEM) to determine the exact nature of the segregate. Besides, such an 

investigation can give a direct proof of formation of Mg vacancies 𝑉𝑉Mg that are formed due to 

Mg loss. The Mg concentration was comparatively lower near the grain boundaries that 

indicates that these grain boundaries act as carrier trapping states (because of localized positive 

charge of vacancies). The mobility of majority carriers is often constrained due to ionized 

impurity-carrier scattering events. Nevertheless, since a higher density of Mg vacancies near 

the grain boundary is expected, therefore, an advanced transport modelling-based analysis of 

thermoelectric properties will be necessary to disentangle whether the carrier scattering is 

dominated by grain boundary scattering or an ionized impurity scattering. Note that both grain 

boundary scattering and ionized impurity scattering shows identical temperature dependence. 

For the TEM-EDS investigations conducted in Chapter 8, the EDS detector was calibrated using 

the binary Mg2Si and Mg2Sn specimens prepared by mechanical alloying. Mg:X (X: Si, Sn) 

ratio in different regions of the samples was investigated for the optimization of calibration 

procedure. In case of undoped Mg2Sn sample, the Mg:Sn ratio was not constant in different 
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areas of the specimen. This indicates that Mg2Sn, which is supposedly a line phase, is less 

favored over Mg-deficient/Sn-rich phase with a stoichiometry Mg2–𝛿𝛿Sn. This observation 

agrees with the results of Saito et al. [252, 253] and Xin et al. [254], who investigated single 

crystal and polycrystalline specimens of Mg2Sn using TEM. However, note that each of these 

studies employed samples that were undoped, boron doped and antimony doped, respectively. 

Saito et al. asserts that the undoped Mg2Sn single crystals possess nanosized regions that 

contain 𝑉𝑉Mg, and these regions are evenly dispersed in the regions with no Mg vacancies (called 

single-crystal region). Besides, Xin et al. showed the formation of nanoscale precipitates of 5 

nm and 50 nm in Sb-doped polycrystalline samples, respectively. The large precipitates (50 

nm) are a combination of 𝛽𝛽-Sn and Sn-poor phases that coexist while much smaller precipitates 

were found to be made of Mg2Sn with heavy elements (Sb or Sn) suspected to substitute Mg 

interstitial sites (called interstitial clusters by the authors). However, no solid evidence about 

the nature of the clusters was given in the latter case. Furthermore, Xin et al. revealed that large 

nanoprecipitates forms sharp interface with the matrix and smaller ones have highly strained 

interface. On the other hand, Saito et al. reported the interfaces between nanosized region and 

single crystal region in their single crystal samples to be of semi-coherent nature. The results 

and conclusion of the cited studies could be plausible explanations of the observed variation in 

Mg content in the Mg2Sn sample (prepared for calibration) that prevents to achieve a daltonide 

composition.  

The thermoelectric properties of n-type Mg2Sn0.8Sb0.2 materials have been recently investigated 

and shown promising results with a 𝑧𝑧𝑧𝑧 ≈ 1.2 [167]. In a recent study [255], the beneficial effect 

of Bi as a dopant on the power factor of Mg2Sn has been shown. Bi doping on Sn site 

energetically pulls down the light conduction band (than the heavy conduction band) and the 

impurity level introduced as a result of Bi prefers to merge with the light conduction band. As 

a result, the flipping of conduction bands occurs. In those compositions, where band flipping 

phenomena is observed, a band convergence is also observed that boosts the power factor of 

these materials. While these investigations highlight promising thermoelectric properties of 

Mg2Sn, the first step is to achieve stable Mg2Sn materials, which has been a challenge as 

highlighted in Chapter 7. The samples showed poor room temperature stability and 

disintegrated in a couple of days after synthesis.  

Based on the highlighted studies, the first step should be a study focused on the optimization of 

synthesis procedure to achieve phase pure undoped Mg2Sn. For this, a variety of samples should 

be prepared with different amounts of excess Mg. The investigations of the phase purity and 

the chemical homogeneity should be carried out using XRD and HR-TEM. Such an 
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investigation would reveal the starting composition that needs to be employed to achieve the 

desired phase. Then, the doped compositions of Mg2Sn materials can be designed and the effect 

of substitution of dopant on the phase stability and their thermoelectric properties can be 

studied. The study on the optimization of synthesis procedure should be followed-up by a high-

temperature annealing-based study, where the focus should be on determining the 

thermochemical stability of Mg2Sn (fcc) phase. In this regard, Mg2Sn should be annealed in 

different Mg-partial pressure conditions (Mg-poor, nominal and Mg-rich) to investigate and 

prove whether Mg2Sn is a daltonide composition or has a phase width with respect to Mg. These 

investigations should be conducted using XRD (or even synchrotron radiations) and TEM. 

