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1 Abstract 

Dette projekt omhandler syntese og karakterisering af en række Zintlfaser samt klatrater 

med lovende termoelektriske egenskaber. Gode termoelektriske materialer indeholder 

ofte tellurium hvilket er et sjældent, og derfor dyrt materiale, og derfor er der blevet søgt 

efter billigere alternativer. Nogle mulige kandidater kunne være Zintlfaser så som Mg3Sb2. I 

dette projekt gennemgås et studie af de termoelektriske egenskaber af en række  

Mg3Sb2-xBix solid solution prøver.  

Som det forventes ud fra forskellen i massen, vil øget indhold af bismut sænke bidraget til 

den termiske ledningsevne fra gittervibrationer ned til omkring x ~ 1 og ligeledes vil 

båndgabet mindskes med x. Som et kompromis mellem den lave termiske ledningsevne 

og det lavere båndgab, blev det valgt at optimere på egenskaberne af Mg3Sb1.5Bi0.5 

sammensætningen ved at dope denne med både tin (p-type) og tellur (n-type).  

En række mislykkedes syntese forsøg, endte ud med en succesfuld syntese udført i en Arc-

melter. Prøven med 2% tellur doping viser lovende termoelektriske egenskaber, med en zT 

værdi på 0.9 ved 400 °C grundet høj Seebeck koefficient, lav termisk ledningsevne og lav 

elektrisk resistivitet. 

Andre interessante materialer er type-I klatrater baseret på Ba, Cu, Al og Si, som forventes 

at være halvledende med støkiometrien Ba8CuxAl16-3xSi30+2x, når man bruger Zintl tælle 

reglerne og valenserne 2,1,3, og 4 for henholdsvis Ba, Cu, Al og Si. For at undgå de 

ufavorable Cu-Al og Al-Al bindinger, men stadig maksimere masse varians spredningen, 

er der blevet fokuseret på forbindelserne Ba8Cu3+zAl7-zSi36 (z = 0 og 1), hvor Cu/Al 

forholdet er blevet varieret for at optimere ladningsbærerkoncentrationen. 

I dette projekt blev der fundet en zT værdi på 0.16 for den aluminium rige prøve ved 

450 °C, mens den aluminium fattige ikke oversteg en værdi på 0.02. Begge prøver lider 

under en lav Seebeck koefficient samt en høj termisk ledningsevne, hvilket bevirkede at 

værdierne ikke blev højere. 
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2 Introduction 

Efficient thermoelectric materials often contain tellurium, which is a rare and therefore 

expensive element. Consequently, cheaper material systems are sought for. Possible 

candidate compounds are Zintl phase materials such as Mg3Sb2.  Here I present a study of 

the thermoelectric properties of several Mg3Sb2-xBix solid solution samples. As expected 

from mass variance increased Bi content decreases the lattice thermal conductivity up to x 

~ 1, and similarly the band gap decreases with x. As a compromise between lower lattice 

thermal conductivity and lower band gap, we chose to focus on optimizing the properties 

of Mg3Sb1.5Bi0.5, by doping this compound with both Tin (p-type) and Tellurium (n-type). 

Here I present the synthesis along with thermoelectric transport properties of undoped and 

doped Mg3Sb2-xBix solid solution samples. 
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3 Background and Methods 

Below follows a review of what a thermoelectric material is (3.1) together with a short 

presentation of the theory behind them. After this follows a description of the methods and 

apparatus used in this project (3.1-10). 

3.1 Thermoelectric Materials – Theory 

3.1.1 Thermoelectric Modules 

Thermoelectric materials can generate current from heat, or be used as a Peltier cooler, 

and because of these properties, they can be very helpful in drastically increasing the 

energy consumption from sustainable energy sources (more than 50 % of the energy used 

in the US is lost as heat loss). Therefore thermoelectric materials have been widely studied 

and the search for new materials and compositions that can increase the thermoelectric 

effect compared to present materials are 

continued.  

A number of car manufactures are 

researching the possibilities of replacing 

the car generator by installing a 

thermoelectric material in the cars 

exhaust, in an effort to improve the fuel 

economy. Unfortunately it has not yet 

been possible to find any ground-

breaking results, and because of that, it is 

very important to find better materials if 

these are to succeed commercially. In a 

thermoelectric material the mobile 

charge carriers will run towards the cold 

side, when the material is heated on the 

other side. This is because, in metals and 

semiconductors the charge carriers can Figure 1: Composition of a thermoeoectric module (Figure from 
Reference [1] page 2) 
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move around almost like gas molecules. This build-up of charge carriers results in a net 

charge on the cold side (If the charge carriers are electrons, e-, the charge is negative, if it 

is holes, h+, it is positive), which forms a potential. A state of equilibrium arises between the 

chemical potential for diffusion and the electrostatic repulsion caused by the charge that is 

formed, and this is called the Seebeck effect. As seen in Figure 1 a thermoelectric module 

contains many thermoelectric pairs, which consists of thermoelectric elements respectively 

p- and n-type (free holes and free electrons) that are electrically connected in series and 

thermally connected in parallel. So a thermoelectric module works by having a 

temperature difference between the hot and the cold side, which drives electricity through 

the connected circuit. The temperature difference determines the voltage drop over the 

thermocouple (! = !Δ!) while the heatflow determines the current. In a Peltier cooler, it is 

the other way around, that is, a power supply within the circuit drives the electric charge I 

and the heat flow Q, and because of the Peltier effect ! = !"# the surface is cooled[1]. 

The ”Figure of Merit” (zT) is what decides the maximum efficiency a thermoelectric 

material can have, both with respect to generating current and with respect to cooling. 

