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ABSTRACT 

Silicon-germanium (SiGe) thermoelectric material is especially suited in power 

generation operating above 700 °C to 1000 °C to convert heat into electricity.  

Traditional bulk SiGe alloy thermoelectric materials has the value of dimensionless 

thermoelectric figure of merit (ZT) at maximum about 0.93 at 900 °C. It corresponds 

to 8% highest device efficiency to convert heat into electricity for commercial SiGe 

thermoelectric devices. Recently, many efforts have been made to increase the ZT 

value of SiGe thermoelectric materials. Among them, nanostructuring of SiGe alloy is 

an effective mechanism to enhance the ZT value of the thermoelectric material. In this 

approach, the ZT value increases due to the reduction of thermal conductivity caused 

by enhanced phonon scattering off the increased density of nanograin boundaries. 

There are different approaches to make nanostructured SiGe alloy bulk thermoelectric 

materials. Mechanical alloying of elemental Si and Ge powder is one of them. In this 

thesis work, different compositions of elemental Si and Ge micro powders have been 

mechanically alloyed using ball milling technique to produce SiGe alloy nanopowder 

and then were compacted and sintered by spark plasma sintering (SPS) method. 

Different characterization techniques have been used to see the effect of compositions, 

milling parameters and sintering conditions on the properties of the synthesized 

nanopowders and sintered compact samples. 
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Chapter 1 Introduction 

1.1 Background 

The world’s demand for energy is increasing day by day mainly due to the rapid 

economic growth in countries which have large population like China and India. 

So, the effect of worldwide climate change due to burning the traditional fossil fuels 

like gasoline, natural gas, oil, etc. to meet the energy demand is becoming more and 

more upsetting. Thermoelectric technology may offer an alternative choice to 

traditional methods of power generation, heating and cooling [1]. Home heating, 

automotive exhaust, and industrial processes all create a huge amount of unused waste 

heat that might be converted to electricity by utilizing thermoelectric generator [2]. 

Thermoelectric effects can be described as the solid state direct conversion between 

thermal and electricity energy. The first discovered thermoelectric effect is the Seebeck 

effect, which was discovered by Seebeck in 1821 [3]. The generation of voltage along a 

conductor when it is subjected to a temperature difference is called Seebeck effect. This 

phenomenon is very familiar to all scientists and engineers, as it has long been used in 

the measurement of temperature using thermocouple thermometer [4]. In 1834, 

Peltier discovered another thermoelectric effect named Peltier effect when the reverse 

situation of Seebeck’s experiment was carried out with an external electric potential 

applied across two conductors [5]. When two conductors of different materials are 

joined together and an electric current is passed through the junction, there will be an 

excess or deficiency in the energy at the junction due to the two materials having 

different Peltier coefficients. The excess energy causes heating at one of the junctions 

depending on the direction of the current flow along the conductors and the deficiency 

in energy is supplied by the lattice at another junction that creates cooling [6]. Most of 

the cases, this reversible thermoelectric effect is masked by the Joule heating which is 

irreversible phenomenon and this effect is also opposed by heat flow along the 

conductors. It is possible to choose the thermoelectric conductors so that the Peltier 

effect becomes large enough to produce worthwhile cooling for certain practical 

purposes [4]. 
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Thermoelectric energy conversion is based on all solid-state technology, which has 

high reliability, environmentally friendly and quiet operation [7].  

The progress since the 1960s in improving the efficiency of thermoelectric materials 

had been very slow and the value of maximum dimensionless figure of merit ZT had 

essentially remained around 1 until the 1990s. In the early 1990s, there was renewed 

interest to develop new more efficient thermoelectric materials [8]. After many years 

of moderate advancement, thermoelectric materials exploration encountered a 

resurgence, inspired by the developments of new concepts and theories to engineer 

electron and phonon transport in thermoelectric materials [6]. 

Group IV nanocrystals are attracting increasing interest because of their desirable 

properties and their many potential applications. Silicon and germanium nanocrystals 

are environmentally safe, and silicon is the second most abundant element on the 

planet. Germanium is rarer and considerably more expensive than silicon, and its use 

is not considered to be compatible with large scale applications. Still silicon–

germanium alloys have been used for several years in specialized applications. They 

have been used in the Radioisotope Thermoelectric Generators powering NASA space-

crafts since 1976 [1]. 

Except for a limited number of cases, the efficiencies of thermoelectric (TE) systems 

have missed the mark regarding the targets required for them to be utilized 

extensively. To increase the intrinsic efficiencies of materials, numerous endeavors are 

in progress [9].  

 

1.2 Purpose of This Thesis 

Among various synthesis method, powder metallurgy is a flexible and low cost 

synthesis process [10]. Nanostructured SiGe alloy bulk materials have higher 

thermoelectric efficiency than other forms of SiGe bulk materials. The reason is 

significant reduction in lattice thermal conductivity occurs due to phonon scattering 

at the grain boundaries [11]–[14].  For this purpose, nanostructured materials should 
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have grain size below phonons mean free path to reduce lattice thermal conductivity 

by phonons scattering.  

In this thesis, SiGe alloy nanopowders will be synthesized by mechanical alloying 

method using elemental Si and Ge micropowder as the starting materials. Then the 

alloy powder will be compacted and sintered using Spark Plasma Sintering (SPS) 

technique. The effect of composition, milling and SPS parameters on the SiGe alloys 

synthesis will be evaluated.  

 

1.3 The Thermoelectric Phenomenon 

The Seebeck and Peltier effects are related to one another. The relationship between 

them was established by Lord Kelvin in 1855 [4]. Although both the Seebeck and 

Peltier effects may appear to need the junction of two dissimilar conductors, neither is 

a contact effect and both arise due to the presence of temperature gradient in the bulk 

conductors [15]. Experimentally, it is difficult to measure the absolute Seebeck 

coefficient of a single material since the same temperature difference that is applied 

across the material under test will also be applied across the measurement apparatus. 

