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Abstract
In today’s society, where energy conservation and green energy are buzz words, new scientific discoveries in green energy 
harvesting is key. This work focuses on materials capable of recycling low value thermal energy. Low value thermal energy, 
waste heat, is for free, and can be transformed into valuable electricity via thermoelectric technology. A thermoelectric 
device cleanly converts heat into electricity through the Seebeck effect. Thermoelectric devices can play an important role in 
satisfying the future global need for efficient energy management, however, the primary barrier of improving thermoelectric 
devices is the materials themselves.

The aim of this thesis is to identify new compositions and structures for thermoelectric materials. In particular, the 
concept of “electron poor framework semiconductors” is explored. Electron Poor Framework Semiconductors (EPFS) are 
materials at the border between metals and non-metals, which often show intricate and unique structures with complex 
bonding schemes. Generally, constituting elements should be from group 12(II) (Zn, Cd), 13(III) (B, Al, Ga, In), 14(IV)
(Si, Ge, Sn, Pb), 15(V) (Sb, Bi), and 16(VI) (Te), i.e. elements which have a similar electronegativity (between 1.5-2.0). 
All EPFS materials have in common highly complex crystal structures, which are thought to be a consequence of their 
electron-poor bonding patterns. EPFS materials have an intrinsically very low – glass like - lattice thermal conductivity. 
The focus of this thesis is on combinations of group 12(II) (Zn) with 16 (V) (As, Sb), and 13(III) (B) with 14(IV) (Si).

ZnSb possesses a simple structure with 8 formula units in an orthorhombic unit cell, it is considered a stoichiometric 
compound without noticeable structural disorder. In this thesis ZnSb is used as a model system to establish more broadly 
structure–property correlations in Sb based EPFS materials.

ZnSb was established to possess an impurity band that determines electrical transport properties up to 300–400 K. 
Doping of ZnSb with Ag seems to enhance the impurity band by increasing the number of acceptor states and improving 
charge carrier density by two orders of magnitude. ZT values of Ag doped ZnSb are found to exceed 1 at 350 K. The origin 
of the low thermal conductivity of ZnSb was traced back to a multitude of localized low energy optic modes, acting as 
Einstein-like rattling modes.

ZnAs was accessed through high pressure synthesis. The compound is isostructural to ZnSb and possess an indirect band 
gap of 0.9 eV, which is larger than that for ZnSb (0.5 eV). The larger band gap is attributed to the higher polarity of Zn-
As bonds. The electrical resistivity of ZnAs is higher and the Seebeck coefficient is lower compared to ZnSb. However, 
ZnAs and ZnSb exhibit similarly low lattice thermal conductivity, although As is considerably lighter than Sb. This was 
explained by their similar bonding properties.

Lastly, the longstanding mystery of SiB3 phases was resolved. The formation of metastable and disordered α-SiB3-x 

is fast and thus kinetically driven, whereas formation of stable β-SiB3 is slow and not quantitative unless high pressure 
conditions are applied. This thesis work established reproducible synthesis routes for both materials. The fast kinetics can 
be exploited for simultaneous synthesis and sintering of α -SiB3-x specimens in a SPS device. It is suggested that α -SiB3-

x represents a promising refractory thermoelectric material.

Keywords: Thermoelectric, Waste heat harvesting, Semiconductor, X-ray powder diffraction, SEM, Electron poor 
framework, EPFS, Green house effect.
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1. The concept of EPFS and potential 

technological implications 

1.1 Introduction 

 
This thesis concerns the preparation and characterization of a peculiar class of 

materials – dubbed electron-poor framework semiconductors (EPFS). Before 

explaining EPFS in more detail a brief background on semiconductors is 

given. 

 

A semiconductor is a material which shows electrical conductivity values be-

tween that of metals (e.g. copper) and insulators (e.g. silica). The resistance of 

a semiconductor material decreases with increasing temperature, which is the 

opposite behaviour to that of a metal. The central feature of a semiconductor 

material is the so-called band gap, which can be thought of as an intrinsic 

energy barrier for electrons occupying states that correspond to localized 

bonds or lone pairs in the material (valence band) and electrons in delocalized 

 

 

Figure 1.1. Evolution of the electronic structure when going from a 

metal to an insulator. The Fermi level is indicated in the horizontal line. 

The lower and upper part is the valence and conduction band, 

respectively.  
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states that extend through the material (conduction band), Figure 1.  Semicon-

ductor devices have driven the technological revolution since their discovery. 

They are the key component in daily used technology such as mobile phones, 

modern cars, internet and computers. Silicon has been, and still is the domi-

nating semiconducting material. Other types of semiconducting materials are 

mostly important for niche applications such as deep-space probes1, sensors, 

lasers, coolers, small and silent electric generators, climate-control seats, pic-

nic coolers, power sources for remote systems  etc.2–5 

 

Silicon and germanium constitute the archetypal IV-IV semiconductors with 

band gaps of 1.11 and 0.66 eV, respectively6. They belong in the cubic dia-

mond structure, in which each atom is tetrahedrally coordinated by the neigh-

bouring atoms and all valence electrons participate in bonds between the at-

oms, Figure 1.2. III-V and II-VI semiconductors are binary variants of the 

elemental IV-IV semiconductors. They crystallize in either the cubic zinc 

blende or the hexagonal wurtzite structure. Band gaps now range from 0.17 

eV (InSb) to 3.91 eV (ZnS) which results in a broader variability for applica-

tions7,8. Further diversity on the tetrahedral structure is achieved with ternary 

II-IV-V2 or I-III-VI2 semiconductors, which often adopt the tetragonal chal-

copyrite structure, Figure 1.2. In common for all these semiconductors is an 

average number of 4 valence electrons per atom, which are used to create four 

bonds around each atom. These bonds are partially polar in the binary and 

ternary variants.  

 

A pure semiconductor does not conduct electricity very well, unless it is ther-

mally excited. The definition states that the size of the band gap should be 

between 0 and 4 eV. Metals do not possess a band gap, and insulators have 

 

Figure 1.2. The structure of elemental (IV – IV), binary (III – V & II – 

VI) and ternary (I-III-VI2 & II-IV-V2) semiconductors.  
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gaps larger than 4 eV, Figure 1.1. Converting 1 eV (E = kBT) results in a tem-

perature of 11600 Kelvin. However, excitation over a band gap follows the 

Fermi-Dirac distribution, which means that even at temperatures far from 1 

eV (even close to absolute zero) some electrons will be exited over the band 

gap. It will be a very bad conductor, with few charge carriers, but it will con-

duct to some extent. To improve conductivity, semiconductors are normally 

doped. Physically doping is substituting an atom in the structure for another, 

i.e. one with more or less valence electrons, depending on if a p or n doped 

material is desired. For silicon this can be achieved through adding elements 

from group III or V. When a silicon (IV) atom is substituted in the diamond 

structure by a III/V dopant atom, a lack or surplus of one electron will occur. 

This introduces a charge carrier in the material, resulting in improved conduc-

tivity. The so-called Fermi level is a hypothetic energy level with 50% proba-

bility of occupation. In an intrinsic semiconductor the Fermi level is situated 

in the middle of the band gap and when doped respective bands move closer 

to the Fermi level. (In a metal the bands overlap at the Fermi level). Some 

semiconductors contain intrinsic impurity bands, which are often located close 

to the valence or conduction band. These intrinsic bands are generated from 

the elements and structure of the material and are a natural part of the mate-

rial.9,10 

 

If two materials, one with a lack of electrons and one with a surplus, are put 

together in a junction a net diffusion of electrons will take place. This combi-

nation of two differently doped semiconductors results in the well-known di-

ode device. When three materials (npn or pnp) are connected, the well know 

bipolar transistor is created. All semiconductors, even doped once, are poor 

electric conductors when compared to metals. Therefore, in many applica-

tions, large Joule heating due to low conductivity is a problem. Hence for most 

applications it is highly desirable that the semiconductor material has a high 

thermal conductivity. Both silicon and silicon dioxide in crystalline form are 

comparatively good thermal conductors. Further it is easy to grow good qual-

ity silicon dioxide on silicon. Those are some reasons silicon still dominates 

the market for logic chips, even though germanium-based devices are better 

at electric (n) conduction.11–14  

 

Lately priority has been given to research that can help with our increasing 

demand of energy, and at the same time not contribute to, or even reduce the 

contribution, to the enhancement of the greenhouse effect. In this political 

shift of interest, research has intensified regarding electric power generation 

employing semiconducting materials for application such as photovoltaics 

(PV) and thermoelectrics (TE). This requires new and novel types of semicon-

ductors. Preferably such new semiconductors combine a good performance 

with earth abundance of the constituting elements, low toxicity and ease of 
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purification. In this thesis unconventional semiconductors with valence elec-

tron concentrations (VEC) smaller than 4 are investigated. Characteristic for 

such electron poor framework semiconductors (EPFSs) are complex crystal 

structures.  
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1.2 What are EPFS? 

 
Materials at the border between metals and non-metals often show intricate 

and unique structures with complex chemical bonding schemes, and distinct 

physical properties. This can be seen in the Periodic Table where the metal – 

non-metal transition occurs between group 13 (III, the boron group) and group 

14 (IV, the carbon group). Boron takes a special – intermediate – role15. It 

shows semiconductor properties in various allotropes even though the number 

of valence electrons is just 3. Structures and bonding properties of boron allo-

tropes appear highly complex when comparing with group 14 elements, where 

four valence electrons enable localized two-center two-electron (2c2e) bonds, 

in a simple tetrahedral framework structure. Another prerequisite for ele-

mental semiconductors is their ability to interact sufficiently with coordinating 

neighbours. As mentioned in the introduction, the size of a band gap relates to 

the bonding/antibonding splitting of electronic states: For group 14 semicon-

ductors the band gap decreases when going down the group and closes with 

Sn. In group 13, only boron achieves the opening of a band gap.  

 

Weakly ionic II-V semiconductors deliver the opportunity to probe the metal 

– non-metal boundary in the periodic table. Variable compositions provide 

VECs between 3 and 4 per atom and “dilute” the metal-non-metal transition, 

when going from group 13 (III) to group 14 (IV). Recently the concept of 

electron poor framework semiconductors (EPFSs) was introduced by studying 

structures and bonding properties of II-V zinc antimonides and related mate-

rials16. “Framework semiconductor” refers to materials with a structure where 

all constituting atoms participate in a common framework, as in an elemental 

structure. This expresses the weakly ionic character of the compound. “Elec-

tron poor” refers to a sp-bonded framework with VECs lower than 4, as op-

posed to exactly 4 in two-center bonded tetrahedral frameworks. Mixtures be-

tween divalent zinc and pentavalent antimony provides average VECs be-

tween 3 and 4, while at the same time the electronegativity difference is low 

(0.1 on the Allred-Rochow scale).  

 

The idea of EPFS can be well illustrated when relating the structure and bond-

ing properties of the II-V system ZnSb with the III-V system GaSb. Semicon-

ducting GaSb crystallizes with the zinc blende structure, in which all atoms 

are four-coordinated by unlike atoms and connected with 2e2c bonds. Ga and 

Sb both have similar electronegativity (actually the same value, 1.7, on the 

Allred Rochow scale) and thus the GaSb framework is weakly polar. GaSb 

has a direct band gap of 0.81 eV. Exchanging trivalent Ga with divalent Zn 

reduces VEC to 3.5. The electronegativity of Zn is just slightly lower than that 

of Ga, i.e. the polarity of the ZnSb framework can be assumed as similar to 

GaSb. Semiconductor properties are maintained in ZnSb, but the size of the 
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band gap is reduced (to 0.5 eV) whilst the gaps nature is indirect. Looking at 

the crystal structure of orthorhombic ZnSb, it also appears composed of tetra-

hedral entities. However, in contrast to GaSb, tetrahedras do not exclusively 

share corners but also edges, Figure 1.316.  

 

These edge-sharing ZnSb4 tetrahedra indicate short Zn–Zn distances and each 

atom in the ZnSb structure attains a strange five-fold coordination by one like 

and four unlike neighbouring atoms. Each atom is also part of a planar Zn2Sb2 

rhomboid ring containing short Zn–Zn contacts, see Figure 1.3. It can then be 

seen that the arrangement of bonds and triangles (from the rhomboid ring) 

around each atom occurs in a tetrahedral fashion. Thus, despite higher coordi-

nation numbers than four, coordination is ruled by an underlying tetrahedral 

principle. It is tempting to transfer the simple bonding picture for GaSb to 

ZnSb and assign each atom in the framework a basis set of four sp3 hybrid 

orbitals, Figure 1.4.17,18  

 
 

Figure 1.3. Crystal structures of GaSb (zinc blende, tetrahedral framework) 

and ZnSb (Pbca, five-coordinated atoms through edge-sharing ZnSb4 

tetrahedra). The rhomboid ring motif in the latter is highlighted by bold 

bonds (Sb: red).  
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Bonds that are not involved in rhomboid rings are considered as 2c2e bonds. 

This leaves six orbitals for rhomboid ring bonding. Of the resulting MOs two 

are bonding, and with four electrons occupying them, the rhomboid ring rep-

resents a 4c4e bonded entity. Each multi-center bonded Zn2Sb2 ring (involving 

4e-) is connected with 2c2e bonds to 10 neighbouring rings (involving 10e-) 

and thus ZnSb attains an electron precise situation (an electron count of 3.5 e- 

per atom).  

 

The scheme applied for ZnSb can be extended to other zinc antimonides, like 

Zn4Sb3, Figure 1.516. The framework of the rhombohedral structure of β-

Zn4Sb3 consists of three atomic positions: 36 Zn, 18 Sb1 and 12 Sb2 resulting 

in a composition of Zn6Sb5
19. Rhomboid rings Zn2Sb2 are condensed into 

chains by sharing common Sb1 atoms. These chains run in three different di-

rections and result in a framework with channels along the c direction. Chains 

are linked to each other by 2c2e bonds and via tetrahedrally coordinated Sb2 

atoms centering the channels. The complete Zn6Sb5 framework consisting of 

three [Zn2Sb12/2] chains and two linking Sb2 atoms requires 38 electrons for 

 

Figure 1.4. Four center four-electron (4c4e) bond in the rhomboid ring 

Zn2Sb2 which is part of the ZnSb structure. (a) The ring and its connecting 

(2c2e) bonds as in the structure of ZnSb. There are two different Zn-Sb 

distances within the ring (r1 and r2) and two different bonds connecting 

rings (c1 and c2). (b) Basis set for rhomboid ring bonding assuming sp3 

hybrid orbitals on Zn and Sb. (c) Six molecular orbitals can be constructed 

of which only the two bonding ones are shown (shown).  
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being electron precise. The composition Zn6Sb5 of the framework (37 elec-

trons) cannot generate this condition (Fig. 1.4c), and in Zn4Sb3 this is balanced 

by intricate Zn disorder, which is expressed as the occurrence of defects in the 

framework and interstitial Zn atoms. In contrast, the III-IV material Al6Ge5 is 

electron precise without disorder20. 

 

Figure 1.5. a) Rhombohedral framework Zn6Sb5 in β-Zn4Sb3 along the c axis 

[001]. Rhomboid rings Zn2Sb2 are condensed into chains Zn2Sb12/2. b) 

Coordination of Zn (cyan), Sb1 (red) and Sb2 (purple) atoms. c) Curved 

section of the Zn6Sb5 framework approximately along (1̅10) showing 

interconnected chains. d) DOS for Zn6Sb5, Zn13Sb10 (ordered α-Zn4Sb3) and 

Al6Ge5 
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The structural chemical and bonding principles of zinc antimonides display 

many similarities to elemental boron: both systems realize framework struc-

tures with coordination numbers larger than four, and both are electron precise 

(and semiconducting) due to localized multi-center bonding. In α-rhombohe-

dral boron (-B12), which is the modification with the simplest structure, B12 

icosahedra are arranged as in a cubic close packing of spheres, joined by 3c2e 

bonds between the layers and connected by 2c2e bonds between them. α-B12 

is electron precise for 3 electrons per framework atom. With its simplicity and 

clear relationship between electron count and framework structure α-B12 is 

reminiscent of ZnSb. The complex -rhombohedral boron structure represents 

a framework of 105 atoms in the primitive cell (hR105) consisting of B84 and 

B21 units. The hR105 framework is electron precise for 320 electrons, that is 

5 electrons more than what boron actually achieves21. The situation is similar 

to β-Zn4Sb3 and its Zn6Sb5 framework, and similar to β-Zn4Sb3 β-boron dis-

plays structural disorder in terms of framework vacancies and interstitial at-

oms.  

The similarities between boron and zinc antimonides on the one hand, and 

zinc antimonides and tetrahedral III-V frameworks on the other hand, are the 

pillars of the EPFS concept:  mixtures between divalent zinc and pentavalent 

antimony provide average VEC between 3 and 4 while at the same time the 

electronegativity difference is low. Therefore structures and electronic prop-

erties of zinc antimonides bridge those of boron (VEC = 3) and diamond-like 

systems (VEC = 4), Figure 1.616.  

 

Figure 1.6. Structures and electronic properties of zinc antimonides with 

valence electron concentrations (VEC.) between 3 and 4, bridging those of 

boron and diamond-like systems.  

 

vec 3 3.5 4

Boron ZnSbZn Sb4 3 Diamond
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In particular, the coordination numbers of atoms in Zn-Sb frameworks of 

ZnSb and Zn4Sb3 range from 4 to 6, and, thus, are intermediate between those 

of boron structures (6 or 7) and tetrahedral IV-IV as well as III-V frameworks, 

where atoms are exclusively connected by 2c2e bonds. Over the past years, 

sp-bonded EPFS materials have developed into a sizeable family with repre-

sentatives also from the Cd-Sb, Zn-In-Sb, Cd-In-Sb, and Al-Ge systems. Gen-

erally, constituting elements should be from group 12(II) (Zn, Cd), 13(III) (B, 

Al, Ga, In), 14(IV) (Si, Ge, Sn, Pb), 15(V) (Sb, Bi), and 16(VI) (Te), i.e. cor-

respond to elements which have a similar electronegativity (between 1.5 and 

2.0).  