!" = !!!"
!  

Where ! is the Seebeck coefficient, ! is the electrical conductivity and ! is the thermal 

conductivity[2].   

3.1.2 Optimizing the Thermoelectric Effect 

To ensure a good thermoelectric performance it is important that the sample is doped 

either p- or n-type. If the sample has both types of conduction, both the charge carriers will 

move to the cold end and cancel out the induced Seebeck voltages. A large Seebeck 

coefficient is often seen in semiconductors with low charge carrier concentration or 

insulators. To get a high zT value the material must also have a high electrical conductivity 

(is often found in metals with high charge carrier concentration). Below is shown how the 

charge carrier concentration (n) depends on the Seebeck coefficient and the electrical 

conductivity for metals and degenerate semiconductors: 

! = 8!!!!!
3!ℎ! !∗! !

3!
!/!
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! = !"# 

Where m* is the effective mass of the charge carrier, ! is the electrical conductivity and ! is 

the mobility[1].  

In Figure 2 is shown the compromise between the Seebeck coefficient and the electrical 

conductivity for achieving the maximal zT value. 

The highest value is often found in degenerate semi 

conductors with a charge carrier concentration of 

around 1019-1021 carriers/cm3. Another compromise   

has to be made with regards to the effective mass 

(m*) of the charge carriers, because a high m* 

yields a big thermopower (the numerical value of 

the Seebeck coefficient) but a small electrical 

conductivity. Generally heavy charge carriers will 

have low mobilities, and as seen from the 

equations above, m* is one of the factors 

determining the Seebeck coefficient, while the 

mobility determines the electrical conductivity vis-à-vis the above equations[1]. High 

mobility and low effective mass is found in classic binary semiconductors in materials that 

differ only a little in electronegativity, while low mobility and high effective mass is found in 

ionic materials. Zintl compounds which is a topic in this report, can demonstrate both, 

because they can contain ionic as well as covalent bonds[2]. A third thing that can be 

changed to increase the zT value is the thermal conductivity, which should be as low as 

possible. Thermal conductivity consists of two parts, an electronic contribution (!!) and a 

contribution from the lattice vibrations (!!): 

! = !! + !! 

The electronic contribution relates to the electric conductivity by the Wiedemann-Franz 

law[1]: 

!! = !"# 

Figure 2: The thermoelectric properties’ 
dependence on the carrier concentration (n) for 
a classic semiconductor (Figure from Reference 

[2] page 2) 
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Where L is the Lorenz number estimated to be the metallic limit, or calculated from 

Boltzmann transport theory. It is important to determine !!  accurately because !!  is 

calculated from !! and the total thermal conductivity. Within Zintl materials there are three 

ways to lower the thermal conductivity; point defect scattering, vibrating atoms and a 

large cell volume[2]. 

3.2 Spark Plasma Sintering – SPS 

Spark Plasma Sintering is a technique that makes it possible to create pellets from metal 

powders. This happens at low temperature and short sintering time, and the result is often 

phase pure and homogenous materials. The powder is loaded into a graphite crucible, 

and the crucible is put under pressure. Then a current is run through the container and the 

powder. This means that the heating happens by Joule heating in the actual powder, or in 

the die, and not in an external heating element. This approach makes it possible to heat 

and cool the sample very rapidly and the sample does not have to sinter for long to be 

compact. The spark that is formed from the pulse of current should help clean the surface 

form compounds such as CO3, H2O and OH- [3]. This method ensures a quick method for 

producing a pellet, where in the following, the sought for properties can be investigated. 

The downside to this method is that it can lead to a migration of the mobile ions during 

sintering as some colleagues have shown is the case in Zn4Sb3
[4]. Measuring the Seebeck 

coefficient on both sides of the pellet with the potential Seebeck microprobe scanning 

method can show this phase variation. Due to problems measuring the pellets in this 

project, this was however not done. The press used in this project is a Dr. Sinter Lab SPS-

515S. 

3.3 Thermogravimetric Analysis – TGA 

Thermogravimetric analysis (TGA) measures the change in mass as a function of 

temperature on a sample. In this project the measurements are used to determine that 

nothing evaporates from the samples or that the sample does not undergo a 

decomposition when heated to about 500 °C, because this could break some of the other 
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apparatus that are to be used. The TGA that was used in this project was a Jupiter Netzsch 

STA 449C. 

3.4 Laser Flash – LFA 

With the Laser flash apparatus, the thermal conductivity is measured by shooting a laser 

onto a surface of a disk-shaped sample (this has to be plane, usually a pressed pellet) and 

measuring the rise in temperature on the opposite surface with an IR detector. From the 

measured signal, the thermal diffusivity (a) and the specific heat capacity (cp) are found (a 

standard is required to be measured simultaneously to get the heat capacity). The 

apparatus finds the thermal conductivity (λ) by using the formula:!

! ! = ! ! ∙ !! ! ∙ !(!) 

if the density (!) of the sample is known[5]. The density of the sample can be found using 

the Archimedes’ principle, that states, “Any object, wholly or partially immersed in a fluid, is 

buoyed up by a force equal to the weight of the fluid displaced by the object.” 

!! = !!"#$"% ∙ !!"#$%& ∙ ! 

Where g is the gravitational acceleration. When the sample is immersed in water, the 

buoyance (FB) is equal to the weight of displaced fluid and the principle can be rewritten: 

!!"#$%&!!"!!"#$% = !!"#$%& − !! 

This is then inserted into the quotient of weights, which has been expanded by the mutual 

volume 

!!"#$%&
!!"#$"%

= !!"#$%&
!!