Employing TEM will allow a better spatial resolution and the investigated microstructure might 

reveal the differences in samples as a result of annealing in different Mg partial pressures. The 

microstructure could furthermore reveal specific features such as the presence or absence of 

Mg-depleted grain boundaries, exotic structures (e.g. nanoprecipitates), point defects (e.g. anti-

site defect (SnMg)), and their role in the phase stability. Using the last investigations as a base, 

phase pure undoped Mg2Sn can be coupled with Mg2Si to prepare Mg2Si-Mg2Sn diffusion 

couples. These diffusion couples can be then used to investigate and resolve the disputed phase 

boundaries of the miscibility gap at the temperatures of interest as well as experimentally 

determine the interdiffusion coefficients of respective elements (e.g. Sn in Mg2Si). Using Mg-

poor Mg2Sn might affect the stated experimental investigations. A furthermore prospect can be 

an experiment where the diffusion couples are annealed in atmosphere with different Mg partial 

pressure. Such an experiment will enable to understand the sensitivity of the interdiffusion 

coefficients to the Mg-partial pressure (or Mg-chemical potential) and a quantification of these 

interdiffusion coefficients, and to comprehend the effect of different Mg-partial pressure on the 

phase boundaries of Mg2Si-Mg2Sn. In the previous proposed study on high-temperature 

annealing, the experiments should be carried out at temperature points, where the experiments 

related to determine the interdiffusion coefficients and the miscibility gap are planned. Note 

that an optimized Mg2Sn phase will prevent discrepancies in the outcome of the experiments. 

As a side remark, in-situ TEM investigation can be conducted at high temperatures to directly 

visualize the kinetics of the diffusion process of Mg2X (X: Si, Sn) solid solutions as well. 
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Appendix A  

A.1  Circuit of the Hall measurement system 

 

 
Figure A.1 A pictorial representation of the high temperature Hall measurement facility at DLR highlighting 

different electrical connections. 
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A.2 Comparative measurement of the Hall carrier concentration – after 

implementation of correct GCF value and temperature dependence of the 

electrical conductivity  

 

 
Figure A.2 a) RT Hall carrier concentration 𝑛𝑛H of five different samples (both p-type and n-type tabulated in Table 

5.1 in the main text) measured on the Hall facility at DLR (both with van der Pauw GCF and FEM corrected GCF 

values), IIT Bombay and JLU Gießen with a van der Pauw configuration of the sample holder, and b) the 

corresponding relative deviation in the measurement. The discrepancy between the 𝑛𝑛H measured at DLR and other 

labs are a bit different after using the FEM corrected GCF, but the agreement is roughly as before. 

 

 

Figure A.3 Temperature dependent electrical conductivity measured at JLU Gießen and HT-𝑆𝑆𝑆𝑆 facility (at DLR). 

Note that the last data point measured at 277 K is highlighted which is shown in Figure 5.7 in the main text.



Appendix A 
 

188 
 

A.3 Temperature dependent Seebeck coefficient and electrical conductivity, and 

Hall coefficient and electrical conductivity data of p-type FeSi2  

 

 

Figure A.4 Temperature dependent a) 𝑆𝑆 and b) 𝜎𝜎 of p-type FeSi2 specimen measured on HT-𝑆𝑆𝜎𝜎 with both the heating 

and cooling curves of the measurement. 