 

EPFS, which include elemental boron, are distinguished by localized multi-

center bonding patterns, which generate complex crystal structures. The prom-

inent feature of zinc antimonide EPFSs are planar 4c4e bonded rhomboid 

rings Zn2Sb2 (Figure 1.4)17.  (The ones of boron are icosahedral cluster units 

and 3c2e bonds). Antimony based EPFSs have indirect band gaps (facilitating 

a large effective mass of charge carriers) with sizes between 0.2 to 0.6 eV, 

reasonably high carrier mobilities through their weak ionicity (absence of po-

lar scattering), and a low lattice thermal conductivity (1-2 W/m K). This com-

bination of properties makes them attractive thermoelectric materials. As a 

matter of fact, antimony based EPFS follow surprisingly well the “electron-

crystal, phonon glass” characteristics, an expression coined for an ideal ther-

moelectric material22. In the next section the thermoelectric effect is ex-

plained, along with characteristics of thermoelectric materials.  
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1.3 Thermoelectric effect and thermoelectric materials 

 

All conducting materials are thermoelectric, meaning that if a thermal gradient 

is applied over a material it will also give rise to an electric potential over the 

same material. The electric potential is the result of net diffusion of charge 

carriers (CCs). Imagine a rod, of any conducting material. Heating this rod on 

one side will generate a thermal gradient, Figure 1.723. The CCs will have 

higher thermal energy on the hot side, similarly to a classical gas that ex-

pands24. This results in net diffusion of CCs away from the hot side, towards 

the cold one, and thus, a so called thermal current is generated.  

 

1.3.1 Thermoelectric materials 

A good thermoelectric material should have low thermal conductivity, high 

Seebeck coefficient and high electrical conductivity. There are several classes 

of thermoelectric materials; metals, ceramics, amorphous alloys, polymers 

and semiconductors. In this thesis mainly semiconductor materials are dis-

cussed, but nevertheless a brief review of other materials is given.  

 

 

Figure 1.7. Simplified description of the thermoelectric effect, when the 

system is in equilibrium. (a) CCs with different energies. The higher the 

energy the longer is the mean free path. (b) Net diffusion of CCs, in this 

case electrons (shown as blue dots) move towards the cold side. Net 

diffusion stops when the opposing force on the particles, from the electric 

field (E), is strong enough. That is when an equilibrium is reached.  

a) 

 

 

 

 

 

b) 
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Metals as thermoelectrics are mostly used as thermal sensors, often at high 

temperatures. These are simple devices that consist of two different metals or 

alloys in a junction, generating different electric potentials. Ceramics thermo-

electric materials are stable at high temperatures, even with oxygen present. 

Compared to metals they are more efficient, but not as flexible, making them 

more applicable as electric generators. Some examples are TiS2, MnS, MnTe, 

NaCo2O4, LaCoO3, Bi2Ca2Co2Ox.25Alloys such as Si-Au, Cu-Ge-Te, Zr-Ni-

Sn, Nb-O, In-Ga-Zn-O, and Ti-Pb-V-O have been explored as thermoelectrics 

and deemed promising.26 Polymer based thermoelectrics are flexible, light, 

and naturally poor thermal conductors. Polymers can have high (millivolt) 

Seebeck coefficients, but suffer from a very poor electrical conductivity. If the 

electric conductivity of polymers could be improved, whilst their other prop-

erties are preserved, they would be revolutionizing thermoelectric materials. 

When it comes to semiconductors, Figure 1.828-30, materials such as chalco-

genides (which relate to the rock salt structure), clathrates, skutterudites, half 

Heuslers, zinc-antimony compounds have been extensively investigated.27,28 

The chalcogenide materials consist of heavy elements (Pb, Te, Bi, Sb, etc). 

Sound waves (acoustic phonons) move slowly in materials with heavy ele-

ments, which is the main reason they are good thermoelectrics. Clathrates are 

compounds with cages, which contain rattlers that scatter acoustic heat-carry-

ing phonons and thereby reduce thermal conductivity. The low thermal con-

ductivity of Zn4Sb3 is attributed to interstitial Zn atoms. 

 

 

  
 

Figure 1.8. Three state-of-the-art thermoelectric materials different 

principles for achieving low lattice thermal conductivity a) Clathrate b) 

Zn4Sb3 and c) PbTe.   

a

b

b) c) 
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1.3.2 Devices 

For thermal energy harvesting one thermoelectric material rod is not enough. 

Only one rod would only generate about a few hundred micro volts. In order 

to generate a useful potential and a meaningful energy output, several rods are 

connected. To build a thermoelectric device, Figure 1.931, pairs of n-type and 

p-type thermoelectrics are needed. These pairs are sometimes referred to as 

legs. The electrical properties of both legs have to match for a device to be 

efficient. Practically, devices are thermally connected in parallel and electri-

cally in series, so that they generate a high voltage and a low current. This way 

the energy loss in contacts, internal resistance and wires are minimized.   

In an actual thermoelectric device, issues like good junctions, removal of 

waste heat, reaction between different constituting materials, phase transitions 

etc. have to be considered. This further limits the choice of materials that may 

work together for extended periods of time. A thermoelectric device can in 

fact function as either an electricity generator or as a heater/cooler. In heat-

ing/cooling mode, current is forced through the device instead of harvested. 

To improve efficiency of a device, multi-layered versions can be created. They 

 

 

Figure 1.9. A thermoelectric device consisting of multiple np-legs. 

Electrically connected in series and thermally in parallel.  
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consist of two or more layers of different thermoelectric materials, thus allow-

ing each layer to operate within its most efficient temperature range. 

  

1.3.3 Applications 

As of today thermoelectric devices are mostly used in niche applications such 

as power generators in watches, submarines, satellites that will travel far from 

the sun etc. They are also applicable as heating and cooling devices for lasers, 

and trials have been made to place them in logic chips to locally cool them 

where it is mostly needed. If the efficiency could be increased, to be compa-

rable with a compressor in a normal fridge, many more applications would be 

available32. In general, thermoelectric devices are good for harvesting low 

value thermal heat at small or big sources, or when it comes to silent electricity 

generation, or where there is limited space or for applications that have high 

operational demand. Since there are no moving parts thermoelectric devices 

are unlikely to fail. A rather new niche application is usage in conjunction 

with solar cells, to improve efficiency by generating electricity using waste 

heat. If their efficiency is increased, they could even replace solar cells.   

 

1.3.4 Variables and formulas 

Seebeck coefficient 

The thermal current, mentioned earlier in this chapter, results in an electric 

potential over the thermoelectric material. This potential is the so called See-

beck effect. Practically the Seebeck coefficient can be measured as follows33:  

 

𝑆 =
𝑉

𝛥𝑇
      

 

where V is the potential between the hot and cold sides and ΔT is the thermal 

gradient.  

 

Theoretically, the Seebeck coefficient can be approximated as34:   

 

 

𝛼 =
8𝜋2𝑘𝐵

2

3𝑞𝑒ℎ2 𝑚∗𝑇 (
𝜋

3𝑛
)

2/3
 

 

 

(1.1) 

(1.2) 
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where kB is the Boltzmann constant, qe the electron charge, h is the Planck 

constant, m* is the effective mass of the CCs, T is the average temperature 

and n is the CC concentration.   

 

There are three variables in Formula (1.2), telling us that the Seebeck coeffi-

cient increases linearly with temperature and with the effective mass of the 

CCs, and that it decreases with the CCs concentration as to the power of 2/3. 

From this, it is seen that insulators will have a large Seebeck coefficient, 

whereas for metals it will be low. But since an insulator does not conduct, it 

is naturally not applicable as a thermoelectric material. For a semiconductor, 

the Seebeck coefficient is typically a few hundred micro volts, and it is a much 

better electrical conductor than an insulator. This is why the best thermoelec-

tric materials today are semiconductors.   

 

Electrical conductivity 

The electrical conductivity of a material, σ, depends on the concentration (den-

sity) of CCs, n, and their mobility, μ. It can be written as6:  

 

𝜎 = 𝑞𝑒𝑛𝜇 

 
where μ is defined as: 

 

𝜇 =
𝑞�̅�

𝑚∗ 

 

where qe is the electron charge, t is the mean time between scattering events 

and m* is the effective mass of the CCs.  

 

A closer look at the formula for the Seebeck coefficient and the electrical con-

ductivity reveals that they have an opposite dependence on the CCs concen-

tration. This indicates that there is an optimum for the CCs concentration. It 

can also be seen that the electrical conductivity, through the mobility, and the 

Seebeck coefficient are opposing each other with respect to the effective mass. 

Hence improving electrical conductivity will most likely worsen the Seebeck 

coefficient and vice versa, improving the Seebeck coefficient will most likely 

worsen electrical conductivity. Mobility is dependent on the mean time be-

tween scattering events. Scattering is temperature dependent and at low tem-

perature, it is mainly governed by defects, such as grain boundaries and im-

purities. At higher temperature, it is mainly governed by electron-electron and 

phonon-electron interactions. A reduction of defects, impurities and larger 

grains would in most cases improve electrical conductivity, but it would also 

improve thermal conductivity.  

(1.3) 

(1.4) 
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Thermal conductivity 

The thermal conductivity of a material, κ, can be divided into two main parts35: 

conductivity due to CCs and due to the contribution from the phonons (lattice 

vibrations). The total thermal conductivity can then be written as35:  

 

𝜅𝑡𝑜𝑡 = 𝜅𝑐𝑐 +  𝜅𝑙  

 

where κcc is the CC contribution and κl is the phonon (lattice) contribution.  

 

The CCs contribution can be described as35: 

 

𝜅𝑐𝑐 = 𝑛𝑞𝑒𝜇𝐿𝑇 

 

where n is the CC concentration, qe is the electron charge, μ is the CC mobility, 

and L is the Lorenz number (~2.45x10-8 for free electrons). L is (often) con-

sidered a constant, and used to estimate the thermal conductivity due to pho-

nons (κl). Total thermal conductivity and electrical conductivity can easily be 

measured, and then by applying the Wiedemann Franz law (L = κ/σT (where 

T is the temperature)) κl can be extracted. However, this has to be done with 

caution since L can only be considered constant when certain criteria are ful-

filled. For metals it is more or less constant7. For doped semiconductors it is 

best to make a plot of the thermal conductivity versus the electrical conduc-

tivity, at a constant temperature for samples with different dopant concentra-

tions. Then L for the material can be explicitly determined35.  

 

The lattice thermal conductivity can be described as: 

 

𝜅𝑙 =  
1

3
 𝐶𝑉𝑣𝑙 

 

Where CV is the heat capacity (at constant volume), v is the group velocity 

and l is the phonon mean free path. 

 

Thermal conductivity is dependent on temperature. At low temperature, it is 

mainly limited by defects such as grain boundaries and impurities whereas at 

higher temperature, it is mainly limited by phonon-electron and phonon-pho-

non (Umklapp) interactions. In order to make a thermoelectric material more 

efficient, the thermal conductivity should be reduced to a minimum. The See-

beck coefficient and electrical conductivity are correlated to κcc. Thus, it is 

primarily κl that can be optimized.  

 

(1.5) 

(1.6) 

(1.7) 
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Finally, in order to be able to compare different TEs a dimensionless figure of 

merit has been introduced:  

1.3.5 Efficiency  

A thermoelectric material is as all heat engines limited by the Carnot effi-

ciency (1- T(hot)/T(cold)). It is also limited by the materials it consists of. At 

a ZT of 4 a thermoelectric device would be about as efficient as a normal 

fridge (30%)24. The formula to calculate thermoelectric efficiency is given be-

low:  

Where ηTE is the system efficiency, ΔT is the temperature difference (between 

high and low temperature reservoir) and ZT is the device figure of merit36. 

𝑍𝑇 =
𝜎𝑆2

𝐾𝑡𝑜𝑡
 𝑇                       (1.8) 

𝜂𝑇𝐸 =
𝛥𝑇

𝑇ℎ
∗

√1+𝑍𝑇−1

√1+𝑍𝑇+
𝑇𝑙
𝑇ℎ

                  (1.9) 
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1.3.6 Optimization of the dimensionless figure-of-merit 

Improving a thermoelectric material is a very difficult task, due to the differ-

ently correlated parameters. As can be seen in Formula (1.8), ZT has a squared 

dependence on the Seebeck coefficient, a linear dependence on the electrical 

conductivity and is inverse proportional to the thermal conductivity. All vari-

ables except T are dependent on the concentration of CCs. Plotting α, σ, κ and 

ZT in one figure (Figure 1.1031) as a function of CCs concentration (density) 

indicates there is an optimum. In order to improve a material, a typical strategy 

is to adjust CCs towards an optimum concentration by doping31.  

 

1.3.7 Doping, improving the electrical conductivity 

Doping is a way to increase electrical conductivity by increasing the concen-

tration of CCs. As mentioned in the introduction, a pure semiconductor at 

room temperature is in general not a very good conductor, which can be 

changed upon doping. This affects not only the concentration of CCs, but also 

the kind of charge carriers (electrons or holes). Preferably there is only one 

type of CCs present. At high enough temperature thermal excitation over the 

 

Figure 1.10. Theoretical ZT maximum, as a function of the CCs 

concentration. In the image maximum is reached at about 1019 cm-3, 

which corresponds to a heavily doped semiconductor.  
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band gap will occur, resulting in bipolar diffusion and diminishing of the See-

beck coefficient. The optimum range of electrical resistivity (resistivity = 1 / 

conductivity) for a thermoelectric material is about 10-5.25 Also doping with 

two elements have proven to be beneficial in some cases.37  

 

1.3.8 Improving Seebeck  

It is not as easy to (understand how to) improve the Seebeck coefficient, as it 

is to improve the electrical conductivity, since it connects to the electronic 

band structure of a material. There have been some strategies discussed, e.g. 

the introduction of resonant levels in the band structure38. Achieving ZT > 2, 

it requires a Seebeck coefficient ≥225 μV/K39.  

 

1.3.9 Improving (reducing) thermal conductivity 

Since κCC is not really variable most efforts into reducing thermal conductivity 

are focused on the reduction of κl. This can be done in several ways. First there 

is a choice of the structure and constituting elements, which primarily limits 

optic energy phonons (short wavelength). Generally, materials with large unit 

cell structures, loosely bonded atoms, amorphous materials, and materials 

consisting of heavy atoms will show a low lattice thermal conductivity (cf. 

Figure 1.8).6,33,40 A strategy to scatter medium energy phonons, is to introduce 

nano-sized impurities or voids, or employ layered structures41. This can be 

accomplished through adding or precipitating nano-impurities in the bulk-

forming low concentration of dispersed nanoparticles in the matrix. A strategy 

to effectively scatter acoustic (heat carrying long wavelength) phonons, is re-

alized at the meso scale, by grain size and grain boundaries. The result of ap-

plying all three methods has been referred to as “all-scale hierarchical archi-

tecture” for thermoelectric materials42. The all-scale approach does not neces-

sarily need to have a negative impact on electrical conductivity. Mid to short 

range phonons have a wavelength of 1 nm to 10 μm43, the wavelength for the 

charge carriers is much shorter. Nano inclusions and grain boundaries will 

therefore mainly scatter phonons25,39.    

 

1.3.10 High figure of merit, state-of-the-art.   

In Figure 1.1144 the optimal working temperature is split into three regions. 

Bi2Te3-based materials work best in the low temperature range, up to 600 K, 

medium PbTe-based materials work best in the medium range, from 600 to 

900 K, whereas SiGe-alloys are applied for temperatures above 900 K. As can 

be seen from the image there are only a few materials applicable for the low 
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and medium range, whilst for the high temperature range there are many more 

to choose from. Figure 1.1245 summarizes reported ZT values as of 2018. 

There is progress made in the field, but ZT still needs to be improved for ther-

moelectrics to be competitive in broader applications. A ZT of 4 should be the 

aim, it would make it possible to replace pumps and volatile greenhouse gases 

in all home refrigerators. At a ZT of 4, bulk thermoelectrics would also be 

more efficient than photovoltaics of today.   

 

 

  

 

Figure 1.11. Optimum working temperature and toxicity for state-of-the-

art materials.    
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Figure 1.12. Dimensionless figure of merit, ZT, for state of the-art-

materials. 
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1.4. Aim of thesis 

  
Many II-V related EPFS have been investigated for their thermoelectric prop-

erties, most intensively β-Zn4Sb3 for which ZT values exceeds 1 above 500 K, 

and reach almost 1.4 at 670 K46. A remarkable feature with antimonide EPFSs 

is their exceptionally low lattice thermal conductivity16. Values are similar for 

different systems, regardless of composition and structure.  A major goal of 

this thesis has been to find possible physical origins for the “universal” low 

thermal conductivity behaviour. In particular it was suspected that the chemi-

cal bonding properties of EPFSs, namely localized multi-center bonded struc-

tural entities, may provide a unifying explanation. ZnSb was chosen as a 

model system because of its relatively simple crystal structure and well-un-

derstood bonding properties. Prior to studying correlations between bonding 

and physical properties, a careful characterization of the thermoelectric prop-

erties of ZnSb had to be done. Yet another important aspect was to investigate 

the influence of increased framework polarity/ionicity to thermoelectric prop-

erties. For this isostructural ZnAs was chosen as an ideal material to compare 

with. However, in contrast with ZnSb, ZnAs is not accessible by conventional 

solid state synthesis, but needs high pressure conditions. Finally, it was 

deemed interesting to extend studies to III-IV systems, in particular the B-Si 

and Al-Ge combinations. The known silicon borides SiB6 and α-SiB3 possess 

structures based on icosahedral units and display substantial disorder which 

has hindered conclusive investigations into structure-property correlations. 

The binary Al-Ge phase diagram is void of stable phases. However, several 

metastable phases with structures relating to zinc antimonides have been re-

ported47–49. 
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2 Synthesis and analysis techniques 

2.1 Synthesis  

 

Solid state synthesis can be performed employing several different methods. 

Most common is to mix starting materials in desired proportions and melt 

them, preferably with some stirring so the reaction mixture is not solely ho-

mogenized by convection. Another method is to mix the materials thoroughly 

and heat them below the melting point and relying on one of the precursors, 

or in some cases both, diffusing and forming an alloy. Diffusion based syn-

thesis may afford metastable materials. If diffusion is not fast enough, a flux 

can be used. The flux should be able to, to some extent, dissolve one or all of 

the precursors while not forming stable compounds. This will shortens diffu-

sion distances and speed up crystal growth.  