= !!"#$%&
!!"#$%& − !!"#$%&!!"!!"#$%

 

The weight of the sample and the weight of the sample immersed in water is measured, 

and because the liquid used is water has a density of 1!!/!!! (this is an approximation, 

because water has an actual density of 0.99777 !/!!! at room temperature), 
!!"#$%&
!!"#$"%

=

!!"#$%&sample. The density of the sample can now easily be calculated and used in the Laser 
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flash to find the thermal conductivity. The Laser flash used in this project was a Micro flash 

Netzsch LFA 457. 

3.5 Powder X-Ray Diffraction – PXRD 

When using Powder X-ray diffraction, a monochromatic X-ray hits a powder where ideally 

the crystals are randomly oriented in all directions. In such a sample the different lattice 

planes will also be randomly oriented and some random crystals will be oriented at the 

Bragg angle θ compared to the incoming beam. If these crystals and lattice planes 

satisfies Bragg’s law e.g. the incoming beams are in phase and are making constructive 

interference, they will give rise to diffraction. Bragg’s law looks as follows: 

2!"#$% = !" 

Where d is the distance between the lattice planes and ! is the wavelength of the X-ray[6]. 

The structure factor is one of the factors that have a great influence on how the intensity in 

the diffractogram turns out. The structure factor as seen below is only dependent on the 

crystal structure. 

! ℎ!" = !!exp![2!" ℎ!! + !!! + !!! ]
!

!!!
 

Where the j’th atom given by the coordinates !! + !! + !!  has a scattering factor fj and 

there are N atoms in the unit cell[7].  

The PXRD data can then be used to identify whether a sample is phase-pure or not. If it is 

not, the different phases can be identified. The diffractometer used in this project is a STOE 

(STOE Transmission Diffractometer System) powder X-ray diffractometer with !"!!!!(! =
1.54056!Å) radiation and a “Position Sensitive Detector“ (PSD). 

3.6 Hall Measurements 

Kasper A. Borup from Aarhus University built the Hall and the Seebeck measuring setups 

used in this project. The Hall setup uses the van der Pauw technique that allows measuring 



Steffen Hindborg Pedersen | 20 ECTS Project 

 

3 Background and Methods | 10 

of both the resistivity and the Hall coefficient on a sample. Four contacts are secured on 

top of the sample and for the resistivity measurements the voltage of two adjacent 

contacts A and B are measured while a current is passed between the other two contacts 

C and D (See Figure 3) and the resistance is measured. Due to symmetry it is possible to 

reverse the polarity of the voltmeter and the current source or switch the current source 

and the voltmeter and still get out the same resistance called R1. The same measurements 

can be done by measuring contacts A, C and B, D respectively. This resistance will 

generally be different form R1 and is called R2. The two resistances fulfill the van der Pauw 

relationship (see below), which can be solved using numerical methods to extract the 

resistivity (ρ) if the sample thickness (d) is known. 

!"# − !"!!
! + !"# − !"!!

! = 1 

The Hall coefficient is found by passing a current 

diagonally across the sample while having a magnetic 

field perpendicular to the sample. The current can be 

passed in both diagonals and in both directions. The 

measurements are repeated in both positive and negative 

magnetic fields[8]. 

 

3.7 Seebeck Measurements 

The Seebeck setup uses the uniaxial 4-point geometry where the thermocouples press 

against the sample on the top and on the bottom through a hole in the boron nitride 

heaters. The thermocouples are made form a ceramic tube with four holes where a 

chromel and a niobium wire are inserted. For the measurements the delta method is used 

because a steady state is desirable. In the delta method measurements are symmetric in 

time, that is measurements taken in the order Tc1, Th1, !V, Th2, Tc2 at equally spaces intervals 

in time account for linear drift when Tc = (Tc1+Tc2)/2 and Th = (Th1+Th2)/2. The Seebeck 

coefficient is found from the slope of the !V vs. !T graph. In this setup the sample 

Figure 3: Sample holder from the Hall 
setup 
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temperatures are controlled so that the !T values can be adjusted from positive to 

negative across the sample. The corresponding !V values are measured and plotted[9].  

3.8 Arc Melting 

An arc-melter is a furnace where the sample is directly 

exposed to an electric arc that heats up the sample. The arc-

melter consists of a dismountable water-cooled copper 

crucible plate on which the sample is placed and a movable 

water-cooled tungsten electrode. The arc forms between the 

copper plate and tungsten electrode. The arc-melter used in 

this project is an Edmund Bühler Mini Arc Melting System 

MAM-1GB, that is designed to reach temperatures of up to 

3500 °C.!

3.9 Induction Furnace 

The principle behind the induction furnace is that a water-cooled copper coil surrounds a 

container (in this case a graphite crucible) holding the sample. Alternating current is 

passed through the coil, which creates an alternating magnetic field. When the container 

is introduced in the alternating magnetic field, electric current passes through it and causes 

it to heat. Induction heating is a clean and non-contact process and can therefore be used 

in a vacuum or inert atmosphere, which is why it is used in this project. The Induction 

furnace used is an Arthur D. Little, Inc Model MP Crystal growing furnace. 

3.10 Ball Milling 

Ball milling is a way of producing new materials by mechanical alloying/mechano 

chemical reaction, more homogenous materials, and materials with reduced particle size. 

The reaction is not heat driven, but driven by the high pressure that arises when the balls 

collide with the vial and the powder[10]. The ball mill used for this project is a Fritsch 
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Pulverisette No 4 planetary ball mill. It consists of one main disc and two planets where the 

vials are mounted. The main disk and the planets rotate in opposite directions to induce 

the collisions inside the vial. 