The easiest  way in which the thermoelectric  phenomenon can be shown is to form a 

thermocouple composed of two dissimilar conductors or thermoelements by 

electrically joining one set of their ends [16].  The application of a temperature 

difference between the ends of this device will produce a voltage across its unpaired 

terminals that depends on the temperature distribution of the thermoelecments [17]–

[20].  

Both Seebeck coefficient α and Peltier coefficient π are defined for junctions between 

two conductors. 
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Let’s consider the Figure 1.1.  If the conductors a and b meet at junctions 1 and 2 that 

differ in temperature by an amount ΔT, a voltage will generate when an opening is 

introduced in either conductor which will be equal to 

V = αab ΔT (1.1) 

The Seebeck coefficient αab is assigned a positive value if the generated voltage tends 

to drive a current from 1 to 2 through the conductor a when 1 is at a higher temperature 

than 2. The Peltier coefficient  𝜋𝑎𝑏   is defined, for the same pair of conductors, by the 

relation 

𝝅𝒂𝒃 =  
𝒒

𝑰
   (1.2) 

Here q is the heating or cooling rate at one of the junctions when an electric current I 

passes through the circuit. The value of Peltier coefficient is considered positive if 

junction 1 becomes heated and junction 2 is cooled when the electric current through 

conductor a flows from 1 to 2 [4]. As the Peltier and Seebeck effects only become 

apparent at junctions which are  essentially properties of the bulk materials, it is 

correct to regard Peltier coefficient 𝜋𝑎𝑏  as being equal to the difference between the 

absolute coefficients 𝜋𝑎 and 𝜋𝑏. Likewise, the Seebeck coefficient αab is equal to αa − 

αb [4]. 

Among the semiconductor thermoelectrics, n-type and p-type thermoelectrics have 

Seebeck coefficients of opposing signs.  This is why thermoelectric modules almost 

Figure 1.1: Definition of the thermoelectric effects [4]. 
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always consist of two semiconductor materials which are seen electrically in series and 

thermally in parallel, as shown in the Figure 1.2.  

 

 

 

 

1.4 Thermoelectric Efficiency 

The efficiency of a thermoelectric generator or cooler depends on the design of the 

thermoelectric device, the properties of the thermoelectric materials used in the 

modules and the temperature difference across the modules. The temperature 

difference ΔT between the hot side (Th) and the cold side (Tc) of the thermoelectric 

module sets the upper limit of efficiency through the Carnot efficiency ηc = ΔT/Th  [21]. 

Considering the Idealized thermocouple shown in the Figure 1.3; 

Figure 1.2: Thermoelectric Module [2]. 
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Figure 1.3: Thermocouple of heat pumping or electric power generation [22]. 

The thermocouple is made from semiconductor thermoelectric (TE) materials. One of 

the thermoelements is p type and another is n type semiconductor which are attached 

to metallic conductors A, B, and C of supposedly zero electrical resistance. The 

thermocouple can be used in two different modes. For heat pumping mode, a voltage 

source is connected across A and C so that an electric current is driven through the 

thermocouple. If A is negative and C is positive the heat sink designated area will act 

as a refrigerator. Heat is pumped from the source from temperature T1 to the heat sink 

at temperature T2 by means of the Peltier effect. For electrical generation mode the 

supply of heat at B and its removal at A and C causes an electric current  to flow around 

the circuit due to the Seebeck effect  if a resistive load  is placed across A and C  [22]. 

The TE material’s properties that governs how close, the efficiency can be to Carnot 

primarily through the thermoelectric figure of merit, Z 

Z =  
𝛼2𝜎

𝜅
 (1.3) 

The relevant materials properties are the Seebeck coefficient α the thermal 

conductivity κ and the electrical conductivity σ which all vary with temperature [21]. 

Electrical conductivity σ enters Z due to Joule heating phenomenon. Higher electrical 

conductivity σ produces lower joule heating. When an electric current passes through 

the thermoelectric materials, Joule heat is produced which can be conducted back to 

the cold junction. The thermal conductivity k appears in the denominator because, in 

thermoelectric coolers or power generators, the thermoelectric elements also act as the 

thermal insulation between the hot and the cold sides and it effects the heat leakage 
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between the hot and the cold sides. It is convenient and customary to express the 

effectiveness of a TE material for cooling or power generation purposes in terms of the 

dimensionless  figure of merit ZT (=  
α2σT

𝜅
  ) where T is the absolute temperature  [23]. 

Thus to achieve high conversion efficiency, both large temperature differences ΔT 

(operating at high T) and a high figure of merit Z materials are desired. The best TE 

materials (large ZT value) are semiconductors that are so heavily doped that their 

electrical transport properties resemble metals [2]. Any force like electric field or 

temperature gradient may give rise to charge or energy flow and the relationships 

between various forces and flows define the various transport coefficients that are 

characteristic of electrons (and holes) and phonons in that material [24].  

To maximize the Seebeck coefficient, there should only be a single type of carrier. 

Mixed n-type and p-type carriers conduction will lead to both charge carriers moving 

to the cold end and cancelling out the induced Seebeck voltages [2]. The Seebeck 

coefficient and electrical conductivity are influenced strongly by  the Fermi level [12]. 

The Fermi level depends on the carrier concentration, effective mass of the carrier and 

the temperature [12]. Many insulators and even some semiconductors which have low 

carrier concentration have large Seebeck coefficients. In spite of these materials having 

large Seebeck coefficients, they have low ZT value due to low carrier concentration that 

reduces electrical conductivity and so results lower ZT values. Modern TE research 

shows that heavily doped semiconductors (carrier concentrations n = 1018 -  1020 cm-

3) make the best TE [25]. 

To increase the ZT value, large Seebeck coefficient α, high electrical conductivity σ, 

and low thermal conductivity κ, are needed that are conflicting material’s properties. 

As these material’s transport characteristics depend on interrelated properties, a 

number of parameters needed to be optimized to maximize the ZT value and it is a 

major challenge [2]. 

