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Lay Abstract  

Thermoelectric materials are incorporated into thermoelectric devices to generate 

electricity from heat sources. As there are environmental concerns and increasing demand 

of energy supplies in the society, thermoelectricity may relieve some of the pressure by 

waste heat recovery, from internal combustion engines for example.  

This work is dedicated to studying the zinc–antimony (Zn–Sb) materials and a 

focus on the Zn13Sb10 material for thermoelectric applications. This work aims to improve 

the thermoelectric efficiency of the Zn13Sb10 material, at the same time understand the 

changes on the physical properties brought by the structural and the compositional 

differences of the material. The relative Zn–Sb phases, such as ZnSb and Zn3Sb2, were 

also characterized to compare their structures with their physical properties.  
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Abstract 

 This dissertation is dedicated to investigating the thermoelectric properties of the 

Zn – Sb phases and particularly the Zn13Sb10 material, which was shown to achieve a high 

ZT (1.3 at 670K) in 1997. The Zn13Sb10 material (known as “Zn4Sb3”) was then 

extensively studied as a potential thermoelectric material. The Zn13Sb10 materials, 

however, were not widely adapted in thermoelectric applications. 

 A new synthetic procedure was developed to synthesize phase-pure Zn13Sb10 

materials in this thesis, thus allowing a robust characterization of the Zn13Sb10-based 

materials. This work aims to improve the thermoelectric performance of the Zn13Sb10-

based materials by substituting foreign elements into the structure of the Zn13Sb10 phase, 

at the same time characterize and navigate the synthesis-property-composition 

relationship of the doped Zn13Sb10 materials.  

 On the other hand, some relative Zn–Sb phases such as the α- and β-Zn3Sb2 were 

also studied in attempt to complete the characterizations of all Zn–Sb phases stable at 

room temperatures. The ZnSb phase, another well-studied Zn–Sb material, was 

investigated in coherence with the Zn13Sb10 materials to understand the effects to 

transport properties brought by the same atom replacement in the two systems. This was 

realized in the form of a comparison between the (Zn,Cd)Sb and (Zn,Cd)13Sb10 solid 

solution series. 

 Materials studied in this work were mostly made using the melt and solidification 

method. Powder and single-crystal X-ray diffractions were employed to characterize 
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samples’ purity and structure determination. Energy-dispersive X-ray Spectroscopy (EDS) 

was used to determine sample compositions, especially to confirm the presence(s) of 

dopants in materials in small quantities. Physical properties of materials were measured to 

evaluate the thermoelectric performances of materials. Computational methods, such as 

the linear muffin-tin orbital (LMTO) method was used to help understand the transport 

properties of materials and the electron localization function (ELF) method to analyze the 

bonding natures between atoms. 
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Chapter 1. Introduction 

1.1. Thermoelectric phenomena 

There are three thermoelectric effects, namely the Seebeck effect, the Peltier effect and 

the Thomson effect. The discoveries of these phenomena are the cornerstones of the 

thermoelectric research.  

1.1.1. Seebeck effect 

In 1821, a German physicist Thomas Johann Seebeck reported an observation that a 

nearby compass magnet was deflected by a closed circuit made of two dissimilar metals, 

when the two junctions of the circuit are not isothermal. He concluded that the observed 

phenomenon was due to changes in magnetic field induced by temperature differences and 

named it thermomagnetism1–3, defying the electrical nature of the phenomenon. 

Interestingly, more than twenty years earlier, an Italian physicist Alessandro Giuseppe 

Antonio Anastasio Volta observed violent muscle contractions of a dead frog, with its legs 

immersed in a glass of water, and its back spine in another one of different temperature, 

both glasses were short circuited by some conducting arc2,4. After a series of experiments, 

he eventually concluded that the electromotive force originated from the temperature 

difference between two dissimilar conductors, unveiling the thermoelectric effect.  

Nonetheless, in 1823, Hans Christian Ørsted and Jean Baptiste Joseph Fourier 

established the physical origin of the phenomenon: the current is induced in the closed 
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circuit due to a temperature difference between the metallic junctions, and the deflection of 

the magnet results from the electromagnetic interaction between itself and the induced 

current2,4,5. The Seebeck effect is described today as the generation of electromotive force 

in the presence of a temperature gradient. An electrical current is produced in a loop of two 

dissimilar materials when the two junctions are at different temperatures. The Seebeck 

coefficient α (also called thermopower) is expressed as: 

𝛼 = −
∆𝑉

∆𝑇
,                                                         (1 − 1) 

where ∆𝑉 is potential difference (voltage), and ∆𝑇 is a temperature difference. Note that α 

is commonly expressed in µV/K in the thermoelectric research. Depending on the material, 

the Seebeck coefficient can be either positive (p-type) or negative (n-type). 

 

Figure 1.1. A schematic diagram of Seebeck’s experiment. 
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1.1.2. Peltier effect 

In 1834, a French watchmaker and scientist Jean Charles Athanase Peltier, discovered 

and measured the absorption/dissipation of heat at the junction of two dissimilar metals 

when electrical current is passed through2,4,6. Peltier tried to relate the phenomenon to the 

Joule effect, the theory of heat dissipation, but was not able to draw a sound explanation. 

Later in 1838, a Russian physicist Heinrich Friedrich Emil Lenz, observed that water could 

be frozen at an electrical junction by the passage of an electric current2,4. He proved that 

the effect discovered by Peltier is itself a physical phenomenon, and not directly related to 

the Joule effect. The Peltier effect is the release and absorption of heat by junctions between 

dissimilar conductors when an electrical current is passed through. The Peltier coefficient 

π is expressed as:  

𝜋 =
𝑄̇

𝐼
,                                                           (1 − 2) 

where 𝑄̇ is the heat flow and I is the electrical current.  

Later in 1851, a British physicist and engineer William Thomson (also known as Lord 

Kelvin) has brought together the two effects with the laws of thermodynamics. The Seebeck 

and Peltier coefficients are related by one of the Thomson (Kelvin) relations: 

𝜋 = 𝛼𝑇,                                                           (1 − 3) 
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1.1.3. Thomson effect 

W. Thomson published a paper about the observation of the Thomson effect. He 

observed heat flow when an electrical current I passes through a single conductor, under a 

temperature gradient7,8. The amount of heat Q evolved per unit time and volume in a 

conductor is:  

𝑄 = ∇ ∙ (𝜅∇𝑇) + 𝑗2𝜌 − 𝑇𝑗 ∙ ∇𝛼                                     (1 − 4) 

where 𝑗 is the current density, 𝜌 the electrical resistivity, and 𝜅 the thermal conductivity. 

The first term arises from the thermal conduction, while the second term is the Joule heat9,10. 

The third term is the heat from the thermoelectric effects.  

The change in α is only due to the temperature gradient if the conductor is 

homogeneous, then:  

∇𝛼 = (
𝑑𝛼

𝑑𝑇
)∇𝑇                                                      (1 − 5) 

Rewriting the third term in Eqn. 1 – 4, the amount of heat evolved due to the Thomson 

effect is: 

𝜏𝑇𝑗 ∙ ∇𝑇 , 𝜏𝑇 = −𝑇 (
𝑑𝛼

𝑑𝑇
)                                              (1 − 6) 

where 𝜏𝑇 is the Thomson coefficient. 

Eqn. 1 – 6 represents the other Thomson relation: 𝜏𝑇 = 0 if the Seebeck coefficient is 

independent of temperature4.  
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1.2. Applications of Thermoelectrics 

Thermoelectric devices rely on the Seebeck effect for generation of electricity, and on 

the Peltier effect for active cooling. The Seebeck effect is employed commonly in 

thermocouples for temperature measurements and in thermoelectric generators for the 

conversion of heat into electricity when coupled to a heat source. The Peltier effect on the 

other hand is employed commonly to cool charge-coupled device (CCD) cameras in X-ray 

diffraction instruments, for example.  

Thermoelectric generators are mainly used in remote locations to produce electricity 

since they require little to no maintenance as they have no moving parts. For example, a 

multi-mission radioisotope thermoelectric generator is used in the Curiosity Mars Rover 

and Mars 2020 rover11,12. For some terrestrial applications, thermoelectric materials are 

used to provide cathode protection for cross-country pipelines13.  

Due to limiting natural energy resources, environmental concerns, and increasing 

demands for more energy in the society, thermoelectricity may play a role in relieving some 

of that pressure, together with other renewable energy sources, such as hydroelectricity, 

solar and wind power14–18. Thermoelectric generators may reduce energy loss by recovering 

some of the waste heat. For instance, in internal combustion engines, about one-third of the 

energy from the fuel is lost via exhaust19,20, thermoelectric generators can improve the 

overall efficiency of fuel consumption.   
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1.3. Thermoelectric Efficiency 

A typical thermoelectric device requires both a p-type and an n-type material in order 

to produce an electrical current or perform active cooling. A set up of a simple 

thermoelectric couple is shown in Figure 1.2. In the electricity generation mode, the charge 

carriers travel from the hot end to the cold end, generating an electric current. On the other 

hand, in the Peltier cooling mode, when an electrical current is applied, the carriers travel 

and generate a temperature gradient.  

 

Figure 1.2. A schematic diagram of a thermoelectric couple using a p-type and an n-type 

material, in electricity generation mode (left) and refrigeration mode (right).  

At the start of the 20th century, the German physicist Edmund Altenkirch first derived 

the maximum efficiency of a thermoelectric generator, η, in his work“Elektrothermische 

Kälteerzeugung und reversible elektrische Heizung”2,4,21. He found that good 
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thermoelectric materials should have large Seebeck coefficients, low electrical resistance 

and low thermal conductance.  

The figure-of-merit widely used today is adapted from the extensive investigations on 

semiconductors as thermoelectric materials by the Russian scientist, Abram Fedorovich 

Ioffe, whose book was published in 195722. The efficiency η is defined as the ratio of useful 

electrical energy W = I2R delivered to the load (with resistance R) in Figure 1.2, to the 

energy consumed from the heat source 𝑄: 

𝑄 = 𝑄𝑃 + 𝑄𝑐 −
1

2
𝐼2𝑟                                                 (1 − 7) 

where 𝑄𝑃 is the Peltier heat, 𝑄𝑐 is the heat transferred by conduction to the cold junction, 

and the last term is the electrical energy returned to the heat source generated from the Joule 

effect.  

𝑟 is the total resistance of the two thermoelements:  

𝑟 = 𝑟1 + 𝑟2 = (
𝜌1

𝐴1
+

𝜌2

𝐴2
) 𝑙                                            (1 − 8) 

where 𝜌 is the electrical resistivity, 𝐴 and 𝑙 are the cross-section area and length of the 

thermoelements, respectively. 

Following a series of derivations, it is found that the efficiency η: 
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𝜂 =
𝑊

𝑄
=

𝑇𝐻 − 𝑇𝐶

𝑇𝐻
×

𝑚
𝑚 + 1

1 +
𝐾𝑟
𝛼2 ×

𝑚 + 1
𝑇𝐻

−
1
2 (𝑇𝐻 − 𝑇𝐶)

1
𝑚 + 1

                  (1 − 9) 

where 𝑇𝐻 is the temperature at the hot junction, 𝑇𝐶 is the temperature at the cold junction, 

𝐾 (= 𝐾1 + 𝐾2) is the total thermal conductance of the thermoelements and 𝑚 =
𝑅

𝑟
 .  

The efficiency 𝜂 from Equation 1 – 9 is determined by the ratio m, and the properties 

of the materials in the thermoelements, 𝑧: 

𝑧 =
𝛼2

𝐾𝑟
                                                         (1 − 10) 

where 𝛼 = |𝛼1| + |𝛼2|, 𝛼1 and 𝛼2 are Seebeck coefficients of the thermoelements.   

The maximum efficiency 𝜂𝑚𝑎𝑥  is obtained by maximizing 𝑧 through minimizing 𝐾𝑟 

and optimizing m, through 
d𝜂

d𝑚
= 0: 

𝑧𝑚𝑎𝑥 =
(|𝛼1| + |𝛼2|)2

(√𝜅1𝜌1 + √𝜅2𝜌2)2
                                       (1 − 11) 

𝜂𝑚𝑎𝑥 =
𝑇𝐻 − 𝑇𝐶

𝑇𝐻
×

√1 + 𝑧𝑇̅ − 1

√1 + 𝑧𝑇̅ +
𝑇𝐶

𝑇𝐻

                                 (1 − 12) 

where 𝑇̅ =
𝑇𝐻−𝑇𝐶

2
, the average temperature of the junctions. 
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The first term in Equation 1 – 12 is the Carnot efficiency. 𝜂𝑚𝑎𝑥 of a thermoelectric 

device approaches the Carnot efficiency when 𝑧𝑇̅ is infinitely large. Note that 𝑧𝑚𝑎𝑥 has the 

units of 𝐾−1, and the dimensionless figure-of-merit 𝑧𝑇 of a single material from Eqn. 1 – 

11 is: 

𝑧𝑇 =
𝛼2

𝜌𝜅
                                                          (1 − 13) 

The concept of power factor (PF) is often introduced in literatures: 

𝑃𝐹 =
𝛼2

𝜌
(= 𝛼2𝜎)                                                (1 − 14) 

where 𝜎 is the electrical conductivity.  

1.4. Theories and Models in Thermoelectric Materials 

To understand and predict the charge transport properties of a material, electronic band 

structures are often calculated and presented in literatures. The below section summarizes 

several models that are more commonly applied to the field of thermoelectric research.  

1.4.1. Electronic Band Structures of Solids 

The Drude theory and the free electron theory were the earlier models to describe 

electron transport. They can be used to explain some transport properties, but both are 

inadequate to explain some transport phenomena (e.g. the presences of electrons and holes). 

The nearly-free electron (NFE) model, a successor of the free electron model, is a 
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significant improvement to describe the motions of electrons in a crystalline solid. The NFE 

model considers weak atomic potentials 𝑉(𝑟) in a crystal lattice, and the effects of the 

potentials are treated by a 2nd order perturbation method, as a correction to the original 

energy term derived from the free electron model. 

1.4.1.1.Bloch Theorem and the NFE Model 

The behaviour of an electron in a crystalline solid is explained starting with the 

Schrödinger equation23,24: 

[−
ħ

2𝑚
∇2 + 𝑉(𝑟)] 𝜓(𝑟) = 𝐸𝜓(𝑟)                                   (1 − 15) 

where 𝜓(𝑟) and E are the state function and energy of this electron, respectively. The Bloch 

theorem states that the solution of Eqn. 1 – 15 has the form: 

𝜓𝑘(𝑟) = 𝑒𝑖𝑘∙𝑟𝑢𝑘(𝑟)                                               (1 − 16) 

where k is the wavevector, or the crystal momentum of the electron. Both 𝑉(𝑟) and 𝑢𝑘(𝑟) 

are periodic and shares the same translational symmetry as the crystal lattice, and so 𝜓𝑘 

oscillates periodically from one cell to the next. The Bloch function 𝜓𝑘 is a crystal orbital, 

and it is delocalized throughout the solid.  

As mentioned, the NFE model is built on the free electron model. The correction of 

the energy function 𝐸(𝑘) is due to considering the atomic potentials in the crystal lattice, 

as a second-order perturbation. Comparing to the free electron model, the NFE model gives 

rise to energy gaps (i.e. band gaps) in band structures23,24. 
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The NFE also describes the concept of holes in a material. For an electron that sits 

near the top of the valence band which is concave downwards (i.e. 𝐸(𝑘) ~ − 𝑘2), and: 

1

𝑚∗
=

1

ħ2

𝑑2𝐸(𝑘)

𝑑𝑘2
,                                                 (1 − 17) 

The effective mass 𝑚∗ of that electron is now negative24. Instead of using a negative mass, 

such electron is referred to as a particle with positive charge and positive mass, and is called 

a hole. 

 

Figure 1.3. A schematic diagram of Peierls distortion in electronic band structures (before: 

left, after: right). The chain of hydrogen atoms was turned into hydrogen molecule chains, 

with the dashed line separating the hydrogen molecules25. 

Similar features in the band structure can be achieved using crystal orbitals built 

from the atomic orbitals. Such approach is more favoured by chemists as they are used to 

operate with atomic orbitals. As an example, formation of shorter and longer bonds within 
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the linear chain of H atoms due to the Peierls distortion leads to the opening of a band gap25 

(Figure 1.3). The final outcome of the Peierls distortion in this case is the formation of 

hydrogen molecules. 

1.4.1.2. Visualization of Band Structures From a Chemist’s View 

 Consider bonding in a large ring of equidistant hydrogen atoms. The wavefunctions 

of the hydrogens are added together to form molecular orbitals. Similar to cyclic, 

delocalized π-systems, the molecular orbital diagram of this ring of hydrogen atoms could 

be drawn in a similar fashion (Frost circle), except the difference between the energy levels 

between pairs of orbitals are infinitely small, though still finite25 (Figure 1.4). This is a 

convenient picture from a chemist’s point of view to immediately visualize the energy 

bands in an extended solid. 

 

Figure 1.4. The molecular orbital diagram of a long ring of equidistant hydrogen atoms, 

and its similarity to a six-membered ring delocalized π-system25. 
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1.4.1.3.The Tight-Binding Model 

The tight-binding (TB) model is one of the approaches to approximate the atomic 

potentials in the crystal lattice for electronic band structure calculations. This model was 

used in this work to calculate band structures of the studied materials. If the atomic 

potentials are strong, the electrons remain close to the nuclei when they are moving through 

the lattice, which would lead to insulating and ionic materials. 

1.4.2. Transport Properties 

The Seebeck coefficient (α), electrical resistivity (ρ) and the total thermal 

conductivity (κ) in a material are included directly in the thermoelectric figure-of-merit 𝑧𝑇. 

In order to have a high energy output, the material is required to have:  

i) high α to have a large potential difference for a given temperature gradient; 

ii) low ρ to have a high current output for the generated potential difference; and, 

iii) low κ to maintain the temperature gradient in the thermoelements. 

The thermoelectric performance of a material can be improved, by optimizing the 

above transport properties. The below section discusses these properties in more details.  

1.4.2.1.Charge Transport Properties 

The electrical resistivity 𝜌 of a material is given by: 

𝜌 =
1

𝜎
, 𝜎 = 𝑛𝑒µ𝑒 + 𝑝𝑒µℎ                                      (1 − 18) 
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µ =
𝑒𝜏

𝑚∗
                                                          (1 − 19) 

where n and p are the electron and hole concentrations in the material, respectively. µ is the 

charge carrier mobility in the material, subscript e and h represents electrons and holes, 

respectively. 𝜏 is the relaxation time of the charge carriers, and 𝑚∗ is the effective mass of 

the charge carriers.  

 For a metal-like conductor, the electrical resistivity increases with increasing 

temperatures. This is due to the increased electron scatterings by vibrating atoms in a 

material. The carrier mobility then decreases, in turn increasing electrical resistivity. For 

an intrinsic semiconductor, the electrical resistivity decreases with increasing temperatures. 

More electrons from the valence band are thermally excited to the conduction band, which 

in turn increases concentrations of holes and electrons in the material.  

 

Figure 1.5. The temperature dependence of electrical resistivity in a metal-like conductor 

(left) and in an intrinsic semiconductor (right). 
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The Seebeck coefficient (also called thermopower) of a metal or a degenerate 

semiconductor from the NFE model is26,27: 

𝛼 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2
𝑚∗𝑇 (

𝜋

3𝑛
)

2
3

                                          (1 − 20) 

where ℎ is the Planck’s constant, and 𝑘𝐵 is the Boltzmann constant. It shows that there is a 

linear dependence of 𝛼 on T. 