To produce solid state materials often high temperatures are needed. This 

makes synthesis costly, not only due to high energy needs, but also because of 

special equipment requirements. Impurities are always a problem and highly 

pure precursors are costly, both economically and environmentally. One com-

mon technique to improve crystallinity of a material (atoms move to their low-

est energy positions) is annealing. During annealing a material is heated (typ-

ically at a temperature around 2/3 of its melting point) and kept there for an 

extended period time. 
 

 

Figure 2.1. Glovebox used for storage, and sample preparation. 
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2.1.1 Precursors  

All starting materials were stored, in closed cans, in an Ar filled glovebox, 

Figure 2.1. The glovebox solid state sensors typically indicated less than 0.1 

ppm oxygen and water. Starting materials, their purities and suppliers are 

given in table 2.1.   

Table 2.1 Material specification 

 

Zn-Sb    
Elemental composition Purity (%)*  Supplier 

Zn 99.99  ABCR 

Sb 99.999  ABCR 

Sb** 99.95  Chempur 

Bi 99.999  Sigma-Aldrich 

    
Zn-As    
Elemental composition Purity (%)*  Supplier 

Zn 99.99  Sigma-Aldrich 

As 99.999  Sigma-Aldrich 

    
Si - B    
Elemental composition Purity (%)*  Supplier 

B Amorphous 95-97  ABCR 

B Crystalline 99.95  Chempur 

Si 8μm 99.995  ABCR 

Si 50nm 98  Alfa Aesar 

BN powder 98  Sigma-Aldrich 

* As stated by supplier.  

** Stated when used    
 

 



26 

2.1.2 Synthesis of II-V and III-IV samples. 

Bulk ZnSb 

To obtain pure bulk samples of ZnSb a slight excess of Zn (2 at.%) was em-

ployed. Accordingly, mixtures of Zn and Sb with a molar ratio 1.02:1 were 

prepared in a glove box and encapsulated by flame sealing under vacuum in 

fused silica tubes. This was followed by melting the mixture overnight (973 

K), which was subsequently mixed by shaking 5 times the next morning be-

fore quenching in water, Figure 2.2. The ingot was thereafter ground for 30 

min in an agate mortar, inside the glovebox. The resulting powder was pressed 

into pellets and sealed under vacuum in a fused silica tube. The tube was then 

heated for 5 days at 783 K. After this annealing procedure, pellets were again 

ground into a fine powder which was subsequently used for analysis and con-

solidation by spark plasma sintering (see below).   

 

Silver doped ZnSb 

Samples with starting molar compositions 1.02:1:x Zn:Sb:Ag, where x = 

0.002, 0.005, 0.01, 0.02 and 0.03, were prepared in the same way as described 

for bulk ZnSb. Except for that the temperature for preparing the initial molten 

mixture was chosen to be 1173 instead of 973 K.    

 

ZnAs 

A mixture of Zn and As with a ratio 0.45:0.55 was pressed into pellets with a 

diameter of 4 mm in an Ar filled glovebox. The pellets were then sealed in a 

threaded BN capsule with a screw-on BN lid. The air tight capsule was then 

placed in a graphite furnace, and then together with a zirconia thermal insu-

lating sleeve and a type C thermocouple inserted into MgO-Al2O3 octahedron 

 

Figure 2.2. Preparation of bulk ZnSb. From left to right: Flame sealing 

under vacuum, after vacuum sealing and ingot after melting. 
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(18 mm edge length), which was used as a part of 18/12 assembly.50 The sam-

ple was then pressurized to 6 GPa using a Walker-type multianvil apparatus. 

Thereafter the sample was heated up to 1273 K. Final temperature was kept 

for 15 min where after the furnace power was turned off. The sample was 

recovered in a glovebox.  

 

Bulk synthesis of SiB3 

Elemental precursors silicon and boron were mixed in atomic ratios 1:3 or 1:4 

and pressed into tight pellets. Pellets of reaction mixtures were then enclosed 

in Nb ampules which were then heated in inert atmosphere at various temper-

atures, up to 1300 °C, for extended periods of time. For this a muffle furnace 

that allowed for Ar filling of its chamber was used. To protect the sample from 

the Nb ampoule wall, both corundum and BN crucible were employed. It was 

noticed that products from synthesis runs in BN crucibles often contained im-

purities which was attributed to binders present in the BN crucibles. As an 

alternative to BN crucibles, pure BN powder was then employed as the pro-

tective barrier between the ampoule and the pellet, Figure 2.3. In order to ob-

tain complete reproducibility of SiB3 synthesis from elemental mixtures, it 

was also necessary to have precise control of the temperature. Therefore a 

systematic investigation of reaction conditions was performed with the ther-

mal analyser instrument STA 449 F1 Jupiter from Netzsch. 

 

Single crystal synthesis of α–SiB3 

Large single crystals of α-SiB3 were grown employing a molten silicon flux 

(composition Si10B1) and using the earlier mentioned Ar atmosphere muffle 

furnace. Multiple experiments were performed in at temperatures between 

1435 °C and 1500 °C. Melts were kept between 0.5 and 24 h at target temper-

atures which was followed by rapid cooling by switching off the power supply 

 

Figure 2.3. Setup for bulk and flux synthesis of SiB3 crystals. Nb outer 

casing with mechanically (hand-)pressed BN surrounding the sample.  
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of the furnace. In parallel experiments employing induction heating were per-

formed for 0.5 – 12 h, at temperatures between 1450 °C and 1600 °C. For 

induction heating, temperature reading was problematic and experiments re-

sulted in non-reproducible results. To clean the samples from excess Si, ingots 

obtained after cooling were coarsely ground and the sample treated with a 

mixture of deionized H2O, conc. HNO3 and conc. HF with the volume propor-

tions 1:1:1. 

 

High pressure synthesis of single phase β–SiB3 

High purity crystalline β-boron and silicon powder were loaded into h-BN 

capsule in an Ar-filled glovebox in using molar ratios Si:B = 1:2 or 1:3. For 

these experiment a 6-8 Walker type multi anvil press, using an 18/12 assembly 

was used.50 This is the same instrument that also was employed for the syn-

thesis of ZnAs. BN capsule was placed in a graphite furnace, which was placed 

in a zirconia thermal insulating sleeve in a magnesia octahedron. The octahe-

dron was then placed between 8 grade E (25 mm truncated to 12 mm edge 

length) tungsten carbide cubes from Toshiba before pressure application.  Af-

ter reaching a target pressures between 5 and 8 GPa reaction mixtures were 

heated to temperatures between 900 – 1200 °C. After one hour of dwelling, 

reactions were temperature quenched and recovered after pressure release. For 

cleaning from excess Si, samples were treated with 20% NaOH solution for 6 

hours followed by 6 hours in aqua regia.   

 

2.1.3 Consolidation of samples 

Solid state synthesis often results in polycrystalline powders. This is espe-

cially the case when synthesis is performed at sub-melting temperature of pre-

cursors or with metastable materials. However, for the measurement of elec-

trical and thermal transport properties of bulk materials it is imperative to have 

sample specimens that have a density close to the crystallographic density, 

since properties may be affected by porosity. Furthermore, for such measure-

ments, the sample specimen needs to be shaped to certain geometries. A very 

dense and solid body preferably. One way to densify a bulk powder material 

is by sintering. 

 

Sintering consolidates a powder to a solid body bellow the melting tempera-

ture of the constituents. The driving force of sintering is the decrease in surface 

free energy. Atoms at the surface of a particle are not optimally bonded and 

will therefore become mobile at a temperatures under the melting point. Some 

generally accepted sintering mechanics are evaporation/condensation, diffu-

sion, and flow.51 Application of pressure and vacuum (or certain gases that 
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may escape) during sintering can greatly increase the densification. The sim-

plest way of sintering is by cold pressing followed by thermal treatment. That 

procedure seldom results in a very solid body. A better way is to employ the 

spark plasma sintering technique - SPS. SPS consolidation has been used in 

this thesis for preparation of ZnSb specimens for various property measure-

ments, and for synthesizing dense specimens of α–SiB3-x.  
 

Spark Plasma Sintering – SPS 

This technique employ a pulsed DC current which heats a die and the sample. 

No heating elements are needed, Figure 2.4 and 2.5, so the mass of heated 

 

 

Figure 2.5. Standard graphite (75 MPa typed) die with corresponding 

graphite fibre isolation.  

 

 

Figure 2.4. SPS setup. Upper left, display heated mass. Upper right, up-

close of sample. Bottom, pulsed DC current with 3.3 ms second 

wavelength in 12:2 ratio (12 on-2 off). 
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material is kept low, and heating can be performed very rapidly. If a sample 

is not conducting the SPS is similar to a hot press. But if the sample is con-

ducting, sintering can be enhanced greatly. Compared to free sintering (grain 

boundary and lattice diffusion + viscous flow), effects such as plastic defor-

mation and grain boundary sliding contribute to densification, mainly due to 

uniaxial pressure. Other thermally induced sintering effects such as high local 

temperatures, resulting in possible local melts and non-uniform temperature 

giving rise to thermal diffusion, may partake. The enhancement due to the 

applied field can be split into field and current effects. Current effects are per-

colation, Peltier, electrochemical and electro migration. The electric field can 

induce matter transport and grain boundary diffusion, Figure 2.6.51–56  

Often, most of the applied current will pass through the graphite die and 

heat the sample from outside as in a hot press. To circumvent this a non-con-

ducting die material can be used.57 SPS has also been used for synthesis of 

exotic materials.58 Higher pressures can also be achieved using SiC as the die 

material.59–61 Since SPS is a rapid technology it is very applicable for sintering 

of nano-materials, short hot time is often key in limiting grain growth.62 Figure 

2.7 displays a typical sintering S-shaped curve, densification begin when 

grains soften due to increased temperature, then it is rapid when grains con-

tinue to soften, and finally densification slows to and finally stops. During 

 

 
Figure 2.6. A schematic image of current path in an SPS die. 1) Joul 

heating where grains barely touch, 2) sparks and possible plasma at 

small gap, 3) applied uniaxial force and also entry point for current, 4) 

sample particle, 5) thermometer or pyrometer.  
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sintering one monitors the sintering curve in real time, and can hence often 

see when the sample is dense. 

 

During this thesis two different SPS instruments have been used. SPS 530ET, 

which is stationed inside a glovebox, Figure 2.8, to avoid contact between 

sample and atmosphere. It is capable of delivering up to 50 kN uniaxial press-

ing force, with a heating rate of up to 1000 °C/min to a maximum of around 

2500 °C. The other, SPS 825, is designed for large samples, up to 150 mm. It 

is capable of delivering huge amounts (up to 9000 A @ 12 V) of current and 

 

Figure 2.7. Sintering curve of UO2 with constant uniaxial pressure (40 

MPa) while ramping the temperature. 
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Figure 2.8. Glovebox (Ar) mounted SPS facility (530ET) at Stockholm 

University, department of Material and Environmental Chemistry (MMK) 
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up to 250 kN uniaxial pressing force. Preparation of samples for SPS was per-

formed by loading ground bulk powder, or very well mixed precursors, into 8 

or 12 mm graphite dies. The powder mass was estimated using crys-

tallographic density and desired pellet size. Sintering was performed under 

vacuum (5 x 10-5 bar) with a heating rate of 50 K/min for ZnSb, and 200 K/min 

for α-SiB3. Full pressure (75 – 85 MPa) were in general applied just before 

target temperature was reached and 

reduced to about 1 kN just before 

reaching full time, in order to re-

duce tension in the sintered tablets. 

Figure 2.9 shows an example of a 

temperature and pressure program 

for ZnSb SPS consolidation. The re-

sulting tablet after polishing, dis-

playing metallic lustre, can be seen 

in Figure 2.10. Before measuring 

physical properties, the tablets were 

cut using a wire saw. This is a very 

gentle cutting method that does not 

induce unnecessary cracks in the ra-

ther brittle samples. Edges were 

used for powder diffraction and 

three different rods were cut for re-

sistivity, thermal transport and Hall effect measurements.  

 
Figure 2.9. Employed heating and pressure program for SPS consolida-

tion of ZnSb-Ag doped samples. 
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Figure 2.10. ZnSb SPS sintered 

sample after polishing. Polishing was 

performed step wise using 600, 1200, 

2000 and 4000P SiC papers.  
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2.2 Applied characterization methods 

2.2.1 Structural characterization 

X-ray powder diffraction (XRPD) - The back bone of solid state analysis. 

All produced samples, and often also the starting materials, were analysed us-

ing XRPD. A brief description: Monochromatic X-rays are scattered elas-

tically with a sample and interfere either constructively (peaks) or deconstruc-

tively, see Figure 2.11 and 2.12. This is described by Braggs law, nλ = 2d sin 

θ, where the n refers to the reflection order and can typically be considered as 

1. When the condition is fulfilled constructive interference is achieved. The 

determining factors for the diffracted pattern are the wavelength λ and distance 

d between adjacent planes, defined by the same set of Miller indices h, k and 

l. If either one of them is varied during data collection a diffraction pattern is 

generated. The peak intensity is determined by the electron density distribu-

tion in the unit cell, which most importantly includes the type of atoms and 

their positions. Figure 2.13 displays fingerprint patterns for cubic structures. 

There are 7 crystal systems from which 14 Bravais lattices can be constructed 

 

Figure 2.11. Incoming monochromatic radiation with wavelength, λ, being 

diffracted at first and second plane. Distance between plans is, d. When 

the travel distance of two diffracted waves is equal to nλ (n – is an integer, 

can be seen as layer number in the image above) constructive interference 

occur, resulting in a peak in the powder pattern (cf. Figure 2.13). 
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by considering lattice centring options. Also accounting for symmetry opera-

tions a total of 230 space groups can be generated, which also includes 11 

pairs of chiral space groups.63  

 

The radiation mostly used for structure determination is CuKα (λ = 1.54184 

Å). It is generated by high energy electron impacts in a metal (Cu) target. 

Other common sources are Cr, Fe, Mo, Ag etc. The heavier the atoms in the 

target, the shorter the generated Kα radiation wavelength.  

 

X-ray powder diffraction can, based on a materials fingerprint, be used for 

identification and to find crystalline impurities (down to about 0.5%), in con-

junction with a database). X-ray powder data is often used to refine structure 

parameters (cell parameters and atom positions) trough Rietveld refinement.   

 

High Temperature – X-ray powder diffraction (HT-PXRD) 

Simple powder diffraction can be complimented with various techniques. One 

powerful technique is HT-PXRD. Performing X-ray investigation whilst 

changing the temperature of a crystalline sample reveals phase transitions 

and/or how the unit cell expands/contracts, i.e. allow for the determination of 

coefficients of thermal expansions (CTE) (moving peaks with heat). 
 

 
 

Figure 2.12. Fingerprint powder patterns for cubic crystal system with 

only atoms in the corners of the unit cell (PC), atoms in corners and in 

the centre of every face (FC), and atoms in every corner and in the center 

of the cube (BC). PC where all planes give rise to peaks, FC and BC 

where destructive interference leads to the absence of certain peaks. 
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Rietveld refinement 

The purpose of a Rietveld refinement is to minimize a least square fit, Formula 

2.1, between observed and calculated peaks (intensities). In this work Rietveld 

refinement was performed employing FULLPROF64. The following order of 

refinement was mostly used to fit structural models to experimental patterns: 

(1) Background starting from manually selected points. (2) Zero shift. (3) Unit 

cell parameters, a, b, c, α, β, γ. (4) Peak shape parameters using a pseudo-

Voigt function. Steps 1-4 were performed several times, first for the main 

phase then moving on to minor phase(s). (5) If, from fitting at this stage it was 

deemed plausible, preferred orientation was added. (6) Atom coordinates. (7) 

Thermal parameters. In some cases the process was repeated or back tracked. 

Depending on the structure certain coordinates and thermal parameters were 

constrained.65–67 Parameters affecting a powder patterns feature are listed in 

Table 2.2.68   

 

∆ =  ∑ 𝑊𝑖(𝑌𝑖
𝑂𝑏𝑠 − 𝑌𝑖

𝐶𝑎𝑙𝑐)2

𝑛

𝑖=1

 

 

where Δ is the residual, and the least square of observed and calculated inten-

sities are weighted with W.  
 

Table 2.2. Properties affecting powder pattern features.  

Affect-

ing  

peak 

Due to: 

Crystal Struc-

ture Specimen Properties Instrumental Parameters 

  Unit cell Absorption Wavelength 

Position a, b , c, α, β, γ Porosity Sample alignment 

     Axial beam divergence 

      
Inten-

sity 

X, Y, Z, Biso, 

Occ  Preferred  orientation Geometry 

   Absorption Radiation (polar) 

   Porosity  
      
Shape Crystallinity Grain size Radiation (chromatic) 

  Disorder Strain  
  Defects Stress   

 

 
For X-ray analysis during this work mainly in-house diffractometers have 

been used. Most samples have been measured with either the PANalytical 

X’Pert PRO diffractometer in Bragg-Brentano geometry employing CuKα1 or 

(2.1) 



36 

the PANalytical X’Pert PRO in Bragg-Brentano, Debye-Scherrer or transmis-

sion geometry employing CuKα. For high temperature measurements a fur-

nace from Anton-Paar equipped with beryllium windows (capable of vacuum 

or gas atmosphere) was employed.  

2.2.2 Microstructure and compositional analysis 

Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy is a technique where a highly focused electron 

beam sweeps over the surface of a sample. During sweeping detectors collect 

returned signals for a fixed time (pixel by pixel). This creates a raster over the 

sample resulting in an image. Magnification is determined by scanned area 

and screen size. The image is very dependent on the type of signal that is de-

tected, secondary electrons (SE), back scattered electrons (BE) or generated 

X-rays. SE are electrons coming from the sample with low energy. Due to 

their low energy, they can only come from the top 2-4 nm of the sample sur-

face. BE have high energy and can escape from deep within the sample. They 

are elastically scattered, meaning they do not strongly interact with atom cores 

or other electrons. In principle they can be seen as returned electrons from the 

 

Figure 2.13. CASINO simulation for ZnAs. a) Penetration and information 

deapth of SE and BE. b) Energy deposit volume. c) Radial distribution of X-

ray from As. d) Radial distribution of X-ray from Zn. 

a) b)

c) d)
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incoming electron beam. Generated X-rays can be analysed by energy disper-

sive spectroscopy (EDX), which is to detect and analyse emitted photons and 

their energy. For this, a solid state semiconductor crystal is normally used. 