The best thermoelectric materials were concisely defined as ‘‘phonon-glass electron-

crystal’’ (PGEC), which means that the materials should have a low lattice thermal 

conductivity as in a glass, and a high electrical conductivity as in a crystal [26]. The 

electron-crystal requirement comes from the fact that crystalline semiconductors have 
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been the best at meeting the compromises required from the electronic properties 

(Seebeck coefficient and electrical conductivity). The phonon-glass requirement 

comes from the need for as low a thermal conductivity as possible [2].  Traditional 

thermoelectric materials like SiGe bulk alloys  used site substitution with isoelectronic 

elements in the crystal structure to maintain a crystalline electronic structure while 

creating large mass contrast to disrupt the phonon path [2]. One example of the 

commercial thermoelectric materials that reduce thermal conductivity through 

alloying is SiGe alloys. At high temperatures Si has good electronic properties for 

thermoelectric applications, but the lattice thermal conductivity of Si is too large to 

have high thermoelectric figure of merit. Atomic size point defects can be introduced 

by alloying Si with Ge that lower lattice thermal conductivity without significant 

degradation of the electronic properties. So, the thermoelectric performance is 

improved [8]. 

There are many different strategies exist to increase the thermoelectric figure of merit. 

One strategies to reduce lattice thermal conductivity through scattering of phonons 

within the unit cell by creating rattling structures or point defects such as interstitials 

or vacancies [27].  

Complex crystal structures also can be used to separate the electron-crystal from the 

phonon-glass to be able to achieve a phonon glass without disrupting the crystallinity 

of the electron-transport region [2]. Another strategy is to scatter phonons at 

interfaces, leading to the use of multiphase composites mixed on the nanometer scale 

[28]. Quantum effect also can be used to increase ZT. In the regime where quantum 

effects are dominant, the energy spectra of electrons and phonons and the density of 

states can be controlled through altering the size of the structures. 
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1.5 Thermoelectric Materials 

Many different type of thermoelectric materials have been developed as an efforts to 

increase the ZT values. Figure 1.4 shows the direction of development of the 

thermoelectric materials since 1950s [29].  

 

Figure 1.4: History of Efforts in increasing ZT [29]. 

The alloys of Bi2Te3 and Sb2Te3 are the most widely used thermoelectric materials. The 

Bi2Te3 alloys possess the greatest figure of merit for both n- and p-type thermoelectric 

systems at near near-room-temperature applications, such as refrigeration and waste 

heat recovery [2]. Figure 1.5 shows the ZT values of different thermoelectric Materials. 

 

Figure 1.5: ZT values of different thermoelectric Materials [2]. 
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1.6  Nanostructured SiGe Bulk Materials  

SiGe alloys are famous for thermoelectric power generation in the temperature range 

of 700oC–1000oC [30].  NASA Radioisotope TE Generators (RTG) used zone leveled 

large SiGe crystals at high temperatures in the early 1960s and attracted attention for 

TE power generation [10].  Polycrystalline nanostructured SiGe has higher efficiency 

than  bulk and therefore more promising  for practical applications [31], [32]. Bulk 

nanostructured SiGe alloy TE are more promising materials than other forms of SiGe 

alloy for commercial applications. The reason behind this are  

1) Their production cost is lower compared to the creation of nanostructures in the 

form of quantum wells, quantum wires, and quantum dots and other methods which 

are far from commercialization. 

 2) There is a possibility of increasing the TE figure of merit in bulk nanocrystalline 

materials by 20 percent or more compared to the crystalline SiGe TE [33].
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Chapter 2 Fabrication & Characterization Techniques 

 

Powder metallurgy techniques are utilized to manufacture a variety of common 

thermoelectric materials, including silicon-germanium (SiGe) alloys [34]. Relatively 

large variations of preparation conditions can be tolerated by this method while still 

producing materials having satisfactory TE properties. Powder metallurgy is broadly 

defined as the process where powders are compacted and then sintered at elevated 

temperatures to form a dense solid. The compaction can happen at either room 

temperature or at elevated temperatures, which is commonly known as hot-pressing. 

Hot-pressed SiGe alloy TE material has been used in radioisotope thermoelectric 

generator (RTGs) for many years [35].  In pressureless sintering method, the powder 

is compacted at room temperature and then sintered at elevated temperature at 

ambient pressure. The powder is compacted in a short time and so the material can be 

processed quickly. During sintering processes the grain size increases while the pore 

size and volume decrease simultaneously [34]. Where pressureless sintering is not 

practical, hot-pressing is often used. In pressureless sintering, capillary pressures of 

the heated compact provide the driving force for densification. If this pressure is not 

sufficient for rapid densification, hot-pressing or external application of pressure at 

high temperatures is required. The application of external pressure increases 

densification and the rate of  other internal material’s change (grain size increasing, 

etc.) [34].  To produce nanostructured SiGe bulk materials using powder metallurgy 

technique, at first, the powder consisting of nano-size particles of the appropriate 

composition have to be made. Then the powders have to be compacted by vacuum hot 

pressing or other method to make dense  solid object [35]. 
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2.1 Powder Preparation 

Powder consist of alloyed SiGe particles can be made using melting method or 

mechanical alloying method. 

 

2.1.1 Melting Method 

In melting method, alloying of the materials begins with melting the elemental 

constituents together. SiGe tends to form oxides on its surface, so the whole process 

has to be operated in argon-protected environment and all oxides are required to be 

etched away before putting it into the furnace [36].  Alloying of Si and Ge is done in a 

radio frequency furnace [37]. The crucible is inserted into the furnace chamber, and 

the chamber is vacuum pumped to remove resident oxygen. After purging of the 

chamber by argon and a slight overpressure of argon is established, the temperature 

is raised to around 13000C depending on the composition of the alloy within 2 or 3 

hours. After this, the melt is cast inside the chamber into the water-cooled copper 

mold, ensuing in high fine-grained ingots [37]. There are many methods which can be 

utilized to get homogeneous alloys, for example, bridge method, gradient freeze, 

Czochralski method, and zone melting [35]. Then the alloyed solid can be converted to 

powder using grinding/milling process. 