For a material where both electrons and holes are present, contributions from both 

carriers are considered in the overall Seebeck coefficient28: 

𝛼𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝛼𝑒𝜎𝑒 + 𝛼ℎ𝜎ℎ

𝜎𝑒 + 𝜎ℎ
                                          (1 − 21) 

The absolute value of Seebeck coefficient of a non-degenerate semiconductor or an 

insulator is expected to decrease with temperature, since increasing temperature generates 

more minor carriers, and increasing the total electrical conductivity. The nominator in Eqn. 

1 – 21 becomes smaller and the denominator becomes larger, as temperature increases. 

The bipolar effect is another important factor in the thermoelectric research. It is 

the phenomenon when there is significant amount of the minor charge carriers, affecting 

the charge transport. The bipolar effect is easily observed during thermopower 

measurements, as |𝛼| reaches a maximum at certain temperature T. It can be also detected 

in electrical resistivity, as the resistivity drops due to the bipolar effect. As the bipolar effect 



Ph.D. Thesis – C.-w. T. Lo;        McMaster University – Chemistry and Chemical Biology 

16 
 

is related to the excitation of electrons from the valence band to the conduction band, the 

width of thermal band gap (𝐸𝑔) in a material can be estimated28,29: 

𝐸𝑔 = 2𝛼𝑚𝑎𝑥𝑇𝑚𝑎𝑥 (𝑖𝑛 𝑒𝑉)                                          (1 − 22) 

The band gap derived in this way is called the Goldsmid-Sharp band gap. 

1.4.2.2.Thermal Transport Properties 

The total thermal conductivity (𝜅) of a material is composed of the lattice thermal 

conductivity (𝜅𝑙) and electronic thermal conductivity (𝜅𝑒): 

𝜅 = 𝜅𝑙 + 𝜅𝑒                                                      (1 − 23) 

𝜅𝑒 is related to the 𝜎 of the material, according to the Wiedemann-Franz Law: 

𝜅𝑒 = 𝐿𝜎𝑇                                                         (1 − 24) 

where L is the Lorenz number. L was known as a constant 
𝜋2

3
(

𝑘

𝑒
)2 for metals but can deviate 

depending on the electron band structures of materials. Currently, the following 

approximation of L is commonly used in the thermoelectric research30: 

𝐿 = 1.5 + exp [−
|𝛼|

116
] (𝑖𝑛 10−8𝑊𝛺𝐾−2)                        (1 − 25) 

where 𝛼 is in µV/K. 

On the other hand, the lattice thermal conductivity from the kinetic theory is given by:  
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𝜅𝑙 =
1

3
𝑐𝑣𝑣𝑠𝑙 =

1

3
𝑐𝑣𝑣𝑠

2𝜏                                           (1 − 26) 

where 𝑐𝑣 is the specific heat per unit volume,  𝑣𝑠 is the speed of sound, 𝑙 is the mean free 

path of the phonons and 𝜏 is the phonon relaxation time in the material.  

The heat capacity (or the specific heat) C is defined as the amount of energy needed 

to increase the temperature of a material by 1 degree. There are 𝑐𝑣 and 𝑐𝑝, which are heat 

capacities of a material at constant volume, and at constant pressure, respectively. 𝑐𝑝 is 

usually measured in experiments. 

Considering the total energy of harmonic atomic vibrations in a crystal lattice, the 

temperature dependence of specific heat 𝑐𝑣 is described by the Debye model23,24: 

𝑐𝑣 = 9𝑅(
𝑇

𝜃𝐷
)3 ∫

𝑥4𝑒𝑥

(𝑒𝑥 − 1)2
𝑑𝑥

𝜃𝐷/𝑇

0

                                  (1 − 27) 

where 𝜃𝐷 is the Debye temperature, and 𝑥 =
𝜃𝐷

𝑇
.  

The specific heat is known to follow the 𝑇3 dependence at low temperatures, and 

𝑐𝑣 = 3𝑅 at 𝑇 ≫ 𝜃𝐷, which is also referred to as the Dulong-Petit law.  

Experimentally, the heat capacity below 𝜃𝐷 can be written as: 

𝐶 = 𝛾𝑇 + 𝐴𝑇3                                                   (1 − 28) 

and be plotted 𝐶/𝑇 against 𝑇2: 
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𝐶/𝑇 = 𝛾 + 𝐴𝑇2 

where 𝛾 is the Sommerfeld constant. The first term is the electronic contribution while the 

second is the phonon contribution to heat capacity. 

1.4.2.3.Scattering Mechanisms of Charge Carriers and Phonons 

The electrical resistivity of a material contains multiple contributions, such as 

impurity scattering and electron-phonon scattering (subscripts im and ph, respectively). The 

net relaxation time of carriers in a material is:  

1

𝜏
=

1

𝜏𝑖𝑚
+

1

𝜏𝑝ℎ
                                                     (1 − 29) 

Thus, the net resistivity: 

𝜌 = 𝜌𝑖𝑚 + 𝜌𝑝ℎ(𝑇)                                                (1 − 30) 

Note that 𝜌𝑖𝑚 is independent of temperature, while 𝜌𝑝ℎ is dependent of temperature. When 

T approaches 0, 𝜌𝑝ℎ approaches 0, and 𝜌 = 𝜌𝑖𝑚, which is the residual resistivity. In general, 

𝜌𝑖 increases with impurity concentrations. The statement that 𝜌 and 
1

𝜏
 can be split into few 

contributions is referred to as the Matthiessen rule.  

The lattice thermal conductivity of a material depends heavily on temperature. 

Phonon scatterings are typically dominated by certain scattering mechanisms at different 

temperature ranges. At low temperatures, boundary scattering dominates the phonon 
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scattering in the material. Then, at higher temperatures and depending on the material, 

different scattering mechanisms, such as the Umklapp and point defect scatterings, may 

dominate. The Umklapp process, a phonon-phonon scattering mechanism, occurs at higher 

temperatures when there are phonons with high enough energies (i.e. > ~0.5𝑘𝐵𝜃𝐷). When 

two phonons with wavevectors 𝐾1  and 𝐾2  meet and collide, using the conservation of 

momentum:  

𝐾1 + 𝐾2 = 𝐾3                                                     (1 − 31) 

However, if 𝐾3 exceeds the Brillouin Zone (BZ), Eqn. 1 – 30 should be rewritten as: 

𝐾1 + 𝐾2 = 𝐾3 + 𝐺                                               (1 − 32) 

where 𝐺 is the reciprocal lattice vector. The only meaningful 𝐾’s lie in the first BZ, so a 

translational vector 𝐺  is used to bring the resulting 𝐾  back to the first BZ, hence the 

“flipping over” (Umklapp) process occurs.  
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Figure 1.6. The Umklapp process of a phonon-phonon scattering event, shown in a 2D 

Brillouin zone.  

The point defect scattering refers to the impurities in the crystal structure that 

disrupts the periodicity of the material. Similar to electron impurity scattering, point defects 

add a component to the relaxation time of a material, as stated in the Matthiessen rule. 

These defects, described in the Klemens model, are mainly mass differences, force constant 

differences and the structural distortions brought by the impurities31.  

1.4.2.4.Charge Transport Regarding Electronic Band Structures 

The Boltzmann transport equation (BTE) and the Landauer approach are the two 

theories to model charge transport properties with respect to the electronic band structure 

in a material. The expressions for σ, α and 𝜅𝑒 from the BTE include the term transport 

distribution function (TDF). Within the Landauer approach the TDF is interpreted to be 

proportional to the number of channels available for conduction and to the mean-free-path 

of backscattering32.  

The expressions of electrical resistivity and Seebeck coefficient include the term 

(−
∂𝑓(𝐸)

∂𝐸
)   , where 𝑓(𝐸)  is the Fermi-Dirac distribution function. It describes electron 

statistics in a material near the Fermi energy 𝐸𝐹 . The probability to find an electron at 

energy 𝐸 near 𝐸𝐹 at absolute temperature T is: 

𝑓(𝐸) =
1

𝑒(𝐸−𝐸𝐹)/𝑘𝐵𝑇 + 1
                                          (1 − 33) 
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Figure 1.7. The Fermi-Dirac distribution function and the Fermi window function. 𝑘𝐵𝑇 is 

set to be 0.5 eV in the above drawing. (~0.025 eV at 293 K) 

−
∂𝑓(𝐸)

∂𝐸
 on the other hand is the “Fermi window” function, the derivative function 

of Eqn. 1 – 3332–34. This explains mathematically why only charge carriers near the Fermi 

energy is responsible for the charge transport properties of the material. For charge carriers 

to participate in charge transport, the carriers must be able to move in the band structure. 

Carriers far away from the Fermi energy have no nearby available states to move to, thus 

in general do not have a net contribution to charge transport of a material.  

The Seebeck coefficient in a metal is usually small, while large in insulators. The 

phenomena can be examined using the Mott equation35–37: 

       𝛼 =
𝜋2

3
(

𝑘𝐵
2𝑇

𝑒
) (

𝑑𝑙𝑛𝜎(𝐸)

𝑑𝐸
)|

𝐸=𝐸𝐹
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=
𝜋2

3
(

𝑘𝐵
2𝑇

𝑒
) (

𝑑(ln(𝑛(𝐸))

𝑑𝐸
+

𝑑(ln(𝜇(𝐸))

𝑑𝐸
)|

𝐸=𝐸𝐹

                  (1 − 34) 

From Eqn. 1 – 34, it can be seen that the Seebeck coefficient is roughly proportional to38: 

𝛼 ∝
𝜕𝐷(𝐸)

𝜕𝐸
|

𝐸=𝐸𝐹

                                                 (1 − 35) 

where 𝐷(𝐸) is density of states of the material. For a metal, the Fermi energy typically 

locates in the middle of a band, whereas for an insulator the Fermi energy locates at the 

edge of a band, and 𝐷(𝐸) → 0. In comparison, the slope of the density of states 
𝜕𝐷(𝐸)

𝜕𝐸
 at 𝐸𝐹 

is large in insulators and small in metals, hence the difference of Seebeck coefficients in 

metals and insulators. An electron in the band structure must move to another empty state 

to be responsible for charge transport, thus for an insulator, electrons must be excited across 

the band gap into another state, while for a metal, electrons have vacant states in the 

proximity. In insulators, the potential difference for electrons is large between the states 

than in metals. As a result, the Seebeck coefficient in insulators is larger.  

1.4.2.5.Thermal Transport in Calculations 

It is possible to predict lattice thermal conductivity by calculating the phonon 

dispersion curves of a material. Since phonons are quantized lattice vibrations, these curves 

are further broken down into different branches: transverse and longitudinal acoustic (TA 

and LA) modes, and transverse and longitudinal optical (TO and LO) modes. In a one-

dimensional case, acoustic modes refer to in-phase vibrations, while optical modes refer to 



Ph.D. Thesis – C.-w. T. Lo;        McMaster University – Chemistry and Chemical Biology 

23 
 

out-of-phase vibrations. In general, if there are r atoms in a unit cell, there are total of 3r 

dispersion curves. 3 branches would be acoustic, while the remaining (3r – 3) are optical. 

It is also possible to estimate the phonon velocity with the dispersion curves, and is given 

by the slope of the curves, at a particular phonon frequency 𝜔.  

 

Figure 1.8. Movements of atoms in the acoustic (left) and optical (right) mode at frequency 

𝜔 in a 1D chain 2 atom case. 

There is also the Grüneisen parameter γ, which is a measure of anharmonicity of a 

material and can be computed, although is not studied in this dissertation: 

𝛾 = −(
∆𝜔

𝜔
)/(

∆𝑉

𝑉
),                                                (1 − 36) 

where 𝑉 is the unit cell volume of the structure. Thermal expansion in a material is due to 

the anharmonic vibration of the lattice, and 𝛾 relates the volume change and the vibrational 

frequencies in the material39. Macroscopically: 

𝛾 =  
𝛼𝑉𝑚𝐾𝑇

𝐶𝑣,𝑚𝑜𝑙
=

𝛼𝐾𝑇

𝐶𝑣,𝑔𝜌
,                                             (1 − 37) 
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where 𝛼  is the volume thermal expansion coefficient, 𝑉𝑚  is the molar volume, 𝐾𝑇  the 

isothermal bulk modulus, 𝐶𝑣,𝑚𝑜𝑙 and 𝐶𝑣,𝑔 is the molar and mass heat capacity at constant 

volume, respectively, and 𝜌 here is the mass density of the material40. The anharmonic 

effect to lattice thermal conductivity is prominent at high temperatures, and: 

𝜅𝑙~
𝜌𝑣𝑠

3

𝛾2𝑇
𝑎,                                                      (1 − 38) 

where 𝑎 is the lattice parameter41. 

1.4.2.6.Optimizing PF and Improving 𝑧𝑇 of a Thermoelectric Material 

Equations in the previous sections state that several transport properties are 

correlated to each other. The thermopower and electrical resistivity are positively related 

to each other, and the electrical component of thermal conductivity depends on ρ. As a 

result, the power factor 𝛼
2

𝜌⁄  in the figure-of-merit for a material should be as large as 

possible. The lattice component of the thermal conductivity does not directly correlate with 

any other property in 𝑧𝑇, and thus it should be minimized. A good thermoelectric material 

should behave like a “phonon-glass, electron-crystal” material, a concept coined by G. A. 

Slack42. It suggests a low thermal conductivity, a high electrical conductivity and in the 

material, respectively. 

A typical strategy to improve 𝑧𝑇 of a material would be by incorporating foreign 

elements in the crystal structure of the material. Under a rigid band regime, incorporating 

foreign elements in the crystal structure changes the Fermi energy of the material, thus the 
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material charge transport properties are affected. However, when the amount of 

incorporating elements is significant, the rigid band approximation no longer applies, and 

there are significant changes of the band structure in the material. This in turn drastically 

modifies the charge transport properties by affecting carrier concentrations and carrier 

effective masses of the material. Additional aspect of such incorporations is that foreign 

atoms act as impurities in the crystal structure and increase the material electrical resistivity 

by reducing the carrier relaxation times. On the other hand, impurities are effective means 

to reduce the lattice thermal conductivity by additional impurity scattering.  

Some other strategies include synthesizing thermoelectric materials with nanoscale 

domains and using composite materials. Comparing to conventional bulk materials, 

nanostructuring provides an alternate route to manipulate charge and thermal transport in 

materials. Electrical resistivity will go up due to the increase in the number of boundaries, 

but the associated quantum confinement can lead to an increase of thermopower43,44. 

Additionally, lattice mismatch and potential barriers at the interface between the 

nanoparticles and the host material can lead to high electrical resistance45, while it can 

reduce the thermal conductivity. In general, inclusions should be carefully selected as they 

can affect the material transport properties significantly, and have either positive or 

negative effect on the figure-of-merit.  

1.5. State-of-the-art Thermoelectric Materials 

The following section introduces some known material systems as potential 

thermoelectric materials. It is essential to highlight the outstanding properties and at the 
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same time disadvantages of these systems, and to provide insights in the thermoelectric 

research. 

1.5.1. Chalcogen-based Materials 

This group of materials is further broken down into several large groups. They are 

group IV-tellurides (IV-Te), Pn-chalcogenides (Pn = pnictogens, Pn-Ch), and some notable 

selenides.  

1.5.1.1.IV-Te Systems 

Some IV-Te systems include GeTe-, SnTe- and PbTe-based materials. These 

materials crystallize in relatively simple structures. Pristine SnTe and PbTe crystallize in 

the rock salt structure (space group 𝐹𝑚3̅𝑚), while GeTe crystallizes in a distorted rock salt 

structure (space group 𝑅3𝑚) at room temperature, and GeTe undergoes a phase transition 

to 𝐹𝑚3̅𝑚 at 705 K46–48.  

PbTe, being one of the earlier thermoelectric materials, has the outstanding feature 

of a low lattice thermal conductivity of 2 W/m-K at 300 K in single crystalline samples49,50, 

due to a strong anharmonic coupling between the LA and TO modes in the phonon 

dispersion curve of PbTe51. The p-type Na-doped PbTe/SrTe has a reported peak 𝑧𝑇 of ~2.5 

at 923 K52, while the n-type Bi-doped PbTe/Ag2Te has a reported peak 𝑧𝑇 of ~2 at 800 K53.  

SnTe-based materials are investigated as a Pb-free, less toxic alternative to PbTe. 

The pristine SnTe however suffers from a high intrinsic carrier concentration due to the 

inherent Sn vacancies, smaller thermopower and a high thermal conductivity, thus it has a 
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lower 𝑧𝑇 than PbTe37,54. Nonetheless, Hwang J. et al. reported a peak 𝑧𝑇 of 1.9 at 923 K in 

a p-type In-doped SnTe grains with CdTe-based coated layers55.  

 

Figure 1.9. The rock salt (left) and the distorted rock salt (right) structure in the IV–Te 

system. In the distorted structure, only the short IV – Te distances are drawn.  

GeTe is known and investigated in different fields of applications, such as 

ferroelectric, thermoelectric, spintronics and phase-change materials56. GeTe has a an 

intrinsically high carrier concentration due to Ge vacancies, it possesses a peak 𝑧𝑇 of ~1 at 

700 K57. M. Hong et al. reported a peak 𝑧𝑇 of 2.2 at ~ 650 K for a p-type Cd/Bi-codoped 

GeTe, with Cd for band engineering purposes and Bi for optimizing carrier concentration58. 

In 2019, M. Samanta et al. realized an n-type GeTe material when it is alloyed with a certain 

amount of AgBiSe2. The material has a peak 𝑧𝑇 of ~0.6 at 500 K (n-type) and ~1.3 at 467 

K (p-type)59. 

1.5.1.2.Pn-Ch Systems 
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A well-known member of the Pn-Ch group is Bi2Te3, which is used for room 

temperature Peltier cooling purposes. Together with Sb2Te3 and Bi2Se3, this group of 

materials crystallizes in the tetradymite structure (space group 𝑅3̅𝑚)60. The structure is 

built up of alternating Bi and Te layers stacking along the c direction, with Bi sitting in the 

voids of the BiTe6 octahedra and off centre. The motif repeats every Te–Bi–Te–Bi–Te layer, 

and these “quintuple” layers are held together by van der Waals forces. 

 

Figure 1.10. Structure of Bi2Te3. Note that the Bi atoms in the octahedra are distorted 

towards the gap between the quintuple layers. 

Due to its crystal structure, both the charge and thermal transport properties of this 

material are strongly anisotropic, namely along the c direction and the ab plane. In fact, 

Bi2Te3 is often alloyed with Sb (p-type) and Se (n-type) due to the isostructural nature of 
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the above-mentioned materials. S. I. Kim et al. reported a peak 𝑧𝑇 of as high as 1.86 at 320 

K for a p-type melt-spun Bi0.5Sb1.5Te3, fabricated using a liquid phase sintering with molten 

Te as sintering aid61,62. However, such high zT values could not be reproduced by other 

groups using this technique. Using the same approach, Deng et al. only reached a peak 𝑧𝑇 

of 1.2 at 350 K, and that authors concluded that the anisotropy of transport properties play 

a role in the thermoelectric measurements, and thus the obtained 𝑧𝑇 values63. 

1.5.1.3.SnSe and Cu2-xSe Selenides 

SnSe and Cu2-xSe materials possess relatively high 𝑧𝑇 values and distinct crystal 

structures.  