When a photon enters the crystal it is absorbed. During absorption charge car-

riers are created. A current can then flow through the crystal. This current is 

in direct proportion to the photon energy. The information depth and diameter 

of BE and EDX is material dependent (elements and density), and can be sim-

ulated using the CASINO (v2.48)70 program, Figure 2.13. All SEM images 

are generated as the intensity of detected electrons or X-rays.  

 

For SEM investigations during this work a JEOL JSM-7000F was used. It is 

equipped with a Schottky-type FEG capable of generating a maximum current 

of 200 nA. The comparatively high current makes it very good for EDX and 

BE imaging. Acc voltage can be selected between 0.5 kV up to 30 kV, with a 

probe size of 3.0 nm at 1 kV and 1.2 nm at 30 kV. It is equipped with an lq N2 

cooled solid state EDX detector from Oxford instruments. For evaluation of 

EDX data the Oxford INCA software has been used. Investigations have been 

performed at work distances between 6 to 20 mm, high and low probe current 

have been employed (3 – 15 setting in program), with acc voltages from 1 kV 

up to 30 kV, also in some cases gentle beam have been employed.  

 

Sample preparation was performed firstly by coarse SiC paper polishing. This 

was followed by either fine papers (in several steps) and finally diamond 

pastes or cross section polishing (CS). CS was performed employing a JEOL 

SM-09010 instrument, where an Ar-beam at 90 degree angle towards the sam-

ple, covered by a shield from the manufacturer, performs the actual polishing.  

For sample preparation of powders two different ways was employed, depend-

ing on if carbon or aluminium substrate was undesired. Either powder was 

dispersed in acetone, using an ultrasonic bath to de-agglomerate particles, fol-

lowed by transferring of one droplet of the solution onto an aluminium sample 

holder. When using graphite substrate, powder was sprinkled over the holder, 

the graphite substrate has a thin film of glue on top making powder stick to it. 

It is important to point out, that if mechanical pressure in anyway is exerted 

on the powder, it is very likely particles get contaminated with glue (for the 

graphite substrate that is).69,70  
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2.2.3 Physical property characterization 

Physical Property Measurment System (PPMS) 

The PPMS® is a versatile measurement system from Quantum Design, see 

Figure 2.14. The system can measure a variety of physical properties, using 

different options and sample holders, over a temperature range of 1.8 K to 400 

K (range can be increased with 3He or furnace add on). For property measure-

ments dependent on magnetic field the system is equipped with a supercon-

ducting magnet. The system can, in some options, measure several properties 

and samples simultaneously. The measurement options include electrical re-

sistivity, Seebeck coefficient, I-V curves, critical current and field (supercon-

ductor Meissner effect), thermal conductivity, heat capacity and hall coeffi-

cient.  

Resistivity option 

Resistivity can be measured on the resistivity puck, TTO puck or the ac 

transport puck, Figure 2.16a, b, d. A sample connected for pure resistivity can 

be found in Figure 2.17. The resistivity option is dedicated to measure resis-

tivity and it is therefore very good at doing just that. It has its own dedicated 

electronic hardware capable of measuring up to three samples at a time. Since 

the resistivity hardware is dedicated to only measure resistivity it can do that 

very accurately and over a large resistivity range, from really low resistance 

samples, up to resistance values of about 40 MΩ (above 4 MΩ the error in-

creases rapidly). Limitations in stimulating signal is, for current +/- 0.01 – 

 
 

Figure 2.14. In-house PPMS with 9T magnet and dual dewars, lq N2 in 

the outer and He in the inner.  
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5000μA, voltage 1 – 95 mV and in power 0.001 – 1000 μW. The resolution in 

measurements is around 20 nV, at 4 μΩ and 5 mA excitation current and meas-

urements can be performed in both ac and dc mode.71   

Thermal Transport Option (TTO) 

In the TTO the PPMS can measure up to 3 properties at once. Namely: the 

electrical resistivity, the thermal conductivity and the Seebeck coefficient. 

From these properties the thermoelectric figure of merit can be derived, see 

Formula (1.8) in chapter 1.3. Since all properties are measured at once, the 

error can be kept low. Additional errors from multiple measurements and set-

ups using different systems, multiple sample preparation methods or by vari-

ations in sample quality/size can be avoided. TTO measurements can be per-

formed on the fly, with an adaptive algorithm predicting stimulation current 

and heating power, or as a steady state measurement, where the user sets all 

parameters and measuring conditions. The TTO utilise the electronic hardware 

of the ac transport option (ACT), which sets the limitations of the measure-

ments. Stimulation current has a resolution of 20 nA and a maximum of 2 A, 

at a frequency range of 1 – 1000 Hz. The measuring resolution depend on gain 

settings, also the ACT is not as accurate as the resistivity hardware.71 This 

leads to that often a separate measurement of resistivity needs to be performed. 

The TTO puck can be seen in Figure 2.16b, where shoes hang loosely in their 

manganie twinned wires.  
 

Basics of the TTO measurement 

Figure 2.15 displays a sample after a TTO measurement. The heater shoe (hot 

foot) and the cold foot are attached on the ends of the sample and the hot and 

cold side thermometers are attached in the middle of the sample. I+ is where 

the current enters the sample for resistivity measurements, and I- is where it 

exits.  

 

   

Figure 2.15. TTO sample after measurement to the left, schematic image 

of sample backside to the right.  

Coldfoot
I-

Heater
shoe

I+

T cold
V+

T hot
V-
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To measure the thermal conductivity and the Seebeck effect, a thermal pulse 

is generated at the heater shoe and a temperature gradient starts to build up. 

After a time, when the measurement condition is reached, the temperature dif-

ference between the two middle electrodes is measured, as well as the electric 

potential. Thereafter the Seebeck coefficient and thermal conductivity is cal-

culated by the software, employing user defined sample dimensions.  

 

Charge carrier density measurements (Hall coefficient)  

A charged particle (with charge q) in an electric field (E) will experience a 

force Fe = qE. If the same charge moves through a magnetic field it will also 

be affected by a magnetic force Fm = qu x B. Where u is the velocity vector 

(m/s) and B is the magnetic flux density (Wb/m2). The total force on the par-

ticle can now be expressed as F = q(E + qu x B). This equation is called the 

Lorentz’s force equation. This is the fundamental base for hall measure-

ments.72 The magnetic contribution can be visualized as B directed in to the 

paper, perpendicular to the particle u vector, which is pointing to the right 

(current direction) then electrons will be pushed up by the Fm. This results in 

 

Figure 2.16. Sample puck for a) the ac transport option (ACT), b) the 

thermal transport option (TTO), c) the heat capacity option (Cp) and d) 

the resistivity option. 

a) 

b) 

d) c) 
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an electric potential (Vhall) 

over the upper and lower 

(long) side of a sample (the 

sample shown at the bottom) 

in Figure 1.18 has been used 

for Hall coefficient meas-

urement.  It is important to 

note that the u vector for 

holes is directed in the oppo-

site direction, this together 

with the opposite charge will 

make them feel Fm in the 

same direction as electrons.   

 

Regarding problems with 

measured data, reversing the 

field resulted in different 

hall coefficient (Rh) and car-

rier density (n). This means 

there is a magneto resistive 

(and/or resistive) contribu-

tion to the measured Hall 

potential. No pure resistivity 

measurement has been per-

formed with the Hall set up, in order to be able to correct for the extra (possi-

ble) voltage from resistivity. So, the exact carrier density cannot be derived. 

5-point measurement was employed to reduce resistive contribution, but no 

system is prefect and a 180 degree measurement is needed to eliminate the 

magneto resistive contribution.71  

 

Reliability of Hall coefficient data  

During the Hall measurements their reliability and reproducibility was an is-

sue. In the following the settings and conclusions with respect to obtaining 

correct data are given.   

 

A stable measured sine wave was confirmed at room temperature at 7 Hz. The 

frequency was chosen as a prime number, and a number that does not coincide 

with the 50 Hz grid. Contact resistance was checked before every measure-

ment and confirmed as low and matched.  

 

The measured voltage was occasionally as low as 0.1 μV. This low measured 

voltage resulted in maximum gain settings for the PPMS (preamp gain x1000, 

 

Figure 2.17. Top, sample with Pt 0.05 mm 

wires connected for 4-point resistivity 

measurement. Bottom, sample after Hall 

coefficient measurement. In both samples 

sides are covered with silver paint, for 

hall coefficient two leads are connected on 

lower long side and one on upper long 

side. Sample material ZnSb1.02Sb1Ag0.005. 
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ac board gain x 125 resulting in total gain x 125000). Occasionally a gain 

change occurred during measurements, which resulted in large jumps in the 

measured data. Due to the low measured voltage, the instrument operated at 

the border of its capabilities, which may be detrimental to resulting data. To 

solve the low voltage problem the sample geometry could be changed (during 

measurements the distance between contacts was only about 1.5 mm). A 

higher magnetic field could also be an option, as it would result in a larger 

potential difference.   

 

The magneto resistive component was ignored. To correct for the possible 

magnetoresistive component, two measurements needs to be done, in + and – 

field (B+ and B-). Thereafter the magnetoresistive component can be derived 

from Rxx+Rxy=Rmeasured(B+) and Rxx-Rxy=Rmeasured(B-).  

 

Further, the PPMS manual states: “Note that due to the small magnitude of the 

Hall voltage, the sample resistance may still make a contribution to the meas-

ured transverse voltage even after balancing the pot.” This could possibly be 

addressed by measuring one sample at a time with both cannels. This would 

result in a virtual 180 degree rotation.  

 

Measured data could be confirmed as a plot of ρ versus field for a sample 

should yield a straight line with slope = Rh (in units of Ω-cm/Oe = 108 

cm3/coulomb). (Ref 6.3.1.2 fig 6-2 c in the ACT PPMS manual).  

 

During this thesis measurements employing TTO, Resistivity, Hall coefficient 

and Cp have been performed over the range of 2 – 400 K. For Hall coefficient 

fields of up to 3 T have been used. Examples of sequence files for some of the 

used options can be found in appendix A.    
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3.  II-V combinations  

 

3.1 Introduction  

 

 
As explained in chapter 1.2, the binary materials ZnSb and CdSb represent 

prototype EPFSs, and the Zn-Sb and Cs-Sb phase diagrams have enjoyed a 

long history of investigation in the realm of thermoelectric materials re-

search.73,74,75 The Zn-Sb system has a peculiar phase diagram where three 

 

 

Figure 3.1. Phase diagram of the binary systems Sb – Zn, Cd – Sb, As – Zn 

and As - Cd  
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phases are located in the small range between 50 and 60 at.% Zn (ZnSb, 

Zn4Sb3, and Zn3Sb2).75 Zn4Sb3 exhibits one of the highest thermoelectric fig-

ure of merit known for a binary compound, and has been intensely investi-

gated.30,76,77 In contrast, the Cd-Sb system contains only one, equiatomic 

CdSb, as a stable phase. However, there is a metastable phase region between 

523 and 693 K containing the compositions Cd3Sb2 and Cd4Sb3, and highly 

complex structured intermetallic phases from this region can be crystallized  

from Cd-rich melts.78 

 

Compared to Zn4Sb3, the equiatomic ZnSb has received only minor attention 

as a thermoelectric material. ZnSb has a comparatively simple structure with 

8 formula units in an orthorhombic unit cell (cf. Figure 1.3 in chapter 1.2 and 

Figure 3.2). Unlike Zn4Sb3, ZnSb is considered a stoichiometric compound 

without significant structural disorder. The thermal conductivity of ZnSb is 

higher than that of Zn4Sb3.30 Additionally, an impurity band seems to obscure 

the electrical transport properties below room temperature.79 Despite of this, 

recent investigations on hot-pressed ZnSb showed figure of merit values 

around 0.8 at 550 K.80 Even higher ZT (approaching 1) were achieved in com-

posite materials containing 2.5 % nano-Zn3P2 particles and 0.2 % Cu.81,82 

These results nourish expectations that also equiatomic ZnSb can be turned 

into a state-of-the-art thermoelectric material. Therefore it is important to bet-

ter understand the intrinsic transport properties of ZnSb. This includes their 

unambiguous characterisation as well as a sound interpretation of the electri-

cal and thermal conductivity behaviour. As a matter of fact it was hoped that 

 

Figure 3.2. a) Orthorhombic structure of ZnSb, built from layers (dark 

and pale) of rhomboid Zn2Sb2 rings. Cyan denote Zn and red Sb atoms. 

b) five-coordination of Zn and Sb. Inserted numbers indicate interatomic 

distances (Å @ RT). c) Rhomboid Zn2Sb2 ring and connectivity to 

neighbouring rings. Connecting (c) and ring (r) bond types. Thermal 

ellipsoids correspond to 90% probability density at room temperature, 

obtained from SCXRD data.  
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ZnSb can serve as a model system to elucidate the debated origin of the low 

thermal conductivity of Zn4Sb3 and other Sb-based EPFS materials. 

 

Compared to Zn-Sb, the phase diagram for the Zn-As system is rather simple, 

Figure 3.1. ZnAs and Zn4As3 are absent, and congruently melting ZnAs2 and 

Zn3As2 represent the only phases. Noteworthy is also the considerably higher 

melting point of Zn-As phases as compared with Zn-Sb phases. The same is 

true for Cd-As phases when compared to Cd-Sb ones. The higher thermal sta-

bility of the As phases can be attributed to the larger polarity of the bonding 

between II and V constituents. It is not really clear how thermoelectric prop-

erties change when transitioning from Sb to As based EPFS materials. 

Equiatomic ZnAs is not part of the regular phase diagram, but can be accessed 

when using high pressure. Comparing physical properties of the two 

equiatomic phases, ZnSb and ZnAs, has been highly interesting and instruc-

tive.   
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3.2. Characterization of thermoelectric properties of 

ZnSb (paper I)  

The reinvestigation of the 

transport properties of ZnSb in-

volved differently prepared sam-

ples. Three types of ZnSb samples 

were made: crystal pieces from a 

Bi flux synthesis, a cold pressed 

sample from ground single crys-

talline pieces as starting material, 

and polycrystalline samples ob-

tained from spark plasma sinter-

ing of ZnSb powder at several 

temperatures. In the following the 

cold pressed sample is abbrevi-

ated CP and the spark plasma sin-

tered samples as TTT-SPS, where 

TTT refers to the sintering tem-

perature in °C. Figure 3.3 shows 

photographs of ZnSb specimens 

and Figure 3.4 shows BE-SEM 

electron images of the CP and the 

450-SPS sample.  For the CP sam-

ple a density of 92 % was reached. 

The SEM image Figure 3.4 (top), 

shows irregularly shaped grains 

with sizes from 0.1 to about 30 

microns, separated by appreciable 

gaps and pores. Sintering at 450 

 

Figure 3.3. ZnSb samples a) Bi-flux grown single crystals, b) Cold pressed 

sample, c) Multi grain SPS sintered sample.  

a) b) c)

 

 

Figure 3.4. BE-SEM images of ZnSb 

samples. (Top) Coldpressed sample, 

pure ZnSb. (Bottom) SPS-450 °C 

sample. Black is voids, circled is ZnO. 

White is rich in Sb. Bars are 10 um. 

a)

b)

a)

b)
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°C resulted in a fully dense specimen. The SEM image, Figure 3.4 (bottom), 

show a mixture of small and large grains (about 1 – 50 μm), where excess 

elemental Sb has migrated or gathered in the grain boundaries. There is a bit 

of ZnO (about 0.5 at.%) according to XRPD analysis, some is present in the 

image.   

 

Figure 3.5 displays the temperature dependence of the thermopower (Seebeck 

coefficient) for CP, 420-SPS and 450-SPS samples. ZnSb is a p-type material, 

which can be seen as the 

Seebeck coefficient at-

tains a positive value. 

The curves for dense 

SPS samples are char-

acterized by a rapid in-

crease from low tem-

peratures to about 200 

μV/K at around 45 K, 

with a slope of 5.4 

µV/K. Above this tem-

perature the increase 

has a much smaller 

slope up to about 360 

μV/K at 400 K. The CP 

sample displays a simi-

lar behaviour, with the 

slope change somewhat later, at around 100 - 150 K.  

 

The temperature dependence of the electrical resistivity ρ(T) can be seen in 

Figure 3.6. Above 10 K, the resistivity for all samples decreases with increas-

ing temperature until a minimum is reached at around 50 K. Beyond the min-

imum, ρ(T) increases almost linearly up to a maximum between 300 - 400 K. 

Above maximum, the resistivity attains a semiconductor-like (negative) tem-

perature dependence. This behaviour is especially clearly reflected by the 

crystalline specimens (Figure 3.6b). Compared to dense SPS samples the re-

sistivity values for the CP sample are higher, this can be attributed to its lower 

density (bad grain contact and voids, cf. Figure 3.4 (Top)). Again, the behav-

iour of crystalline specimens is different from CP and SPS samples. The ex-

trema occur at lower temperatures and the slope of the quasi-linear region ap-

pears variable. The origin of this variation is not completely clear, but may be 

attributed to a direction dependence of ρ(T). Absolute values of resistivity for 

crystalline specimens are insecure, due to their irregular shape. Another pecu-

liarity is the maximum at around 10 K, found for all SPS processed samples.  

 

 

Figure 3.5. Seebeck coefficient for 420-SPS, 

450-SPS and CP. All samples display similarly 

high Seebeck coefficient.  
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The resistivity behaviour of 

ZnSb samples showing three 

distinct regions of temperature 

dependence is the hallmark of 

impurity band conduction.83 

An acceptor band (impurity 

band) is located just above the 

valence band with an activation 

energy of, probably, less than 

0.1 eV. At low temperatures 

this acceptor band is first popu-

lated. After that a quasi-linear 

range of the resistivity is fol-

lowed, where the impurity 

band is completely occupied 

and the concentration of charge 

carriers is constant with tem-

perature. At higher tempera-

tures intrinsic conductivity 

comes in to play, with the exci-

tation of electrons across the 

0.5 eV band gap. The onset of 

intrinsic conductivity involv-

ing minority carriers is detri-

mental to Seebeck coefficient, 

which decreases after reaching 

400 K.  

 

For the Hall coefficient, the impurity band conduction expresses itself in a 

maximum at around 37 K for the SPS samples (Figure 3.7). For temperatures 

approaching 0 K and temperatures corresponding to exhaustion, the impurity 

band is essentially empty and filled, respectively, yielding a similar Hall co-

efficient. The maximum then occurs at a temperature where the product of the 

CCs and the mobility is the same for carriers in the valence band and conduc-

tion band.83 The location of the maximum coincides with a change of concav-

ity in the temperature dependence of the resistivity (cf. Figure 3.6a) and the 

kink in the Seebeck coefficient (cf. Figure 3.5).    