4 Synthesis of Mg3Sb2-xBix with Sn and Te doping 

Some of the work on this series was already done as a part of my bachelor thesis. In that 

project, the compound Mg3Sb2 was synthesized because of its promising thermoelectric 

properties[11].  Making a solid solution of Mg3Sb2 and Mg3Bi2 however, would lower the 

thermal conductivity and increase the thermoelectric conversion efficiency. Therefore a 

series of Mg3Sb2-xBix was synthesized and analyzed at low temperatures (0-400 K). The 

series was made in the SPS-press as well as in a bismuth flux. The thermoelectric properties 

of the series were measured, that is the Seebeck coefficient, thermal conductivity, Hall 

coefficient, charge carrier concentration and electrical conductivity, at low temperatures. 

From these measurements, the figure of merit was found to be 0.06 at 350 K (See 

Appendix 1). Theoretic calculations were made by Lasse Bjerg, and showed a zT value 

above unity for the Mg3Sb2 compound at about 900 K for the p-type material, and zT 

values or around 1.6 above 900 K for the n-type material (Appendix 8). It was proposed 

that doping the samples with tin and tellurium (p- and n-type respectively) would raise the 

zT value, and that ball milling the samples would give a more homogenous pellet. In this 

project the analysis of the series continued, and both suggestions above was tried out. The 

compound on which the optimization was carried out was the composition with x equals 

0.5. This composition was chosen as a compromise between low lattice thermal 

conductivity and a low band gap (See Appendix 1).  

In the following are a lot of failed attempts and synthesis methods that did not work out as 

planned. The justification for including them in this project is that they have taken up a lot 

of time, and effort. All the attempts have been analyzed and have led to new methods of 

doing the synthesis and reading about them will contributed to a better understanding of 

the flow of the project. 
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4.1 Synthesis by Ball Milling 

Below follows a review of the synthesis of Mg3Sb1.5Bi0.5 by ball milling mixed with the 

results and discussion of the synthesis. The synthesis and results are not separated, because 

the evaluations of each step in the synthesis lead to the next try in getting the synthesis to 

work which despite the efforts did not succeed. General theory concerning ball milling and 

SPS pressing is found in section 3.10 and 3.2 respectively.  

4.1.1 Synthesis, results and discussion 

1st attempt: The ball milling synthesis started out in a smaller ball mill, than the one 

described in section 3.10 but the principle is still the same. Stoichiometric amounts of 

magnesium, antimony and bismuth were weight off, and placed in an alumina crucible 

together with some medium sized alumina balls. The crucible was sealed with a plastic 

paraffin film and loaded in the ball mill. The ball mill was operated on speed 5 for two 

times 10 minutes, with a one-minute break between cycles to allow for the crucible to cool 

down.  

PXRD was measured on the powder obtained from the synthesis, and indicated that the 

powder had oxidized while reacting in the ball mill (See Appendix 2). Some leftovers of the 

powder used for ball milling was then also investigated using PXRD to see if the powder 

was oxidized before reacting it in the ball mill. Possibly some of the magnesium had not 

been stored under optimal conditions, and would therefore contain traces of oxides. This 

was not the case though, and when a more thorough analysis of the ball mixed powder 

was made, the impurities turned out to be from bismuth and antimony that had not 

reacted during the ball milling, and not from oxides as it had first been assumed. The 

conclusion drawn from this attempt was that the ball mill should run for a longer time 

(more cycles) during the synthesis, to get all the powder to react. 

2nd attempt: In the second attempt, Mg3Sb1.5Bi0.5 and the 2% tellurium and tin doping of this 

compound were tried synthesized. The samples were prepared and mounted in the same 

way as described above, but in a different crucible (the crucible used was made from 

wolfram carbide. This will be discussed in the 3rd attempt). The ball mill ran at speed 5, but 
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this time, for 5 times 10 minutes (still with the one minute break between each cycle). 

Because the STOE diffractometer was out of order, it was not possible to verify if the 

powder was pure, or if it still contained impurities as before. It was decided to SPS-press the 

pellets anyway, even though the powder was maybe not pure, because no one knew 

exactly when the STOE would be operational again. 

The samples were pressed in the SPS press with the following heating profile under a 

pressure of 9.4 kN. 

Time (min) 0 5 20 35 50 57 61 - 

Temp. (°C) RT 250 250 600 600 900 900 RT 

Table 1: SPS heating profile. 

After 57 minutes the pressure was released, and after 61 minutes the heat was turned off, 

and the sample cooled to room temperature. 

The Seebeck coefficient of the undoped pellet was measured on the setup described in 

section 3.7, and compared to the values obtained from the bachelor thesis (Because the 

STOE was not operational as described before, this was the only way to see if the pellets 

resembled the ones previously prepared). The values of the undoped pellet (140 !"/! at 

113 °C) were significantly lower than the ones measured previously (299 !"/! at 104 °C), 

which would suggest that once again, the ball milling attempt had not succeeded This 

was shown to be true, when the STOE diffractometer became operational again. PXRD 

showed that the powder again contained impurity peaks of bismuth and antimony like in 

the first attempt as seen in Appendix 3. The main thing that was discussed now was if the 

little ball mill did not have enough “power” to make the powder fully react. Therefore the 

next attempt would be carried out on the larger ball mill that is described in section 3.10.    