SnSe crystallizes in a three-dimensionally distorted NaCl structure, with 𝑃𝑛𝑚𝑎 

space group, at room temperature. It undergoes a shear phase transition at ~ 800 K, to a 

higher symmetry 𝐶𝑚𝑐𝑚 space group64.  

Similar to Bi2Te3 and due to its crystal structure, the transport properties of SnSe 

are anisotropic in nature. The material has higher power factor along the bc plane and low 

thermal conductivity along the a axis (in the 𝑃𝑛𝑚𝑎 setting). It has an intrinsically low 

carrier concentration (~1017 cm-3) at room temperature, however it is increased to ~ 1019 

cm-3 when doped with Na. SnSe also features an ultralow thermal conductivity of 0.3 W/m-

K along the a axis and ~0.5 along b and c axes. The p-type, Na-doped SnSe single crystal 

has a maximum peak 𝑧𝑇 of 2.4 at ~750 K along the b axis, with an average peak 𝑧𝑇 of 2.0 

among 10 samples64–66.  
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Figure 1.11. Structures of SnSe, in 𝑃𝑛𝑚𝑎  (left, room temperature polymorph) and in 

𝐶𝑚𝑐𝑚  (right, high temperature polymorph) space groups. In the 𝐶𝑚𝑐𝑚  structure, the 

intraplanar Sn – Se distances are ~2.7 and 3.0 Å, while the interplanar Sn – Se distance is 

~3.7 Å. 

Cu2-xSe undergoes a phase transition in the temperature range 350 – 410 K, from 

the low temperature β-phase (space group of the average structure: 𝑅3̅𝑚) to the high 

temperature α-phase (space group: 𝐹𝑚3̅𝑚)67. Gulay et al. reported a C2/c superstructure 

for the β-phase, however, the R factor was high (R1 ≈ 0.14)68.  

The α-Cu2-xSe with the main Cu atoms crystallizes in primarily the anti-fluorite 

structure. The true structure of β-Cu2-xSe is more complex, and Figure 1.12 only represents 

its average structure. E. Eikeland et al. further proposed a superstructural cell with the C2/c 

space group and described the α – β phase transition as a two-step visualization: a 
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symmetric reduction followed by a displacive phase transition. However neither their 

model fitted well with their experimental data, in particular with the superstructure 

reflections67. The Cu3 atoms in the α-phase are located close to the main Cu site, while the 

Cu3 atoms in the β-phase are contributed almost evenly between the tetrahedral voids. 

These split Cu2 and Cu3 atomic positions imply high Cu mobility in the material69, and the 

instability of Cu2Se under operating conditions is a major issue for employing Cu2Se in 

thermoelectric devices.  

 

Figure 1.12. Structures of Cu2-xSe in the β-phase (𝑅3̅𝑚, left) and the α-phase (𝐹𝑚3̅𝑚, right) 

space groups. The Cu3 site in the 𝑅3̅𝑚 structure split into 3 sites (~33% site occupancy 

each) and reach ~1 Cu in the formula by itself. Cu1 and Cu2 combines to reach another ~1 

Cu in the formula. The 𝐹𝑚3̅𝑚 structure is shown twice with and without the under occupied 

Cu interstitial sites (bottom and top, respectively). The Cu3 site in the 𝐹𝑚3̅𝑚 structure split 
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into 4 sites (~9 % site occupancy each) and reach ~2 Cu in the formula together with Cu1 

instead. 

Despite the stability issue in the pristine Cu2Se materials, a study by A. A. Olvera 

et al. reported a boost in the peak 𝑧𝑇 from 0.7 to 2.6 at ~850 K in a p-type In-doped 

Cu2Se/CuInSe2 composite material. The stability of the composite was tested by applying 

a current density of 100 A cm-2 for 24 h, and no visible signs of copper extrusion were 

observed70.  

1.5.2. Skutterudites 

The thermoelectric properties of CoSb3, one of the earlier materials studied in this 

family, were reported by T. Caillat et al.71. Although the pristine CoSb3 is a p-type material, 

it can be converted to n-type with dopants. Skutterudites crystallize in the cubic 𝐼𝑚3̅ 

structure and can be described as Zintl phases. The Sb atoms form square polyanionic Sb4
4- 

rings, whose charge is balanced by that of Co3+ in the octahedral voids made of Sb. Each 

Sb vertex of the octahedron belong to a different Sb4
4-. There are also large icosahedral 

voids (C.N.=12) present in the structure, and they can be filled with a foreign element, 

allowing to tune the physical properties of skutterudites. In addition to thermoelectrics, 

skutterudites are investigated for their magnetic properties due to the structure’s ability to 

host rare-earth elements72.  

The pure CoSb3 has a relatively high power factor, while suffers from high thermal 

conductivity, and the reported peak 𝑧𝑇 values are ~ 0.1 – 0.2 at ~ 700 K73–75. Efforts were 
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made to reduce the thermal conductivity by introducing foreign atoms into the structure. S. 

Su et al. reported a peak 𝑧𝑇 of 1.1 at 800 K in an n-type Ge/Te-codoped CoSb3
76.  

 

Figure 1.13. Structure of a skutterudite CoSb3 (left) and a filled skutterudite NaFe4Sb12 

(right). 

On the other hand, the filled skutterudite material has the general composition 

AB4X12
72. The A atoms filling the icosahedral voids, can act as independent oscillators 

(rattlers) and suppress the thermal conductivity of the material77, although the suppression 

mechanism is still debated73. Nonetheless, X. Shi et al. reported a peak 𝑧𝑇 of 1.7 at 850 K 

in an n-type Ba/La/Yb-cofilled CoSb3
78. 

1.5.3. Clathrates 

Clathrates are a large group of materials built up of polyhedral cages of tetrahedrally 

coordinated atoms while encapsulating guest atoms, ions or molecules in them. Some of 

these cage-like structured materials can also be classified as Zintl compounds, since the 

cages build polyanionic/polycationic frameworks, whose negative/positive charges are 

balanced by the guest ions79. Clathrates are further broken into different types, according 



Ph.D. Thesis – C.-w. T. Lo;        McMaster University – Chemistry and Chemical Biology 

34 
 

to their structures. Type-I and type-II inorganic clathrates gained attention as potential 

thermoelectric materials; thus these two types of clathrates are introduced in this section. 

In general, clathrates are known to exhibit low thermal conductivity due to the disorder of 

the guest atoms80. The electrical transport properties of clathrates are highly tunable, 

depending on the composition. 

 

Figure 1.14. Structures of a type-I clathrate Ba8Ga16Ge30 (left), and a type-II clathrate (K, 

Ba)24(Ga, Sn)136 (right). Type-I: different colours of the two Ba indicate the two different 

polyhedral voids in which they are located. Type-II: different shades of the polyhedra 

represent the two different polyhedral shapes. The K/Ga site in the purple hexakaidecahedra 

is evenly split into 4 sites81. 

Type-I clathrates crystallize in the cubic space group 𝑃𝑚3̅𝑛  with the general 

composition G8A46-xBx, where the (A46-xBx) unit forms the face-sharing 6 tetrakaidecahedral 

(31262) and 2 dodecahedral (512) cages, hosting guest atoms/ions G. An n-type Czochralski 

grown Ba8Ga16-xGe30+x single crystal achieved a 𝑧𝑇  of 1.35 at 900 K without passing 
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through a maximum. The material features tunable Seebeck coefficients, by varying Ga/Ge 

ratios82. On the other hand, L.-H. Wang et al. reported a 𝑧𝑇  of 1.10 at 823 K in a 

polycrystalline p-type Ba8Ga16+xGe30-y material83.  

Type-II clathrates have general composition A8B16X136, where X makes 8 

hexakaidecahedral (51264) and 16 pentagonal dodecahedral (512) cages, with A and B atoms 

occupying the cages, respectively84. This structure is highly tolerable in terms of 

compositional variances, such as in Na24-xSi136
85. K. Kishimoto et al. reported a peak 𝑧𝑇 of 

1.19 at 630 K in a sintered, n-type (K, Ba)24(Ga, Sn)136 material81.  

1.5.4. Other Zintl Phase Materials 

There are a significant number of other structures that can be classified as Zintl 

phases. These Zintl phases seem to satisfy the “phonon-glass, electron-crystal” concept, as 

they involve both ionic and covalent bonding in their structures86, contributing to the 

electron-crystal and phonon-glass part, respectively. The Yb14MnSb11 phase gained 

attention as potential thermoelectric materials back in 2006 due to its high peak 𝑧𝑇 of ~1 

at 1223 K at that time. It crystallizes in the 𝐼41/𝑎𝑐𝑑 space group, and its structure is made 

up of 14 Yb2+, 1 MnSb4
9-, 1 Sb3

7- and 4 Sb3- per formula unit87. S. R. Brown et al. reported 

a peak 𝑧𝑇 of ~1.0 at 1223 K in the p-type Yb14MnSb11 material in 200688, while another p-

type Al-doped Yb14MnSb11 has a reported peak 𝑧𝑇 of 1.3 at 1223 K89. 
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Figure 1.15. Structure of Yb14MnSb11. The right half shows the Yb atoms located in 

(distorted) octahedral voids, which share faces, while the left half features the MnSb4
9- 

subunit.  

1.6. Materials in Focus 

This study aims to optimize and improve the thermoelectric performance of the 

Zn13Sb10 phase, by means of doping, and navigate its “structure–property–composition” 

relationship. It also explores the feasibility of employing the β-Zn13Sb10 phase in 

thermoelectric applications, by studying its syntheses, the Zn–Sb phase diagram, 

thermoelectric properties, and stability under different densification conditions.  

1.6.1. β-Zn13Sb10 

The “β-Zn4Sb3” phase has gained attention as potential thermoelectric material near 

the end of 20th century since it was measured to have 𝑧𝑇 of ~1.3 at 670 K90, although there 
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was an earlier report on the synthesis of the material by H. W. Mayer et al.91. The phase 

was made by quenching the sample with the Zn4Sb3 loading composition, which gave the 

purest sample. The Zn4Sb3 phase has transport properties that fits those of a “phonon-glass, 

electron-crystal”, since it possesses an extraordinarily low thermal conductivity, and 

electrical conductivity similar to a heavily doped semiconductor. The high 𝑧𝑇 achieved at 

that time has triggered waves of thermoelectric research on the Zn4Sb3-based material.  

The Zn13Sb10 material adopts the α’, α and β modifications below 235 K, between 

235 and 254 K, and above 254 K, respectively92–94, with β-Zn13Sb10 being the phase of 

interest as thermoelectric materials. The structure of β-Zn13Sb10 has been extensively 

studied94–96. It crystallizes in the 𝑅3̅𝑐 space group, with Sb atoms building up the sublattice, 

and Zn atoms occupying the tetrahedral Sb voids. Zn13Sb10 is considered a Zintl phase due 

to the formation of Sb2
4- dimers, and Zn:Sb = 13:10 is the charge-balanced composition of 

the material; The Sb sublattice contains two types of Sb, 6 Sb3- isolated anions and 2 Sb2
4- 

dimers, and 13 Zn2+ cations (13:10 composition) provides the charge balance.  

The main Zn site occupies the Sb tetrahedra formed by 3 Sb3- anions and one of Sb 

in an Sb2
4- dimer. Accounting only the main Zn site, the composition of the material is 

Zn12Sb10. Moreover, the main Zn site is ~90% occupied, which makes the composition 

even more Zn poor in comparison to Zn13Sb10. The Zn amount of the material approaches 

the Zn13Sb10 composition due to the 3 deficient interstitial Zn sites, each with around 6% 

occupancy96. Note that recently a (3+1)-D structural model of β-Zn4Sb3 was proposed97. 
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A large portion of this work is devoted to optimizing the thermoelectric 

performance of the β-Zn13Sb10 phase by dopant incorporations and studying the 

corresponding changes in transport properties. Feasibility towards real life applications of 

the Zn13Sb10 material is also explored and evaluated.  

1.6.2. ZnSb 

 ZnSb crystallizes in the 𝑃𝑏𝑐𝑎 space group. Compared to the β-Zn13Sb10 phase, 

ZnSb is an ordered phase, which also satisfies the Zintl-Klemm formalism. The Sb 

sublattice of ZnSb only contains Sb2
4- dimers, and Zn2+ provides the charge balance. The 

Zn atoms occupy the Sb tetrahedra formed by four Sb from different Sb2
4- dimers. Due to 

the structural similarity between the β-Zn13Sb10 and ZnSb, ZnSb was employed to 

understand the changes in transport properties of β-Zn13Sb10 brought by dopants.  

1.6.3. Other Zn-Sb Relative Phases 

In the Zn – Sb phase diagram, there are still some other phases with compositions 

close to the β-Zn13Sb10 phase, such as Zn3Sb2, Zn9Sb7 and Zn8Sb7 phases. This study also 

attempts to investigate these phases, in hope to aid the understanding of the “structure–

property–composition” relationship in the (Zn,Sb) binary materials. A report on the Zn8Sb7 

phase was published by J. Wang et al.98, while the high-temperature, metastable Zn9Sb7 

phase was previously studied in our group99. Thus, the current study will focus on the 

findings for the Zn3Sb2 phase(s), on top of β-Zn13Sb10 and ZnSb. 
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Chapter 2. Methodology and Experimentation 

2.1. Synthetic Approach 

In this dissertation, elemental Zn, Sb and dopants were used to prepare different Zn – 

Sb phases. Zn and Sb have relatively low melting points, although possess high vapour 

pressures, especially Zn. Also, inert atmospheres are required for the reactions since they 

are easily oxidized at elevated temperatures. As a result, a closed, inert environment is 

required to synthesize materials in the Zn – Sb systems.  

In general, traditional melting and solidification were used to synthesize the 

polycrystalline materials. Elements were put into quartz tubes, evacuated and sealed. Due 

to the high vapour pressures of Zn and Sb, quartz ampoules were minimized in size to 

reduce material losses in the sample ingots. Additionally, sample quenching was generally 

avoided for the same reason.  

In attempt to study the anisotropic transport properties of the Zn – Sb materials and 

structural changes potentially brought by dopant incorporations, single-crystalline Zn13Sb10 

materials were grown using the metal flux method. Starting materials were placed in 

alumina crucibles which were then sealed in quartz ampoules for the flux growth. The 

synthesized crystals were then separated from the flux by centrifugation.  
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Figure 2.1. The set up used for the flux growth. Alumina crucibles with the frit in-between 

are placed into quartz ampoules. Silica wool is placed on both sides of the alumina crucibles 

to provide a cushion during centrifugation. Silica shards are put to fill the space and 

improve the sealing; they are often darkened due to sealing.  

In addition, some compaction techniques, such as hot pressing and spark plasma 

sintering, were explored to examine the compatibilities of the Zn – Sb materials with these 

methods, since these techniques are employed to make thermoelectric devices in the 

industrialization processes. Some studies on the stabilities of the Zn – Sb materials were 

also examined in the later part of this work.  

2.2. X-ray Diffraction 

Powder X-ray diffraction is a routine characterization technique for the synthesized 

materials. Also, single-crystal X-ray diffraction is used to establish or verify the atomic 
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structures of materials. Understanding crystal structures of a material is the key to 

understand the structure-property relationship in the materials. 

2.2.1. Generation of X Rays 

Two common X-ray sources for X-ray diffractions are X-ray tubes for routine 

laboratory use, and synchrotron radiation where accelerated electrons are moving in a 

circular orbit. While X rays include electromagnetic waves with wavelengths from 0.1 to 

100 Å, only wavelengths ~0.5 to 2.5 Å are used in crystallography since they are of similar 

magnitude as interatomic distances in materials. 

 

Figure 2.2. Schematic diagram of the X-ray tube (left) and a typical X-ray emission 

spectrum (right), which includes the continuous, white radiation, highlighted in red and 

characteristic X-rays (Kα1, Kα2 and Kβ)100.  

 In an X-ray tube, electrons are emitted by the cathode, typically heated tungsten 

filament, and electrons are accelerated in high voltage and hit the anode of some metal. The 
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white radiation is generated from the decelerating electrons in different manners, thus 

X rays with a continuous range of wavelengths are emitted. On top of the white radiation, 

the more intense, characteristic X rays are emitted. These emissions result from transitions 

of electrons from the upper to vacant lower energy levels of an atom; electrons in the lower 

energy levels were ejected by the impact of electrons from the cathode. Thus, the 

wavelengths of the characteristic X rays are specific to the element in the anode target. For 

this study, Cu Kα1 radiation is used for powder X-ray diffractions, while Mo Kα radiation 

is used for single-crystal X-ray diffraction. 

 

Figure 2.3. Schematic diagram of a synchrotron facility.  

In a synchrotron, X-ray radiation is generated by changing the trajectory of moving 

electrons in the storage ring; this is done by employing magnets known as undulators and 

wigglers. The X-ray beam is emitted tangential to the electron orbit. X-rays from 

synchrotron radiation sources have intensity many orders of magnitude higher than that 
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generated from X-ray tubes, and a continuous range of wavelengths of X-rays can be 

selected. X-ray diffraction using a synchrotron source was employed to study the phase 

diagram and transitions in the Zn – Sb system. 

2.2.2. Miller Indices and Braggs’ Law 

X-ray diffraction peaks of a material can be indexed using the Miller indices (hkl) 

of its unit cells. Since diffraction occurs from the plane, the Miller indices (hkl) represent a 

set of parallel, crystallographic planes that divide the lattice vectors a, b, c into the h, k, and 

l parts, respectively. Another important parameter of the (hkl) planes is the interplanar 

distances (also referred to d-spacing), dhkl.  

 

Figure 2.4. Schematic diagram of the demonstration of the Braggs’ law with a set of hkl 

planes. 

Observable X-ray diffraction events can be examined by the Braggs’ law: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃                                                    (2 − 1) 
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where 𝑛 is an integer, 𝜆 is the wavelength of the radiation used, and θ is the Bragg angle. 

The Braggs’ law is the result of constructive interference of the reflected radiations by a set 

of hkl planes. Other reflections which do not satisfy the Braggs’ law are not observed due 

to destructive interferences. 

2.2.3. Reciprocal Lattice and Ewald’s Sphere 

The concept of reciprocal lattice was first coined by J. W. Gibbs near the end of the 

19th century101, and he insisted on the importance of reciprocal systems of three vectors. P. 

P. Ewald, on the other hand, was the first who introduced the relation between direct and 

reciprocal lattice through the Fourier transform. 

For a 3-dimensional lattice (direct lattice) with lattice vectors a, b and c, the lattice 

vectors of the reciprocal space are 𝐚∗, 𝐛∗ and 𝐜∗: 

𝐚∗ =
𝐛 × 𝐜

𝑉
, 𝐛∗ =

𝐚 × 𝐜

𝑉
, 𝐜∗ =

𝐚 × 𝐛

𝑉
,                                 (2 − 2) 

where 𝑉 is the unit cell volume of the direct lattice. The reciprocal interplanar vectors, 

𝐝ℎ𝑘𝑙
∗
, is perpendicular to the corresponding crystallographic plane and: 

𝐝ℎ𝑘𝑙
∗ = ℎ𝐚∗ + 𝑘𝐛∗ + 𝑙𝐜∗                                             (2 − 3) 

And 𝐝ℎ𝑘𝑙
∗
 has the length of 1/𝑑ℎ𝑘𝑙. Consequently, the reciprocal lattice is formed and the 

individual lattice points can be indexed using the Miller indices.  
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Figure 2.5. Schematics of the diffraction condition in reciprocal space using the Ewald’s 

sphere. 