 

 

Figure 3.6. Electrical resistivity. a) SPS 

sintered samples and cold pressed 

sample. b) Single crystals, single 

crystals was not of perfect geometry and 

data may contain large errors.   
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It follows that impurity band conduction is an intrinsic property of ZnSb, in-

dependent of preparation or processing of the material. Recently Song et al. 

speculated that the impurity acceptor band could connect to a sizable concen-

tration of native point defects in ZnSb.83,84 This hypothesis has been confirmed  

by theoretical work where 

very low formation energies 

for Zn point defects (0.3 – 

0.8 eV, depending on the de-

fect charge) were proven.85–

87 Zn defects/deficiency is 

also observed for Zn4Sb3 

and relates to the carrier 

concentration of this mate-

rial (i.e. self-doping).88 The 

large differences in electri-

cal properties for single 

crystal and polycrystalline 

ZnSb samples are assigned 

to higher defect concentra-

tion in the polycrystalline 

material. At higher tempera-

tures, after intrinsic conduction occurs, the behaviour of polycrystalline and 

single crystal samples becomes similar.89 The lower concentration of defects 

in single crystal samples could be a consequence of the lower temperature 

applied in their synthesis. 

 

The temperature dependence of the thermal conductivity for ZnSb samples is 

shown in Figure 3.8. As estimated through the Wiedemann-Franz law, the 

contribution of the electronic thermal conductivity is around 1% of the total 

thermal conductivity, and thus negligible. The κ(T) behaviour of SPS samples 

is typical of well crystalline semiconductor materials where boundary and 

point defect scattering (with a Tn, n = 2-3, dependency) are dominant at low 

temperatures, and Umklapp scattering (with a 1/T dependency) takes over at 

high temperatures.90,91 This type of materials have a thermal conductivity 

maximum when the phonon mean free path becomes comparable to the crystal 

dimension.  

 

An important observation is that the lattice thermal conductivity of ZnSb is in 

fact very low. For temperatures above 100 K it compares well with bulk PbTe 

(Figure 3.8a inset), which is a state-of-the-art thermoelectric material.35 Figure 

3.8b display a comparison of CP ZnSb and Zn4Sb3.92 At room temperature κL 

values of ZnSb samples are generally about twice as high as compared to those 

 

Figure 3.7. Hall coefficient of ZnSb. 

Showing typical semiconductor behaviour 

after about 50 K. 
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of disordered β-Zn4Sb3. So, even if equiatomic ZnSb cannot match the ex-

traordinarily low thermal conductivity of disordered β-Zn4Sb3 its κl is compa-

rable to other state-of-the-art thermoelectrics.  

 

In conclusion, physical 

transport properties of differ-

ently prepared ZnSb samples 

were determined and impu-

rity band conduction firmly 

established as an intrinsic 

phenomenon. The impurity 

band determines electrical 

transport properties up to 

temperatures of 300 – 400 K, 

after which ZnSb become an 

intrinsic semiconductor. The 

onset of the intrinsic conduc-

tion is dependent on the sam-

ple preparation. For single 

crystal specimens it is appar-

ent at a lower temperature 

range, 300 - 350 K, whereas 

for polycrystalline samples 

intrinsic conduction may not 

be observed below 400 K. 

This indicates that the impu-

rity band ranges from discrete 

acceptor levels to a band with 

sizeable dispersion, depend-

ing on sample preparation and 

provenience. The origin of 

the impurity band may relate 

to the presence of Zn defects. 

Successful attempts of improving thermoelectric properties of ZnSb will en-

hance the impurity band by increasing the number of acceptor states and shift 

the detrimental transition of intrinsic conduction to even higher temperatures.  

 
 
 
 

 

Figure 3.8. Thermal conductivity. a) SPS 

sintered samples and cold pressed in 

comparison with the well-established 

PbTe35. b) Lattice thermal conductivity 

comparison of cold sample and Zn4Sb3.   
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3.3 Doping ZnSb with Ag  

 
It has been shown that ZnSb composite materials, containing small amounts 

of Zn3P2 and Cu particles (nano sized), display figure of merits approaching 1 

at 600 K.80–82 Even higher ZT values of 1.15 at 670 K, have been reported for 

Ag-doped ZnSb.93 Here it was assumed that Ag dopant, which was added in 

concentrations of 0.002 and 0.03 to the Zn and Sb synthesis mixture, formed 

Ag3Sb particles, which then nanostructured and got embedded in the ZnSb 

matrix. The presence and distribution of Ag3Sb nanoparticles in ZnSb was 

then made responsible for the optimized carrier concentration and the signifi-

cant reduction in lattice thermal conductivity.  

 

In order to study Ag doping in more detail, samples were prepared by adding 

0.2, 0.5, 1.0, 2.0, 3.0 at.% Ag to synthesis mixtures of Zn1.02Sb, which typi-

cally resulted in phase pure ZnSb samples. The density of silver doped sam-

ples after SPS consolidation was > 99%. No impurity peaks, or peaks related 

to silver or silver antimony compounds, were found in the powder patterns, 

 

Figure 3.9. Powder pattern of ZnSb samples with 0.2, 0.5, 1.0, 2.0, 3.0 

at.% Ag added. If present, fcc-Ag would have a peak at around 38 

degree.  
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Figure 3.9. These patterns are virtually indistinguishable and the slight varia-

tions of the lattice parameters are not significant. Figure 3.10, compiles the 

results from the TTO measurements. One notices a significant reduction of the 

 

Figure 3.10. Electrical resistivity, thermal conductivity, Seebeck coefficient 

and dimensionless figure-of-merit for Ag-doped ZnSb samples.  

 

 

Figure 3.11. Pure ZnSb sample compared with 0.5 at.% Ag doped. Left) 

Seebeck coefficient for doped and undoped samples. Right) Dimensionless 

figure-of-merit w/o dopant.   
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electrical resistivity which becomes lowest for the 2 at.% Ag sample, and then 

increases again for the 3 at.% Ag one. Compared with undoped ZnSb the tem-

perature dependence of the resistivity curves appears changed, Figure 3.11. 

The maximum at around 350 K which for undoped ZnSb marks the onset of 

intrinsic conduction is absent for doped samples and it appears that Ag doping 

possibly adds another 

impurity band to ZnSb. 

The Seebeck coeffi-

cient is decreased in the 

doped samples (by 

about a half), whereas 

thermal conductivity is 

only slightly influ-

enced. An optimum 

doping situation was 

found for 0.5% Ag for 

which ZT values of 1.2 

were obtained at 390 K. 

This is indeed a remark-

able improvement com-

pared to undoped ZnSb. 

Hall measurements pro-

vided some more infor-

mation, Figure 3.12. It 

is seen that the CC den-

sity is drastically in-

creased, by two orders 

of magnitude when 

adding Ag. For the 0.2 

and 0.5 at.% Ag sam-

ples the CC density in-

creases with increasing 

temperature, as in a 

semiconductor. When 

more Ag is added the 

temperature depend-

ence changes sign and 

for the 3.0 at.% Ag 

sample the CC density 

decreases with increas-

ing temperature. This 

indicate that both holes 

 

Figure 3.12. Resistivity and CC density of ZnSb 

and Ag-doped samples. (Top) ZnSb, (Middle) 

0.2 and 0.5 at.% Ag, (Bottom) 1.0 and 3.0 at.% 

Ag.  
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and electrons are present. Maximum ZT value, as a function of added Ag is 

compiled in Figure 3.13.   

 

Despite exhaustive SEM and TEM investigations, it was not possible to obtain 

conclusive information about the faith of Ag in the Ag-doped ZnSb samples. 

One may assume that a very small concentration replaces Zn in ZnSb, i.e. 

leading to the formation of Zn1-xAgxSb. However, there is neither conclusive 

evidence from compositional EDX analysis nor the refinement of lattice pa-

rameters. It is clear that large (about 0.5 μm) Ag particles segregate into grain 

boundaries, but there is also evidence of nano-sized Ag-rich particles trapped 

within the ZnSb bulk grains, Figure 3.14. Lastly, the formation of Ag3Sb par-

ticles could not be confirmed.  

In conclusion Ag doping changes dramatically resistivity (CC density) behav-

iour of ZnSb and improves thermoelectric materials properties but it remains 

unclear why/how. 

  

 

Figure 3.13. ZT as a function of added dopant. Samples have been 

measured with two different PPMS instruments. One located at SU and 

the other at Augsburg University. 
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Figure. 3.14. SE-SEM image displaying Ag doped samples. (Left:) ZnSb 

sample containing 0.5 at.% Ag, where Ag-rich precipitates are seen in 

the bulk. (Right:) ZnSb sample containing 2.0 at.% Ag, where Ag grains 

are clearly seen in the grain boundaries. Gray is bulk ZnSb, White is rich 

in Ag. Channelling patterns are from CS-polishing.  
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3.4 Elucidation of structure-property correlations in 

ZnSb (paper III) 

 
As shown in chapter 3.2, ZnSb possesses an intrinsically low thermal lattice 

conductivity, around 1.5 W/Km at room temperature and it is thus comparable 

to bulk PbTe. This appears surprising against the background of its small unit 

cell and the comparably light binary element composition. Also, ZnSb does 

not share the structural peculiarities of Zn4Sb3 (i.e. large unit cell structures at 

low temperatures19, heavy disorder above room temperature30, Sb dumbbell 

entities that could “rattle”94). One explanation could be dynamical peculiari-

ties due to shallow potential well for Zn atoms, as a consequence of their mul-

ticenter bonded environment. This appears plausible, in light of the easy cre-

ation of Zn defects (which may also be the origin of the impurity band). Thus, 

although ZnSb possesses a comparable simple crystal structure unusual 

transport properties may arise from its peculiar electron-poor bonding proper-

ties.  

 

In order to better understand the low thermal conductivity, the vibrational 

properties of ZnSb have been investigated by heat capacity measurements and 

phonon dispersion calculations. Again, a SPS sintered sample was compared 

 

Figure 3.15. Heat capacity Cp(T ) (per formula unit) as a function of 

temperature. Crystalline and SPS sintered ZnSb samples are shown with 

corresponding fits as lines. The Dulong-Petit limit of 3R drawn as a 

black horizontal dashed line. Calculated heat capacities Cv and Cp of 

ZnSb are displayed as dashed black and dashed-dotted blue lines. The 

inset shows ratio of experimental and theoretical Cp values. 
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with a single crystal sample. Figure 3.15 compiles results from heat capacity 

studies of ZnSb. The SPS sample exceeds the Dulong-Petit limit of Cv = 3R 

per mole and atom (49.9 J/mol-K for ZnSb) above 250 K, whereas the crys-

talline sample reaches the limit just above 330 K. The higher Cp values for the 

SPS sample may be explained by defects or stress/strain introduced by the 

consolidation process. 

 

It was attempted to describe the Cp data as a simple Debye-Einstein model, 

which assumes a Debye-type behaviour for the three acoustic phonon 

branches and one Einstein (independent oscillator) behaviour for the contri-

butions from the optical branches95. Additionally, a linear expansion coeffi-

cient A1 is employed, to account for the volume dependence of Cp in the high 

temperature range. The model (model 1) is expressed by the following equa-

tions: 

 

𝐶v(𝑇) = 3𝑅 (𝐷(𝑇, 𝛩D) + ∑ 𝑐𝑖

𝑘

𝑖=1

𝐸𝑖(𝑇, 𝛩E,𝑖)) ; 𝐶v(∞) = 3𝑛𝑅       (3.1) 

 

𝐶p(𝑇) = 𝐶v(𝑇)(1 + �̃�v(𝑇) 𝐴1𝑇)           �̃�v(𝑇) =
𝐶v(𝑇)

𝐶v(∞)
       (3.2) 

 

D is the temperature dependent Debye contribution, Ei is the temperature de-

pendent Einstein contributions, ci their respective coefficients and n the num-

ber of atoms per formula unit.  

 

The Debye contribution was fixed to 3R, whereas the contributions of the Ein-

stein terms were refined individually. The simple model produced a satisfac-

tory fit for 1 Debye and 2 Einstein components (E1 + E2) (Figure 3.15 and 

Figure 3.16a), apart from the region at very low temperatures (below 10 K). 

This low temperature region is characterized by non-constant C/T³ values 

(Figure 3.16b), which indicates deviations from a pure Debye behaviour. 

Note, that a pure Debye behaviour assumes only ω²-dependence of the phonon 

density of states (PDOS), g(ω). A more sophisticated model (model 2) was 

constructed by adding a non-Debye (ND) component in order to account for 

additional quartic (g(ω) ~ ω4) contributions:   

 

𝐶v(𝑇) = 3𝑅 (𝑐D𝐷(𝑇, 𝛩D) + 𝑐ND𝑁𝐷(𝑇, 𝛩ND) + ∑ 𝑐𝑖

𝑘

𝑖=1

𝐸𝑖(𝑇, 𝛩E,𝑖)) ;     

 

                                                                      𝑐D = (1 − 𝑐ND)    (3.3) 
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The fits are detailed in Figures 3.16a and 3.16b as Cp/T and Cp/T3 plots, re-

spectively. The more sophisticated model 2 improved the fit of Cp in the low 

temperature range of 3 – 10 K significantly. This stresses the necessity to con-

sider a non-Debye component for a precise description of the low temperature 

range dependence C/T³. The Debye temperature ΘD(0) of ZnSb was obtained 

as 248 K from the slope of C/T vs. T² representation for T < 3K. The fitted 

Einstein temperatures for the single crystal sample were ΘE1 = 77.6 K (54 cm-

1, 6.7 meV) and ΘE2 = 276.9 K (192 cm-1, 23.9 meV), with contributions 0.3 

and 0.7, respectively.   

 

   

 

Figure 3.16. a) Cp/T of ZnSb, black diamonds, including Debye-

Einstein fit (model 2, solid black line) and Zn4Sb3 (red circles) including 

the original fit of Schweika et al.96 (solid red line) and the improved fit 

using model 1 (solid green line). The DFT data of ZnSb is shown as a 

dotted blue line. b) Heat capacity Cp/T3 representation of panel (a) with 

additional fit for ZnSb (model 1, dashed black line). 
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The temperature dependence of the heat capacity behaviour of ZnSb and 

Zn4Sb3 is highly related. This is shown in Figure 3.16a where a measurement 

for single crystal ZnSb is compared with the heat capacity of polycrystalline 

Zn4Sb3 (as obtained by Schweika et al).94. The authors described the heat ca-

pacity of Zn4Sb3 by a model containing only one Debye and one Einstein con-

tribution with a ratio of 85:15. The energy of the Einstein mode was very low 

(5.4 meV, 62 K) and associated with a physical oscillator in the Zn4Sb3 struc-

ture, i.e. a rattling of Sb2 dumbbells. However, the Schweika et al.96 model is 

physically implausible due to that the majority of optical modes would be as-

signed a Debye behaviour. As a matter of fact, this simple model displays 

significant discrepancies to the experimental data, especially in the low tem-

perature region (T <  125 K), shown in Figure 3.16a and 3.16b. To obtain a 

proper fit, 1 Debye and 3 Einstein terms (E1, E2, E3) are needed (cf. Figs. 3.16a 

and 3.16b).  

 

The fitted Einstein temperatures for Zn4Sb3 are ΘE1 = 56.2 K (39 cm-1, 4.8 

meV), ΘE2 = 221.0 K (153 cm-1, 19.1 meV) and ΘE3 = 85.4 K (59 cm-1, 7.4 

meV). Compared to the Schweika model there are two low-energy Einstein 

modes.96 The ratio of low- and high-energy Einstein mode contributions (cE1+ 

cE3):cE2 is about 1:2, which is similar to the ratio cE1:cE2 for ZnSb. Also the 

Debye temperature ΘD(0) at low temperatures for both compounds is very 

similar (around 250 K). It is concluded that the overall temperature depend-

ence of the heat capacity of ZnSb and Zn4Sb3 is very similar.  Thus, both com-

pounds are established to have similar lattice dynamics and thermal properties. 

Figure 3.17a show phonon dispersion curves obtained from first principles 

calculations and the corresponding PDOS of ZnSb. Its prominent feature is 

the occurrence of a gap between 125 and 140 cm-1. This gap separates 20 

 

Figure 3.17. a) (left) Calculated phonon dispersion, (right) PDOS of ZnSb. 

Partial Sb atom contribution is indicated by cyan area. b) PDOS model 

based on the Debye and Einstein temperatures, extracted from measured 

heat capacity.  
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modes of high energies from the others. Among the low energy modes (below 

the gap) the ones around 83 cm-1 are distinguished because of their weak dis-

persion and their predominant Zn displacements. Further, there is an accumu-

lation of low-energy optic modes with small dispersion in the range between 

35 and 60 cm-1. Figure 3.17b shows the model PDOS reconstructed from the 

derived specific heat data of ZnSb using model 2. Both Einstein temperatures 

are well reflected in the theoretical PDOS: E1 (276.9 K) which accounts for 

the presence of 20 high energy modes above the gap and E2 (77.6 K) which 

partially accounts for the accumulation of low-lying optical modes. The 

acoustic modes and part of the low-lying optical modes are described by the 

Debye and non-Debye contributions from model 2. Hence, the proposed De-

bye-Einstein model is physically reasonable also in comparison with the the-

oretical PDOS. 

 

With knowledge of the PDOS of ZnSb, the theoretical vibrational heat capac-

ity at constant volume (Cv) can be derived according to:  
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               (3.4) 

 

kB is the Boltzmann constant,  is the phonon frequency, L is the largest 

frequency, n is the number of atoms in the unit cell, g() is the PDOS, and 

csch is the hyperbolic cosecant. The obtained result can be seen in Figure 3.15 

as Cv (DFT). A linear term A1 = A1
QH + A1

anh may be added to the harmonically 

calculated Cv(T) values (c.f. Equation 3.2), to account for the quasi-harmonic 

(QH) volume change and anharmonic contributions. A1
QH can be obtained 

from the bulk modulus, molar volume and thermal volume expansion coeffi-

cient of ZnSb. Theoretical Cp values were obtained by adding A1
QH to the har-

monically calculated Cv values and are referred to as Cp (DFT) in Figure 3.15. 