 

 

Figure A.5 Temperature dependent a) Hall coefficient and b) electrical conductivity of p-type FeSi2 specimen which 

shows both the heating and cooling curves of the measurement.
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Appendix B  

B.1 Predicting the electrical transport properties measured during in-situ 

annealing at 773 K 

The Seebeck coefficient data in Figure 10.2(b) in Chapter 10 shows that the absolute values 

increase until 4 h of annealing followed by a hump, and then decreases. This observation cannot 

be explained only by a single band transport as the minority carriers start to influence the 

transport properties. As a result, a 2PB (1 CB + 1 VB) model was utilized to predict the in-situ 

measured transport properties while annealing the samples at 773 K. However, 𝑁𝑁D data was 

unavailable for the in-situ annealing duration and so, to estimate it, 𝑛𝑛 (= 𝑁𝑁D at RT) of the 

sample (both before and after annealing) were deduced using the SPB model. To this purpose, 

RT values of 𝑆𝑆 and 𝑅𝑅H, measured before (during heat-up ramp to reach target annealing 

temperature) and after (during cooling down) annealing experiment, respectively, were utilized 

for deducing 𝑛𝑛 and 𝑚𝑚D
∗ . Note that the 𝑇𝑇-dependent properties of samples to be in-situ annealed 

at 773 K were measured before initiating the in-situ measurement which can be visualized in 

Figure 10.1(a) and Figure 10.1(b). The TE properties of this sample were re-measured during 

heat-up ramp to reach the target annealing temperature. The TE properties measured during 

cooling cycle of thermal cycling and heat-up ramp are compared in Figure 10.1(c) and Figure 

10.1(d), which closely agree and show a heavily doped semiconducting behavior. The TE 

properties measured during heat-up ramp were well predicted (Figure 10.1(c) and Figure 

10.1(d)) by utilizing the microscopic material parameters extracted from the SPB model.  

 

 

Figure B.1 Temperature dependent a) Seebeck coefficient and b) electrical conductivity of sample 3 measured during 

cool-down from 𝑇𝑇anneal ≈ 773 K. 
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The thermoelectric properties were also measured during cooling after the in-situ annealing 

which is visualized in Figure B.1. The properties showed an influence of minority carrier from 

773 K  450 K, and for 𝑇𝑇 <  400 K, the properties showed a single band behavior. 

Furthermore, in the 300 K –  400 K regime, there is probably an influence of grain boundary 

scattering that leads to a hump in the conductivity data. The data shows no signs of minority 

carrier transport at room temperature. So, the room temperature transport properties were 

predicted using SPB model. The SPB analysis showed that the 𝑁𝑁D (= 𝑛𝑛 at RT) was different 

before and after annealing which is listed in Table 10.1. The 𝑁𝑁D values extracted from the room 

temperature TE properties, both before and after annealing, indicate that the 𝑁𝑁D values for the 

annealing duration would lie in this range. For the prediction of in-situ measured Seebeck 

coefficient using a 2PB model, the followed approach is outlined in Figure B.2. 

 

 

Figure B.2 Flowchart of the approach to determine 𝑁𝑁D from the measured Seebeck coefficient 𝑆𝑆 and a two-band 

model. Microscopic material parameters of valence band are taken from [256] (kept constant) while different values 

of conduction band parameters (𝑚𝑚D,CB
∗  and 𝐸𝐸Def,CB) were chosen for different limiting cases. Here, 𝑆𝑆max is the 

maximum absolute value of the Seebeck coefficient. The values of Seebeck coefficient, experimental 𝑆𝑆max,exp, and 

predicted 𝑆𝑆max,2PB are compared to determine 𝐸𝐸g and thus, 𝑁𝑁D. 



Appendix B 
 

191 
 

As a first step, a range of 𝑁𝑁D values along with other microscopic material parameters are 

plugged in a two-band model. Note that all other microscopic material parameters essential for 

the prediction of transport properties were kept constant. At a first glance, the utilization of 

constant set of the values of the microscopic material parameters might seem inappropriate, 

since, the SPB analysis of the room temperature properties showed that the microscopic 

parameters, 𝑚𝑚D,CB
∗  and 𝐸𝐸Def,CB (alongside 𝑛𝑛), were different before and after annealing 

(highlighted in Table 10.1). This reflects that the values of stated parameters were changing 

during the annealing experiment. Consequently, two sets of microscopic material parameters 

with different (but constant) values were employed for a reliable and a less complicated use of 

two band model for the prediction of transport properties. Each set of microscopic material 

parameters affected due to in-situ annealing is listed in Table B.1. The high-to-low range of 𝑁𝑁D 

values in Table B.1 were extracted after the suitable value of band gap, 𝐸𝐸g, was chosen 

(discussed in the coming section). 