The diffraction condition defined by the Braggs’ law can be visualized using the 

Ewald’s sphere in the reciprocal space. Consider the incident and diffracted beams with the 

wavevectors 𝐤0  and 𝐤1 , respectively, and |𝐤0| = |𝐤1| = 1/𝜆 , which corresponds to an 

elastic scattering event. Also, from Figure 2.5: 

𝐤1 = 𝐤0 + 𝐝ℎ𝑘𝑙
∗,                                                   (2 − 4) 

and 2𝜃 being the angle between 𝐤0 and 𝐤1. Note that the Braggs’ condition can be obtained 

using the above relation and the Ewald’s sphere. The Ewald’s sphere with radius 1/𝜆 and 

centre at the common point of 𝐤0 and 𝐤1 visualizes possible diffraction events with relation 

to the reciprocal lattice. Essentially, the Braggs’ condition is satisfied if the reciprocal 

lattice points touch the surface of the Ewald’s sphere, and a diffraction event will be 
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observed. In single-crystal X-ray diffractions, the single-crystalline samples and the 

corresponding reciprocal lattices are rotated in different directions. The reciprocal lattice 

points then pass through the surface of the Ewald’s sphere, and diffraction occurs.  

 X-ray diffractions for powders or polycrystalline samples is a slightly different case 

but can be explained in a similar fashion, using the Ewald’s sphere. One can assume a 

random orientation of the grains/crystallites. As in the single-crystalline case, for any 𝐝ℎ𝑘𝑙
∗
 

that satisfies the Braggs’ Law, the diffraction occurs. Since the grains/crystallites are 

completely random, diffraction events for the same |𝐝ℎ𝑘𝑙
∗| would occur in one ring, which 

is perpendicular to 𝐤0, with the same 2𝜃 between 𝐤0 and 𝐤1. A collection of rings, known 

as Debye rings, can be collected on an image plate detector if it is placed normal to 𝐤0.  

2.2.4. The Structure Factor and the Phase Problem 

The intensity 𝐼ℎ𝑘𝑙 of a diffraction peak depends on several factors, among which the 

structure factor, |𝐅ℎ𝑘𝑙|
2, is the most important as it carries the information about the atomic 

structure. For a unit cell of a crystalline solid containing n atoms, the structure amplitude, 

𝐅ℎ𝑘𝑙, for the (h,k,l) plane is the summation over all atoms with the unit cell (the expansion 

is based on the Euler’s formula): 

𝐅ℎ𝑘𝑙 = ∑ 𝑔𝑗𝑡𝑗𝑓𝑗 exp[2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]

𝑛

𝑗=1

 
 

(2 − 5) 
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= ∑ 𝑔𝑗𝑡𝑗𝑓𝑗 cos[2𝜋(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]

𝑛

𝑗=1

+ 𝐢 ∑ 𝑔𝑗𝑡𝑗𝑓𝑗 sin[2𝜋(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]

𝑛

𝑗=1

 

In Eqn. 2 – 5, 𝑔𝑗 is the occupancy factor,  𝑡𝑗 is the atomic displacement parameter, 𝑓𝑗 is the 

atomic scattering factor, and 𝐢 is the imaginary number. 𝐅ℎ𝑘𝑙 here is the sum of the real and 

imaginary parts. Mathematically, 𝐅ℎ𝑘𝑙 can be represented as a vector in two dimensions 

with a real and an imaginary axis which are mutually perpendicular to each other. The phase 

angle α describes the relationship between the real and imaginary vectors. A Fourier 

transformation can be applied to relate 𝐅ℎ𝑘𝑙 and electron density 𝜌𝑥𝑦𝑧 at the (x, y, z) point 

in the unit cell: 

𝜌𝑥𝑦𝑧 =
1

𝑉
∑ ∑ ∑ |𝐅ℎ𝑘𝑙

𝑜𝑏𝑠|cos[2𝜋(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) − 𝛼ℎ𝑘𝑙]

𝑙=+∞

𝑙=−∞

𝑘=+∞

𝑘=−∞

ℎ=+∞

ℎ=−∞

         (2 − 6) 

where |𝐅ℎ𝑘𝑙
𝑜𝑏𝑠| is the absolute value of the observed structure amplitude, and 𝛼ℎ𝑘𝑙  is the 

phase angle of the reflection (hkl). 

During the diffraction, only 𝐼ℎ𝑘𝑙  and |𝐅ℎ𝑘𝑙|
2  are measured, but the phase angle 

cannot be obtained. This is referred to as the phase problem in X-ray diffraction. On the 

other hand, when a crystal structure is centrosymmetric and there is no anomalous 

scattering, the resulting 𝐅ℎ𝑘𝑙 becomes a real number, since the sine terms are cancelled out. 

The phase angle 𝛼ℎ𝑘𝑙 is either 0 or π, which yield either positive or negative sign for 𝐅ℎ𝑘𝑙. 

In case of a centrosymmetric crystal structure and the finite number of diffraction data, 

equation 2 – 6 becomes: 
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𝜌𝑥𝑦𝑧 =
1

𝑉
∑ ∑ ∑ 𝑠ℎ𝑘𝑙 |𝐅ℎ𝑘𝑙

𝑜𝑏𝑠|cos[2𝜋(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]

𝑙𝑚𝑎𝑥

𝑙𝑚𝑖𝑛

𝑘𝑚𝑎𝑥

𝑘𝑚𝑖𝑛

ℎ𝑚𝑎𝑥

ℎ𝑚𝑖𝑛

           (2 − 7) 

where 𝑠ℎ𝑘𝑙 = 1 or −1, depending on 𝛼ℎ𝑘𝑙.  

 

Figure 2.6. 𝐅ℎ𝑘𝑙  shown as a vector in the real/imaginary coordinate system, in a non-

centrosymmetric (left) and a centrosymmetric (right) structure, in the absence of anomalous 

scatterings. 𝑹ℎ𝑘𝑙 represents the real part and 𝑰𝒎ℎ𝑘𝑙 represents the imaginary part in 𝐅ℎ𝑘𝑙. 

 Two known methods to tackle the phase problem in X-ray diffractions are the 

Patterson method and the direct method. The Patterson method applies the Fourier 

transformation on the absolute value of the structure factor |𝐅ℎ𝑘𝑙
𝑜𝑏𝑠|

2
, and the phase angle 

information is not required to calculate the Patterson function 𝑃𝑢𝑣𝑤. The Patterson function 

does not reveal the electron density of atoms directly, but the interatomic vectors relative 

to the origin of the unit cell. Solving structures using the Patterson method however is 

challenging when the crystal structure involves many atoms, since the total number of 
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Patterson peaks obtained with n atoms in a structure is n(n – 1), and overlapping of different 

interatomic vectors may occur. The Patterson method on the other hand is useful to locate 

strongly scattering atoms and construct a partial structural model with heavy atoms, thus 

the approach is often called the heavy atom method.  

 The direct method makes use of the phase relationships within a triplet of diffraction 

peaks whose indices are arithmetically related. The phase relationships however are not 

strict, and the probability is proportional to the magnitude of |𝐅ℎ𝑘𝑙
𝑜𝑏𝑠| of the triplets. In 

centrosymmetric structures, the phase relationships are described by the Sayre equation: 

sℎ𝑘𝑙 ≈ sℎ′𝑘′𝑙′s(ℎ−ℎ′)(𝑘−𝑘′)(𝑙−𝑙′)                                         (2 − 8) 

where s is the sign (±) of the 𝐅ℎ𝑘𝑙. For non-centrosymmetric structures, they are also given 

by the Sayre equation: 

αℎ𝑘𝑙 ≈ αℎ′𝑘′𝑙′ + α(ℎ−ℎ′)(𝑘−𝑘′)(𝑙−𝑙′)                                     (2 − 9) 

The direct method generates more than one set of phases for a data set. To aid in choosing 

the correct solution, the “E-statistics”, ⟨|𝐸2 − 1|⟩, is often used to help determine whether 

the data suggest a centrosymmetric space group, where 𝐸  is the normalized structure 

magnitude. In general, ⟨|𝐸2 − 1|⟩ = 0.968 for centrosymmetric structures and 0.736 for 

non-centrosymmetric structures102. 
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2.2.5. Single Crystal X-ray Diffractions (SC XRD) 

In this dissertation, some single crystal X-ray diffraction measurements were done 

on a STOE IPDS II diffractometer, equipped with an image plate detector and MoKα 

radiation. Single crystals picked from samples were mounted on glass capillaries using 

epoxy glue. Diffraction frames were collected, and the peaks were used to construct a 

reciprocal lattice. A possible Bravais lattice and the unit cell parameters could be derived 

using the data collection software X-area103. The diffraction peaks were integrated to obtain 

intensities; the numerical absorption correction was based on the crystal shape derived from 

optical face indexing and then optimized against the equivalent reflections via the STOE 

X-Shape software104. Some data collections were done on a Bruker SMART APEX II 

diffractometer with a 3 kW sealed-tube Mo generator and APEX II CCD detector at the 

McMaster Analytical X-Ray (MAX) Diffraction Facility. A semi-empirical absorption 

correction was applied using redundant and equivalent reflections. 

Preliminary data were processed using XPREP105 and solved using the direct 

(SHELXS-97)106,107 or intrinsic (SHELXT)108 method. Structure solutions and refinements 

were performed using the OLEX2 program109. The obtained structures were refined using 

the least squares method, and several parameters were used to determine the level of 

agreement of the model to the obtained data: 

𝑅1 =
∑||𝐹𝑜| − |𝐹𝑐||

∑|𝐹𝑜|
                                               (2 − 10) 
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𝑤𝑅2 = √
∑ 𝑤(𝐹𝑜

2 − 𝐹𝑐
2)2

∑ 𝑤(𝐹𝑜
2)2

                                        (2 − 11) 

𝐺𝑜𝑜𝐹 = 𝑆 = √
∑ 𝑤(𝐹𝑜

2 − 𝐹𝑐
2)2

𝑁𝑟𝑒𝑓. − 𝑁𝑝𝑎𝑟.
                                   (2 − 12) 

where 𝐹𝑜 and 𝐹𝑐 are the observed and calculated structure amplitudes, respectively. 𝑁𝑟𝑒𝑓. is 

the number of independent reflections, 𝑁𝑝𝑎𝑟. is the number of parameters, and 𝑤 is the 

weighting factor, which is based on the intensities and standard deviations of the observed 

reflections.  

2.2.6. Laue Diffraction 

Laue diffraction analysis was performed on the flux-grown samples to assess the 

surface quality and determine the orientation of the grown crystals. Laue diffraction 

employs the use of X-rays directly from an X-ray tube, without any filter or monochromator. 

The Laue diffractions were performed using a tungsten tube source at a voltage of 10 kV 

and current of 20 mA. The diffracted X-rays were detected with a Multiwire Laboratories 

detector, and the data were collected with the NORTH STAR software. The orientation of 

the crystals was determined by fitting the diffracted patterns using the ORIENT EXPRESS. 

2.2.7. Powder X-ray Diffractions (PXRD) 

Routine powder X-ray diffractions experiments were performed using a 

PANalytical X’Pert Pro diffractometer with Cu Kα1 radiation using a Ge crystal 

monochromator and an X’Celerator linear detector. Samples were ground and deposited 
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evenly on a zero-background silicon sample holder. Diffraction patterns of samples were 

obtained and plotted as intensities against 2𝜃.  

 Temperature dependent powder X-ray diffraction data were collected at the Swiss-

Norwegian Beam Lines, BM01A station at the ESRF (Grenoble, France) with a Dectris 

Pilatus2M detector in a ramp mode. The temperature was controlled with an in-house 

developed heat blower. Experimental powder diffraction data were integrated and 

processed with the DIOPTAS software110.  

 The obtained data were analyzed and evaluated by full-profile Rietveld refinements, 

using the Rietica program111. In general, the background profile, lattice parameters, peak 

shape, occupancies and atomic coordinates were refined. Displacement parameters were 

also refined at the end of each refinement. Similar to the single-crystal experiments, the 

quality of the refinement was determined by the following agreement parameters: 

𝑅𝑝 =
∑ |𝑦𝑖𝑜 − 𝑦𝑖𝑐|

∑ 𝑦𝑖𝑜
                                                (2 − 13) 

𝑅𝑤𝑝 = √
∑ 𝑤𝑖(𝑦𝑖𝑜 − 𝑦𝑖𝑐)2

∑ 𝑤𝑖𝑦𝑖𝑜
2

                                         (2 − 14) 

𝜒2 =
∑ 𝑤𝑖(𝑦𝑖𝑜 − 𝑦𝑖𝑐)2

𝑁 − 𝑃
                                            (2 − 15) 

where 𝑅𝑝 , 𝑅𝑤𝑝  and 𝜒2  are the profile, weighted profile, and the goodness of fit of the 

refinement, respectively. These parameters represent the agreement between the observed 
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𝑦𝑖𝑜 and calculated 𝑦𝑖𝑐 intensities of the model. Also, 𝑁 is the total number of data points, 

𝑦𝑖𝑜, 𝑃 is the number of adjusted parameters, after the background is refined, and 𝑤𝑖 is the 

weighting scheme. 𝑤𝑖 is assigned to each individual step and it depends on 𝑦𝑖𝑜 of the step.  

2.3. Energy Dispersive X-ray Spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy was used to verify or establish the composition 

of prepared phases. While X-ray diffraction techniques can be used for elemental analysis, 

it can be difficult to establish the presence of dopants or deficiencies and quantify their 

amount, especially from the powder diffraction data.  

2.3.1. Principle of Technique 

Similar to X-ray analysis, the elemental EDS analyses relies on the generation of 

X-ray radiations. In the SEM instrument, an electron beam hits the sample, generating 

continuous and characteristic X rays (see Figure 2.2). The elemental analyses employ 

characteristic X rays since the energies of photons emitted are specific to each element. The 

energy and intensity of the emitted X rays are analyzed, and this information provides the 

elemental composition/ratio of the analyzed area. 

Since the electron beam is finely focused, the analyzed area can be relatively small. 

Due to this feature and ability to discriminate between different elements, SEM analysis is 

often used for the elemental mapping of grains in the sample. While the SEM analysis can 

provide important compositional information, the data obtained are considered only as 

semi-quantitative due to the nature of the technique and in some cases sample morphology.  
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2.3.2. Instrumentation 

The EDS experiments were performed using an X-Max (80 mm2) X-ray EDS 

spectrometer (Oxford Instruments) on a TESCAN VEGA II LSU scanning electron 

microscope (20 kV accelerating voltage). Some EDS experiments were also performed 

using an INCA-Energy-350 X-ray EDS spectrometer (Oxford Instruments) on a Jeol JSM-

6480LV scanning electron microscope (20 kV accelerating voltage, 0.7 nA beam current 

and 50 µm beam diameter). Depending on the compatibility of instruments and samples, 

samples were either mounted in a conductive epoxy resin and polished, or polished samples 

were attached to a sample holder using double-sided carbon tape.  

2.4. Transport Property Measurements 

Electrical resistivity, Seebeck coefficient and thermal conductivity measurements, 

which determine the figure-of-merit 𝑧𝑇, were measured. To gain deeper understanding of 

the changes in the physical properties, carrier concentration and heat capacity were also 

measured. If a magnetically active element is present, the magnetization, M, vs. temperature, 

T, was explored to fully comprehend the material’s properties. 

2.4.1. 𝑧𝑇 and Heat Capacity Measurements 

Samples were typically cut into rectangular bars (3 × 3 × 9 mm) using a low-speed 

saw equipped with either alumina, silicon carbide or diamond blade, and kerosene as a 

lubricant to avoid sample oxidation. High temperature electrical resistivity and Seebeck 

coefficient measurements (room temperature to 400 °C) were collected on the sample bars 
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under a He atmosphere using the ULVAC-RIKO ZEM-3 instrument system, located at 

CanmetMATERIALS, Natural Resources of Canada, Hamilton, ON.  Seebeck coefficients 

were measured under a 10 – 15 °C temperature difference within the bar sample. High-

temperature thermal diffusivities, D, were measured on plate samples (10 × 10 × 1 mm) 

using the laser flash method (LFA) on the Netzsch LFA-457 instrument, also in 

CanmetMATERIALS, with the help of Dr. Yu-Chih Tseng. The high-temperature thermal 

conductivities κ were calculated using 𝜅 = 𝐷𝐶𝑝𝜌, where 𝜌 is the density of the material. 

The densities 𝜌 of the samples were measured using a home-built Archimedes setup at 

room temperature. 

 

Figure 2.7. Schematics of the ULVAC-RIKO ZEM-3 system112.  

Low-temperature electrical resistivity, Seebeck coefficient, thermal conductivity 

and heat capacity data (5 – 400 K) were collected on bar (2 × 2 × 8 mm) or block samples 

(4 × 4 × 4 mm) using a Quantum Design Physical Property Measurement System (PPMS) 

at the National Institute for Materials Science, Tsukuba, Ibaraki, Japan, by Dr. Taras 

Kolodiazhnyi, and in Dalhousie University, Halifax, Nova Scotia, by Michel Johnson. 
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Seebeck coefficient and thermal conductivity measurements were done using the thermal 

transport option (TTO). 

2.4.2. Carrier Concentration Measurements 

The Hall carrier concentration and mobility at room temperature, 𝑛𝐻 and µ𝐻, were 

derived from the Hall coefficient 𝑅𝐻 measured on a home-built instrument using the Van 

der Pauw method with a GMW 5403 electromagnet at CanmetMATERIALS. The Hall 

coefficient 𝑅𝐻 and concentration 𝑛𝐻 of a sample were obtained using: 

𝑅𝐻 =
𝑡𝑉𝐻

𝐼𝐵
                                                        (2 − 16) 

𝑛𝐻 =
1

𝑒𝑅𝐻
                                                       (2 − 17) 

where 𝑒 is the charge of an electron, 𝑡 is the thickness of the sample, 𝐼 the fixed DC current 

(40/50 mA), 𝐵 the magnetic field sweeping from around -10,000 to 10,000 G (-1 to 1 T), 

and 𝑉𝐻 the Hall voltage at room temperature. Note that Equation (2 – 17) is valid when 

only one type of carriers is present in the material. For materials which both n and p carriers 

are present, the Hall coefficient 𝑅𝐻 is: 

𝑅𝐻 =
𝑝𝐻µℎ

2 − 𝑛𝐻µ𝑒
2

𝑒(𝑝𝐻µℎ + 𝑛𝐻µ𝑒)2
,                                            (2 − 18) 

Where 𝑝𝐻 and 𝑛𝐻 are the Hall carrier concentrations of holes and electrons, respectively. 

A 𝑉𝐻 vs. 𝐵 graph was plotted using the obtained data and a linear regression was used to 
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obtain the 
𝑉𝐻

𝐵
 slope to minimize experimental errors. µ𝐻 is also derived from 𝑅𝐻 and the 

electrical resistivity 𝜌 of the plate sample, which was measured using the Van der Pauw 

method: 

µ𝐻 =
𝑅𝐻

𝜌
                                                       (2 − 19) 

2.4.3. Magnetization Measurements 

Temperature dependent magnetization measurements were performed using the 

superconducting quantum interference device (SQUID) on the magnetic property 

measurement system (MPMS) with the reciprocating sample option (RSO), at the 

Brockhouse Institute of Materials Research (BIMR), McMaster University, by Dr. Yafen 

Shang. A small solid sample was mounted on a glass rod with Apiezon grease and wrapped 

with Teflon tape.  