 

2.1.2 Mechanical Alloying Method 

Mechanical alloying is a high-energy ball milling technique used to produce alloyed 

powder through solid-state reactions from elemental materials. It was first developed 

to produce oxide dispersion-strengthened alloys [38]. Mechanical alloying occurs 

through a repeated process of fracture and cold welding of elemental powder particles 

trapped between grinding balls through a sequence of collision events inside a high 

energy ball milling machine [35]. Since the alloying occurs at temperatures much 

below the solidus temperature, the alloying happens through solid state diffusion 

process and it was recognized as a cost-saving alternative to the vacuum melting/chill 

casting/grinding/hot pressing sequence that is currently used to prepare SiGe TE 
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alloys [39].  Although the processing is done at ambient temperature, the localized 

heat generated by collisions of the balls with the materials being alloyed can raise the 

temperature of the alloy 1000C to 3000C depending on the thermal properties of the 

materials [40]. This temperature increased is not sufficient to cause melting or 

recrystallization but provides a driving force for the interdiffusion of the component’s 

atoms along the clean fracture surfaces [40]. So, it precludes some of the difficulties 

in obtaining homogeneity such as dendritic segregation which can accompany 

conventional cast methods [39]. In practice, it is conventional for mechanical alloying 

of both n-type and p-type, weighed portions of the constituents in the form of small 

chunks sealed in a steel vial with steel balls.  Then the mixture was milled continuously 

for some time and the alloying happens [35].  

 

2.2 Sintering 

Once SiGe alloy powder has been produced by the Mechanical alloying process, it is 

necessary to sinter the material into a disc shaped solid so that the bulk thermoelectric 

properties can be determined. The consolidation of particulates into a solid compact 

by means of heating is called sintering. There are many different type of sintering 

technique available for use in powder metallurgy. Spark plasma sintering technique 

will be used in this thesis work.  

 

2.2.1  Spark Plasma Sintering Technique 

Spark plasma sintering technique (SPS) is an attractive option for sintering. SPS uses 

large DC pulsed to generate spark plasma. The produced plasma and Joule heating 

enhances mass transport to efficiently sinter particulate materials [41], [42]. Figure 

2.1 shows a schematic diagram of the SPS apparatus and also the SPS machine 

(Dr.Sinter) that has been used in this thesis work. In this process, very high amount of 

current passed through the die containing the ball milled nanopowders under 

pressure, which momentarily generates a plasma between the grains resulting in 

highly localized temperatures. The combination of  pressure  and rapid heating rates  
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during SPS process causes  samples of near theoretical density [43]. This  method  is 

known to inhibit grain growth [14]. During sintering, an external pressure has been 

simultaneously applied  to guarantee quality electrical conduction across the electrode 

to die interface, encourage the plastic flows of sintered materials, and increases 

packing density of the compact [44]. The SPS process allows greater control of micro-

morphology in a time and energy efficient way and thus has become one of the leading 

sintering techniques used today [44].   

 

 

During the SPS process Joule heating and the spark discharge works instantaneously 

on the microscopic level and are highly localized on the grain boundaries. That allows 

for shortened sintering and densification times, as opposed to the external heating 

process in hot press sintering process, which can take hours to sufficiently sinter [44]. 

 

Figure 2.1: Schematic diagram of a SPS apparatus (Left) and Dr.Sinter SPS machine (Right) that has been 
used in this work. 
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2.3 Characterization Techniques 

The powders and the sintered samples have been characterized using various 

technique like SEM, XRD, EDS to evaluate the material’s properties. 

 

2.3.1  Scanning Electron Microscopy 

Scanning electron microscopy (SEM) has been used in all aspects of nanoscale science. 

It is the most intuitive approach to imaging macromolecular objects due to its 

similarity to light microscopy. SEM provides a three-dimensional image by looking at 

electrons that are scattered or emitted from the surface of the specimen [45]. Electron 

beam is produced in an electron microscope by thermionic emission of electrons from 

a metal filament and accelerated through a potential. Low-energy secondary electrons 

emitted from the surface of the sample after high energy electron bombardment can 

be used for scanning electron microscopy (SEM). A schematic diagram of a SEM and 

the SEM that has been used in this work are depicted in the Figure 2.2. A beam of 

electrons is condensed by a condenser lens and then focused to a very fine point on the 

sample by the objective lens. The beam can be concentrated in a small probe (2 nm in 

diameter), which deflect across the sample in a raster fashion using scanning coils. 

Secondary electrons can be detected above the sample by electron detector and an 

Figure 2.2: Schematic diagram explaining the basic principle of the SEM [53] and a picture of a real 
SEM. 
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image showing the intensity of secondary electrons emitted from different parts of the 

sample can be built up [46]. 

 

2.3.2  Energy Dispersive Spectroscopy  

A variety of signals are produced when high energy electrons strike sample’s atoms. 

Among the signals  there are secondary electrons, backscattered electrons, and X-rays  

which provide the greatest amount of information in the SEM [47]. Compositional 

contrast can be achieved by images produced by backscattered electron that results 

from different atomic number elements and their distribution in the SEM. Energy 

Dispersive Spectroscopy (EDS) allows one to identify what those particular elements 

are and their relative proportions [48]. Initial EDS analysis usually involves the 

generation of an X-ray spectrum from the entire scan area of the SEM. The EDS 

software generally used to EDS to associates the energy level of the X-rays with the 

elements and shell levels that generated them.  