Table B.1 The values of the microscopic material parameters (𝑁𝑁D, 𝑚𝑚D,CB
∗ , 𝐸𝐸Def,CB) used for the 2PB modelling of 

in-situ measured thermoelectric properties. 

Cases 
Temperature 

(K) 

Range of 𝑁𝑁D values 

(× 1020 cm−3) 

𝑚𝑚D,CB
∗  

(𝑚𝑚0) 

𝐸𝐸Def,CB 

(eV) 

Non-annealed  
773 

1.7 –  0.33 2.4 10.35 

Post-anneal  1.55 –  0.3 1.8 14.60 

 

Each set of microscopic material parameters corresponds to the ‘state’ of the sample in terms 

of the empirically observed stabilization of transport properties e.g. non-depleted state (in 

regards with Mg concentration). In the first case, the set of material parameters, other than 𝑁𝑁D, 

that are determined by analyzing 𝑇𝑇-dependent electrical transport properties during the heat-up 

ramp of the annealing treatment are utilized. These are referred to as ‘non-annealed’ parameters 

(NAP) and refer likely to the non-depleted state of the specimen with respect to Mg. This state 

is defined based on the fact that excess Mg (2 at.%) is taken for the synthesis which makes the 

composition as Mg2.06Si0.385Sn0.6Sb0.015, and the potential changes during the ramp up or during 

previous measurement cycles are ignored. In Figure 10.1(c) and Figure 10.1(d) some change is 

visible, but this is small compared to the changes during long term annealing. The second case 

of transport modelling uses different values of these parameters that correspond to the saturated 

state of the transport properties and are referred as ‘post-anneal’ parameters (PAP). The post-

anneal state of Mg2(Si,Sn) specimen refers to the depleted state of the specimen with respect to 

Mg. The non-depleted and post-depleted states refer to the relative change of Mg content in the 
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samples. This should not be taken strictly in a thermodynamic sense, since it is not utterly clear 

whether the samples are still Mg-rich or not. Besides, the other microscopic material parameters 

that are utilized to model these properties were kept constant, and are listed in Table B.2. 

 Table B.2 List of microscopic material parameters other than the ones highlighted in Table B.1 employed for single- 

and multi-band modelling of electrical transport properties. 

Parameters Employed values 

DOS effective mass, 𝑚𝑚D
∗  (× 𝑚𝑚0) 𝑚𝑚D,VB

∗ =  1.54 [256] 

Valley degeneracy (𝑁𝑁v) 𝑁𝑁v,CB =  6; 𝑁𝑁v,VB  =  2 [83, 256] 

Atom density (𝑁𝑁0) (𝑚𝑚−3) 4.18 × 1028 [256] 

Longitudinal speed of sound (𝑣𝑣l) (m/s) 5760 [257] 

Fractional alloy composition (𝑥𝑥) 0.6 

Electron-phonon interaction potential 

constant (𝐸𝐸Def) (eV) 
𝐸𝐸Def,VB = 9 [256] 

Alloy scattering potential constant (𝐸𝐸AS) 

(eV) 
𝐸𝐸AS,CB = 0.5, 𝐸𝐸AS,VB = 0.5 [83, 256] 

 

Band gap 𝐸𝐸g is a critical input to the two-band model besides other parameters which is not 

established in literature with sufficient certainty. Therefore, the value of 𝐸𝐸g was chosen such 

that the 𝑆𝑆max predicted from the two-band model matches the experimentally observed absolute 

𝑆𝑆max as shown in Figure B.3. This is feasible because for a fixed set of these microscopic 

material parameters (𝑚𝑚D,CB
∗  and 𝐸𝐸Def,CB) and temperature 𝑇𝑇, the 𝑆𝑆(𝑁𝑁D) is only a function of 𝐸𝐸g. 