2.5.Electronic Band Structure Calculations 

To understand the structure-property relationship of the materials, electronic band 

structures were calculated and used to explain the property changes. The density of states 

(DOS), Crystal Orbital Hamiltonian Population (COHP) and band structure of materials 

were calculated using the tight-binding, linear muffin tin orbital method with the atomic 

sphere approximation (TB-LMTO-ASA). Empty spheres were included into the unit cell 

to fulfill the overlap criteria of atomic spheres in the TB-LMTO-ASA. This method 
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provides fast estimations of the electronic band structures and thus permits comparison 

between pristine and doped materials. 
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Chapter 3. The Updated Zn – Sb Phase Diagram. How to Make 

Pure Zn13Sb10 (“Zn4Sb3”) 

This chapter contains the material covered in the manuscript “The Updated Zn – Sb 

Phase Diagram. How to Make Pure Zn13Sb10 (“Zn4Sb3”)”, which was published in Dalton 

Transactions (Dalton Trans., 2018, 47, 11512). The experimental procedures were 

performed by the candidate. The high-temperature synchrotron data were collected by Drs. 

Volodymyr Svitlyk and Dmitry Chernyshov at the European Synchrotron Radiation 

Facility (ESRF), Grenoble, France. Microprobe analysis of materials was performed by Dr. 

Alex V. Morozkin. Data interpretation and manuscript preparation were done together with 

my supervisor. 

 

Reproduced with permission from Volodymyr Svitlyk, Dmitry Chernyshov and Yurij 

Mozharivskyj, Dalton Trans., 2018, 47, 11512. Copyright 2018 Royal Society of 

Chemistry. 
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The Zn–Sb system contains two well-known thermoelectric materials, Zn1−δSb and 

Zn13−δSb10 (“Zn4Sb3”), and two other phases, Zn9−δSb7 and Zn3−δSb2, stable only at high 

temperatures. The current work presents the updated phase diagram constructed using the 

high-temperature diffraction studies and elemental analysis. All phases are slightly Zn 

deficient with respect to their stoichiometric compositions, which is consistent with their 

p-type charge transport properties. Either at room or elevated temperatures, Zn1−δSb and 

Zn13−δSb10 display deficiencies of the main Zn sites and partial Zn occupancy of the other 

interstitial sites. A phase pure Zn13−δSb10 sample can be obtained from the Zn13Sb10 loading 

composition, and there is no need to use a Zn-richer composition such as Zn4Sb3. While 

the Zn13−δSb10 phase is stable till its decomposition temperature of 515 °C, it may 

incorporate some additional Zn around 412 °C, if elemental Zn is present. 

 

3.1. Introduction 

The Zn13-δSb10 phase, known in the literature as “Zn4Sb3”, has been identified as one of 

the promising p-type thermoelectric materials 20 years ago90. Extensive research that 

followed elucidated the nature of the low-temperature phase transitions93,94, revealed details 

of its atomic structure92,96,113, and established its composition93,94,113–116. Both diffraction 

and elemental (such as EMPA) analyses indicate that the real composition of “Zn4Sb3” is 

best represented as Zn13-δSb10, but the value of δ is not well defined. Diffraction 

experiments on the room-temperature β-modification of Zn13-δSb10 gave δ = 0.18 – 

0.2396,113, while those on the low-temperature α- and α’-modifications yielded δ ≈ 0.393. 
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The electron microprobe analysis (EMPA) suggested a similar but wider variation in 

composition from δ = 0.45114 to δ ≈ 094,114 depending on the sample preparation method. It 

has to be mentioned that δ ≈ 0 was observed only for single crystals grown from flux, and 

some foreign atoms were present in the structure. In some cases, EPMA gave even a Zn-

richer composition Zn13+δSb10 with δ up to 0.16116 or even 0.37–0.42115, however such an 

increase in the Zn amount results from presence of elemental Zn in the form of nano- or 

micro-inclusions inside or between the domains117,118. Additionally, excess of Zn in the 

structure would contradict the available structural data and physical properties. 

Since the intrinsic composition of Zn13Sb10 dictates its thermoelectric properties as well 

as the nature of its low-temperature phase transitions, there were many attempts to elucidate 

these relationships. Toberer et al.116 looked at the correlation between the Zn loading 

amount and transport properties, and the works by Nylén et al.114 and Pan et al.119 showed 

that dopants influence both the electrical resistivity and low-temperature structural 

transformations. Other studies120–122 also reported on the modification of transport 

properties due to the doping on either the Zn or Sb sites. Unfortunately, a solid relationship 

between the composition, atomic structure and physical properties could not be established. 

To complicate the matter even further, the Zn4Sb3 samples with the same loading 

composition but prepared by different methods display rather incoherent properties; e.g. 

the samples prepared by gradient freeze and spark plasma sintering possess vastly different 

charge transport properties123,124. 
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The primary reason for our inability to properly navigate the “synthesis–composition–

property” relationship in Zn13Sb10 is lack of solid understanding of how to prepare phase-

pure samples with reproducible properties and of the reasons to use the Zn-rich samples. 

Typically, the polycrystalline samples of Zn13Sb10 are synthesized from a Zn-richer Zn4Sb3 

composition, which inevitably yield Zn impurities. The first synthetic step in making a 

polycrystalline Zn4Sb3 sample is melting of elemental Zn and Sb in the 4 : 3 ratio in an 

evacuated silica tube above the melting temperature of Sb (631 °C), which is the highest 

temperature on the Zn–Sb diagram125. Many researchers use 750 °C or higher temperatures 

to speed up the reaction and then quickly cool/quench the sample to room 

temperature90,95,116,126. According to the experimental phase diagram125, Zn13Sb10 

decomposes peritectoidally at 490 °C into a Zn-poorer high-temperature γ-Zn13−δSb10 

modification, and Zn3Sb2, and thus quenching allows to bypass the solid-state reaction 

between γ-Zn13−δSb10 and Zn3Sb2 and to obtain the Zn13Sb10 phase directly (known as β-

Zn13Sb10). Recently, He et al. have shown that γ-Zn13−δSb10 is in reality Zn9−δSb7 with a 

different structure99. 

While the peritectoid decomposition of Zn13Sb10 provided a rationale for quenching 

samples, the choice of the 4 : 3 composition was not clear. High vapour pressure of Zn at 

750 °C can deplete the sample of some Zn, however Zn losses are rather small and typically 

not sufficient to yield pure Zn13Sb10 from the Zn4Sb3 loading composition at least within 

the experimental setup used in this work. We believe that the origin of the Zn4Sb3 loading 

composition and subsequently its historic formula can be partially attributed to Mayer et 

al., who observed that the Zn4Sb3 loading composition gives the most pure sample91. 
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Subsequently Mayer et al. assumed and refined a Zn/Sb mixture on one of the Sb sites to 

retain the Zn4Sb3 composition. Likewise, other researchers, including present authors, have 

also established but not explicitly reported on the fact that the 4 : 3 and not 13 : 10 ratio 

yielded the highest purity sample after quenching. To validate this hypothesis, we prepared 

the Zn13Sb10 and Zn4Sb3 samples by melting at 750 °C in the same furnace, followed by 

quenching them in cold water. The Rietveld refinement (Figure 3.1) unequivocally proves 

that the Zn4Sb3 sample contains more Zn13Sb10. Quenched Zn4Sb3 samples are typically 

ground and consolidated either through hot press sintering90,116 or spark plasma 

sintering.127 Even when the preparation method is different, the Zn4Sb3 formula is still used 

for the Zn13Sb10 phase.128,129  

 

Figure 3.1. Rietveld refinement results for the Zn4Sb3 and Zn13Sb10 samples quenched from 

750 °C. The elemental Zn is not detectable in the Zn13Sb10 sample, likely, due to its small 

particle size. 
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The discrepancy between the historic “Zn4Sb3” and real Zn13Sb10 compositions 

prompted us to investigate ways of preparing the Zn13Sb10 phase from the Zn13Sb10 loading 

composition. Additionally, our goal was to understand stability of the Zn13Sb10 phase at 

high temperatures and to construct the detailed Zn – Sb phase diagram. It has to be 

mentioned that the thermal stability of Zn13Sb10 was studied before. However, high-

temperature diffraction experiments were performed under either dynamic vacuum94 or 

inert atmosphere130 in large diffraction chambers, which creates non-equilibrium 

conditions leading to the sample decomposition via Zn losses. The current work eliminates 

such conditions. 

3.2. Experimental 

3.2.1. Synthesis 

The starting materials were Zn (99.99 wt%, Alfa Aesar) and Sb (99.999 wt% Alfa 

Aesar) pieces. Samples with the ZnSb, Zn9Sb7, Zn13±xSb10 (x = 0, 0.1, 0.2, 0.3), Zn4Sb3 and 

Zn3Sb2 compositions and with the total mass of 2 grams were prepared. Few identical 

batches of the Zn13Sb10 and Zn4Sb3 samples were prepared (see Table 3.1). The Zn and Sb 

metals were loaded into silica tubes, evacuated till 10−3 torr and sealed. All samples were 

heated to 750 °C at 100 °C/h, kept for 4 hours while shaken twice in-between. Next, the 

samples were cooled at 50 °C/h to 350 °C or 450 °C, kept at the target temperatures for 48 

hours, and then quenched in cold water. One of the Zn13Sb10 samples was cooled directly 

at 50 °C/h from 750 °C to room temperature. It has to be mentioned that a semitransparent 
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layer of Zn metal close to the sample was observed on the walls of silica tubes in all samples. 

This suggests that tiny amounts of Zn metal are always lost. 

Table 3.1. Samples compositions, heat treatment, phases present and elemental analysis 

results. 

Sample Heat treatmenta Phases at R.T. Compositional 

analysis 

ZnSb 

 

Zn9Sb7 

Zn12.7Sb10 

Zn12.8Sb10 

Zn12.9Sb10 

Zn13Sb10 

 

 

 

Zn13.1Sb10 

Zn13.2Sb10 

Zn13.3Sb10 

Zn4Sb3 

 

 

Zn3.26Sb2 

750 °C → 450 °C → quench 

750 °C → 350 °C → quench 

750 °C → quench 

750 °C → R.T. 

750 °C → R.T. 

750 °C → R.T. 

750 °C → 450 °C → quench 

750 °C → 350 °C → quench 

750 °C → R.T. 

750 °C → quench 

750 °C → R.T. 

750 °C → R.T. 

750 °C → R.T. 

750 °C → 450 °C → quench 

750 °C → 350 °C → quench 

750 °C → quench 

750 °C → 500 °C → 430 °C 

→ quench 
 

ZnSb 

ZnSb 

Zn13Sb10 + ZnSb 

Zn13Sb10 + ZnSb 

Zn13Sb10 + ZnSb 

Zn13Sb10 

Zn13Sb10 

Zn13Sb10 

Zn13Sb10 

Zn13Sb10 + ZnSb + Znb 

Zn13Sb10 + Zn 

Zn13Sb10 + Zn 

Zn13Sb10 + Zn 

Zn13Sb10 + Zn 

Zn13Sb10 + Zn 

Zn13Sb10 + Zn +ZnSb 

α-Zn3Sb2 + Znc 

Zn49.8(2)Sb50.2(2) 

Zn49.7(2)Sb50.3(2) 

 

 

 

 

Zn55.9(2)Sb44.1(2) 

Zn56.0(2)Sb44.0(2) 

Zn55.8(2)Sb44.2(2) 

 

 

 

 

Zn56.1(2)Sb43.9(2) 

Zn56.0(2)Sb44.0(2) 

 

Zn2.96(2)Sb2 

 

a 750 °C → 450 °C → quench and 750 °C → 350 °C → quench: cooling at 50 °C/h from 

750 to 450 and 350 °C, followed by rapid quenching in ice-cold water. 750 °C → 500 °C 

→ 430 °C → quench: cooling at 50 °C/h from 750 to 500 °C, then at 5 °C/h from 500 to 

430 °C, followed by rapid quenching in ice-cold water. 750 °C → quench: direct 

quenching from 750 °C in ice-cold water. 750 °C → RT: cooling at 50 °C/h from 750 °C 

to room temperature.  
b Some Zn was deposited on the walls of silica tube. Zn is required to balance the loading 

composition.  
c Some Zn was deposited on the walls of silica tube and also found inside the Zn3.26Sb2 

sample as elemental inclusions. Zn was not detected on the X-ray powder diffraction. 
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3.2.2. Room Temperature Diffraction Studies and Elemental Analysis 

The samples were subjected to X-ray powder diffraction analysis on a PANalytical 

X'Pert Pro diffractometer with an X'Celerator detector and CuKα1 radiation. The samples 

were ground and deposited on a zero-background Si samples holder. Diffraction data were 

collected in the 20 – 70° 2θ range. A full-profile Rietveld refinement (Rietica program) was 

employed to refine the lattice parameters and to assess the purity of bulk products. For the 

refinement, crystallographic data of ZnSb and Zn13Sb10 were adopted from previous work95. 

Quantitative elemental analysis was performed using an INCA-Energy-350 X-ray 

EDS spectrometer (Oxford Instruments) on a Jeol JSM-6480LV scanning electron 

microscope (SEM) (20 kV accelerating voltage, 0.7 nA beam current and 50 μm beam 

diameter). Small pieces of the samples were mounted in a conductive epoxy resin and 

polished with ∼10 μm diamond dust during the final polishing stage. Zn metal and 

Sb2S3 were used as standards. Signals averaged over three points per phase gave estimated 

standard deviations of 0.2 at% for Zn (measured by K-series lines) and Sb (measured by L-

series lines). 

3.2.3. High-temperature Synchrotron Diffraction Studies 

The temperature-dependent powder diffraction data for the ZnSb, Zn9Sb7, Zn13Sb10, 

Zn4Sb3 and Zn3Sb2 samples were collected at the Swiss-Norwegian Beam Lines, BM01A 

station at the ESRF (Grenoble, France) with a Dectris Pilatus2M detector in a ramp mode 

in the 20–650 °C temperature range with a typical step width of 2 °C. The wavelength was 
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set to 0.6889, 0.6890, 0.7225, 0.7787 and 0.9682 Å, respectively. The temperature was 

controlled with an in-house developed heat blower. Experimental powder diffraction data 

were integrated and processed with the DIOPTAS software.110 

3.3. Results and Discussion 

The composition and stability of Zn13−δSb10 and ZnSb will be addressed first. These 

results will be combined with the published data on Zn9−δSb7 and Zn3Sb2 to construct the 

middle part of the Zn–Sb diagram. We will use the Zn13−δSb10 formula to indicate Zn 

deficiency in this phase. It is worth mentioning that all Zn–Sb phases are Zn deficient, but 

this deficiency is more pronounced in Zn13−δSb10 then in ZnSb or Zn3Sb2. 

3.3.1. Composition of Zn13−δSb10 and ZnSb 

To test homogeneity ranges of Zn13−δSb10 and ZnSb as a function of temperature, 

the samples were annealed at 350 and 450 °C and quenched in cold water. The composition 

of Zn13−δSb10 at room temperature is based on the Zn13Sb10 sample that was cooled from 

750 °C to room temperature at 50 °C per hour. The elemental analysis results are 

summarized in Table 3.1. Both at 350 °C and 450 °C, the ZnSb samples yielded slightly 

Zn-deficient compositions that are within 2 standard deviations (SDs) from the 

stoichiometric one. Considering that ZnSb is a p-type conductor, such small Zn deficiency 

is expected. 

The compositions obtained for Zn13−δSb10 from the Zn13Sb10 and Zn4Sb3 samples 

are identical or within 1 SD from each other for the same annealing temperature. For the 
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same samples, the elemental results are also within 1 SD across different temperatures 

(Table 3.1). However, the EDS compositions for the two Zn4Sb3 samples have to be treated 

with caution as the X-ray powder diffraction revealed presence of elemental Zn in both 

samples. As shown in other studies117,118, elemental Zn can be present as nano-inclusions 

inside or between the domains, and while these inclusions are visible under TEM, they 

cannot be detected with SEM. Thus, we cannot exclude presence of Zn nano-inclusions in 

our Zn4Sb3 samples. Potentially, we can use the unit cell volumes to evaluate compositions, 

but since no solid relationship has been established between the Zn composition and lattice 

parameters, such analysis can be qualitative at best. Table 3.2 presents lattice parameters 

in comparison to the EDS compositions. The unit cell volumes for the Zn13Sb10 samples 

are similar to each other (within 2 combined SDs for the two compositions compared), 

which supports similarity in the samples’ compositions in agreement with the EDS results. 

For the Zn4Sb3 samples annealed at 450 and 350 °C degrees, the unit cell volumes are 

significantly different and they deviate from the Zn13Sb10 ones. We suggest that the larger 

unit cell for Zn4Sb3 annealed at 450 °C corresponds to a larger Zn amount in the structure, 

and some support for this argument comes from the experiments described below. 

A series of samples with loading compositions Zn12.7–13.3Sb10 with 0.1 intervals was 

prepared. The samples were cooled at 50 °C h−1 from 750 °C to room temperature. X-ray 

powder diffraction (Figure 3.2) showed that the Zn13.1–13.3Sb10 samples contained 

elemental Zn as impurity, while Zn12.7–12.8Sb10 contained ZnSb. The lattice parameters 

derived for the Zn13Sb10 phase from the Rietveld refinement are summarized in Table 3.3. 

As the Zn loading amount decreases from Zn13.3Sb10 to Zn12.9Sb10, the unit cell becomes 
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smaller, which suggests that (1) Zn amount is variable in the Zn13Sb10 structure and (2) a 

larger Zn concentration yields a larger unit cell. The Zn12.8Sb10 and Zn12.7Sb10 samples have 

the unit cell volume similar to that of Zn12.9Sb10. 

Table 3.2. Lattice parameters for the Zn13−δSb10 phase as obtained from the full profile 

Rietveld refinement of the Zn13−δSb10 and Zn4Sb3 samples. The phase compositions are 

also indicated. 

Sample Zn13Sb10 Zn4Sb3 

Phase Zn13Sb10 (Zn56.5Sb43.5) Zn13Sb10 (Zn56.5Sb43.5) 

450oC Zn55.9(2)Sb44.1(2) 

 

a=12.2334(2) Å 

c=12.4287(3) Å 

V=1610.83(5) Å3 

Zn56.1(2)Sb43.9(2) a=12.2334(2) Å 

c=12.4301(2) Å 

V=1611.02(4) Å3 

350oC Zn56.0(2)Sb44.0(2) a=12.2328(2) Å 

c=12.4285(2) Å 

V=1610.63(4) Å3 
 

Zn56.0(2)Sb44.0(2)  a=12.2336(2) Å 

c=12.4292(2) Å 

V=1609.94(4) Å3 

RTa Zn55.8(2)Sb44.2(2) a=12.2334(2) Å 

c=12.4282(2) Å 

V=1610.76(4) Å3
 

  

350 and 450 oC corresponds to final annealing temperatures after which the samples were 

quenched.  

a RT for Zn13Sb10 indicates that this sample was cooled from 750 oC to room temperature 

at 50 oC/h. 

 

Table 3.3. Lattice parameters of the Zn13Sb10 phase in the Zn12.7–13.3Sb10 samples 

cooled from 750 °C to room temperature at 50 °C/h. 