3rd attempt: This time the synthesis was performed in the Fritsch Pulverisette No 4 planetary 

ball mill. The crucible made of wolfram carbide was loaded with a new batch of powder 

and 6 wolfram carbide balls with a 15 mm diameter. The speed of the main disc was 370 

rpm and the synthesis ran through 10 cycles of 10 minutes milling and 2 minute breaks to 

cool the crucible. 
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Despite the efforts, this synthesis was also not successful. The powder had yet again not 

reacted fully, as seen from Appendix 4. This was the beginning of a discussion about the 

material the crucibles was made from. Could the problem be with the wolfram carbide 

crucibles in some way were interacting with the powder? Sadly the planetary ball mill only 

had wolfram carbide crucibles so the last attempt, to see if the crucible material had any 

impact, had to be performed on the smaller ball mill.  

4th attempt: This final attempt was based on the approach from the first attempt. The goal 

was to reproduce the result from attempt 1, because it was the one that resembled the 

samples from the bachelor thesis the most. Again the small ball mill was used; the alumina 

die was loaded with the powder and 3 balls of medium size. The crucible was sealed with 

a plastic paraffin film and loaded in the ball mill. The ball mill was operated on speed 5 for 

three times 10 minutes with a one-minute break between cycles, to allow the crucible to 

cool down. PXRD was made, and showed that the powder still contained impurity peaks 

from antimony and bismuth. The ball mill was set to run for two more cycles, without any 

changes in the result. 

Based on the time used on these attempts, and the poor results obtained from them, this 

method of synthesis was discarded. When discussing these results with some colleagues, 

one of them suggested making the synthesis by encapsulation. This procedure was 

attempted and a description of it is given in the following section. 

4.2 Synthesis by encapsulation 

Below follows a review of the synthesis of Mg3Sb1.48Bi0.48Sn0.04 by encapsulation mixed with 

the results and discussion of the synthesis. The synthesis and results are not split up, 

because the evaluations of each step in the synthesis lead to the next try in getting the 

synthesis to work which despite the efforts did not succeed. 

4.2.1 Synthesis, results and discussion 

The theory behind the encapsulation method is actually quite simple. A powder is placed 

in an alumina oxide crucible and covered with a 1 cm layer of B2O3 that have been 

crushed in a mortar. The crucible is then placed in a preheated furnace (500 °C) where the 
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B2O3 will melt, and form a lid on the crucible. The lid will protect the reaction in the crucible 

against air, and prevent it from forming oxides. This way the sample can sinter in the 

furnace for a long time, to get a homogenous result. After cooling, the sample is removed 

from the crucible, crushed in a mortar and then SPS-pressed. The synthesis is easy and has 

proven to be successful in synthesizing Mg2Si, and this is why it was attempted as a 

synthesis method in this project.  

1st attempt: The first attempt was made by using powdered antimony, bismuth and tin 

together with magnesium pieces. The materials were loaded into the crucible and a layer 

of approximately 1 cm of B2O3 was placed on top. The crucible was placed in a 

preheated furnace (500 °C), and after 30 minutes the temperature was raised to 700 °C 

with a rate of 400 °C/hour. The sample was then kept at this temperature for 40 hours after 

which it was cooled to room temperature with the same rate as for the heating.  

When the sample was removed from the furnace it was seen that the boron oxide lid was 

broken. It looked like the sample underneath had reacted and expanded, and had gone 

through the lid. This is most likely due to the magnesium pieces in the sample had reacted 

strongly with air, because the lid was maybe not covering the sample 100 %. The reason to 

the lid not covering the sample completely could be because magnesium has a melting 

point of 650 °C. It is possible that the magnesium starts to react with air before the lid is 

completely molten, and covers the sample completely.  

A possible solution to this problem was to make the lid cover the sample better. This was 

done in attempt 2 as described in the following. 

2nd attempt: The second attempt was made by using the same kind of powder and pieces 

as in the first attempt. The materials were loaded into the crucible and a layer of 

approximately 1 cm of B2O3 was placed on top. This time, the boron oxide was melted 

with a gas burner. When melting it was easy to add a little extra material where needed 

(especially around the edges of the crucible). The crucible was placed in a furnace that 

this time did not need to be preheated, and the temperature was raised to 700 °C with a 

rate of 100 °C/hour. The sample was then kept at this temperature for 47 hours after which 

it was cooled to room temperature with 400 °C/hour.  
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This time when the sample was removed from the furnace the lid seemed to be intact. The 

sample was removed from the crucible by breaking it, and collecting the sample. To verify 

the purity of the sample it was taken to the STOE and PXRD was performed. This showed 

that the powder showed god agreement with the pellets made earlier, although some 

oxides were present (See Appendix 5). It was decided that a last attempt to remove the 

oxides should be made. This last attempt is described in the following. 

3rd attempt: The third and last attempt was made by using the same kind of powder and 

pieces as in the first and second attempt. The materials were loaded into the crucible but 

instead of a layer of powder, the B2O3 was cut out to fit the crucible and placed on top of 

the sample. The B2O3 was cut out by heating it, and then pressing the crucible down onto it, 

in the same way that you would cut out cookies. This produced a round shaped block of 

B2O3 that fit the crucible very well. Powdered B2O3 was then added along the edge of the 

crucible to make it seal tightly. Like in the second attempt the boron oxide along the edge 

was melted with a gas burner. The crucible was placed in a furnace that like in attempt 

two did not need to be preheated, and the temperature was raised to 700 °C with a rate 

of 100 °C/hour. The sample was then kept at this temperature for 47 hours after which it 

was cooled to room temperature with 400 °C/hour.  

When removed from the furnace, the lid on the sample did again seem to be intact. The 

sample was removed from the crucible by breaking it, and collecting the sample. To verify 

the purity of the sample it was taken to the STOE and PXRD was performed. This showed 

that the powder showed god agreement with the pellets made earlier, even though 

oxides were still present as in the preceding attempt. Even though the sample was not 

perfectly pure, it was decided to try to press a pellet from it anyway.  