This is understood from the Seebeck coefficient equation for a system with 2 band (majority 

and minority) transport: 𝑆𝑆 = ∑ 𝑆𝑆𝑖𝑖𝜎𝜎𝑖𝑖𝑖𝑖 ∑ 𝜎𝜎𝑖𝑖𝑖𝑖⁄ , where the 𝜎𝜎𝑖𝑖 ∝ 𝜇𝜇𝑖𝑖 ∝ 1 𝑚𝑚D,𝑖𝑖
2.5𝐸𝐸Def,𝑖𝑖2⁄ , and 𝑆𝑆𝑖𝑖 =

𝑘𝑘𝐵𝐵
𝑒𝑒
�2𝐹𝐹1(𝜂𝜂𝑖𝑖)
𝐹𝐹0(𝜂𝜂𝑖𝑖)

− 𝜂𝜂𝑖𝑖�. The 𝜂𝜂𝑖𝑖 of the bands are linked by 𝜂𝜂𝐶𝐶𝐶𝐶 = −𝜂𝜂𝑉𝑉𝑉𝑉 −
𝐸𝐸g
𝑘𝑘B𝑇𝑇

 and determined by the 

charge neutrality equation (𝑛𝑛 =  𝑁𝑁D + 𝑝𝑝 for a heavily n-type doped material), thus 𝐸𝐸g is the 

only “free” parameter. The 𝐸𝐸g was estimated from the two-band modelling employing the ‘non-

annealed’ parameters. Based on the close agreement between the maximum value of measured 

and modeled Seebeck coefficient, the band gap value of 𝐸𝐸g = 0.296 eV was chosen. The high 

temperature annealing could also affect the microscopic material parameters of the valence 

band and therefore, the band gap of the material. However, as said, the microscopic parameters 

of the valence band were kept constant to keep the complexity of modelling low. The 
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comparison of maximum absolute value of experimental and predicted Seebeck coefficient 

corresponds to the third step of approach highlighted in the flowchart. 

 

 

Figure B.3 Comparison of the absolute values of both measured and predicted Seebeck coefficient as a function of 

annealing duration and doping concentration 𝑁𝑁D respectively. 

In the SPB and the 2PB model the two CB’s (𝐶𝐶L and 𝐶𝐶H) are assumed to be a single fully 

degenerate band. This is helpful since this approach allows the determination and quantification 

of microscopic material parameters that are sensitive to annealing particularly, without needing 

to consider the unknown interband separation between the two bands at 𝑇𝑇anneal. The difference 

in the present approach and the previous approach (employed in Chapter 9) lies in the 𝑁𝑁D values 

utilized for the prediction of transport properties. Moreover, in Chapter 9, the varying values of 

microscopic material parameters, particularly 𝐸𝐸Def,CB, were employed for the modelling of the 

transport properties. Whereas, in the present case, the values of microscopic material 

parameters are kept constant. A different and comparatively simple approach is utilized in the 

present case because the measured properties show mixed carrier conduction in the beginning 

of the in-situ experiment instead of (only) single (majority) band transport, that was observed 

in the beginning of in-situ annealing experiment at 710 K (Chapter 9). The extraction of 𝑁𝑁D(𝑡𝑡) 

and the prediction of electrical conductivity, 𝜎𝜎(𝑡𝑡), which corresponds to the fourth and fifth 

steps of the approach highlighted in the flowchart, are discussed in the coming section. 
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B.1.1 Two-band modelling using the non-annealed values of microscopic material 

parameters 

𝑆𝑆(𝑁𝑁D) plot (Figure B.4(a)) was constructed by plugging the set of non-annealed parameters 

from Table B.1 and Table B.2 in the two-band model. 𝑆𝑆(𝑁𝑁D) data is fitted using a 5th order 

polynomial equation.  

 

 

Figure B.4 a) 𝑆𝑆(𝑁𝑁D) predicted using a 2PB model, b) 𝑁𝑁Dvs 𝑡𝑡anneal fitted using an exponential decay function, and 

the measured (at 773 K) and the predicted c) 𝑆𝑆, and d) 𝜎𝜎, respectively. Note that the transport properties were 

predicted by employing non-annealed microscopic material parameters (NAP) in the 2PB model. 

𝑆𝑆(𝑁𝑁D) plot simulates the change observed during in-situ annealing i.e. an increase of absolute 

Seebeck coefficient followed by a decrease. From 𝑆𝑆(𝑡𝑡) data, the absolute Seebeck coefficient 

values are utilized to estimate corresponding 𝑁𝑁D values. 𝑁𝑁D values are plotted against the time 
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scale that corresponds to the measured 𝑆𝑆(𝑡𝑡), gives 𝑁𝑁D(𝑡𝑡), which is plotted in Figure B.4(b). 