Sample Zn13.3Sb10 Zn13.2Sb10 Zn13.1Sb10 Zn13Sb10 

a (Å)  

c (Å)  

V (Å3) 

12.2354(3)  

12.4313(3)  

1611.70(6) 

12.2337(3)  

12.4301(3)  

1611.09(6) 

12.2341(3)  

12.4309(3)  

1611.30(6) 

12.2320(2)  

12.4274(2)  

1610.29(4) 

Sample Zn12.9Sb10 Zn12.8Sb10 Zn12.7Sb10  

a (Å)  

c (Å)  

V (Å3) 

12.2314(2)  

12.4270(2)  

1610.09(5) 

12.2338(2)  

12.4298(2)  

1611.08(4) 

12.2328(2)  

12.4288(2)  

1610.68(5) 
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Figure 3.2. Powder diffraction patterns of the Zn12.7-13.3Sb10 samples cooled at 50 °C/h from 

750 °C to room temperature. The Zn and ZnSb impurities are indicated on the graphs. 

It is difficult to pinpoint the exact homogeneity range for the Zn13Sb10 phase and to 

establish its temperature dependence. If we consider only the EDS results from the 

Zn13Sb10 samples and assume no Sb deficiencies in the structure, then the composition of 

Zn13−δSb10 can be written as Zn12.62(5)Sb10–Zn12.72(5)Sb10 or with δ = 0.28–0.38(5). This 

proposed homogeneity agrees well with the values found in literature; e.g. Nylén et 

al. reported the EPMA composition of Zn12.6(1)Sb10 for the Zn4Sb3 sample quenched from 

450 °C.114 The unit cell volumes for our non-stoichiometric samples suggest that a larger 

compositional range is still possible; however precise elemental analysis for such samples 

may be challenging because of Zn nano-inclusions. 
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3.3.2. Thermal Stability and Transformation of Zn13Sb10 

 

Figure 3.3 Powder diffraction data for the Zn4Sb3 sample during heating from 300 °C till 

580 °C. 

The thermal stability of Zn13Sb10 was evaluated by heating the Zn4Sb3 sample 

sealed inside a silica capillary with argon gas from room temperature to 650 °C. The 

temperature scans are compiled in Figure 3.3. The Zn4Sb3 sample contained Zn13Sb10 and 

Zn (0.80(5) wt. %). The thermal expansion coefficients of Zn13Sb10 and Zn are different, 

which is easily detectable from the different temperature slope of the Zn reflections. The 

following transformation temperatures are observed: 

(1) 412 °C: Zn metal disappears and the Zn3Sb2 phase appears. It is worth mentioning that 

the melting point of pure Zn metal is 419.5 °C, and disappearance of Zn and appearance of 
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Zn3Sb2 in the sample can be explained by melting of Zn metal and its reaction with 

Zn13Sb10 according to: Zn13Sb10 + 2 Zn → 5 Zn3Sb2. 

At 412 °C, the slope of the unit cell volume vs. temperature changes and the 

occupancy of the main Zn site in the structure increases abruptly (see Figures 3.4 and 3.5). 

While the unit cell volume continues to increase with temperature at higher temperatures, 

the thermal expansion is slower. These changes can be explained by incorporation of 

additional Zn into the structure after it melts at 412 °C. The HT diffraction data for the 

Zn13Sb10 sample without Zn impurity (not discussed here) do not exhibit such behaviour; 

there is a linear increase in the volume and linear decrease in the occupancy of the main Zn 

site till the decomposition temperature. 

(2) 496 °C: Zn13Sb10 phase starts to decompose peritectoidally into α-Zn9Sb7 and β-Zn3Sb2, 

Zn-poorer and Zn-richer phases, and then completely disappears at 509 °C. Peritectoid 

decomposition of Zn13Sb10 over the 13 °C range suggests some non-equilibrium conditions 

inside the capillary, likely resulting from fast heating. Such non-equilibrium behaviour is 

also observed for other transformations. 

(3) 536 °C: α-Zn9Sb7 transforms into the β-Zn9Sb7. 

(4) 575 °C is the eutectic temperature, at which β-Zn3Sb2 decomposes into liquid and β-

Zn9Sb7. 

(5) 580 °C: β-Zn9Sb7 disappears. This is the temperature of liquidus for the 

Zn4Sb3 composition. 



Ph.D. Thesis – C.-w. T. Lo;        McMaster University – Chemistry and Chemical Biology 

73 
 

 

Figure 3.4. Occupancy of the main Zn site in Zn13Sb10 with temperature. 

 

Figure 3.5. Unit cell volume of Zn13Sb10 with temperature. The red line indicates a linear 

fit to the refined unit cell volumes in black before 412 °C. 

Figure 3.4 provides insights into the occupancy of the main Zn site and gives some 

indications about the presence of additional and deficient Zn sites. The composition of the 

Zn13Sb10 and Zn4Sb3 samples quenched from 350 and 450 °C is very similar to each other 
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and to that of the Zn13Sb10 sample slowly cooled to room temperature (Table 3.1). Thus, 

the total Zn content inside the Zn13Sb10 structure must be similar at various temperatures; 

and since the occupancy of the main Zn site decreases with temperature (Figure 3.4), the 

occupancy of the Zn interstitial sites must increase. Such Zn redistribution between 

different sites suggests high Zn mobility in Zn13Sb10 at elevated temperatures. Similar 

behaviour was observed in Zn9Sb7.
99  

Finally, we would like to address possibility of the retrograde solubility of Zn in 

Zn13Sb10 at low temperatures identified through first-principle thermodynamic 

calculations. The theoretical analysis by Pomrehn et al.131 suggests that when Zn13Sb10 and 

Zn are in equilibrium, Zn amount in Zn13Sb10 is higher at low and high temperatures, but 

lower in the intermediate temperatures (around 400 °C). The Zn occupancy data in Figure 

3.4 support this statement; additionally the HT diffraction data directly tie an increase in 

the Zn amount at 412 °C to the melting of elemental Zn.  

3.3.3. Thermal Stability of ZnSb 

In contrast to other Zn–Sb binary phases, the ZnSb phase displays no structural 

transformation from liquid helium temperatures132 till its decomposition. The HT 

diffraction data show appearance of Sb metal in the 207–531 °C range and its amount 

slowly increases with temperature (Figure 3.6). Above 514 °C, Sb metal gradually 

disappears over a range of 17 °C. The temperature of 514 °C corresponds neither to the 

melting temperature of Sb (630.8 °C) nor the transformation temperatures of other Zn–Sb 

phases. Additionally, appearance and disappearance of Sb is not matched by appearance or 
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disappearance of any other phase (one would expect to see Zn metal when Sb metal is 

present). Most likely, non-uniform temperature conditions are present inside the capillary, 

which leads to Zn being transported to the colder zone of capillary and out of the diffraction 

zone. 

 

Figure 3.6. Powder diffraction data for the ZnSb sample during heating from room 

temperature till 600 °C. 

The following phase transformations are detected: 

(1) 570 °C: ZnSb starts to decompose peritectically into β-Zn9Sb7 and Sb-rich liquid and 

disappears completely at 573 °C. The peritectic temperature of 570 – 573 °C is slightly 

higher than 565 °C detected for ZnSb in the Zn9Sb7 sample (see below). 

(2) 576 °C: β-Zn9Sb7 disappears. This is the temperature of liquidus for the ZnSb 

composition. 
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We have also refined the occupancy of the Zn site in ZnSb at selected temperatures 

from room temperature till 550 °C. The Zn site becomes deficient above 150 °C and has 

the occupancy of 0.91(1) at 350 °C, 0.90(1) at 450 °C and 0.87(1) at 550 °C. Since the EDS 

compositions of the ZnSb samples quenched from 350 and 450 °C are close to Zn0.99Sb 

(Table 3.1), we propose that at high temperatures majority of “missing” Zn atoms migrate 

from the main Zn site into the neighbouring tetrahedral voids made of Sb atoms. Such 

behaviour would be similar to the Zn distribution in Zn13Sb10, except that in Zn13Sb10 some 

Zn disorder is already present at room temperature, while in ZnSb it occurs at higher 

temperatures. 

3.3.4. Stability and Transformations in Zn9Sb7 and Zn3Sb2 

Structure and stability of Zn9Sb7 and Zn3Sb2 were discussed in details in our two 

previous works.99,133 Here, we provide only a summary of the structural transformations. 

Zn9Sb7 has two polymorphs that exist only at the high temperatures and at rather narrow 

temperature ranges. Figure 3.7 shows the diffraction patterns for the Zn9Sb7 sample in the 

400–620 °C range. Since Zn9Sb7 is stable only above 514 °C, the Zn9Sb7 sample contains 

ZnSb and Zn13Sb10 at lower temperatures.  

Upon heating, the following transformations are detected: 

(1) 510 °C: Zn13Sb10 phase starts to decompose peritectoidally into α-Zn9Sb7 and β-

Zn3Sb2 and is gone completely at 520 °C. The decomposition temperature of 510 – 520 °C 

for Zn13Sb10 is different from 496 – 509 °C, observed in the Zn4Sb3 sample. Such difference 
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is above an estimated instrumental uncertainty of ∼5 °C, and may result from either a 

compositional variation in the Zn13Sb10 phase or from overheating Zn13Sb10, or both. 

Presence of three phases, ZnSb, α-Zn9Sb7 and β-Zn3Sb2 above 520 °C, suggests non-

equilibrium conditions inside the capillary. Amount of β-Zn3Sb2 diminishes with 

temperature and its diffraction peaks disappear around 548 °C, most likely due to its 

reaction with ZnSb to yield Zn9Sb7. 

 

Figure 3.7. Powder diffraction data for the Zn9Sb7 sample during heating from room 

temperature till 620 °C. 

(2) 542 °C: α-Zn9Sb7 transforms into β-Zn9Sb7. The α-to-β-Zn9Sb7 transformation 

temperature of is similar to 536 °C observed in the Zn4Sb3 sample. 

(3) 565 °C: ZnSb decomposes. 

(4) 584 °C: β-Zn9Sb7 melts. 
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Similar to Zn9Sb7, the Zn3Sb2 phase has two modifications and is 

thermodynamically stable at higher temperatures (Figure 3.8). While none of the 

polymorphs of Zn9Sb7 could be quenched to room temperature, the low-temperature α-

Zn3Sb2 can be kinetically stabilized at room temperature by rapid quenching from 430 

°C.133 The Zn3Sb2 sample shows different behaviour during heating and cooling at the rate 

of 2 °C min−1.133 While both α- and β-Zn3Sb2 are observed during heating, only β-Zn3Sb2 is 

detected during cooling. Formation of α-Zn3Sb2 during cooling is achieved only by some 

prolonged annealing around 430 °C.133 Here we discuss transformations for the quenched 

Zn3Sb2 sample during heating: 

 

Figure 3.8. Powder diffraction data for the Zn3Sb2 sample (quenched from 430 °C) during 

heating from room temperature till 600 °C. 
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(1) 197 °C: the quenched metastable α-Zn3Sb2 phase decomposes into Zn13Sb10 and Zn. 

(2) 410 °C: Zn13Sb10 and Zn react back to give α-Zn3Sb2. 

(3) 425 °C: remnant β-Zn13Sb10 and Zn, not fully consumed at 410 °C, combine to give the 

β-Zn3Sb2 phase. α- and β-Zn3Sb2 coexist together till 490 °C. 

(4) 490 °C: α-Zn3Sb2 transforms into β-Zn3Sb2. 

(5) 590 °C: β-Zn3Sb2 melts. 

3.3.5. Zn – Sb Phase Diagram 

The HT diffraction experiments, discussed above, allowed us to establish the 

transformation and/or melting temperatures for Zn1−δSb, Zn9−δSb7, Zn13−δSb10, and 

Zn3−δSb2 (the δ is used to represent Zn deficiency). Table 3.4 summarizes the phase 

transformations and invariant temperatures, and also lists corresponding temperatures taken 

from Izard et al.125 In general, there is a good agreement between the phase diagram 

proposed by us and the one given by Izard et al.125 The largest difference is the presence of 

Zn9−δSb7, which is identified as γ-Zn4Sb3 in ref. 125. Some of the transformation 

temperatures are close to the literature data, but some are higher than the reported one. This 

discrepancy in the temperatures likely stems from at least two sources: a difference between 

the temperatures inside the capillary and at the heater, and use of the different 

characterization methods (diffraction vs. thermal analysis) with different heating rates.  
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Table 3.4. Phase analysis, transformation and invariant temperatures for four samples 

obtained from HT synchrotron diffraction studies during heating. The last column gives 

transformation temperatures taken from V. Izard et al.125. 

Sample Phases 

at R.T. 

Transformations T (°C) Ref. 125b 

ZnSb ZnSb ZnSb → β-Zn9Sb7 + L 

β-Zn9Sb7 + L → L 

570 – 573 

576 

(liquidus) 

 

549 

557 

 

Zn9Sb7 Zn13Sb10 

+ ZnSb 

Zn13Sb10 → α-Zn9Sb7 + β-Zn3Sb2 

α-Zn9Sb7 → β-Zn9Sb7  

ZnSb → β-Zn9Sb7 + L 

β-Zn9Sb7 → L 

510 – 520  

542 

565 

584 

 

494 

532 

n/a 

568 

Zn4Sb3 Zn13Sb10 

+ Zn 

Zn13Sb10 + Zn → β-Zn3Sb2 

Zn13Sb10 → α-Zn9Sb7 + β-Zn3Sb2 

α-Zn9Sb7 → β-Zn9Sb7  

β-Zn3Sb2 → β-Zn9Sb7 + L 

β-Zn9Sb7 + L → L  

412 

498 – 503  

536 

575 

580 

(liquidus) 

 

412 

495 

532 

n/a 

568 

 

Zn3.26Sb2 α-Zn3Sb2 

+ Zna 

α-Zn3Sb2 → Zn13Sb10 + Zn (non-

equilibrium) 

Zn13Sb10 + Zn → α-Zn3Sb2 

Zn13Sb10 + Zn → β-Zn3Sb2 

α-Zn3Sb2 → β-Zn3Sb2 

β-Zn3Sb2 → L 

197 

 

410 

425 

490 

590 

n/a 

 

407 

413 

458 

568 
a Some Zn was deposited on the walls of silica tube and also found inside the Zn3.26Sb2 

sample as elemental inclusions. Zn was not detected on the X-ray powder diffraction. 

b The following compositions from V. Izard et al. were used for comparison: ZnSb, 

~Zn9Sb7 (56.30 at. % for Zn), Zn4Sb3 and Zn3Sb2. 

 

The data from Table 3.4 combined with the elemental analyses are used to 

construct the central part of the Zn–Sb phase diagram (Figure 3.9). It has to be stated that 

the composition of the eutectic between Zn13−δSb10 and Zn3−δSb2 is unknown. The DSC 

data by Izard et al.125 were also inconclusive for the eutectic, and thus could not be used as 

a guide. In addition, the dashed liquidus lines are approximations. The proposed 
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temperatures and compositions are the best ones that could be derived from our experiments. 

The eutectic temperatures of 415 and 509 °C are adopted from the work of Izard et al.125 A 

short summary on all the phases is provided below. The temperature accuracy is close to 5 

°C. 

(1) Zn1−δSb. It is given as a line compound with the composition of Zn0.99Sb (Zn49.8Sb50.2). 

Its decomposition temperature of 569 °C is the average of 573 and 565 °C obtained from 

the ZnSb and Zn9Sb7 samples. 

(2) Zn9−δSb7. The α- and β-Zn9−δSb7 polymorphs are Zn-poorer compared to Zn13−δSb10; 

also α-Zn9−δSb7 is located to the right of β-Zn9−δSb7. The exact composition of the 

polymorphs is unknown as only their approximate compositions could be extracted from 

the high-temperature diffraction experiments.99 The α – β transition temperature is the 

average one based on the Zn4Sb3 and Zn9Sb7 samples. 

(3) Zn13−δSb10. The β-Zn13−δSb10 modification, or simply Zn13−δSb10, is stable above −19 

°C (ref. 133) till 496 – 509 °C in the Zn4Sb3 sample or till 510 – 520 °C in the Zn9Sb7 one. 

As discussed above, such difference may result from a varying Zn amount: a Zn-richer 

Zn13−δSb10 phase in the Zn4Sb3 sample has a lower decomposition temperature than the Zn-

poorer one in the Zn9Sb7 sample. Such conclusions would be in agreement with the phase 

diagram proposed by Izard et al.125. 515 °C (average of 510 and 520 °C) is taken as the 

peritectoid temperature for the Zn-poorer composition, while 503 °C for the Zn-richer 

composition. The proposed homogeneity range is Zn12.62Sb10-Zn12.72Sb10 (Zn = 55.8 – 
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56.0 %). Likely, the composition of Zn13−δSb10 is temperature dependent but we could not 

establish this. 

(4) Zn3−δSb2. The α- and β-Zn3−δSb2 polymorphs are given as line compounds. The electron 

microprobe analysis on α-Zn3−δSb2 yielded Zn2.96(2)Sb2 and the Zn deficiency was 

supported by a positive Seebeck coefficient.133 β-Zn3−δSb2 is Zn-poorer compared to α-

Zn3−δSb2. There can be some homogeneity ranges for both polymorphs, but there is no data 

to postulate them. 

 

Figure 3.9. Central part of the Zn – Sb phase diagram. 
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3.4. Conclusions 

The updated Zn–Sb phase diagram provides new details about the composition, 

transformation and stability temperatures for the four binary phases. While the 

Zn13−δSb10 phase is well known, its formula was written as Zn4−δSb3, which is incorrect 

based on its structure and composition. The updated diagram uses the proper formula for 

this phase. Additionally, we have demonstrated that a phase pure Zn13Sb10 sample can be 

easily prepared form the Zn13Sb10 composition and there is no need for extra Zn as in the 

Zn4Sb3 samples. Ability to prepare phase pure Zn13Sb10 samples can be used as a 

springboard for doping studies, optimizing thermoelectric properties and improving 

temperature stability of Zn13Sb10. 

The high-temperature diffraction studies on ZnSb, Zn13Sb10 and Zn9Sb7 suggest that Zn 

atoms are very mobile at elevated temperatures and easily migrate from the main Zn site 

into the interstitial ones. While such Zn migration can be beneficial for the thermal 

conductivity, it can be detrimental for the thermal stability since Zn atoms can easily escape 

from the structure. Arresting Zn migration can be a key in improving high-temperature 

thermoelectric performance of ZnSb and Zn13Sb10. 
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Chapter 4. Incorporation of Indium into the Zn13Sb10 Thermoelectric 

Material 

This chapter contains the material covered in the manuscript “Incorporation of 

Indium into the Zn13Sb10 Thermoelectric Material”, which was published in Journal of 

Alloys and Compounds (J. Alloys Compd., 2019, 780, 334 – 340). The physical property 

measurements were collected by Dr. Taras Kolodiazhnyi at the National Institute for 

Materials Science (NIMS), Tsukuba, Ibaraki, Japan. The experimental procedures, 

structure determination, data interpretation and manuscript preparation were completed by 

the candidate. 

 

Reproduced with permission from Taras Kolodiazhnyi and Yurij Mozharivskyj, J. Alloys 

Compd., 2019, 780, 334 – 340. Copyright 2018 Elsevier B. V.. 
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The composition of the In-substituted Zn13Sb10 phases follows the Zn13-1.5xInxSb10 

charge-balanced formula and the reduction in the Zn content is due to the In3+ oxidation 

state, compared to the Zn2+ oxidation state. Zn deficiency in the In-doped samples is 

supported by the X-ray powder diffraction and EDS elemental analyses. Single-crystal X-

ray diffraction refinement backs the Zn deficiency by revealing absence of Zn atoms in the 

interstitial sites and decreased occupancy of the main Zn site.  