The sample was pressed in the SPS press with the following heating profile under a 

pressure of 9.4 kN. 

Time (min) 0 5 20 35 50 57 61 - 

Temp. (°C) RT 250 250 600 600 900 900 RT 

Table 2: SPS heating profile  
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But before the pressing was done, the die unfortunately broke. The synthesis had not given 

a yield big enough for doing another try, so for testing if this synthesis worked a new batch 

would need to be synthesized. This was not done, because meanwhile making the 

synthesis by encapsulation, the department had gotten a new apparatus installed – an 

Arc-melter. This apparatus had been used to try out a new synthesis in the long waiting 

periods of the encapsulation synthesis. The synthesis in the Arc-melter had been successful, 

so the encapsulation method of synthesizing was abandoned.  

4.3 Synthesis by Arc Melting and SPS Pressing 

Below follows a review of the synthesis of the tin and tellurium doped compounds of 

Mg3Sb1.5Bi0.5 by Arc melting and SPS pressing, the measurements that were made together 

with a section with discussions and results. General theory concerning Arc melting and SPS 

pressing is found in section 3.8 and 3.2 respectively.  

4.3.1 Synthesis 

At first it was decided to make two samples, a 2% tellurium and a 2% tin-doping 

compound to check if Te and Sn were efficient dopants. The samples were prepared by 

weighing of stoichiometric amounts of antimony and bismuth together with tellurium and 

tin respectively. The weighed off amounts can be seen in Table 3. 

Sample 
Weighed off amounts 

Total amount 
Magnesium Antimony Bismuth Tellurium Tin 

Mg3Sb1.48Bi0.48Sn0.04 0.7125 g 1.7610 g 0.9803 g - 0.0468 g 3.5 g 

Mg3Sb1.48Bi0.48Te0.04 0.7121 g 1.7595 g 0.9793 g 0.0500 g - 3.5 g 

Table 3: Weight off amounts for the 2% Sn and Te doped samples 

The mixed powders were then cold pressed. This was done by loading the powders into a 

cylinder shaped crucible with a hole in the top. The crucible had been lubricated, so that 

the obtained pellet would be easy to remove after pressing. Then a piston was mounted 

into the crucible, and it was moved to the press, where it was subjected to a pressure of 10 

tons for about 6 minutes. The result was a dense-looking pellet as seen in Figure 4.  
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The pellets were then moved to the Arc-melter. Here the first 

sample was placed on the copper base plate that is mounted to 

the chamber of the Arc-melter (See picture in section 3.8). The 

chamber was then evacuated for 2-3 minutes, after which the 

chamber was filled with argon. This was repeated three times, 

and the last time, the chamber was evacuated for 15 minutes 

before filling it with argon again. The potentiometer for power control was set to around 2 

and the arc was ignited. The electrode, from which the arc originates, was moved in circles 

above the sample until the sample was completely molten. The sample was then turned 

upside down, and was heated until molten again. After waiting 5 minutes, the base plate 

could be dismounted, and the sample removed, after which the same procedure could be 

carried out on the other sample.  

Both samples were then crushed in a mortar and the magnesium was added. The reason 

for not adding the magnesium before arc melting was that magnesium has a low boiling 

point compared to the other compounds. The fear was that the magnesium would react 

violently and maybe evaporate inside the chamber. There is no control of the temperature 

on the Arc-melter so it was decided not to take any chances, and the magnesium was left 

out.   

After crushing and mixing, it was time to SPS-press the powders. A graphite die was 

prepared, that is; a piece of graphite paper was inserted into the die to make sure that the 

powder would not stick to the inside. For the tin sample, 3.008 g was weighed off and 

loaded into the die (3.005 g for the tellurium sample), which was then closed and inserted 

in the SPS-press. The heating profile was carried out manually which means that one has 

to look at the temperature measured inside the die, and alter the current according to the 

desired heating profile. The heating profile that was aimed after was the one shown in 

Table 4. 

Time (min) 0 11 15 22 24 - 

Temp. (°C) RT 550 550 850 850 RT 

Table 4: SPS heating profile. Pressure = 9.4 kN 

Figure 4: Cold pressed pellet 
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After 22 minutes the pressure was released and after 24 minutes the heat was turned off, 

and the sample cooled to room temperature. This procedure was carried out with both 

samples.  

After measuring on these two compounds, the tellurium was the most promising one. 

Because of that, two more samples were made, a 1% and a 4% tellurium doping. These 

two samples were made as the ones described above, using weight off powders as shown 

in Table 5.  

Sample 
Weighed off amounts 

Total amount Used for SPS 
Magnesium Antimony Bismuth Tellurium 

Mg3Sb1.46Bi0.46Te0.08 0.7146 g 1.7427 g 0.9426 g 0,1011 g 3.5 g 3.016 g 

Mg3Sb1.49Bi0.49Te0.02 0.7103 g 1.7671 g 0.9978 g 0.0250 g 3.5 g 3.004 g 

Table 5: Weight off amounts for the 2 and 8% Te doped samples 

 

4.3.2 Measurements 

When all the pellets had been made, Powder X-Ray Diffraction was measured, using the 

STOE apparatus (Section 3.5). These diffractograms showed that the samples were almost 

phase pure but contained small impurities. The diffractograms are shown in a single graph 

(See Appendix 6). 