The complete trend of 𝑁𝑁D(𝑡𝑡) is attributed to the variation of Mg flow in the samples due to Mg 

loss, as highlighted in section 10.3 of Chapter 10. So, 𝑁𝑁D(𝑡𝑡) curve is representative of the entire 

degradation kinetics, until it saturates, and does not only translate to the formation of 𝑉𝑉Mg
2−. The 

assumptions for the analysis of kinetics can be re-iterated that: the multi-step degradation 

process is approximated to a single-step process, which can be quantitatively expressed in terms 

of Arrhenius equation. Considering this, the 𝑁𝑁D(𝑡𝑡) is fitted using an exponential decay function 

(𝑁𝑁D(𝑡𝑡) =  𝑁𝑁0  +  𝐴𝐴𝑒𝑒−𝑡𝑡anneal 𝜏𝜏⁄ ), here 𝑁𝑁0 = 0.39 × 1020 cm-3, 𝐴𝐴 =  1.3 × 1020 cm-3 with a 

time constant 𝜏𝜏 =   3.248 h. The decay function would give a single value of rate of Mg loss 

that allows a quantification of the kinetic parameters of Mg loss. 𝑁𝑁D values, that are observed 

to saturate beyond 𝑡𝑡 > 6 h of annealing, are also fitted because these values carry the influence 

of a variation of Mg-flow on 𝑁𝑁D values near saturation.  Including 𝑁𝑁D values beyond 𝑡𝑡 > 6 h 

allows an estimation of the effective activation energy which is physically meaningful and 

interpreted as a quantity, which consists the contributions of the energy barriers of individual 

processes.  

The trend of the measured transport properties is predicted well using the two-band model using 

𝑁𝑁D(𝑡𝑡) as can be observed from Figure B.4(c) and Figure B.4(d), particularly for 𝑡𝑡annealing ≤ 5 

h. A discrepancy in the transport properties in the annealing time interval 8 h –  15 h, evident 

from Figure B.4(c) and Figure B.4(d), is not surprising as the model base here are the 

microscopic parameters of the material corresponding to the non-depleted state before 

annealing, which cannot be a good assumption for long annealing times. It might also be noted 

that the largest differences between model and measured Seebeck coefficient 𝑆𝑆 and electrical 

conductivity 𝜎𝜎 are observed where the agreement of 𝑁𝑁D(𝑡𝑡) is poor, indicating that capturing 

the kinetics not perfectly is more influential than the errors in the electronic band structure 

model. 

B.1.2 Two-band modelling using the post-anneal values of the microscopic 

material parameters 

The post-anneal microscopic material parameters, as given in Table B.1 and Table B.2, were 

utilized for modelling the transport properties. The 𝑁𝑁D(𝑡𝑡), shown in Figure B.5(b), is predicted 

from the measured Seebeck coefficient, from 𝑆𝑆(𝑁𝑁D) in Figure B.5(a). The 𝑁𝑁D(𝑡𝑡) curve shows 

no value in the annealing duration (2 h –  6 h) of the plot. This is because with the parameters 

employed in the two-band model for constructing 𝑆𝑆(𝑁𝑁D) it is not possible to achieve measured 

𝑆𝑆max, and therefore cannot predict the measured data well (Figure B.5(b)).  
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The exponential decay function can be expressed as: 𝑁𝑁D(𝑡𝑡)  =  𝑁𝑁0  +  𝐴𝐴𝑒𝑒−𝑡𝑡anneal 𝜏𝜏⁄ , here 𝑁𝑁0 =

 0.33 × 1020 cm-3, 𝐴𝐴 =  0.68646 × 1020 cm-3 with time constant  𝜏𝜏 = 3.02 h. Note that 𝑁𝑁0 

(= 𝑛𝑛 at room temperature after HT annealing, using SPB) was fixed for fitting the exponential 

decay function, and 𝑁𝑁D(𝑡𝑡) was estimated. These 𝑁𝑁D(𝑡𝑡) values are employed in the 2PB model 

to predict the transport properties. The predicted and measured Seebeck coefficient are in good 

agreement in the beginning of the annealing experiment. This is mainly due to the chosen 

microscopic material parameters for estimating 𝑆𝑆(𝑁𝑁D), and from that 𝑁𝑁D(𝑡𝑡). 