The heat capacity measurements indicate that incorporation of In suppresses the α’ → 

α (235 K) and α → β (254 K) phase transitions, which could be due to the disappearance 

of some interstitial Zn atoms and/or difficulty in ordering the remaining ones. Both 

electrical resistivity and Seebeck coefficient data suggest a decrease in charge carrier 

concentration, stemming from an increased occupancy of the valence band. The thermal 

conductivity reveals changes in the phonon scattering pathways upon In doping; dominance 

of point defect scattering in Zn13-1.5xInxSb10 vs. Umklapp scattering in the pristine Zn13Sb10. 

 

4.1. Introduction 

A good thermoelectric material can be described as a “phonon-glass, electron-crystal”42; 

it possesses a low thermal conductivity of a phonon-glass and a low electrical resistivity of 

an electron-crystal. The Zn13Sb10 phase, known as Zn4Sb3, is one of such materials; it 

possesses very low thermal conductivity, rivalling that of amorphous solids, and maintains 

good electrical conductivity90. Research performed on Zn13Sb10 targeted different aspects 

of this material, including its synthesis123,134, atomic structure92,94–96, and thermal 
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stability95,130,135. There are also doping studies, such as Cd136–138 and  Bi139 incorporation, 

in attempt to improve its thermoelectric properties. Indium substitution in Zn13Sb10 has also 

been explored; e.g. Tang et al. investigated incorporation of In on the Sb sites140, Wei et al. 

prepared In-doped “Zn4Sb3” by Bridgman method141, and Liu et al. compared 

thermoelectric properties of Al, Ga and In-doped “Zn4Sb3” at low temperatures142. In this 

work we attempted to understand the compositional changes in the In-doped Zn13Sb10 

phases and to develop connections between the composition, transport properties and 

structural changes. 

4.2. Experimental 

4.2.1. Synthesis 

Pieces of pure elements Zn (99.99 wt. % CERAC), Sb (99.999 wt. % 5N. Plus), and 

In (99.99 wt. % Alfa Aesar) were used as starting materials. Originally, samples with the 

general loading compositions Zn13-xInxSb10 (x = 0.1, 0.2, 0.3, 0.4 and 0.5) and Zn12.5-

δIn0.5Sb10 (δ = 0 – 0.5) were prepared. However based on the diffraction and EDS results, 

it was established that the composition of the In-doped samples follows the Zn13-1.5xInxSb10 

formula. As the results, the series of the Zn13-1.5xInxSb10 samples with x = 0.2 – 2 and 0.2 

intervals were made. All the samples were sealed in the evacuated silica tubes and placed 

in the same box furnace to eliminate temperature variances. The heating trend was adopted 

from our previous work143. The samples were heated at 750 °C for 16 h and were shaken 

in between to ensure mixing of the molten elements. The samples were cooled from 750 

°C to 350 °C at a rate of 50 °C/h and annealed for 2 days to achieve the phase homogeneity. 



Ph.D. Thesis – C.-w. T. Lo;        McMaster University – Chemistry and Chemical Biology 

87 
 

The samples were finally cooled down to room temperature at a rate of 50 °C/h. Larger 

samples were sequentially made with the same procedure and cut into bars for physical 

property measurements. 

Single crystals of pure and In-doped Zn13Sb10 were grown from the Sn flux, using 

the ternary phase diagram of Ondřej Zobač et al.144 and following the experimental work 

by H.-X. Liu et al.145. Samples with the loading compositions of Zn4.4Sb3Sn3 and 

Zn4.2In0.2Sb3Sn3 were placed into alumina crucibles inside silica tubes. The silica tubes 

were sealed under vacuum, and put in the furnace. The same furnace was used to reduce 

variances of the heating trends. The samples were heated at 750 °C for 16 h and were 

shaken in between to ensure mixing of the molten elements. They were then cooled from 

750 °C to 320 °C at varying rates and centrifuged after 12 h at 320 °C. Chunks of single 

crystals were obtained after centrifugation; polycrystalline-like ingots formed on the top of 

the melt, and larger crystals were found under the ingots. This suggests that crystals grow 

on top of the liquid mixture, and larger crystals prefer to grow under the ingot portion of 

the sample, at the solid-liquid interface. 

4.2.2. Powder and Single Crystal X-ray Diffraction 

Polycrystalline samples were analyzed on a PANalytical X’Pert Cu Kα1 powder X-

ray diffractometer (PXRD) at room temperature. The samples were ground and deposited 

on a silicon zero background holder. The data were collected with the 2 range of 20 – 80 

degrees and the total collection time of 1 hour. Rietveld refinement111 was performed to 

evaluate samples’ purity and to derive lattice parameters.  
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The flux-grown single crystals were analyzed on a STOE IPDS II single crystal 

diffractometer with the Mo Kα radiation and in the whole reciprocal sphere. A numerical 

absorption correction was based on the crystal shape that was originally derived from the 

optical face indexing but was later optimized against equivalent reflections using STOE X-

Shape software146. The data were collected for both pristine and In-doped Zn13Sb10 crystals. 

Structural determinations and refinements were performed using the SHELXL program147. 

During the single-crystal refinement, 3 interstitial Zn sites could be detected in the structure 

of the pristine Zn13Sb10, which agrees with our previous findings94 and those of Snyder et 

al.96. However, in the In-doped Zn13Sb10, only 1 interstitial Zn (Zn2) site could be located. 

For the In-containing crystal, electron density on the Zn/In sites were assumed to stem from 

Zn only. The crystallographic parameters and refinement results are summarized in Tables 

4.1, 4.2a and 4.2b. 

 

Table 4.1. Single Crystal X-ray Diffraction and refinements of crystal grown from flux 

Zn4.4Sb3Sn3 and  Zn4.2In0.2Sb3Sn3 at 293 K, MoKα1, STOE IPDS II diffractometer 

Sample Zn4.4Sb3Sn3 Zn4.2In0.2Sb3Sn3 

Refined composition Zn12.33Sb10 Zn11.53Sb10   

Space group R3
_

c R3
_

c 

Lattice Parameters (Å) a = 12.215(2) a = 12.221(2) 

 c = 12.388(2) c = 12.419(3) 

Volume (Å3) 1600.8(6) 1606.2(6) 

Z 3 3 

Density (calculated), g/cm3 6.298 6.115 

2θ range for data collection (°) 6.67 to 69.27 6.66 to 69.16  

Index Ranges -19 h 19, -18 k 15,  -18 h  19, -15  k  
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Table 4.2a. Atomic and isotropic displacement (Ueq) parameters for the crystal grown 

from the Zn4.4Sb3Sn3 flux. 

Atom Site Occupancy x/a y/b z/c Ueq(Å
2)* 

Zn1 36f 0.919(5) 0.24416(8) 0.07946(8) 0.09697(7) 0.0255(3) 

Zn2 36f 0.044(6) 0.199(3) 0.099(3) 0.016(3) 0.0255(3) 

Zn3 36f 0.042(5) 0.175(3) 0.925(3) 0.111(3) 0.0255(3) 

Zn4 36f 0.022(5) 0.103(6) 0.869(6) 0.263(5) 0.0255(3) 

Sb1 18e 1 0 0.35622(4) 0.25 0.0169(2) 

Sb2 12c 1 0 0 0.136745) 0.0162(2) 
*: the displacement parameters for Zn2, Zn3 and Zn4 were refined isotropically and were set to be 

the same as for Zn1. 

Table 4.2b. Atomic and isotropic displacement (Ueq) parameters for the crystal grown 

from the Zn4.2In0.2Sb3Sn3 flux.  

Atom Site Occupancy x/a y/b z/c Ueq(Å
2)* 

Zn1 36f 0.930(6) 0.24397(8) 0.07955(9) 0.09722(9) 0.0241(3) 

Zn2 36f 0.030(6) 0.206(3) 0.104(3) 0.016(2) 0.0241(3) 

Sb1 18e 1 0 0.35646(5) 0.25 0.0168(2) 

Sb2 12c 1 0 0 0.13679(6) 0.0160(2) 
*: the displacement parameter for Zn2 was refined isotropically and was set to be the same as for 

Zn1. 

-16 l 19 16, 

-7  l  19 

Independent reflections 5460 [R(int) = 0.0632] 3269 [R(int) = 0.0385] 

Completeness to max 2θ 100.0 % 100.0 % 

Data/restraints/parameters 765 / 0 / 33 744 / 0 / 24 

Goodness-of-fit of F2 1.058 1.037 

Final R indices [I>2σ(I)] R1 = 0.0324, wR2 = 0.0730 R1 = 0.0371, wR2 = 

0.0748 

R indices (all data) R1 = 0.0395, wR2 = 0.0757 R1 = 0.0575, wR2 = 

0.0803 

Extinction coefficient 0.0043(2) 0.0016(1) 

Largest diff. peak/hole, e-/Å3 1.908/-1.468 1.804/-1.536 
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The single crystal grown from the Zn4.2In0.2Sb3Sn3 flux was also analyzed at 100 K 

on the STOE IPDS II single crystal diffractometer. Peak splitting was detected at high 

angles, suggesting a symmetry lowering. The symmetry reduction, however, appears to be 

subtle and refinement with the C2/c space group, observed for Zn13Sb10
94 at lower 

temperatures, did not improve refinement results compared to the 𝑅3̅𝑐 space group. 

4.2.3. Elemental Analysis 

Quantitative elemental analysis was performed using an INCA-Energy-350 X-ray 

EDS spectrometer (Oxford Instruments) on a Jeol JSM-6480LV scanning electron 

microscope (SEM) (20 kV accelerating voltage, 0.7 nA beam current and 50 µm beam 

diameter). Small pieces of the samples were mounted in a conductive epoxy resin and 

polished with ~10 m diamond dust during the final polishing stage. Zn metal, Sb metal 

and InAs were used as standards. Signals averaged over three points per phase gave 

estimated standard deviations of 0.2 at.% for Zn (measured by K-series lines) and Sb 

(measured by L-series lines), and 0.07 at.% for In (measured by L-series lines).  

4.2.4. Physical Property Measurements 

The Zn11.5In1Sb10 sample was cut into an approximately 3  3  8 mm bar using an 

alumina saw and kerosene as lubricant to avoid sample oxidation. The density of the sample 

was 99% of the crystallographic densities. Electrical resistivity, Seebeck coefficient, 

thermal conductivity, and heat capacity were measured on a Quantum Design Physical 

Property Measurement System (PPMS). Copper leads were attached using Epo-Tek H20E 
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silver epoxy. The contacts for all samples were cured under a stream of ultrahigh purity Ar 

inside a tube furnace.  

4.3. Results and Discussion 

4.3.1. Composition, Purity and Structural Features of the In-doped Samples 

 

Figure 4.1. (left) X-ray diffraction patterns of Zn13Sb10 and Zn12.5In0.5Sb10. (right) Crystal 

structure of Zn13Sb10 without interstitial Zn. The Zn atoms (grey) occupy the tetrahedral 

voids formed by Sb. 

Table 4.3. Lattice parameters of Zn13Sb10 obtained from Rietveld 

refinements. 

Loading Composition Lattice parameters 

Zn13Sb10 a = 12.2337(2) Å 

c = 12.4295(2) Å 

V = 1611.01(5) Å3 

Zn12.5In0.5Sb10 a = 12.2570(2) Å 

c = 12.4337(2) Å 

V = 1617.71(5) Å3 
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Rietveld refinement performed for Zn12.5In0.5Sb10, one of the originally prepared In-

doped samples, indicated a change in the unit cell parameters compared to the pure 

Zn13Sb10 (Table 4.3 and Figure 4.1). The Zn12.5In0.5Sb10 sample, however, contained 

elemental Zn as an impurity. Another series of samples with the loading composition Zn12.5-

δIn0.5Sb10 (δ = 0, 0.1, 0.2, 0.3, 0.4 0.5) was made. The sample with δ = 0 contained Zn in 

agreement with the previous findings, while the samples with δ = 0.4 and 0.5 contained 

ZnSb, suggesting Zn deficiency. The samples with δ = 0.1, 0.2 and 0.3 had no detectable 

impurities. These results could be rationalized in terms of the common oxidation states, 

3 + for In and 2 + for Zn, and the tendency of Zn13Sb10 to be charge balanced with some 

Zn deficiency (a p-type material). Thus, for the In-substituted phases to remain charge 

balanced, the amount of Zn taken out of the structure should be 50% more than the amount 

of In put in. When In is at 0.5, the expected composition is Zn12.25In0.5Sb10. Absence of 

impurities in the powder diffraction patterns of the Zn12.2-12.4In0.5Sb10 samples can be 

explained by their low concentration, below the detection limit. 

Compositions of the Zn12.5-δIn0.5Sb10 with δ = 0.1, 0.2 and 0.3 as well as the pure 

Zn13Sb10 sample were also investigated using the quantitative elemental analysis (Table 

4.4). The pristine Zn13Sb10 sample is Zn-deficient in agreement with the literature 

data94,96,113,143. In comparison to Zn13Sb10, the Zn12.5-zIn0.5Sb10 phases are even more metal 

deficient, which stems from the trivalent nature of indium. It is also obvious that as the In 

concentration increases, the overall metal content decreases. 
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Table 4.4. Elemental analysis of the pristine Zn13Sb10 and the In-doped Zn13Sb10. 

Loading 

composition 

Zn  

(at. %) 

In  

(at. %) 

Sb  

(at. %) 
Formula 

Zn13Sb10 55.9(2) n/a 44.1(2) 
Zn12.66(4)Sb10.00(3) 

Zn12.66(4)Sb10.00(3) 

Zn12.4In0.5Sb10 54.0(2) 1.72(7) 44.3(2) 
Zn12.17(4)In0.39(2)Sb10.00(3) 

(Zn,In)12.56(5)Sb10.00(3) 

Zn12.3In0.5Sb10 53.5(2) 1.99(7) 44.5(2) 
Zn12.03(4) In0.45(2)Sb10.00(3) 

(Zn,In)12.48(5) Sb10.00(3) 

Zn12.2In0.5Sb10 53.0(2) 2.46(7) 44.5(2) 
Zn11.90(4) In0.55(2)Sb10.00(3) 

(Zn,In)12.45(5)Sb10.00(3) 

Based on the results from the Zn12.5-δIn0.5Sb10 samples and to establish the highest 

In level, a series of the Zn13-1.5xInxSb10 samples (x = 0.2 – 2, with 0.2 interval) was prepared. 

Rietveld refinement suggested x = 1 to be the highest substitution level, as samples with 

x > 1 contained the InSb impurity. Next, samples with the Zn11.5+δIn1Sb10 (δ = 0, 0.2, 0.4) 

loading composition were made and analyzed. The samples with δ = 0 and 0.2 were pure 

by X-ray analyses, while the sample with δ = 0.4 contained the Zn5Sb4In2-δ ternary phase148. 

While there may be some tolerance for a slightly larger Zn amount, it is unlikely that extra 

Zn, beyond the charge-balanced amount, enters the structure as all samples are p-type 

conductors and elemental Zn is found deposited on the walls of silica tubes. Additionally, 

there is a possibility of Zn nanoparticles being embedded between the grains of the 

polycrystalline samples, which cannot be detected by X-ray diffractions117.  

Structural and composition analysis of the flux-grown crystals also supports indium 

incorporation into Zn13Sb10. First, crystals from the Zn4.4Sb3Sn3 and Zn4.2In0.2Sb3Sn3 fluxes 

were analyzed by PXRD and EDS. The unit cell parameters derived from the powder 
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diffraction differ between the two crystals, with the In-doped Zn13Sb10 crystal having larger 

lattice parameters (Table 4.5). This serves as an evidence of In incorporation in the 

structure, since the Pauling’s single-bond radius of In (1.497 Å) is larger than that of Zn 

(1.249 Å)149. Elemental analysis of the unpolished In-doped crystal also shows the presence 

of In in Zn13Sb10 (0.79 at. %) along with Zn (54.44 at. %) and Sb (44.77 at. %) only. During 

the structural refinement of the single crystal from the Zn4.2In0.2Sb3Sn3 flux, the In/Zn ratio 

could not be refined (due to the metal site deficiencies) and all sites were assumed to be 

occupied by Zn atoms only. In this crystal, the occupancy of the main Zn site was found to 

be larger, which could be due to either an increase in the Zn amount or presence of In with 

a larger scattering factor on this site. Out of the three interstitial Zn sites observed in the 

pristine Zn13Sb10, only one site could be reliably identified and refined in the In-containing 

Zn13Sb10. In overall, the In-doped structure is metal deficient compared to the pure Zn13Sb10 

even if only Zn atoms are assumed on the metal sites during the refinement. Such outcome 

agrees well with the Zn-deficient loading composition required to obtain pure bulk samples.  

Table 4.5. Unit cell parameters of the flux-grown Zn13Sb10 single crystals 

derived from the powder diffraction data using the Rietveld refinement.  

Flux composition Lattice parameters 

Zn4.4Sb3Sn3 a = 12.2290(2) Å 

c = 12.4221(2) Å 

V = 1608.82(5) Å3 

Zn4.2In0.2Sb3Sn3 a = 12.2430(2) Å 

c = 12.4263(2) Å 

V = 1613.05(4) Å3 
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4.3.2. Physical Properties 

 

Figure 4.2. Heat capacities of (a) Zn13Sb10 and (b) Zn11.5In1Sb10. 

Heat capacity and electrical resistivity of Zn13Sb10 and Zn11.5In1Sb10 are plotted 

in Figure 4.2. The heat capacity measurements clearly show that Zn13Sb10 exhibits two 

phase transitions during heating, a first-order at 235 K (α′ → α) and a second-order one at 

254 K (α → β). The two transitions have been previously reported in the literature, and they 
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are associated with the ordering of the Zn atoms and associated symmetry changes. The 

transition temperatures found in the heat capacity measurements agree well with those 

obtained from current (Figure 4.3) and published electrical resistivity measurements and 

low-temperature single-crystal X-ray diffractions93,95,133. 

In contrast to Zn13Sb10, the heat capacity for Zn11.5In1Sb10 indicates a gradual phase 

transformation between 218 and 245 K; however this anomaly resembles neither the first-

order phase transition at 235 K (α′ → α) nor the second-order one at 254 K (α → β) of 

Zn13Sb10
94. The transition in Zn11.5In1Sb10 appears to be suppressed; it is not well defined 

and extends over 27 K. It is worth noting that the low-temperature diffraction on the In-

doped crystal suggests that its symmetry breaking may be structurally similar to the β → α 

transformation in Zn13Sb10. The heat capacities of both Zn13Sb10 and Zn11.5In1Sb10 exceed 

the Dulong-Petit limit 3R = 24.9 J/mol at.-K, which suggests an additional contribution to 

the heat capacity beyond harmonic atomic vibrations. 

The electrical resistivity of the pure Zn13Sb10 has features that can be associated 

with the two phase transitions. On the other hand, the electrical resistivity in 

Zn11.5In1Sb10 has no features reminiscent of a phase transition. The residual resistivity of 

Zn11.5In1Sb10 (ρ0) is higher than that of Zn13Sb10 and likely results from the presence of the 

In atoms in the structure. Typically, the residual resistivity stems from impurity atom and 

defect scatterings, both of which are independent of temperature150. In our case, the In 

atoms would act as impurities, thus increasing the residual resistivity. Additionally, instead 
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of following the dependence of Zn13Sb10
151, electrical resistivity of Zn11.5In1Sb10 increases 

polynomially. 