 

2.3.3  X-Ray Diffraction Technique  

X-ray diffraction technique is the most useful characterization tool for crystalline 

materials. An x-ray powder diffraction technique of a sample consists of placing the 

powder sample on the sample holder inside the XRD machine and a collimated 

monochromatic beam of X-ray radiation focused on the sample. Interactions between 

the incident X-ray beam and the sample’s atoms produce intense reflected X-rays by 

constructive interference when conditions meets Bragg’s Law  

n λ = 2d sinΘ (2.1) 

 This law describes the  relationship between the wavelength of the  X-rays (λ), the 

incident angle of the X-rays (Θ) and the spacing between the crystal lattice planes of 

atoms (d) [49]. Constructive interference occurs when the difference in the travel path 

of the incident X-rays is equal to an integer (n) multiple of the wavelength. Diffracted 

X-rays are detected, processed, and counted as the sample is scanned through a range 
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of 2Θ angles [50]. This technique allows for all possible diffraction directions (for X-

rays of a fixed wavelength) to produce diffracted beam to form the diffraction pattern. 

Characterization of the crystalline phase and the constituent atoms, strains etc. is 

achieved by converting the diffraction peaks to d-spacing and comparing it to those 

known from analysis of standard reference materials [51]. 

 

2.3.4 Density Measurement 

Special density measurement equipment with Archimedes' principle has been used to 

calculate the density of the disk shaped compacts have been made using SPS. 
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Chapter 3 Experimental Work 

First, alloyed nanopowders were produced by mechanical alloying method. The 

alloyed nanopowders were then compacted and sintered by SPS technique. 

 

3.1 Preparation of Alloyed SiGe Nanopowders 

Traditionally chunk of high quality Si and Ge has been used as the starting materials 

for Mechanical Alloying (MA). In this thesis work, elemental silicon and germanium 

powders have been used as the starting materials for the MA to make alloyed 

nanopowders. The particle size of germanium powder was -100 mesh with purity 

≥99.99% has been bought from Sigma Aldrich. The silicon powder was crystalline and 

of particle size -100 +200 mesh with purity 99.99 ≥ has been bought from Alfa Aesar. 

The elemental powders were put in the ball milling jar after carefully weighed to 

appropriate stoichiometric masses according to the intended compositions of the SiGe 

alloys. In this experiment, balls of two different size made of zirconia ceramics have 

been used. The diameter of the bigger size balls were 15mm and smaller size balls were 

10mm. The grinding balls were also put in the jar and the cover of the jar was clamped. 

Then the jar was put inside a high energy ball milling machine. Then the jar was put 

in the ball milling machine and clamped with the machine. Argon gas was used in the 

jar to prevent oxidation of the sample powder during milling operation. The Ar gas 

was supplied through one gas inlet valve of the jar cover. The Ar gas pressure used was 

10 atmospheres. 

Initially, wet milling process was used for mechanical alloying of Si and Ge 

micropowders. Wet milling used hexane as the grinding media while dry milling was 

performed without any dispersant. Hexane acts as a dispersant for the powder 

particles. 
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 The Table 3.1 shows the nominal compositions and milling conditions used for initial 

experimental alloy powder preparation. The ball milling machine was used for MA is 

shown in Figure 3.1. 

 

Table 3.1: Initial powder preparation parameter using MA 

Sample Id 
Nominal 

composition 

Weight ratio 
of 

sample/balls 

Milling 
time 
(hrs) 

Milling 
method 

Milling 
rpm 

SiGe30w24bbIP Si70Ge30 

3 : 32.11 

24 Wet 

 
400 

 

SiGe30w48bbIP Si70Ge30 48 Wet 

SiGe30w72bbIP Si70Ge30 72 Wet 

SiGe30w72smIP Si70Ge30 3 : 18.94 72 Wet 

SiGe30w72bbIP Si70Ge30 5 : 53.5 72 Wet 

SiGe30D72IP Si70Ge30 4 : 71 72 Dry 450 

 

 

 

 XRD technique has been used to investigate whether alloyed SiGe nanoparticles 

were produced from the elemental Si and Ge micropowder by MA method. Figure 3.2 

shows the XRD patterns of pure Si, pure Ge and  SiGe alloy powder samples [52]. Si 

and Ge have diamond crystal structure. For the [111] plane, pure Si has peak at 

28.47o and pure Ge has peak at 27.30o [52]. 

Figure 3.1: Ball Milling Machine. 
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 For SiGe alloys, the peak position is intermediate between those pure Si and pure Ge 

as evident from the Figure 3.2. 

Figure 3.2: XRD of pure germanium, pure silicon and silicon–germanium nanocrystals [52]. 

  

The XRD result of our first wet milled powder samples are shown in Figure 3.3 

 

Figure 3.3: XRD pattern of the wet milled Si70Ge30 powder samples. 
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In our Si70Ge30 sample, we can see that all of the three (milling time 24hr, 48hr and 72 

hr.) samples, the peaks of Si and Ge are almost identical to the peaks of the pure Si and 

pure Ge. So we can conclude that there were no detectable amount of alloying 

happened. Then another Si70Ge30 powder sample were made using 72 hours dry 

milling using 400 rpm to see the degree of alloying. Both 15mm diameter size (total 

number 5) and 10mm diameter size (total number 6) balls were used in this case. 

Weight of the one 15mm big sized ball was 10.70 gm and one 10mm sized ball was 

3.1565 gm. The XRD patterns of the samples are shown in Figure 3.4. 

 

 

 

The wet milled Si and Ge peaks are nearly identical to pure elemental Si and Ge peaks. 

It shows very little alloying 0.002 atomic% Ge for the SiGe30w72sbI sample and 0.639 

atomic % for the SiGe30w72bbI sample. The sample SiGe30D72I shows clearly SiGe 

alloy peaks. The XRD patterns in Figure 3.4 shows extra peaks which is SiGe alloy 

phase. So, the dry milling method has proved successful to mechanically alloying the 

Si and Ge powders. After this initial MA attempt, additional SiGe alloy powders were 

made to evaluate the SiGe nanopowders and to perform sintering using SPS technique. 

Figure 3.4 : XRD patterns of the wet milled SiGe30w72smIP, SiGe30w72bbIP and dry milled 
SiGe30D72IP powder samples. 
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We set up the milling machine parameter such a way that after 30 min of milling, the 

machine will be stopped for 5 min. Then it will run again for 30 min with revers 

rotation. We setup the milling time for 12hr initially. After 12 hours milling, we 

collected some powder as a sample. Then we again clamped the jar and run the ball 

milling machine similar way for 12 hours. Now the collected sample will experienced 

24 hours milling time. In this way we made sample powder for 24 and 48 hours. After 

72 hours of milling, all the powder from the jar was collected.  