In the bachelor thesis project TGA measurements had already been made, to make sure 

that nothing would evaporate from the samples when heating them in the Seebeck, Hall 

and LFA measurements. No evaporation/weight loss was detected up to 500 °C as seen in 

Appendix 7. 

Hereafter the Seebeck coefficient of the different samples was measured. This was done 

on the home-build setup by Kasper A. Borup as described in section 3.7. The first 

measurement from room temperature to 100 °C was conducted in air. The pellet is placed 

between the two heaters, and a program for the heating profile is made. The heating rate 

is 100 °C/hour and the inversion rate is 30 °C. The measurements from 100 °C to 500 °C is 

conducted under a vacuum. This is done by encapsulating the setup in a large vacuum 

chamber, then evacuating with first an ordinary vacuum pump (to a pressure of around 3 
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mbar), and then with a turbo pump until the chamber reached a pressure of 3.4 ∙ 10!! 

mbar. A new temperature profile is then made with the same heating rate as for the low 

temperature but with an inversion rate of 30 °C, and the measurement is carried out.  

After having measured all the pellets and looked at the data, it was seen that the Seebeck 

coefficients differed during heating and cooling which could indicate that the pellets 

where changing during the heating of the measurement. To try to eliminate this hysteresis, 

the pellets were annealed in a vacuum-sealed quartz tube at 500 °C for 24 hours. After 

annealing the Seebeck coefficient of all the pellets were measured once again, and the 

result can be seen in section 4.3.3. 

The next measurement that was carried out was the Hall measurements. These were also 

performed on a home-build setup as described in section 3.6. The pellet was mounted in a 

sample holder where four contacts is then placed as close to the edge as possible and 

secured. With a click on a button, the program for the Hall apparatus gives you the van der 

Pauw factor. This factor tells you how to move the contacts to get the best measurement. 

After placing the contacts just right, the sample holder is wrapped in an isolating cloth and 

then in a tin foil. The holder is then placed in a small chamber between the magnets. The 

chamber is evacuated with a turbo vacuum pump, and the measurement is started. 

After measuring on the Hall setup, it was time to do the last measurements on the Laser 

Flash Apparatus (section 3.4). Before measuring on the LFA, it is crucial to know the 

diameter of the sample. In the bachelor thesis preceding this project, the samples had a lot 

of scrapings on the surface from the PXRD and TGA measurements, and therefore the 

pellets were not perfect circles anymore. But by measuring the density and the thickness of 

the samples, it is possible to find a diameter that approximates the sample being a perfect 

circle. The density of the samples were found and calculated using the Archimedes 

principle described in section 3.4. The diameter (2r) can then be found using the following 

equation: 

!
! = ! = !! ∙ !! ∙ !⟹ r = !

! ∙ !!

Where t is the thickness of the sample.  
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The densities and diameters were at first calculated using this method, but because the 

samples resemble circles much better than the old samples, the densities were also 

calculated from the mass and the diameter and thickness measured directly on the 

sample. As seen in Table 6 both the diameters and the densities found by the Archimedes 

principle vary a lot from the measured ones, overestimating the density and therefore 

underestimating the diameter. Because of this, the measured diameters and densities 

were used for the LFA measurements for this project. 

Sample 
Archimedes Measured 

Density (g/cm3) Diameter (cm) Density (g/cm3) Diameter (cm) 

Mg3Sb1.49Bi0.49Te0.02 3.946 1.236 3.714 1.274 

Mg3Sb1.48Bi0.48Te0.04 3.991 1.224 3.753 1.267 

Mg3Sb1.46Bi0.46Te0.08 3.949 1.253 3.784 1.280 

Mg3Sb1.48Bi0.48Sn0.04 - - 3.714 1.260 

Table 6: Densities and diameters for the samples 

Before the samples were mounted in the sample holder of the LFA, they were to be 

covered with a layer of spray-on carbon, which ensures a sample emissivity of around 1. 

When this had been done, 2 samples and a reference, which in this case was Pyroceram 

9606, were mounted, and the system was filled with liquid nitrogen that had to be refilled 

during the measurement. The chamber was evacuated and flushed with argon three times, 

and after the last time, a purge of argon was started. After the measurements had ended, 

the carbon layer was easy to remove with some acetone, and the samples were not 

affected by it. 

4.3.3 Discussion and Results 

As mentioned above, there was made two measurements on the Seebeck setup because 

some hysteresis was seen in the samples. The annealing of the pellets removed most of the 

hysteresis, and the second measurements made are depicted in Figure 5.  

The data for the tellurium compunds looks very much as expected. The Seebeck value is 

negative because the tellurium doping has made the compound n-type. The observed 

trend follows well from theory because then the carrier concentration is increased, the 

Seebeck coefficient is lowered. The values of the tin doped sample is comparable to the 

Steffen Pedersen
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undoped sample, and this could be an indicator that the doping is not actually working. It 

is hard though to compare this sample with the samples from the bachelor thesis, because 

they were only measured to around 125 °C, but hopefully some of the following 

measurements will give a better idea if the doping has worked of not. Uncertanties on the 

meassmurements are not displayed because this is not yet incorporated in the software, so 

it is not available in the data file. The uncertanties on the measurements are less than 10 

percent.  

From the maximal Seebeck coefficient (αmax), the band gap Eg can be estimated using the 

equation: 

!! ≈ !!"# ∙ 2! ∙ !!"# 

where e is the elementary charge and Tmax is the absolute temperature at which αmax 

occurs [12]. From this the band gap is estimated to be 0.54, 0.21 and 0.46 eV for the 1, 2 and 

4%-Te doped samples respectively. The Sn-doped sample has a band gap of around 0.47 

eV.  