It can be seen, that at high temperatures (above 250 K) the experimental Cp(T) 

values are slightly larger than the theoretical Cp values. For the single crystal 

Cp data this is attributed to anharmonicity (i.e. the A1
anh term), whereas for the 

SPS sample it is attributed to defects, stress or strain. Below T = 150 K, the 

calculated Cp values are higher than the experimental Cp values (see inset in 

Fig. 3.15). This discrepancy is accredited to an underestimation of the calcu-

lated phonon frequencies. 

 

The similar lattice thermal conductivity of ZnSb and PbTe may have a com-

mon origin. Recent inelastic neutron scattering experiments on PbTe show 

that through anharmonic coupling the ferroelectric transverse optic (TO) mode 

interacts with the heat carrying longitudinal acoustic phonons over a wide 

range of frequencies, and thus it resembles a rattling mode.97 As a matter of 
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fact, PbTe has been interpreted as an incipient ferroelectric material as a con-

sequence of Pb 6p-Te 5p bonding. The role of the ferroelectric TO mode in 

PbTe can be mimicked by the weakly dispersed low-energy optic modes in 

ZnSb. Their presence is a natural consequence of localized multicenter bond-

ing established within the rhomboid Zn2Sb2 rings. The peculiar feature of the 

PDOS of ZnSb is the accumulation of 12 optic modes in a narrow window 

between 36 and 61 cm-1. This assembly of modes possesses great flexibility, 

which allows for effective interaction with heat carrying acoustic phonons 

throughout large parts of the Brillouin zone (cf. Figure 3.16). In conclusion, 

there appears to be a great analogy in the structural mechanism causing low 

lattice thermal conductivity for PbTe and ZnSb – despite their distinctly dif-

ferent chemical composition and structures.  
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3.5 Synthesis and physical properties of ZnAs (paper II) 

 
According to chapters 1.2 – 1.4 ZnSb represents a splendid model system for 

studying structure-property correlations in Sb-based EPFS materials. Moreo-

ver, through Ag doping ZnSb can be turned into a state-of-the-art thermoelec-

tric material. In order to consolidate findings about the origin of physical prop-

erties (and in particular the low lattice thermal conductivity) and to learn how 

physical properties are affected by an increased polarity for bonds in the elec-

tron poor framework, a study of ZnAs has been performed.  

 

ZnAs is isostructural to ZnSb but it is not present in the regular phase diagram 

of the Zn-As binary system98, cf. Figure 3.1. According to earlier reports 

equiatomic ZnAs is accessible either from pressure induced decomposition of 

ZnAs2 or Zn3As2 or from direct reaction of the elements at high pressure, high 

temperature conditions.98,99  

 

 

 

Figure 3.18. a) Photograph of a cylindrical ZnAs specimen after high 

pressure synthesis (left) from the side, (right) from the top. b) and c) BE-

SEM images of CS polished surface, at two different magnifications. Black 

correspond to cracks or pores. 
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ZnAs was synthesized at 6 GPa and 1273 K, utilizing multi-anvil high pres-

sure techniques. Figure 3.18a shows a photograph of an as-obtained ZnAs 

sample. The density was determined to be 5.82 g/cm3, which corresponds to 

97.6 % of the crystallographic density. BE-SEM images of cross-section pol-

ished surface can be seen in Figures 3.18b and 3.18c. These images reveal the 

presence of broad, micrometer-wide, cracks that extend about 1 mm in length, 

as well as micrometer-sized pores, in addition, there is a large concentration 

of fine cracks in the sample. At ambient pressure ZnAs is metastable with 

respect to decomposition into Zn3As2 and ZnAs2, which are the stable phases 

according to the Zn-As phase diagram (cf. Figure 3.1). The exotherm decom-

position takes place at around 700 K (employing a heating rate of 10 K/min).  

 

Optical diffuse reflectance measurements were performed in order to obtain 

information regarding the type and size of band gap ZnAs possess. Previous 

electronic band structure calculations predict an indirect band gap with a size 

of 0.3 eV.17 Figure 3.19 show the Kubelka–Munk remission function FKM(hυ) 

= (1-R2)/2R together with FKM
1/2(hυ) which is the transform characteristic for 

describing indirect allowed transitions along the absorption edge. The band 

gap was estimated as the intersection of the straight-line extrapolations below 

and above the knee of the FKM
1/2 curve. The value is around 0.9 eV, which is 

substantially higher than the one obtained from first principles calculations. It 

 

Figure 3.19. Kubelka−Munk transformation of diffuse spectra of ZnAs 

(FKM -black line, and FKM1/2- red line). Dashed lines fit the slopes of 

FKM1/2. Dotted vertical line, crossing dashed line crossover, indicates a 

band gap at of 0.9 eV. 
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is also higher than the spectroscopically determined band gap for ZnSb (0.5 

eV at room temperature). 

 

Figure 3.20a displays the electrical resistivity and Seebeck coefficient of 

ZnAs. The electrical resistivity decreases with increasing temperature, as ex-

pected for a semiconductor. At room temperature the resistivity attains a value 

around 1 Ωcm. Due to cracks 

present in the samples, resis-

tivity values are not expected 

to be correct on an absolute 

scale. The Seebeck coeffi-

cient of ZnAs has a positive 

sign, indicating holes as the 

majority charge carrier, and it 

exhibits an almost linear tem-

perature dependence. This is 

similar to ZnSb, however the 

value of +27 μV/K it attains 

at room temperature is ap-

proximately an order of mag-

nitude lower. Again, this may 

be due to sample imperfec-

tions, which may lead to 

lower values than expected. 

Figure 3.20b shows the ther-

mal conductivity of ZnAs and 

ZnSb. As discussed earlier 

(Figure 3.8, chapter 3.2) 

ZnSb displays a pronounced 

maximum at low tempera-

tures (around 50 K) which is 

typical of highly crystalline 

semiconductor materials. 

Compared to ZnSb this maxi-

mum is not well developed 

for ZnAs, this can be at-

tributed to the highly frac-

tured grains in the sample. 

Although absolute values are 

somewhat obscured by the 

imperfection in the high pres-

sure sample, it appears that the thermal conductivity of ZnAs, above 150 K 

(with values around 2 W/Km) is very similar to that of ZnSb, which is com-

posed of heavier elements. 

 

Figure 3.20. a) Electrical resistivity (left) 

and Seebeck coefficient (right). b) Thermal 

conductivity for ZnAs. Thermal conductivity 

for ZnSb is shown for comparison (data 

from paper I). 
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Figure 3.21a display first principles calculated phonon dispersion curves and 

the PDOS for ZnAs. It strongly resembles the PDOS for ZnSb (Figure 3.17). 

Further, the temperature dependence of the specific heat, Cp(T), of ZnAs and 

ZnSb are very similar (Figure 3.22). The experimental data can be accurately 

 

Figure 3.21. a) (left) Calculated phonon dispersion and (right) PDOS of 

ZnAs. As contribution is indicated by cyan area. b) PDOS model based on 

the Debye and Einstein temperatures, as extracted from measured heat 

capacity (cf. Figure 3.20).  

 

Figure 3.22. Specific heat Cp of ZnAs. Experimental data, shown as 

black squares, to which a Debye-Einstein fit was made. Measured data 

of ZnSb was added for comparison. The blue line is the computed 

constant volume specific heat Cv (equation 3.4.). The inset show C/T. 
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modelled by the simple Debye-Einstein model used for ZnSb (i.e. model 1), 

employing one Debye and two Einstein components. The best fit was obtained 

with a Debye temperature ΘD of 234 K, and the Einstein temperatures ΘE1 = 

95 K (66 cm-1; 8.2 meV) and ΘE2 = 353 K (245 cm-1; 30.4 meV) with con-

tributions 0.24 and 0.71, respectively. Both Einstein temperatures are well re-

flected in the theoretical PDOS (cf. Figure 3.21a) and account for the presence 

of low-lying weakly-dispersed optical modes (ΘE1) and the characteristic As-

As stretches (ΘE2), respectively. The modelled PDOS based on ΘD, ΘE1 and 

ΘE2 is shown as Figure 3.21b. The corresponding Einstein temperatures of 

model 1 for ZnSb are lower, ΘE1 = 72 K (50 cm-1, 6.2 meV) and ΘE2 = 286 

K (195 cm-1, 25.4 meV).  

 

ZnAs is isostructural to ZnSb, and both compounds are electron-poor II-V 

semiconductors, featuring simultaneously multi-center and two-center bond-

ing. The electrical transport properties of ZnAs are rather different from ZnSb 

because of the considerably larger band gap of ZnAs (0.9 eV vs. 0.5 eV). Elec-

trical resistivity values of ZnAs are two orders of magnitude higher. Also, the 

Seebeck coefficient is small compared to ZnSb (~ 27 μV/K vs. ~ 300 μV/K, 

at room temperature). Therefore ZnAs cannot be considered a good thermoe-

lectric material. However, ZnAs exhibits a similarly low thermal conductivity 

as ZnSb although As is considerably lighter than Sb. The similar temperature 

dependence of the heat capacity of both compounds indicates very similar vi-

brational properties. These similarities seem to confirm the idea that there is a 

common origin for the low thermal conductivity, namely the electron-poor 

bonding properties of both compounds. Multi-center bonded structural units 

(i.e. the rhomboid rings) giving rise to a manifold of localized low-energy op-

tical modes, and interaction of those modes with the acoustic phonons can 

explain the low lattice thermal conductivity of both materials. 

 
 
 
 
 
 
 
 
 
 
 
 
 



67 

3.6 Summary and outlook  

 
As part of this thesis the physical properties of ZnSb relating to its thermoe-

lectric performance were unambiguously characterized and, furthermore, 

ZnSb was used as a model system to establish more broadly the structure – 

property correlation in Sb based EPFS materials.  

 

ZnSb possesses an impurity band which determines electrical transport prop-

erties at temperatures up to 300 – 400 K, after which ZnSb becomes an intrin-

sic conductor which is detrimental to thermoelectric properties. Doping ZnSb 

with Ag seems to enhance the impurity band by increasing the number of ac-

ceptor states. As a matter of fact, it appears that the charge carrier concentra-

tion is increased by two orders of magnitude in Ag doped samples. In addition 

the detrimental transition to intrinsic conduction was shifted to higher temper-

atures, beyond 350 K. ZT values of Ag doped ZnSb were found to be remark-

ably high, exceeding 1 at 350 K.  

 

Figure 3.23. XRPD patterns (Cu-Kα radiation) of ZnSb bulk sample. 

Measurements where performed between 300 and 723 K for a 2θ range of 

25–42.5°. The measurements where performed under a dynamic vacuum. At 

573 K, reflections from elemental antimony appear (marked with boxes). 

Peaks of Sb decomposition product are marked with corresponding Miller 

indices.  
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ZnSb possesses an inherently low lattice thermal conductivity, which is re-

lated in magnitude to the one observed in the state-of-the-art thermoelectric 

material PbTe. The low thermal conductivity of ZnSb originates in a multitude 

of localized low energy optic modes which couple with the acoustic, heat car-

rying phonons and thus act as rattling modes on them. The peculiar phonon 

structure is in turn a consequence of multicenter bonded structural entities in 

the electron poor ZnSb framework. The proposed mechanism for explaining 

the low lattice thermal conductivity of ZnSb might apply to other electron poor 

semiconductors, such as Zn4Sb3, CdSb, Cd4Sb3, Cd13-xInyZn10, and Zn5Sb4In2-

δ.16 

 
Despite the promising thermoelectric properties of Sb-based EPFS materials 

there is a big disadvantage: the thermal stability of these compounds is rather 

limited due to temperature polymorphism and/or comparatively low melting 

or decomposition temperatures (usually below 600 K). Figure 3.23 shows the 

PXRD patterns of ZnSb upon heating, between 300 and 723 K, in dynamic 

vacuum. At 573 K the onset of the sample decomposition is signalled by the 

occurrence of reflections of elemental antimony. At 723 K (and about 5 h after 

the 573 K measurement) the ZnSb sample is almost completely decomposed. 

The presence of dynamic vacuum conditions clearly promotes the decompo-

sition of ZnSb (into elemental Sb and Zn vapour) which otherwise, according 

to the Zn-Sb phase diagram100, represents a thermodynamically stable phase 

up to at least 800 K. The same phenomenon has been observed for β-Zn4Sb3: 

Heating Zn4Sb3 in a dynamic vacuum leads to the formation of ZnSb at 623 K 

which in turn decomposes above 693 K101. Thus the thermal stability of ZnSb 

and β-Zn4Sb3 under dynamic vacuum condition is comparably low. 
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4.  III-IV combinations  

 

4.1 Introduction  

The B-C phase diagram contains a large and temperature-dependent complex 

phase field for boron carbide, for which the composition B4C and B13C2 are 

most investigated (Figure 4.1).75 Boron carbide is an important hard material 

with a Vickers hardness and fracture toughness approaching that of diamond. 

The B-Si phase diagram in contrast contains two distinct phases with rather 

narrow ranges of composition, SiB~3 and SiB~6 (Figure 4.1). Boron carbide 

and silicon borides fall into the class of icosahedral boron-rich solids because 

their crystal structures are dominated by icosahedral units predominately built 

from boron atoms. Besides extreme hardness and low mass density, these ma-

terials possess high chemical inertness and variable semiconducting proper-

ties. For example B13C2 and SiB6 have good thermoelectric properties at high 

temperatures and can withstand harsh chemical environments.102–105 

 

Another interesting III-IV system with respect to EPFS is Al-Ge.75 Although 

the binary system does not contain any stable phases there have been reports 

of metastable phases, obtained from fast quenching of Al-Ge melts, which 

were structurally characterized by electron diffraction.49,106,107 Interestingly, 

 

Figure 4.1. Phase diagram of B-C and Si-B.  
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these investigations points to compositions of AlGe and Al6Ge5, with struc-

tures closely related to the zinc antimonides ZnSb and Zn4Sb3. AlGe is isoe-

lectronic to ZnSb, and Al6Ge5 fulfils the optimum electron count of the Zn6Sb5 

framework in β-Zn4Sb3 (see chapter 1.2).  It would be a great strengthening of 

the EPFS concept if a convenient bulk synthesis could be developed for 

Al6Ge5, along with a conclusive property characterization. During the course 

of this thesis, the bulk synthesis of Al6Ge5 from melt spinning was reported 

by a Japanese group (in 2015).20 The same year a French group published the 

bulk synthesis of AlGe from ball milling.108 Interestingly, the structure of 

AlGe did not correspond to that of orthorhombic ZnSb, but to a monoclinic 

variant which also contains rhomboid rings Al2Ge2 as major structural motif. 

  

Because of the ongoing research on Al-Ge materials in other groups, it was 

decided to abandon own investigations and instead focus on the Si-B system, 

in particular on the phase SiB3. SiB3 appeared puzzling because it occurs in 

two different, and seemingly unrelated forms, α and β. The former relates to 

disordered boron carbide, whereas the latter features a unique, completely B-

Si-ordered structure. For both forms, physical properties are known only frag-

mentarily.  

 

The structure of boron carbides can be derived from α-rhombohedral boron, 

α-B12, (space group R3̅m) which is shown in Figure 4.2. In the α-B12 structure 

B12 icosahedras are oriented with their 3-fold rotational axis along the body 

diagonal of the rhombohedral unit cell (or along the c axis when referring to 

hexagonal axes) and arranged as in a cubic close packing.109 Boron atoms oc-

cupy two sites which are distinguished as polar, Bp, and equatorial, Be. The 

bonding situation of α-B12 is easily rationalized by employing established 

electron-counting schemes.110–113 Between close packed layers, neighbouring 

icosahedra are connected via terminal (exo) bonds involving two Bp atoms, 

whereas within layers icosahedra are linked via 3c2e bonds involving the Be 

atoms. In the structure of B4C three-atom chains CBC are inserted at the posi-

tion of the octahedral voids in the ccp arrangement of icosahedra (Figure 4.2). 

This replaces the intralayer 3c2e bonds between Be atoms by 2c2e exo-links 

between Be and an atom of the inserted entity, whereas the exo-links between 

Bp atoms of neighbouring icosahedra between layers are retained. In the three 

atom chain CBC each C atom attains a tetrahedral coordination (to Be atoms 

of three neighbouring icosahedra and the B atom in the chain). The chain is 

considered charged, C-B(+)-C. An optimum electron count, yielding an elec-

tron precise semiconducting phase, is achieved for the composition B4C where 

one of the six Bp atoms in an icosahedra is replaced by C. Accordingly, B4C 

may be expressed as CBC(B11Cp).114 More boron-rich compositions of boron 

carbides (i.e. B13C2) should thus correspond to metals. However, it has been 
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shown that deviations from the electron precise composition can be compen-

sated for by configurational disorder, arising either from substitutional and 

interstitial defects, or from vacancies.115,116 

  

The structure of α-SiB3 relates to B4C in a way that the 3 atoms chains CBC 

are replaced by Si2 dumbbells. This yields four-bonded Si atoms and an elec-

tron precise condition for α-SiB3 is achieved when increasing the electron 

count in the icosahedral units by substituting B for Si. Again, this appears 

similar to B4C, especially because the B-Si substitution also occurs in the polar 

position. However, because of the large size difference between B and Si, this 

 

Figure 4.2. Crystal structure of rhombohedral α-boron (-B12) and common 

“icosahedral boron-rich” derivatives. In the α-B12 structure icosahedral B12 

units are arrange as in a cubic close packing. (Upper left:) Arrangement 

within a close packed layer. Pink triangles indicate 3c2e bonds involving 

equatorial B atoms (Be). (Upper right:) Rhombohedral unit cell of -B12 

with stacking of layers indicated. 2c2e bonds connecting icosahedra 

between layers are enhanced as yellow lines. (Lower:) In the ternary 

derivatives interlayer 3c2e bonds are replaced by (terminal) 2c2e bonds to 

interstitial atoms. From left to right: B4C ([B11C
p]-[CBC]+), B6P ([B12]

2-

[P2]
2+), B6O ([B12]

2-[O+]2). Center of the interstitial atoms correspond to the 

octahedral void in the cubic close packing. 
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substitution leads to gravely distorted icosahedral units and is therefore unfa-

vourable.  Accordingly, the composition SiB2.5 which corresponds to the elec-

tron precise situation is not achieved. Rather compositions close to SiB3 have 

been reported.  