3.2 Consolidation Through SPS 

In our study, the nano sized SiGe alloy powders were consolidated and sintered by 

spark plasma sintering (SPS) method. Dr.Sinter SPS machine shown in Figure 2.1 has 

been used for this sintering purpose. The alloy powders produced after 72 hours of ball 

milling have been used for SPS. The sintering variable were set according to the 

following Table 3.2. 

Table 3.2: SPS parameter 

Id of the SPS 
Sample 

Id of the  
powder used 

for  SPS 

Composition 
of the alloyed 

powder 

Diameter 
of the Die  

(mm) 

SPS 
Pressure 

(MP) 

Sintering 
Rate 

Initial 
(°C/min) 

Sintering 
Rate 
Final 

(°C/min) 

SPS 
temper
ature 
(°C) 

SPS 
Holding 

time 
(min) 

SiGe20D72S900 SiGe20D72P Si80Ge20 12 75 100 25 900 3 

SiGe20D72S950 SiGe20D72P Si80Ge20 15 75 200 100 950 2 

SiGe20D72S1000 SiGe20D72P Si80Ge20 15 75 200 100 1000 2 

SiGe25D72S850 SiGe25D72P Si75Ge25 12 75 100 25 850 5 

SiGe25D72S900 SiGe25D72P Si75Ge25 12 75 80 50 900 2 

SiGe25D72S950 SiGe25D72P Si75Ge25 12 75 100 25 950 3 

SiGe30D72S900 SiGe30D72P Si70Ge30 12 75 100 25 900 3 

SiGe30D72S950 SiGe30D72P Si70Ge30 12 75 100 25 950 2 

SiGe30D72S1000 SiGe30D72P Si70Ge30 12 75 100 25 1000 2 
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Chapter 4 Results and Discussion 

4.1  X-Ray Diffraction Analysis  

According to Vegard’s law, the lattice constant is approximately equal to the 

composition-weighted average of the lattice constants of the pure materials of similar 

crystal structure. 

For the [111] plane of diamond structure, the inter-planner distance d is 

𝑑 =
𝑎𝑥

√(12+ 12+12)
 (4.1 ) 

According to Braggs, to have X-ray reflection 

nʎ = 2dsinƟ (4.2 ) 

Setting n =1 and combining the 4.1 and 4.2, we find 

ʎ = 2
𝑎𝑥

√3
sinƟ  

ax = 
√3 ʎ

2 𝑠𝑖𝑛𝜃
 

  =
√3 1.5406 

2 𝑠𝑖𝑛𝜃
 

So, the % of Ge in the alloys can be found by calculating from XRD data using Vegard’s 

law 

ax = xaSi +(1 - x)aGe ( 4.3 ) 

Where x is atomic % of Ge in the alloy. 

Calculation Ge % in the alloy phase from XRD patterns are shown in Table 4.1 

All of these samples are ball milled MA SiGe powders accepts one SPS sample made 

from MA powder. 

CuKα line wavelength =1.5406 Å 

n = 1 
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Table 4.1: Atomic % of Ge in the alloy phases calculated from XRD patterns. 

No. Sample Id Nominal 
composition 

Weight ratio of 
sample/balls & 
(size of balls) 

Milling 
conditions 

Ge % in the 
alloy 

1 SiGe30w24bbI Si70Ge30 3 : 32.11 
3(15mm) 

24 hr, wet, 
400rpm 

0 

2 SiGe30w48bbI Si70Ge30 3 : 32.11 
3(15mm) 

48 hr, wet, 
400rpm 

0 

3 SiGe30w72bbI Si70Ge30 3 : 32.11 
3(15mm) 

72 hr, wet, 
400rpm 

0 

4 SiGe30w72sbI Si70Ge30 3 : 18.94 
6(10mm) 

72 hr, wet, 
400rpm 

0.002 

5 SiGe30w72bbI Si70Ge30 5 : 53.5 
5(15mm) 

72 hr, wet, 
400rpm 

0.639 

6 SiGe30D72I Si70Ge30 4 : 71 
5(15mm) + 
6(10mm) 

72 hr, dry, 
450rpm 

28.296 

7 SiGe20D72 Si80Ge20 15 : 71 
5(15mm) + 
6(10mm) 

72 hr, dry, 
450rpm 

20.131 

8 SiGe20D72S Compacted SPS samples from the powder 
No.8:  SiGe20D72mbIP 

17.068 

9 SiGe25D72 Si75Ge25 15 : 71 
5(15mm) + 
6(10mm) 

72 hr, dry, 
450rpm 

22.85 

10 SiGe30D12 Si70Ge30 15 : 71 
5(15mm) + 
6(10mm) 

72 hr, dry, 
450rpm 

0.339 

11 SiGe30D24 Si70Ge30 15 : 71 
5(15mm) + 
6(10mm) 

72 hr, dry, 
450 rpm 

3.261 

12 SiGe30D48 Si70Ge30 15 : 71 
5(15mm) + 
6(10mm) 

72 hr, dry, 
450 rpm 

12.788 

13 SiGe30D72 Si70Ge30 15 : 71 
5(15mm) + 
6(10mm) 

72 hr, dry, 
450rpm 

29.109 

The samples from No.1 to No.6 is the initial experimental samples to select the 

conditions of milling parameter and the milling medium. The remaining powder 

samples are to see effect of different processing variables on the properties of sample 

powders and for the preparation of the SPS samples and its characterization. 

Calculation from the XRD patterns shown in Figure 3.4 results the atomic% of the Ge 

in the alloy phase is 28.296 in the dry milled sample powder which is near the nominal 

composition (30%). So, very high degree of alloying achieved through dry milling 

method. The poor alloy formation result from wet milling method may be due to the 

occurrence of hexane (liquid medium) layers on the Si and Ge powder particles which 
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inhibit diffusion of Si and Ge atoms from their respective particles to each other. In 

the cases of the dry milling, no such hexane layer formed and so the alloying have not 

been inhibited. 