  
Figure 5: Seebeck coefficients for the Te and Sn doped samples 
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Selected results from the Hall setup is seen in 

Figure 6 and Figure 7 (The arrows indicate 

whether the measurements are performed 

under the heating (arrow pointing to the right) or 

under cooling (arrow pointing to the left)). The 

setup measures both the resistivity, the Hall 

coefficient and the carrier concentration. As 

seen the carrier concentration is not quite the 

same on heating and cooling, which would 

indicate that the pellet somehow is changing 

during the measurement. In the bachelor thesis, 

the optimal charge carrier concentration for the 

n- and p-type Mg3Sb2 was found by Lasse Bjerg to be ~3 ∙ 10!"!"!! and ~8 ∙ 10!"!"!! at 

1000 K respectively. This means that the charge carrier concentration is not optimal, and 

that it can be further optimized.   

 

Figure 7: Resistivity for the doped samples 

 

Figure 6: Charge carrier concentrations for the doped 
samples 
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The same thing is seen for the resistivity, although the 2% Sn-doping and the 1% Te-doping 

seem to be somewhat simmilar on both the heating and the cooling. These are also the 

two samples that have the highest values for the resistivity, and they have the typical 

semiconductor trend, where the resistivity drops, when the temperature is rising. 

From the carrier concentration and Seebeck coefficient, Simon Johnsen calculated the 

effective mass from a Pisarenko plot to be 1 free electron mass. 

As seen from Figure 8, the thermal conductivity measurements made on the LFA, are 

similar to the measurements made in the bachelor thesis (Appendix 1). It is seen that the 

samples all have very low thermal conductivity under 1 W/Km at above 200 °C. The fact 

that the thermal conductivity is so low helps raising the figure of merit. It is also seen that 

the 4% Te-doped sample has the lowest thermal conductivity, and that the Sn-doped 

sample has the highest thermal conductivity. This is counterintuitive, since a large carrier 

concentration should result in higher total thermal conductivity. 

 
Figure 8: LFA measurements for the Mg3Sb1.5-xBi0.5-x 

doping series 
 

 
Figure 9: Dimensionless figure of merit 

 

From Figure 9 it is seen, that the 2% and 4% Te-doped samples have a very nice figure of 

merit around 0.9 at 400-450 °C. This high value is due to the fact that the samples both 

have high Seebeck coefficient, low thermal conductivity and low electrical resistivity. The 

other samples are however not showing as fine results, due to high electrical resistivity in 

both cases. Compared to zT values of 0.06 at 350 K from the undoped samples found in 
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the bachelor thesis, it suffices to say that the doping has had a very nice effect, and that 

this compound now has promising thermoelectric properties.  

To verify these promising properties, the Seebeck coefficient was measured again on the 

compound with the highest zT value (2%-Te doping). This measurement showed data 

almost identical to the ones shown in Figure 5. The hall apparatus is at the time of writing 

not operational, but when it becomes operational again, the carrier concentration and 

resistivity will also be measured again, to make absolute sure that the values obtained are 

correct.  

 



Steffen Hindborg Pedersen | 20 ECTS Project 

 

6 Conclusion | 33 

6 Conclusion 

In this project two different types of thermoelectric compounds were synthesized, that is 

the Zintl compound Mg3Sb1.5-xBi0.5-xYx (Y = Te and Sn) and the type-I clathrate Ba8Cu3+zAl7-

zSi36 (z = 0 and 1). It was shown that the synthesis of both compounds using the Arc-melter 

was possible, and the Zintl compounds turned out to have quite good thermoelectric 

properties. The elements that are used for the Zintl compound are fairly cheap, and this 

fact makes the compound even more interesting with regards to commercial use. It was 

shown that the 2% and 4% Tellurium doped samples gave the best thermoelectric 

properties, and in the future, a range of samples around these compositions should be 

synthesized to find the optimal doping level. The samples should also be measured to a 

higher temperature, to find out where the maximum for the figure of merit lies. A thermal 

stability study of the samples would also give an idea of if the compound is stabile enough 

to be build into an actual commercial module.  
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Appendix 1 

zT for the magnesium-antimony-bismuth compound 

 

Thermal conductivity for the magnesium-antimony-bismuth compound 
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Appendix 2 

Ball milled Mg3Sb1.5Bi0.5 compared to the SPS-pressed Mg3Sb1.5Bi0.5 from the bachelor 

thesis (SP005B MgSbBi) 
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Appendix 3 

Ball milled Mg3Sb1.5Bi0.5 compared to the SPS-pressed Mg3Sb1.5Bi0.5 from the bachelor 

thesis (SP005B MgSbBi) 
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Appendix 4 

Ball milled Mg3Sb1.5Bi0.5 compared to the SPS-pressed Mg3Sb1.5Bi0.5 from the bachelor 

thesis (SP005B MgSbBi)  
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Appendix 5 

Mg3Sb1.48Bi0.48Sn0.04 synthesized by encapsulation compared to the SPS-pressed 

Mg3Sb1.5Bi0.5 from the bachelor thesis (SP005B MgSbBi) 
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Appendix 6 

Arc melted and SPS-pressed samples compared to the SPS-pressed Mg3Sb1.5Bi0.5 from the 

bachelor thesis (SP005B MgSbBi). SP012C is the tin compound, SP012D, E and F are the 2, 

4, and 1% tellurium doping respectively. 
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Appendix 7 

TGA measurement of Mg3Sb1.5Bi0.5 
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Appendix 8 

Theoretic calculations: zT/T plot of n-type Mg3Sb2 

 

zT/T plot of p-type Mg3Sb2 
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