 
The orthorhombic crystal structure of β-SiB3, shown in Figure 4.3, consists of 

layers of interconnected B12 icosahedra parallel to the ac plane, which are 

stacked, but not bonded, in the b direction. Linear zigzag chains of Si4 rhom-

boid rings are embedded between the layers. All the boron atoms in the icosa-

hedra attain a terminal bond, either to a boron atom situated in a neighbouring 

icosahedron or to a Si atom in a rhomboid ring. Interestingly, as will be dis-

cussed later, these chains correspond to fragments of the ZnSb framework.  

 

 

  

 

Figure 4.3. Crystal structure of orthorhombic -SiB3. B and Si atoms are 

displayed as green and red circles. Zigzag chains of rhomboid Si4 rings 

are indicated with red bonds. The 2c2e bonds between icosahedra’s and 

between B and Si atoms are drawn in grey and yellow. 
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4.2 Interplay of α-SiB3-x and β-SiB3 

The initial preparation of the compound SiB3 was already reported in 1900117, 

but could not be repeated until the years 1959 – 1962 during which several 

publications on silicon borides SiB3 and SiB4
118–125 appeared. These, and all 

later reports on rhombohedral SiB3 and SiB4, refer to the same phase, which 

in the following is termed α-SiB3-x.  

 

Knarr118 and Brosset and Magnusson119 found that mixtures of silicon and bo-

ron heated to between 1200 and 1380 °C first produced α-SiB3-x, which then 

decomposed into SiB6 plus Si. At the same time pure samples of α-SiB3-x ap-

peared unchanged after annealing at 1260 °C.118 α-SiB3-x has been assumed to 

undergo a peritectoid (solid state) decomposition (into SiB6 and Si) at temper-

atures between 1270 °C118 and 1340 °C125. Most recent Si-B phase diagrams 

specify 1270 °C as the decomposition temperature126–128. With respect to the 

synthesis of α-SiB3-x, Colton reported that the rates of both formation and sub-

sequent decomposition accelerate as temperature increased from 1250 to 1350 

°C120. Later, Tremblay and Angers derived “optimum” synthesis conditions: 

Rates of formation and decomposition appeared to be balanced best for T = 

1325 °C and t = 5.75 h.129 

 

β-SiB3 was discovered rather recently, in 2003.130-131 It was obtained from a 

metal (Ga) flux synthesis at comparatively low temperatures (850 – 1000 °C). 

It was argued that a liquid Ga environment was necessary to stabilize β-SiB3 

because it allows bypassing the formation of α-SiB3-x.132 During this work, the 

formation conditions for both α-SiB3-x and β-SiB3 were established from bi-

nary elemental mixtures.  In addition, the composition of α-SiB3-x was defined 

and it was shown that this phase is metastable with respect to β-SiB3. Repro-

ducible results for the synthesis of SiB3 from mixtures of elemental boron and 

silicon required tightly pressed and homogeneously dense pellets as well as 

precise control of the sample temperature (and precursors from the same 

batch). Therefore we performed investigations into reaction temperatures and 

times in the well-controlled environment of a thermal analysis apparatus.  

 

Figure 4.4 shows results for mixtures of nano-Si and amorphous boron with 

the ratios 1:3 and 1:4, which were reacted at temperatures between 1150 and 

1225 °C. α-SiB3-x formation takes place already at 1150 °C, although at low 

rate. Small temperature increases give large effects on the rate of formation. 

At temperatures above 1200 °C the formation of SiB6 was observed which is 

in agreement with earlier reports.118,119 Importantly, β-SiB3 can be obtained 

from binary reactions mixtures and was consistently seen after 40 h reaction 

time. It appears that the particle size of Si is an important parameter, as reac-

tions with nano-Si could be performed at unprecedented low temperatures 
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(1150 °C). Using nano-Si we find 

that the optimum temperature-time 

conditions for achieving pure sam-

ples of α-SiB3-x is sintering at 1225 

°C for 16 h (referring to tightly 

pressed pellets with nano-Si:amor-

phous B ratio 1:3). The oversight 

of β-SiB3 as product from binary 

reaction mixtures in earlier works 

is surprising, since it could consist-

ently be obtained irrespective the 

choice of Si starting material (nano 

or micron-sized) or Si:B ratio (1:3 

or 1:4), see Figure 4.4.  

 

The evolution of products from 

nano-Si:B=1:4 reaction mixtures 

at 1175 °C strongly suggests that 

β-SiB3 forms from conversion of 

α-SiB3-x, which is greatly assisted 

by the presence of excess B. Ac-

cordingly, the reaction α-SiB3-x + x 

B = β-SiB3 is comparatively fast, 

whereas the direct conversion 

3/(3-x) α-SiB3-x = β-SiB3 + x Si, 

which is assumed to occur in 1:3 

reaction mixtures, is slow. Im-

portantly, both conversions occur 

in a narrow temperature window, 

1175 – 1200 °C. Nano-Si:B - 1:4 

reactions afforded β-SiB3 as 5 – 10 

μm sized crystallites, which could 

be easily noticed by their charac-

teristic orange-red colour upon inspecting samples in an optical microscope. 

 

 Figure 4.5 shows the BE-SEM image of a nano-Si:B - 1:4 pellets after sinter-

ing at 1175 °C for 40 h. According to PXRD this sample consisted of approx-

imately equal proportions α-SiB3-x and β-SiB3. β-SiB3 crystallites can be rec-

ognized by their sharp edges. Prolonged annealing for periods ranging from 

several days to weeks and using Si-rich Si:B mixtures with ratios 1:1 and 1:2 

also produced β-SiB3 crystals. Further, reaction mixtures of Si:B = 1:3 could 

be quantitatively converted into β-SiB3 within 12 h when removing kinetic 

 

Figure 4.4. Summary of synthesis 

results using nano-Si and 

amorphous boron as starting 

materials with Si:B ratios 1:3 (a), 

upper panel) and 1:4 (b), lower 

panel). The relative fractions of 

unreacted Si, α-SiB3-x, and β-SiB3 

are presented as pie charts. 

Asterisks mark the presence of SiB6 

phase in products. 
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barriers associated with diffusion by utilizing high pressure, 5 – 8 GPa. There-

fore it has to be assumed that β-SiB3 is a thermodynamically stable binary 

compound in the Si-Bi system. β-SiB3 converts to a mixture of SiB6 and Si in 

a temperature interval 1250 – 1300 °C. However, this peritectic decomposi-

tion is slow and cannot be detected in a DSC experiment.  

 

SXRD data were collected from several α-SiB3-x crystals and the refined com-

position resulted in SiB2.64(2). This translates into the presence of 88% B10Sip
2 

and 12% SiB11Sip icosahedra in the disordered α-SiB3-x structure. As a re-

minder, 100% B10Si2
p cluster would correspond to the electron precise com-

position SiB2.5. 100% B11Sip icosahedra would correspond to a compositions 

SiB3.67. To also obtain clarity about the composition of α-SiB3-x bulk samples 

a 29Si MAS NMR measurement was performed. The integrated NMR signal 

intensities for silicon atoms in the polar icosahedron and dumbbell positions 

gave a ration of 0.78. This implies the composition Si2(Si1.56B10.44) = SiB2.93 

for the bulk α-SiB3-x sample. Therefore it was concluded that poly/microcrys-

 

Figure 4.5. SEM BE images of synthesised pellet. The sample is nano-Si:B - 

1:4, 40h @ 1175 °C after 40 h: sample shows -SiB3 crystals and irregularly 

shaped -SiB3-x particles, with  crystallized excess boron (dark grey areas). 

The smaller inset shows a -SiB3 crystal with boron-rich inclusions, the 

larger inset shows an optical image of the cross section polished area, about 

0.5 mm x 2 mm. Reddish -SiB3 crystals are clearly visible.  Homogenously 

dense areas with bright and dark contrast correspond to Si and B rich 

regions. 
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talline bulk samples and single crystal samples (obtained at higher tempera-

tures) have different composition. The composition of single crystals is closer 

to the ideal, electron-precise SiB2.5.  
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4.3 Structural and phase stability, electronic structure and 

(potential) physical properties of α-SiB3-x and β-SiB3 

 
α-SiB3-x is disor-

dered and it was at-

tempted to find the 

ground state config-

uration (i.e. the 

most stable atom 

configuration at T = 

0 K) for various 

compositions by 

theoretical calcula-

tions. For this, the 

cluster expansion 

method was em-

ployed and simula-

tion cells with up to 

42 atoms (i.e. three 

times the size of a 

rhombohedral cell) 

were considered, 

Figure 4.6. The ob-

tained ground state 

configuration for SiB2.5 naturally is built from B10Si2
p icosahedra (and Si 

dumbbells). Interestingly, the two Sip atoms are arranged on the same polar 

triangle, thus forming intra-icosahedral Sip-Sip bonds. This arrangement is fa-

voured by ∼7 meV/atom over distributing the two Sip atoms on the opposite 

triangles. Expectedly, the substitution of Bp atoms for Sip results in a signifi-

cant distortion of B10Sip
2 clusters, and the lattice parameters of the most stable 

α-SiB2.5 were found to deviate from the ideal rhombohedral metric. For α-

SiB3, the most stable configuration at T = 0 K (Figure 4.7b) is based on a 28-

atom primitive super cell. The structure is composed of B11Sip and B10Sip
2 ico-

sahedra which are arranged as alternating close-packed layers parallel to the 

ab plane in the triclinic unit cell. Both structures are shown in Figure 4.7. To 

assess the relative thermodynamic stability of -SiB3 and α-SiB3-x energies of 

formation were computed with respect to the elemental structures α-B12 and 

α-Si. The result is shown in Figure 4.6.  The predicted ground state for a-SiB2.5 

is clearly stable with respect to the elemental phases, however, it is not ther-

modynamically stable with respect to the reaction 1.2 α-SiB2.5 = -SiB3 + 0.2 

Si. α-SiB2.5 (x = 0.5), which is the most stable composition for α-SiB3-x. With 

 

Figure 4.6. Ground state diagram at 0 K for 

metastable -SiB3-x, x = 0.5, 0.18, 0, -0.2, -0.67, in 

relation to thermodynamically stable -SiB3. Red 

crosses are DFT calculated formation energies of 

1019 configurations (up to a supercell of 42 

atoms). 
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increasing B-content α-SiB3-x formation energies decrease and are zero for x 

= -1 (SiB4).   

 

Figure 4.8 compares the electronic density of states (DOS) of the predicted 

ground-state configurations of α-SiB2.5 and α-SiB3 (as shown in Figure 4.7) as 

well as the DOS of β-SiB3. According to its DOS, α-SiB2.5 is a semiconductor 

with a completely filled valence 

band. The size of the band gap is 

about 2 eV. This result was ex-

pected since α-SiB2.5 corre-

sponds to the electron precise 

composition Si2(B10Sip
2) for 

which all bonding states of the 

cluster unit are occupied with 

electrons. Naturally, α-SiB3 

which is composed of 50% 

Si2(B10Sip
2) and 50% Si2(B11Sip 

), has then to be a metal because 

the cluster unit B11Sip is electron 

deficient (that is, B11Sip lacks 

one electron to completely fill 

all of its bonding states). As a re-

sult, one would expect α-SiB3-x 

to be a p-type metallic conduc-

tor. However, this may not nec-

essarily be the case. An elec-

tron-deficient situation in icosa-

hedral boron-rich solids, caused 

by deviations from their electron 

precise compositions, can be 

compensated for by substitu-

tional and interstitial defects or 

from vacancies, as recently 

demonstrated for boron carbides 

B4−xC114,115,133,134 and boron 

subnitride B6.33N 135,136. In con-

trast to α-SiB3, β-SiB3 is a semi-

conductor. Analogous to α-SiB2.5, its DOS shows a completely filled valence 

band and interestingly, the size of the band gap is about 2 eV, as for α-SiB2.5. 

Band gaps obtained from density functional calculations, as performed here, 

are typically underestimated because the unoccupied states of the valence 

band are not subject to optimization. However, the size of the calculated band 

 

Figure 4.7. The ground state 

configuration for a) -SiB2.5, and b) 

-SiB3. B and Si are depicted in green 

and red. The symmetry of -SiB2.5 is 

monoclinic Cm (primitive cell in 

image), -SiB3 has triclinic symmetry. 
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gap would fit the reddish 

color of β-SiB3 crystals. In 

the β-SiB3 structure (Figure 

4.3), all boron atoms in the 

icosahedra attain a terminal 

bond and thus the boron 

substructure can be ex-

pressed as (B12)2−. 

 

The negative charge is bal-

anced by the cationic nature 

of the Si4
2+ rhomboid rings, 

which are electron precise 

for an electron count of 3.5 

electrons per atom. Thus β-

SiB3 can be expressed with 

an ionic formula, 

Si4
2+(B12)2−.16,18,137  The 

electron precise nature of 

the Si4 rhomboid rings fol-

lows the bonding descrip-

tion of ZnSb (see chapter 

1.2, Figure 1.4 see also Fig-

ure 3.2): The Si4 rhomboid 

ring has 10 terminal 2c2e 

bonds to neighbouring Si 

and B atoms (as highlighted 

in Figure 4.9a). The ar-

rangement of terminal 

bonds and triangles (from 

the rhomboid ring) around 

each Si atom appears in a 

tetrahedral fashion. Thus, 

although Si atoms attain a coordination number of five, coordination is ruled 

by an underlying tetrahedral principle. Assuming sp3-hybridization on each Si 

atom,  Si1 and Si2 use two and three hybrid orbitals, respectively, for terminal 

bonds, which leaves in total 6 hybrid orbitals for ring bonding. Of the resulting 

molecular orbitals, two are bonding, and with four electrons occupying them, 

the rhomboid ring represents a 4c4e bonded entity. Adding 10 electrons due 

to terminal 2c2e bonds provides an electron precise situation with 3.5 elec-

trons per atom, i.e. Si4
2+. Quite intriguingly, this bonding picture was unam-

biguously confirmed from a recently performed topological analysis of exper-

imental charge density distribution (r), Figure 4.9c.  The Laplacian of the 

 

Figure 4.8. Electronic density of states 

(DOS) for ground state configurations of 

-SiB2.5 and -SiB3 (cf. Figure 4.8), and -

SiB3. The red horizontal line indicates 

Fermi level. 
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electron density, 2(r), can be employed to identify and analyse the nature 

of localized multi-center bonding. Figure 4.9 shows the Laplacian for the 

rhomboid ring unit. 2c2e and 4c4e bonds appear clearly distinguished. 

 

Thus both, β-SiB3 and electron precise α-SiB2.5 can be classified as EPFS ma-

terials. β-SiB3 is a particularly beautiful example as it bridges structure and 

bonding principles from boron chemistry with those of the chemically unre-

lated zinc-antimony II-V semiconductors. Figure 4.10138,139 shows the Raman 

 

Figure 4.9. a) Rhomboid ring, b) α-B12 icosahedra c) Experimental 

contour map of the Laplacian ∇2ρ(r) of the electron density in the 

plane of the Si4 units. Positive (blue, dashed) and negative (red, solid) 

contour values are drawn at 0, ±2·10n, ±4·10n, ±8·10n e/Å5, n= ±3, ±2, 

±1, 0. Extra contours are drawn at -0.7 and -1.2 e/Å5 and the contour 

line at -0.8 e/Å5 has been omitted. In the map the atom positions are 

shown as black, solid circles, bond paths as black, solid lines and 

BCPs, RCPs and VSCCs are marked by red, yellow and blue circles, 

respectively. Note that the map is actually not planar. Folds in the 

maps are indicated by vertical black, dashed lines which intersect the 

atoms. 
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spectrum of β-SiB3. The Raman lines are sharp because of the high crystallin-

ity and strictly ordered nature of the structure. Of the 93 optical modes of β-

SiB3 48 are Raman active. More than 30 are visible in the spectrum.  Above 

1000 cm-1 modes are associated with B-B exo bonds (between two icosahe-

dra). At lower wavenumbers one first notices two groups of bands, which are 

located between 600 and 750 cm-1 and 870 and 950 cm-1. The former corre-

spond predominately to icosahedron (skeleton) modes, whereas the latter re-

late to Si-B exo bonds. Modes below 500 cm-1 are associated with Si-Si vibra-

tions within the zigzag chain structure of Si4 rhomboid rings. The mode at 474 

cm-1 corresponds to the stretch between silicon atoms connecting rhomboid 

                

Figure 4.10. Raman spectra of -B12, B6P, -SiB3-x, and -SiB3 single 

crystals (from top to bottom). For -B12 and B6P the mode symmetry is 

indicated. Arrows indicate relation of modes between compounds. The 

horizontal dotted line marks the location of the libration mode. Bars 

underneath spectra of -SiB3 correspond to DFT calculated Raman modes 

for -SiB3.  
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ring units. This Si-Si bond length (2.33 Å) is similar to that of elemental Si 

(2.35 Å) and, thus, considerably shorter than the distance between Si atoms 

forming dumbbells in α-SiB3-x (2.41 Å). The intense band at 184 cm-1 is asso-

ciated with the breathing mode of a Si4 rhomboid unit.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



84 

4.4 Summary and outlook  

As part of this thesis the longstanding mystery of SiB3 phases could be re-

solved. The formation of metastable and disordered α-SiB3-x is fast and thus 

kinetically driven, whereas the formation of stable β-SiB3 is slow and not 

quantitative, unless high pressure conditions are applied. The electronic struc-

ture of α-SiB3-x corresponds to that of a semiconductor for the electron precise 

composition SiB2.5 (x=0.5). However, the material is always afforded more 

rich in boron, with x around 0.35 for single crystal samples, and around 0.1 

for polycrystalline bulk samples.  In contrast, ordered β-SiB3 is a line phase, 

i.e. it has no homogeneity range. α-SiB2.5 and β-SiB3 can be classified as EPFS 

materials. In contrast to II-V based EPFS and also Al-Ge III-IV materials, 

which display narrow band gaps, boron based EPFS have considerably larger 

band gaps, around 2 eV, and also a considerably higher thermal stability (re-

fractory semiconductors). 