XRD patterns of 72 hours milled Si80Ge20, Si75Ge25 and Si70Ge30 powder samples are 

shown in Figure 4.1.  

 

 

As the % of Ge increased, the peak of the alloy phase are shifting towards left (to the 

side of Ge) which was expected from theory. 

 

 

Figure 4.1: XRD patterns of 72 hours milled Si80Ge20, Si75Ge25 and Si70Ge30 powder samples. 
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The XRD patterns of the 12hr (SiGe30D12), 24hr (SiGe30D24), 48hr (SiGe30D48) 

and 72hr (SiGe30D72) ball milled Si70Ge30 sample powders are shown in Figure 4.2. 

 

Figure 4.2: XRD pattern of 12hr, 24hr, 48hr and 72hr ball milled Si70Ge30 sample powders. 

The peak of Si and Ge start to merge to each other with increasing milling time and the 

72 hours milling sample’s Si and Ge peak merge together. It implies that, with 

increasing milling time, more and more Si and Ge are being incorporated in the alloy 

SiGe phases. 72 hour milling powder sample (SiGe30D72) has 29.109 atomic% Ge in 

the SiGe alloy phases which means almost all (30%atomic) Ge incorporated inside the 

alloy phases.   
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Atomic% of Ge in the alloy phases vs milling times from the XRD pattern shown in 

Figure 4.2 have been plotted and shown in Figure 4.3.    

 

 

 

Initially the rate of alloying was less. After some time, it increased. One of the proposed 

reasons for this phenomena can be atributed to particle size reduction after milling for 

some time which may play a crucial role in increasing diffusion rate due to increased 

exposed surface area that later may have accelerated in the mechanical alloying. 

Figure 4.3:% of alloying vs milling time for the Si70Ge30 samples. 
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Figure 4.4 shows the XRD pattern of the dry milled powder sample SiGe20D72 

(compositions Si80Ge20) and the SPS sample SiGe20D72S that have been produced 

using the same alloy powder. 

 

It is clearly visible from the XRD pattern that after SPS, the SiGe alloy peaks became 

very sharp and the peaks heights also become higher. It is the result of homogenization 

and grain growth which happened during sintering at high temperature. 

 

  

Figure 4.4: XRD patterns of the dry milled powder sample SiGe20D72 and the SPS sample SiGe20D72S 
produced from it. 
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4.2 Scanning Electron Microscopy 

The Figure 4.5 shows SEM Images of 72 hours dry milled mechanical alloyed powder 

samples;  (a) & (b) SiGe30D72I of composition Si70Ge30 having sample: balls ratio 

0.056  (c) & (d) SiGe30D72 of  composition Si70Ge30 having sample: balls ratio 0.221 

and (e) & (f) SiGe25D72  of composition Si75Ge25 having sample: balls ratio 0.221. 

 

These images show two distinguish type of powder particles. One type is of having 

larger sharp irregular shaped particles and another is of smaller more spherical shaped 

Figure 4.5: SEM Images of 72 hours dry milled MA powder samples; (a) & (b) Composition Si70Ge30, sample: 
balls ratio 0.056  (c) & (d) Composition Si70Ge30, sample: balls ratio 0.221 and (e) & (f) Composition Si75Ge25, 

sample: balls ratio 0.221 . 
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particles. This inhomogeneity of particle shapes and sizes are the sign of the presences 

of different alloys phases in the MA powder samples. The compositional 

inhomogeneity also has been confirmed by EDS analysis. 

 The SPS samples designated by Id SiGe20_900, SiGe20_950 and SiGe20_1000 have 

been produced from the MA powder that has nominal composition Si80Ge20, using 

900°C, 950°C and 1000°C sintering temperature. The SEM Images of these samples 

are shown in Figure 4.6. From these micrograph it appeared the particles are loosely 

compacted and lots of porosities appeared from the sample SiGe20_900.  

 

Figure 4.6: SEM Images of SPS samples; (a) & (b) SiGe20_900, (c) & (d) SiGe20_950 and (e) & (f) 
SiGe20_1000. 
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The samples SiGe20_950 and SiGe20_1000 shows, the powder particles fused 

together with each other’s and it is very difficult to identify the individual grains. 

During the SPS process, three steps have been used for the heating. Initially, higher 

heating rate up to around 700°C temperature has been used. Then lower heating rate 

up to the sintering temperature has been used. Then the samples were held at this 

temperature for some time to facilitate densification. Then the sample were let to cool 

down. Very high heating rate (initial 200°C/min and final 100°C/min) was used 

during sintering for these two samples though the final sintering temperature was 

below the melting point of the alloy. A possible explanation for this melting might be, 

while the average SPS temperatures are below the melting point of the alloyed powder, 

local temperatures in some region might be very high and exceeded the melting 

temperature during heating phase. For the sample SiGe20_900, the heating rate was 

low (Initial 100°C/min and final 25°C/min) and so, local temperature could not 

increase much from the average temperature due to having enough time to dissipate 

extra heat to the surrounding regions.  
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The samples SiGe25_850, SiGe25_900 and SiGe25_950 have been produced from the 

MA powder of composition Si75Ge25, using 850°C, 900°C and 950°C sintering 

temperature. The SEM Images of these samples are shown in Figure 4.7 

 

 

 

 

Figure 4.7: SEM Image of the SPS samples; (a) & (b) SiGe25_900, (c) & (d) SiGe25_950 and (e) & (f) 
SiGe25_1000. 
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The SPS samples designated by Id SiGe30_900, SiGe30_950 and SiGe30_1000 have 

been produced from the MA powder of composition Si70Ge30, using 900°C, 950°C and 

1000°C sintering temperature. The SEM Images of these samples are shown in Figure 

4.8.  