 

 

Figure B.5 a) 𝑆𝑆(𝑁𝑁D) predicted using a 2PB model, b) 𝑁𝑁D vs 𝑡𝑡anneal fitted using an exponential decay function, and 

the measured (at 773 K) and the predicted c) 𝑆𝑆, and d) 𝜎𝜎, respectively. Note that the transport properties were 

predicted by employing post-anneal microscopic material parameters (PAP) in the 2PB model. 

The predicted and measured 𝜎𝜎 values, on the other hand, show a large deviation in the beginning 

of the annealing duration. This is because the microscopic material parameters employed here 
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correspond to the Mg-depleted state of the material. This situation is unlike the previous case, 

which corresponds to the non-depleted state with respect to Mg, where modelling was carried 

out using non-annealed parameters. Therefore, physically, a disagreement in the predicted and 

measured values in the beginning of the annealing duration is expected in the present 

case. There is a large disagreement in the predicted and measured Seebeck coefficient values 

in the range (2 h –  8 h) of annealing duration. This disagreement is also reflected in the 

conductivity values in the starting region of this range. The disagreement in these properties 

also indicates that physically, these parameters of Mg2(Si,Sn) might not have degraded to the 

values that are employed during modelling. Nevertheless, near the saturation time, the predicted 

and measured electrical conductivity show a close agreement. 

B.1.3 Hall coefficient: Measured versus predicted (from different cases) 

The in-situ measurement of the 𝑅𝑅H of sample 4 at 𝑇𝑇anneal = 773 K in HT Hall (in vacuum) is 

shown in Figure B.6. The 𝑅𝑅H predicted using 2PB modelling for the different cases discussed 

in the last section is compared with the 𝑅𝑅H of sample 4 measured in HT Hall at 773 K. 

 

 

Figure B.6 Comparative plot showing the 𝑅𝑅H (corresponding to sample 3) predicted from 2PB model by plugging 

the different values of microscopic material parameters (NAP and PAP), as discussed, and the measured 𝑅𝑅H (sample 

4). 

The plot shows that both the measured and predicted 𝑅𝑅H follow similar trends but there are 

differences in the absolute values. The reason for an observed discrepancy between the in-situ 

measured data and both modeled 𝑅𝑅H values could be due to the (simplified) 2PB band 
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modelling. Particularly, the two CB’s are assumed as one (effective) conduction band, 

therefore, both the density-of-states effective mass 𝑚𝑚D,CB
∗  and the mobility 𝜇𝜇 are an average of 

individual contributions, respectively, from each band. However, the dependence of 

𝑆𝑆,𝜎𝜎 and 𝑅𝑅H on the band masses is different and thus using the measured transport properties to 

obtain microscopic material parameters does not lead to an excellent prediction for 𝑅𝑅H. A 

further complication is that the bands might not fully be degenerate, as indicated by the analysis 

of the TE properties of Mg2Si0.4Sn0.6 in previous reports [100, 101], which had shown that both 

CB’s are not completely converged instead, their degeneracy is lifted at room temperature. This 

might be true for the 𝑇𝑇anneal in the current in-situ experiments, but it is unknown at present. 

Moreover, the microscopic material parameters (both 𝑚𝑚D
∗  and 𝐸𝐸Def) for each CB are shown to 

be different [258]. Consequently, as a future direction a three-band model, with two conduction 

bands and one valence band, is necessary to predict the measured transport properties. 
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B.2 Temperature dependent thermoelectric properties of sample 4 (Measured 

before in-situ annealing at 773 K) 

 

 

Figure B.7 𝑇𝑇 dependent a) 𝑆𝑆 and b) 𝜎𝜎 of sample 4 measured at the HT-𝑆𝑆𝑆𝑆 facility before in-situ measurements. c) 

𝑛𝑛H and d) 𝜎𝜎 of sample 4 during heat-up ramp for the in-situ measurement at the HT Hall facility.
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B.3 Temperature dependent thermoelectric properties of sample 3 and sample 4 

(Measured after in situ annealing at 773 K) 

 

 

Figure B.8 𝑇𝑇 dependent a) 𝑆𝑆 and b) 𝜎𝜎 of sample 3, and c) 𝑅𝑅H and d) 𝜎𝜎 of sample 4. These properties are measured 

during cooling after high-temperature in-situ annealing at 𝑇𝑇anneal = 773 K. 
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