 

As a next step it will be important to also investigate and characterize the 

physical properties of both α-SiB3-x and β-SiB3. This includes optical proper-

ties (size and nature of band gap, optical transparency), electrical and thermal 

 

Figure 4.11. SPS sintered α-SiB3-x–Si composite sample synthesised from 

nano-Si:B 1:3 starting composition, which was sintered at 1175 °C for 1 

h with a pressure of 85 MPa.(Upper:) XRPD indicate composition of 

about 80 at.% α-SiB3 and 20 at.% Si. (Lower:) Sintered pellet (edge 

broken off for XRPD) with 8 mm diameter and an BE-SEM image 

depicting a highly dense sample.  
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transport properties, thermal resistance, and mechanical properties (e.g. hard-

ness). This thesis work showed reproducible synthesis routes for both materi-

als. Large scale β-SiB3 samples for property measurements can be obtained 

from high pressure synthesis or long time synthesis. The fast kinetics of α-

SiB3-x formation can be exploited for the simultaneous synthesis and sintering 

of α-SiB3-x specimens in a spark plasma sintering (SPS) device, Figure 4.11. 

Here one would have to spend some time to optimize sintering parameters 

toward pure (Si-free) sintered α-SiB3-x bulk samples.  If α-SiB3-x were consid-

ered for applications, the availability of highly dense, sintered, specimens will 

be important.  Single crystals of α-SiB3-x (with x approximately 0.35) can be 

obtained from Si-rich B-Si melts. The electron transport properties of single 

crystal specimens could be quite different to those of polycrystalline ones, 

since they are more rich in Si one would expect a lower charge carrier con-

centration.  
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5. Conclusion and future perspectives 

 

This thesis focus on understanding and improving the properties of electron 

poor framework semiconductors (EPFS), mainly as thermoelectric materials. 

The thermoelectric properties of ZnSb has been unambiguously characterized 

and ZnSb have been applied as a model system to establish structure – prop-

erty correlations in antimony based EPFS materials. It was found that the in-

herently low thermal conductivity originates from a multitude of localized low 

energy optic modes which interact and scatter acoustic phonon modes. This 

peculiar behaviour is a consequence of multicentre bonded structural entities 

in the framework. The proposed mechanism for the low thermal lattice con-

ductivity will apply applicable to other EPSF materials. Pure ZnSb have been 

established as possessing an impurity band, which determines electrical 

transport properties up to 300 – 400 K. At higher temperatures, intrinsic prop-

erties take over.  

 

Adding silver as a dopant to ZnSb enhances electrical conductivity. As a mat-

ter of fact, silver doping increases the charge carrier density by about two or-

ders of magnitude and shifts the transition to intrinsic electric conduction to 

above 350 K. As a result, a 

figure of merit value ex-

ceeding 1 at 350 K. Despite 

the high figure of merit the 

thermal stability of these 

compounds limits their ap-

plicability. If their stability, 

through loss of Zn and de-

composition, could be im-

proved, ZnSb might have a 

future as high ZT thermoe-

lectric material.  

 

Experiments reducing ther-

mal conductivity of ZnSb 

indicate that further im-

provements are possible. 

 

Figure 5.1. 1:1 mass ratio ZnSb:SBA-15. 

The thermal conductivity is reduced from 

1.8 to 0.4, a factor 4.5. Seebeck coefficient 

is reduced by a factor 2 compared with pure 

ZnSb.  
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All scale phonon thermal 

conduction reduction, us-

ing SBA-15 (mesoporous 

silica, 10Å channels) and 

micron sized grains 

which was rapidly sin-

tered, reveal glass like 

thermal conductivity, 

Figure 5.1.140–143 This 

composite* material’s 

electrical resistivity only 

increased with a factor 3, 

Figure 5.2. In total result-

ing in ZT almost on pair 

with pure ZnSb. Compo-

sites like this opens up the 

possibility of diluting 

thermoelectric materials 

with low cost and benign mesoporous silica. Further, adding large amounts of 

silica could potentially stabilize ZnSb bulk material by sterically hindering Zn 

mobility. Further, features for electrical resistivity are similar, cf. Figure 5.2, 

indicating SBA-15 does not react with bulk components. A deeper under-

standing of what happens with the silver in ZnSb and in the SBA-15 composite 

could yield even further improvements. Possibly combining SBA-15 with sil-

ver doping may result in an applicable material.   

 

The composition of SiB3 phases have been argued for more than 100 years. In 

this thesis it was found that the formation of metastable and disordered α-SiB3-

x is fast and kinetically driven, whereas formation of stable β-SiB3 is slow and 

not quantitative, unless under high pressure condition. The electron precise 

composition of α-SiB3-x – referring to a semiconductor material with a com-

pletely filled valence band - is SiB2.5, However this composition cannot be 

obtained: When afforded as single crystals (flux grown at 1435 °C) α-SiB3-x 

has a composition SiB2.65 and as polycrystalline material (from solid diffusion 

driven synthesis at about 1200 °C) its composition is SiB2.9. The reason for 

this is not fully understood. The deviation from the electron precise composi-

tion should result in metallic, p-type, conductivity for α-SiB3-x. In contrast, β-

SiB3 is stoichiometric and has a band gap with a size of about 2 eV. As a 

continuation, the investigation and characterization of physical properties of 

both α-SiB3-x and β-SiB3 should be performed. This includes optical properties 

(size and nature of the band gap, optical transparency), electrical and thermal 

transport properties, thermal resistance, and mechanical properties (e.g. hard-

ness). This is now possible after reproducible synthesis routes for both mate-

 

Figure 5.2. Electrical resistivity of pure ZnSb 

and ZnSb - SBA-15 at a 1:1 mass ratio. The 

Electrical resistivity for the sample increases 

with a factor 3.  
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rials have been established. The fast kinetics of α-SiB3-x could even be ex-

ploited for simultaneous synthesis and sintering of. Further, large quantities 

of β-SiB3 can be made through long time experiments, or high pressure, and 

could possibly be sintered in an SPS device, providing possibility of further 

property investigations. 

* Hexagonal platelets with a “diameter” of 500 nm with about 1 nm 

diameter. A composition of 1:1 mass ratio of ZnSb:SBA-15144–147 yield a 

figure of merit comparable with pure ZnSb. 
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6. Populärvetenskaplig sammanfattning 

Växthuseffekten, ett laddat ord! Men något som är en förutsättning för liv på 

jorden. Den är som en filt av växthusgaser som omsveper jorden och jämnar 

ut temperaturen. Filten får dock inte bli för tjock. Därför behövs forskning 

som effektiviserar eller tar fram nya sätt att framställa främst elektrisk energi. 

För det behövs forskning som försöker förstå nya material och deras 

egenskaper. En typ av material som är interessanta ur denna aspekt är 

termoelektriska material. De kan generera elektrisk energi, på miljömässigt 

hållbara grunder, genom att använda sig av spillvärme. Spillvärme är ofta 

lågvärd värme som idag är svår att utnyttja, men som finns i stora mängder. 

Problemet med termoelektriska material idag är dock att inte är tillräckligt 

effektiva. Därför behövs både grundforskning, som ökar förståelsen, samt 

tillämpad forskning som använder förståelsen för att tillverka användbara 

termoelektriska element. 

   

I den här avhandlingen har fokus varit på att framställa, förstå och förbättra 

egenskaper hos en sorts termoelektriska material som går under 

samlingsnamnet elektronfattiga halvledande ramverk (förkortat EPFS - 

Electron Poor Framework Semiconductors).  

 

Men först tillbaka till termoelektriska material. Det som gör att ett material 

kallas för termoelektriskt är att det är förhållandevis bra på att generera 

elektrisk energi direkt från värme, helt utan rörliga delar. Då det inte innehåller 

rörliga delar är det också helt tyst, mycket pålitligt och kan generera 

elektricitet under hundratals år helt utan att behöva underhåll.  

För att förstå hur ett termoelektriskt material fungerar kan man tänka sig 

elektronerna i materialet som en gas, en gas som fritt röra sig. Värmer man på 

materialet kommer elektronerna röra sig fortare. Har man då en stav, med en 

varm och en kall ände, så kommer elektronerna i den varma änden springa 

fortare än de som är i den kalla änden. När elektronerna från den varma änden 

sedan når den kalla kyls de av och saktar de ned. Detta resultera i att det blir 

fler elektroner vid den kalla änden. En så kallad termisk ström har uppstått, 

från varmt till kallt. Med fler elektroner på en sida av staven (materialet) 

kommer en elektrisk spänning att uppstå, en spänning som motverkar den 

termiska strömmen. En jämvikt kommer uppstå, spänningen som finns över 
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staven (materialet) vid jämvikt kallas i vetenskapliga sammanhang för 

materialets Seebeck effekt.  

 

För att vara ett effektivt termoelektriskt material behövs hög Seebeck effekt, 

låg elektrisk resistivitet och låg värmeledningsförmåga. Om ett material har 

hög elektrisk resistivitet så betyder det att det genererar värme när ström går 

igenom det, vilket är motsatt det som vill åstadkommas. För att förstå varför 

låg värmeledningsförmåga behövs, måste värmeledning först förklaras lite 

närmare. Värmeledning i ett material sker i princip på två sätt; vibrationer 

mellan atomer, och via laddningar som bär med sig värme. Då vi vill ha 

laddningar som skapar ström och spänning är det svårt att minska den delen 

av värmeledningen. Men värmeledning via vibrationer (vågor) i  materialet 

kan ofta minskas utan att påverka materialets termoelektriska förmåga i någon 

större utsträckning. För att förstå hur, måste en viss kunskap ges om hur ett 

material ser ut och hur värmeledning via vibrationer sker.  

 

Ett materials uppbyggnad och struktur* måste då förstås på ett enkelt sätt. 

Tänk dig 100 personer som ligger ned ordnade i en 10x10 personer stor 

kvadratisk yta. Alla personer har fyra kontakter (2 ben och 2 armar) med fyra 

andra lika stora personer i en välordnad ordnad 10 x 10 grupp (en kristall av 

människor). Skickar man in en våg (vibration) i en ände så kommer den gå 

vidare genom armar och ben till andra sidan. En våg bär med sig energi, och 

på det sättet flyttas värmeenergi via vågen genom materialet. För att minska 

förmågan att leda värme kan några personer byts ut mot barn, då kommer 

deras korta armar göra att det inte når varanda och förmågan att skicka vågor 

att försämras, defekter i kristallen har uppstått. Om sedan gruppen bryts upp 

till fyra mindre grupper och de små grupperna roteras något i förhållande till 

varandra innan de sätts ihop igen så kommer förmågan att fortplanta vågor att 

ytterligare försämras, vi har nu introducerat så kallade korngränser.  

 

För att förklara EPFS konceptet kan man sedan tänka sig att var- eller 

varannan person lägger en hand på magen, men ändå envisas med att ha 

kontakt med fyra andra människor, så att en hand har kontakt med t.ex. två 

ben från två olika personer, en två-ben-en-hand koppling. Då uppstår ett 

komplext mönster som på sätt och vis liknar EPFS. Man får då tänka sig 

elektroner/bindningar som armar och ben, och personerna som atomer.  

 

I den här avhandlingen har föreningar bestående av zink (Zn), antimon (Sb), 

arsenik (As), kisel (Si) och bor (B) undersökts. De specifika kombinationerna 

som undersökts är ZnSb, ZnAs, SiB3. Gemensamt för alla dessa föreningar är 

att de tillhör gruppen elektronfattiga halvledande ramverk. De har färre än 4 

elektroner som kan delta i bindningar, men de försöker i alla fall binda till 

minst fyra andra atomer, vilket gör att intrikata ramverk uppstår. Genom att 

undersöka material som liknar varandra har även en modell tagits fram som 
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kan tillämpas på andra EPFS. Förståelsen för den grundläggande strukturen 

hos EPFS material, specifikt deras låga värmeledningsförmåga har utretts. 

Elektrisk ledningsförmåga hos ZnSb har förklarats och förbättringar 

genomförts för dess termoelektriska egenskaper. För SiB3 har det klarlagts hur 

den består av två olika faser, närmare bestämt α-SiB3-x samt β-SiB3. Varav en 

är metastabli och sönderdelas med tiden till den andra. Syntesvägar för båda 

föreningarna har klarlagts, vilket möjligör syntes av större mängder av 

föreningarna.  

 

 

 

 

 

 

* För att förstå hur viktigt det är med struktur, hur atomer är packade och hur 

mycket det påverkar ett materials egenskaper:   

Tänk dig först ämnet grillkol, och sedan diamant. De består av samma sorts 

grundämne, samma sorts atomer. Skillnaden på grillkol och diamant är hur 

atomerna sitter packade. Skillnaden i packning gör att grillkol är svart och 

leder ström, medans diamant är genomskinligt, leder inte ström men är en 

jättebra värmeledare. Samma grundämne, och bara ett, men helt olika 

egenskaper beroende på hur atomerna är packade – materialets struktur.  
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9 Appendix A 

PPMS sequence file examples 

 

Example of sequence file for Resistivity measurement:  

Scan Temp from 300K to 20K at 1K/min, in 561 steps, Uniform, Sweep 

    Resistivity Ch1 5000.000uA, Ch2 5000.000uA, Ch3 5000.000uA 

End Scan 

Scan Temp from 20K to 2K at 0.5K/min, in 73 steps, Uniform, Sweep 

    Resistivity Ch1 5000.000uA, Ch2 5000.000uA, Ch3 5000.000uA 

End Scan 

Change Datafile "C:\QdPpms\Data\2017\Resistivity\AF\Dan-

iel\AF2991_Af2993_AF2992\AF2991_Af2993_AF2992_up.dat" "Default Ti-

tle" 

Scan Temp from 2K to 20K at 0.5K/min, in 73 steps, Uniform, Sweep 

    Resistivity Ch1 5000.000uA, Ch2 5000.000uA, Ch3 5000.000uA 

End Scan 

Scan Temp from 20K to 400K at 1K/min, in 761 steps, Uniform, Sweep 

    Resistivity Ch1 5000.000uA, Ch2 5000.000uA, Ch3 5000.000uA 

End Scan 

Shutdown Temperature Controller 

 

Example of sequence file for Thermal transport (TTO) measurement: 

New Datafile "C:\QDPPMS\Data\2013\TTO\Andreas\Dan-

iel\AF2397_ZnSb5min_down.dat", LogRawData 

Set Temperature 2K at 0.5K/min. Fast Settle 

TTO Continuous Measure K,S,R,ZT init= 10mW, 1430sec max= 50mW, 

1430sec, 500uV, 10mA 

Wait For Temperature, Delay 600 secs, No Action 

TTO Stop 

Set Temperature 2K at 20K/min. Fast Settle 

Wait For Temperature, Delay 10 secs, No Action 

New Datafile "C:\QDPPMS\Data\2013\TTO\Andreas\Dan-

iel\AF2397_ZnSb5min_up.dat", LogRawData 

Set Temperature 400K at 0.5K/min. Fast Settle 

TTO Continuous Measure K,S,R,ZT init= 10mW, 30sec max= 50mW, 

1430sec, 500uV, 10mA 

Wait For Temperature, Delay 600 secs, No Action 

TTO Stop 



113 

Set Temperature 300K at 20K/min. Fast Settle 

 

Example of sequence file for Hall measurement: 

Set Magnetic Field 30000.0Oe at 100.0Oe/sec, No O'Shoot, Persistent 

Wait For Field, Delay 10 secs, No Action 

Scan Temp from 400K to 40K at 2K/min, in 361 steps, Uniform, Sweep 

    ACT Hall Coeff Ch.1 65,000mA 7,00Hz 2,00sec Ch.2 30,000mA 7,00Hz 

2,00sec 

End Scan 

Scan Temp from 40K to 2K at 0.5K/min, in 77 steps, Uniform, Sweep 

    ACT Hall Coeff Ch.1 65,000mA 7,00Hz 2,00sec Ch.2 30,000mA 7,00Hz 

2,00sec 

End Scan 

ACT Append Datafile "C:\QdPpms\Data\2017\Hall\Andy\Dan-

iel\CH1_AF2999_05_CH2_AF2992_05E\CH1_AF2999_05_CH2_AF2992_0

5E_65mA_3T_2.dat", LogRawData 

Scan Temp from 2K to 40K at 0.5K/min, in 77 steps, Uniform, Sweep 

    ACT Hall Coeff Ch.1 65,000mA 7,00Hz 2,00sec Ch.2 30,000mA 7,00Hz 

2,00sec 

End Scan 

Scan Temp from 40K to 400K at 2K/min, in 361 steps, Uniform, Sweep 

    ACT Hall Coeff Ch.1 65,000mA 7,00Hz 2,00sec Ch.2 30,000mA 7,00Hz 

2,00sec 

End Scan 

Set Magnetic Field -30000.0Oe at 100.0Oe/sec, No O'Shoot, Persistent 

Wait For Field, Delay 10 secs, No Action 

ACT Append Datafile "C:\QdPpms\Data\2017\Hall\Andy\Dan-

iel\CH1_AF2999_05_CH2_AF2992_05E\CH1_AF2999_05_CH2_AF2992_0

5E_65mA_3T_3.dat", LogRawData 

Scan Temp from 400K to 40K at 2K/min, in 361 steps, Uniform, Sweep 

    ACT Hall Coeff Ch.1 65,000mA 7,00Hz 2,00sec Ch.2 30,000mA 7,00Hz 

2,00sec 

End Scan 

Scan Temp from 40K to 2K at 0.5K/min, in 77 steps, Uniform, Sweep 

    ACT Hall Coeff Ch.1 65,000mA 7,00Hz 2,00sec Ch.2 30,000mA 7,00Hz 

2,00sec 

End Scan 

ACT Append Datafile "C:\QdPpms\Data\2017\Hall\Andy\Dan-

iel\CH1_AF2999_05_CH2_AF2992_05E\CH1_AF2999_05_CH2_AF2992_0

5E_65mA_3T_4.dat", LogRawData 

Scan Temp from 2K to 40K at 0.5K/min, in 77 steps, Uniform, Sweep 

    ACT Hall Coeff Ch.1 65,000mA 7,00Hz 2,00sec Ch.2 30,000mA 7,00Hz 

2,00sec 

End Scan 

Scan Temp from 40K to 400K at 2K/min, in 361 steps, Uniform, Sweep 

    ACT Hall Coeff Ch.1 65,000mA 7,00Hz 2,00sec Ch.2 30,000mA 7,00Hz 

2,00sec 

End Scan 
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Set Magnetic Field 0.0Oe at 100.0Oe/sec, Oscillate, Persistent 

Wait For Field, Delay 10 secs, No Action 

Shutdown Temperature Controller 

 

 

 

 