 

The images of these SPS samples reveal more homogeneous particle sizes and shapes 

than the powder sample’s sizes and shapes. Maybe increased alloying due to enhanced 

Figure 4.8: SEM Images of the SPS samples; (a) & (b) SiGe30_900, (c) & (d) SiGe30_950 and (e) & (f) 
SiGe30_1000. 



 

36 

 

Si and Ge atoms diffusion during sintering through SPS at high temperature is the 

reason for these particle’s homogenization. 

The particle sizes of the MA samples have been analyzed from the SEM image with the 

help of Imagej software and tabulated in Table 4.2.   

Table 4.2: Particles sizes of the MA powders and SPS samples.  

No. Sample Id Mean (nm) SD (nm) Min (nm) Max (nm) 

1 SiGe30D72I 265 108 72 596 

2 SiGe30D72 244 171 30 1065 

3 SiGe20D72S900 175 163 16 1124 

4 SiGe20D72S950 341 249 85 1471 

5 SiGe20D72S1000 290 245 17 1044 

6 SiGe25D72S850 157 116 28 847 

7 SiGe25D72S900 198 205 27 1180 

8 SiGe25D72S950 210 149 43 1078 

9 SiGe30D72S900 227 241 43 1391 

10 SiGe30D72S950 160 84 40 485 

11 SiGe30D72S1000 158 104 32 554 

From Table 4.2, it is apparent that the mean particle sizes of the majorities of SPS 

samples (No. 3 to 11) are higher than the powder sample’s (No.1 & 2). It indicates little 

grain coarsening during sintering operation. 
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4.3 EDS Analysis 

The Figure 4.9: a) shows the microstructure of the Id SiGe30_1000 sample’s surface 

where the EDS has been done. In the spectrum analysis of areas 1, 2 and 3 are indicated 

there.  Elemental mapping of this surface is shown in Figure 4.9: b). The red color 

indicates Si and the green indicate Ge detection. 

The spectrum 2 designated area in Figure 4.9: a) has corresponding region in Figure 

4.9: b) which is reddish color. That means the region is silicon rich. Likewise, spectrum 

3 has corresponding greenish color region and therefore the region is germanium rich. 

Spectrum 1 region is of white color due to equal mixture of both green and red color 

and so, the region is neither silicon rich nor germanium rich. It has composition 

similar to the nominal composition of the bulk nanostructured alloy.The Table 4.3 

shows EDS analysis results calculated by the EDS software attached with the 

SEM/EDS instrument. The Ge content in the nominal composition is 30 atomic %. 

The results show variation (25.56 to 37.29%) of the composition in these three 

different areas.  

Table 4.3: EDS spectrum analysis of areas 1, 2 and 3 shown in Figure 4.9. 

Sample Id 
Nominal 
composition 

Region 
Atomic % 
Si (Si K) 

Atomic % 
Ge (Ge L) 

SiGe30_1000 Si70Ge30 

1 70.06 29.94 

2 74.44 25.56 

3 62.71 37.29 

Figure 4.9: Microstructure of the sample SiGe30_1000 of composition Si70Ge30 showing a) EDS spectrum 
analysis of areas 1, 2 & 3 and b) Elemental mapping. 
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4.4 Density of SPS Samples 

The result of the density measurement after sintering by SPS method are shown in 

Table 4.4. 

Table 4.4: Density Si-Ge alloy after compacted by SPS. 

Sample 
Id 

SPS 
temp 
(°C) 

SPS 
Holding 

time 
(min) 

Theoretical 
density 
(gm/cc) 

Experimental 
density 
(gm/cc) 

Compaction 
% 

Mean grain 
size (nm) 

SiGe20D72S900 900 5 3.008 2.706 89.96 175 

SiGe20D72S950 950 2 3.008 2.909 96.71 341 

SiGe20D72S1000 1000 2 3.008 2.709 90.06 290 

SiGe25D72S850 850 5 3.078 2.3911 77.68 157 

SiGe25D72S900 900 2 3.078 2.518 81.81 198 

SiGe25D72S950 950 5 3.078 2.6975 87.64 210 

SiGe30D72S900 900 3 3.2272 2.548 78.95 227 

SiGe30D72S950 950 2 3.2272 2.6592 82.34 160 

SiGe30D72S1000 1000 2 3.2272 2.6922 83.42 158 

 

From Table 4.4, we can see that SPS temperature has strong effect on density. Higher 

SPS temperature increases density. Holding time also has effect but the effect is less 

pronounced. From the sample No. 1 and 7, it is clear that higher Ge content alloy needs 

higher temperature to realize the similar compact density. 
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Chapter 5 Conclusions & Future Work 

 

5.1 Conclusions 

In this thesis work, elemental Si and Ge micropowders according to the stoichiometric 

ratios of Si80Ge20, Si75Ge25 and Si70Ge30 were mechanically alloyed using ball milling 

machine to produce SiGe alloy nanopowders. Then the alloy powders were compacted 

and sintered using spark plasma sintering (SPS) method. The effect of composition, 

ball milling and SPS parameters on the material’s characteristics were evaluated. It 

was found that using hexane as the dispersants inhibits mechanical alloying. Dry 

milling method can satisfactory achieved alloying near completion from the elemental 

Si and Ge micropowders. Increased compaction has been seen with increasing SPS 

temperature and holding time. The compact density of the SPS samples were quit low. 

Higher SPS temperature and holding time is needed to achieve satisfactory compact 

density. The grain growth during SPS was negligible. So, it appeared that, SPS is quite 

good a suitable route of compaction in order to maintain small grain size. 

 

5.2 Future Works 

In the future, the measurement of thermoelectric properties can be studied. Higher 

rpm during ball milling can be used to see its effect on mechanical alloying of the 

powder particles. The effects of higher SPS temperature, holding time and varying SPS 

pressure on densification can be studied. N and P type SiGe nanostructured 

thermoelectric materials can be made using dopant atoms like phosphorus and boron 

and the thermoelectric characteristics can be evaluated. 
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