 

Figure 4.3. Electrical resistivity of Zn13Sb10 and Zn11.5In1Sb10. 

Seebeck coefficients of Zn13Sb10 and Zn11.5In1Sb10 are plotted in Figure 4.4. Above 

275 K, Seebeck coefficients for the two samples are parallel to each other, and increase 

linearly with temperature, as expected from the Mott equation: 

𝛼 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2
𝑚∗𝑇(

𝜋

3𝑛
)

2
3, 

where m* is the effective mass of the charge carrier and n is the charge carrier 

concentration152. In the 100 – 250 K range for Zn13Sb10 and 150 – 250 K for Zn11.5In1Sb10, 

the temperature behaviour of the Seebeck coefficient is also linear but the slopes are 

different, additionally the two graphs intersect at ∼240 K, which is close to the phase 

transition temperatures. The described changes in the Seebeck coefficient likely suggest 
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variations in the carrier concentrations in the two samples. However, the exact origin of 

these changes and its relationship to the Zn/In ordering will need to be clarified. 

 

Figure 4.4. Seebeck coefficients of Zn13Sb10 and Zn11.5In1Sb10. 

From both the Seebeck coefficients and electrical resistivity at the higher 

temperatures, it can be inferred that the carrier concentration in Zn11.5In1Sb10 is lower than 

that in Zn13Sb10. This conclusion is also supported by the elemental analysis. Referring 

to Table 4.4, there are 75.32 eˉ for the Zn12.66Sb10 phase (sample 1), whereas 75.41 – 75.51 

eˉ for the In-substituted phases (samples 2 – 4). The charge balance, i.e. full occupancy of 

the valence band, is expected at 76 eˉ, which corresponds to the stoichiometric 

Zn13Sb10 composition. Larger electron concentration in the In-substituted materials means 

lower hole concentration, thus higher electrical resistivity and larger Seebeck coefficient. 

Thermal conductivities of the Zn13Sb10 and Zn11.5In1Sb10 are plotted in Figure 4.5. 

The lattice thermal conductivities κ𝑙 are calculated using κ𝑙 = κ𝑡𝑜𝑡𝑎𝑙 − κ𝑒, where κ𝑡𝑜𝑡𝑎𝑙 is 
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the total thermal conductivity and κ𝑒 is the electronic contribution. The κ𝑒 can be obtained 

using the Wiedemann–Franz law: κ𝑒  = LσT = LT/ρ, where L is the Lorenz number. The 

Lorenz number is estimated according to L ≈ 1.5 + exp[–|𝛼|/116], where L is given in units 

of 10−8 WΩ/K2 and 𝛼 is in units of μV/K153. 

 

Figure 4.5. (a) Total and (b) lattice thermal conductivities of Zn13Sb10 and Zn11.5In1Sb10. 

The behaviour of the Zn13Sb10 thermal conductivity is typical of a crystalline solid; 

there is a peak at low temperatures representative of the boundary scattering and a decrease 
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at higher temperatures stemming from the Umklapp scattering. On the other hand, the 

Zn11.5In1Sb10 does not exhibit the low-temperature transition from boundary scattering to 

Umklapp scattering. In fact, thermal conductivity of Zn11.5In1Sb10 is quite similar to that of 

α-Zn3Sb2 (Chapter 7)133. Based on the results for α-Zn3Sb2, it could be stated that the 

Zn11.5In1Sb10 exhibits a strong point-defect scattering and weak Umklapp scattering. The 

dominance of point-defect scattering can be rationalized in terms of heavier In atoms, 

randomly distributed on the metal sites. 

The power factor and zT values for Zn13Sb10 and Zn11.5In1Sb10 are given in Figure 

4.6. Zn11.5In1Sb10 possesses a higher power factor above 200 K, which originates from its 

larger Seebeck coefficient. However, the increased thermal conductivity brought by 

weakened Umklapp scattering neglects gains in the power factor and yields a lower figure-

of-merit for Zn11.5In1Sb10. 

The In-doped samples were also investigated by Liu et al.142. It has to be mentioned 

that their samples were synthesized using the Zn-rich Zn4Sb3 composition and thus 

impurities are expected. Additionally, the exact In doping amount was not verified. The 

electrical resistivity of their (Zn0.98In0.02)4Sb3 sample is lower than that of “Zn4Sb3” below 

the phase transition temperatures in “Zn4Sb3”, but become similar after the phase transitions. 

The (Zn0.98In0.02)4Sb3 sample possesses a lower Seebeck coefficient than that of “Zn4Sb3” 

from 5 to 310 K. Also, the thermal conductivity of the (Zn0.98In0.02)4Sb3 is lower than that 

of “Zn4Sb3”, a peak at low temperatures representative of boundary scattering is retained 

in (Zn0.98In0.02)4Sb3, similarly to Zn4Sb3. The disagreement between Liu, F. et al.142 and our 
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data for In-doped Zn13Sb10 phase is likely due to different doping levels of In and presence 

of impurities. 

 

Figure 4.6. (a) Power factor and (b) figure-of-merit, zT for Zn13Sb10 and Zn11.5In1Sb10. 

4.4.Conclusions 

Synthesis of phase-pure Zn13-1.5xInxSb10 phases proves that there is no need for extra Zn 

as in the Zn4Sb3 samples if the proper synthetic conditions are followed. This conclusion 

echoes the results outlined earlier by our group143. Not surprisingly, the composition of 

Zn13-1.5xInxSb10 is driven by the trivalent nature of indium and the tendency of the phase to 

remain charge balanced and even slightly metal deficient. 
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The thermoelectric measurements on Zn11.5In1Sb10 suggest that it is possible to 

optimize the power factor of the Zn13Sb10-based materials. However, the data also point 

that impurity atoms may have negative effects on the thermal conductivity of Zn13Sb10 and 

yield significantly higher lattice thermal conductivity (in contrast to the accepted wisdom). 

An increase in the lattice thermal conductivity appears to come from the suppression of the 

Umklapp scattering. The origin of such behaviour needs to be understood if the properties 

of the Zn13Sb10-based materials were to be optimized. Based on the current results, an 

ideal dopant for Zn13Sb10 would be an element which keeps the thermal conductivity 

suppressed while it increases the power factor of the material. 
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Chapter 5. Experimental Survey of Dopants in Zn13Sb10 

Thermoelectric Material  

This chapter contains the material covered in the manuscript “Experimental Survey 

of Dopants in Zn13Sb10 Thermoelectric Material”, which was published in Intermetallics 

(Intermetallics, 2020, 123, 106831). The low temperature physical property measurements 

were collected by Dr. Taras Kolodiazhnyi at the National Institute for Materials Science 

(NIMS), Tsukuba, Ibaraki, Japan. The high temperature thermal diffusivities of materials 

were collected by Dr. Yu-Chih Tseng at CanmetMATERIALS, Natural Resources of 

Canada, Hamilton, Ontario, Canada. Partial Hall measurements were collected by Mr. 

Shaochang Song. The experimental procedures, structure determination, data interpretation 

and manuscript preparation were completed by the candidate. 

 

Reproduced with permission from Taras Kolodiazhnyi, Shaochang Song, Yu-Chih Tseng 

and Yurij Mozharivskyj, Intermetallics, 2020, 123, 106831. Copyright 2020 Elsevier Ltd.. 
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This work explores a variety of dopant incorporations into the Zn13Sb10 

thermoelectric material synthesized from the stoichiometric composition by slow cooling. 

The experimental results revealed the preference for the dopant atoms that can adopt a 

tetrahedral coordination environment of the Zn site. The incorporations of dopants restrict 

the movement of Zn atoms, as evident from the suppressed α/α’ – β phase transitions. 

Incorporations affect both the electrical and thermal transport properties of the material, 

with outcomes being specific to the dopant. For instance, doping with Ga and In (both in 

group 13) affects the charge carrier concentration in a different way. Also, depending on 

the dopants, the dominant phonon scattering pathway can either be preserved (as Umklapp 

scattering) or switched to a less effective point defect scattering. The origin of the Zn 

deficiency in Zn13Sb10 is not electronic in nature, but thermodynamic instead. 

 

5.1. Introduction 

In the literature, the Zn13Sb10 phase is more often referred to as “Zn4Sb3”, due to an 

early work on “Zn4Sb3” by Mayer et al.91,143, who observed that the quenched sample with 

Zn4Sb3 loading composition gives the most pure sample. However, both the experimental 

(elemental analysis, X-ray diffraction92,93,96,113,143) and theoretical studies92,94,154 support the 

Zn13Sb10 formula for the phase. In terms of the electronic structure analysis, the valence 

band is filled at 76 electrons, which correspond to the Zn13Sb10 composition (13 × 2 e- from 

Zn + 10 × 5 e- from Sb). Recently, a synthetic procedure, which allows a pure Zn13Sb10 

material to be synthesized from the Zn13Sb10 loading composition, has been developed by 
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us143. The proposed synthetic method permits a more rigorous analysis of dopants in the 

Zn13Sb10 phase since there is minimal presence of a Zn impurity, aside from possible 

presence of Zn nanoparticles in the material117.  

In this work, we have employed the newly developed method to study incorporation of 

foreign elements into Zn13Sb10. Our goal is to enhance the power factor of Zn13Sb10 and, at 

the same time, to suppress its thermal conductivity through additional impurity-based 

scattering of phonons. It has to be mentioned that various substitutions have been explored 

for the Zn4Sb3 composition: Cd136–138, Bi155, In140–142 on the polycrystalline samples and the 

M (M = Cd, Ga, In, Sn) doping156–158 on the flux-grown single crystals. In this study, we 

also aimed to compile the survey of successful incorporations. 

 

Figure 5.1. Crystal structure of β-Zn13Sb10. 

5.2. Materials and Methods 

5.2.1. Synthesis 

Pieces of elemental Zn (99.99 wt. % CERAC) and Sb (99.999 wt. % 5N Plus) were 

used as starting materials. Incorporations of other elements followed the Zn13-xMxSb10 and 
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Zn13Sb10-zAz loading formulas, where M = Cr (99.98 wt. % Alfa Aesar), Mn (99.9 wt. % 

Alfa Aesar), Fe (99.98 wt. % Alfa Aesar), Co (99.9 wt. % Alfa Aesar), Cu (99.9999 wt. % 

Alfa Aesar), Ga (99.999 wt. % Alfa Aesar), Ge (99.999 wt. % Alfa Aesar), Y (99.9 wt. % 

Alfa Aesar), Ag (99.9 wt. % Alfa Aesar), Cd (99.99 wt. % 5N Plus), In (99.99 wt. % Alfa 

Aesar) and Sn (99.9 wt. % CERAC); and A = Sn, Te (99.999 wt. % Alfa Aesar) and Bi 

(99.999 wt. % Alfa Aesar). Depending on the oxidation state of the incorporated element, 

the loading composition was modified to achieve the charge balance. This approach was 

used by us in our previous work on the In-substituted Zn13Sb10 material; the sample’s 

composition was adjusted to Zn13-1.5xInxSb10 to account for the 3+ oxidation state of In159. 

The weighted elements were sealed in the evacuated silica tubes and placed in the same 

box furnace to eliminate temperature variances. The samples were heated to 750°C at 

150°C/h and annealed for 16 h, while being shaken in between to ensure mixing of the 

molten elements. The samples were cooled from 750 °C to 350 °C at a rate of 50°C/h and 

annealed at 350 °C for 2 days to achieve phase homogeneity. The samples were finally 

cooled down to room temperature at a rate of 50 °C/h. Larger samples were sequentially 

made with the same procedure and cut into bars and plates for physical property 

measurements143,159. 

 Single crystals of pristine and doped Zn13Sb10 were grown from the Sn flux, using 

the ternary phase diagram of Ondřej Zobač et al.144 and adapting the experimental work of 

H.-X. Liu et al.145. Samples with the loading compositions of Zn4.4Sb3Sn3 and 

Zn4.2M0.2Sb3Sn3 (M = Mn, Ga, Cd and In) were placed into alumina crucibles inside silica 

tubes. The tubes were sealed under vacuum, and put in the same box furnace to reduce 
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variances of the heating trends. The samples were heated at 750 °C for 16 h and shaken in-

between to facilitate mixing of the molten elements. They were then cooled from 750 to 

500 °C at 50°C/h, then to 320 °C at 1°C/h, and kept at 320°C for 12h. Crystals were 

separated from the flux by centrifugation.  

5.2.2. Powder and Single Crystal X-ray Diffraction 

Powder X-ray diffraction data for the polycrystalline samples were collected on a 

PANalyical X’Pert Pro CuKα1 diffractometer with an X’Celerator detector. Samples were 

ground and deposited evenly on a zero-background silicon sample holder. The data were 

collected in the 20 – 80° 2θ range with collection time of 1 hour. Phase purity and unit cell 

parameters were evaluated by full-profile Rietveld refinements, using the Rietica 

program111. 

Table 5.1. Crystallographic parameters and refinement results for the crystals grown 

from the Zn4.4Sb3Sn3, Zn4.2Mn0.2Sb3Sn3, Zn4.2Ga0.2Sb3Sn3 , Zn4.2Cd0.2Sb3Sn3 and 

Zn4.2In0.2Sb3Sn3 fluxes (293 K, MoKα1, STOE IPDS II diffractometer). 

Flux Zn4.4Sb3Sn3 Zn4.2Mn0.2Sb3Sn3  

Refined composition Zn11.60Sb10 Zn11.54Sb10 

Space group R3
_

c R3
_

c 

Lattice Parameters (Å) a = 12.215(2) a = 12.206(2) 

 c = 12.388(2) c = 12.409(3) 

Volume (Å3) 1600.8(6) 1601.0(6) 

Z 3 3 

Density (calculated), g/cm3 6.185 6.139 

2θ range for data collection (°) 6.67 to 69.27 6.67 to 69.61 

Index Ranges -19 h 19, -18 k 15,  

-16 l 19 

-19 h 19, -16 k 19,  

-19 l 19 
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Independent reflections 5483 [R(int) = 0.0632] 7040 [R(int) = 0.0600] 

Completeness to max 2θ 99.6 % 99.9 % 

Data/restraints/parameters 765 / 0 / 28 762 / 0 / 28 

Goodness-of-fit of F2 1.043 1.133 

Final R indices [I>2σ(I)] R1 = 0.0330, wR2 = 

0.0751 

R1 = 0.0295, wR2 = 

0.0640 

R indices (all data) R1 = 0.0401, wR2 = 

0.0779 

R1 = 0.0312, wR2 = 

0.0650 

Extinction coefficient 0.0043(2) 0.0028(1) 

Largest diff. peak/hole, e-/Å3 1.907/-1.367 2.175/-1.328 

 

 

Zn4.2Ga0.2Sb3Sn3 Zn4.2Cd0.2Sb3Sn3  Zn4.2In0.2Sb3Sn3 

Zn11.71Sb10 Zn11.73Sb10   Zn11.87Sb10   

R3
_

c R3
_

c R3
_

c 

a = 12.188(2) a = 12.229(2) a = 12.222(2) 

c = 12.445(2) c = 12.416(3) c = 12.412(3) 

1601.0(6) 1608.0(6) 1605.6(6) 

3 3 3 

6.062 6.148 6.183 

7.60 to 70.42 6.47 to 69.97 6.67 to 69.32  

-19 h 19, -19 k 16, 

-19  l 19 

-19 h 19, -16 k 18, 

-15 l 19 

-19 h 19, -19 k 19, 

-19 l 14 

8889 [R(int) = 0.0448] 5680 [R(int) = 0.0624] 8977 [R(int) = 0.0618] 

99.9 % 99.2 % 99.9% 

772 / 0 / 28 765 / 0 / 28 771 / 0 / 28 

1.112 1.173 1.153 

R1 = 0.0312, wR2 = 0.0540 R1 = 0.0344, wR2 = 0.0777 R1 = 0.0383, wR2 = 0.0713 

R1 = 0.0418, wR2 = 0.0567 R1 = 0.0364, wR2 = 0.0788 R1 = 0.0498, wR2 = 0.0749 

0.0032(2) 0.0019(1) 0.0022(1) 

2.066/-1.224 2.287/-1.563 2.362/-1.150 
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Room temperature single-crystal data of the flux-grown crystals were collected on 

a STOE IPDS II Mo Kα diffractometer. Numerical absorption correction was based on the 

crystal shapes that were first derived from optical face indexing, and then later optimized 

against equivalent reflections using the STOE X-Shape software146. Structural 

determinations and refinements were performed using the OLEX2 program160. The single-

crystal refinements were performed based on the structural model developed earlier in our 

group94, which has 1 main Zn site, 3 interstitial Zn sites and 2 Sb sites. The displacement 

parameters for the interstitial Zn sites were refined anisotropically and were set to be the 

same as for main Zn site (Zn1). For the dopant-containing crystals, the electron densities 

on the Zn/dopant sites were assumed to stem from Zn only. Also, interstitial Zn sites with 

occupancies below 2 % were neglected. Note that not all interstitial Zn sites could be 

located during the refinements. The crystallographic parameters and refinement results are 

summarized in Tables 5.1 and 5.2. 

Table 5.2. Atomic and isotropic displacement (Ueq) parameters for the flux-grown 

crystals. 

Atom Site Occupancy      x/a y/b z/c Ueq(Å
2) 

   Zn4.4Sb3Sn3    

Zn1 36f 0.914(5) 0.24416(8) 0.07943(8) 0.09699(7) 0.0254(3) 

Zn2 36f 0.027(3) 0.076(3) 0.252(3) 0.109(3) 0.025(2) 

Zn3 36f 0.026(3) 0.198(3) 0.100(3) 0. 014(3) 0.025(2) 

Sb1 18e 1 0 0.35623(4) 0.25 0.0169(2) 

Sb2 12c 1 0 0 0.13674(5) 0.0162(2) 

   Zn4.2Mn0.2Sb3Sn3    

Zn1 36f 0.916(4) 0.24423(7) 0.07950(7) 0.09681(6) 0.0253(2) 

Zn2 36f 0.027(3) 0.072(3) 0.246(2) 0.100 (2) 0.025(2) 

Zn3 36f 0.025(2) 0.194(3) 0.095(3) 0.017(2) 0.025(2) 

Sb1 18e 1 0 0.35609(4) 0.25 0.0167(2) 
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Sb2 12c 1 0 0 0.13661(4) 0.0164(2) 

   Zn4.2Ga0.2Sb3Sn3    

Zn1 36f 0.930(4) 0.244091(7) 0.07943(8) 0.09690(6) 0.0230(2) 

Zn2 36f 0.023(2) 0.074(3) 0.247(3) 0.106(2) 0.023(2) 

Zn3 36f 0.022(2) 0.201(3) 0.103(3) 0.014(2) 0.023(2) 

Sb1 18e 1 0 0.35630(4) 0.25 0.0150(1) 

Sb2 12c 1 0 0 0.13664(4) 0.0142(1) 

   Zn4.2Cd0.2Sb3Sn3    

Zn1 36f 0.923(4) 0.24406(8) 0.07932(8) 0.09706(7) 0.0254(2) 

Zn2 36f 0.029(3) 0.076(3) 0.252(3) 0.107(2) 0.025(2) 

Zn3 36f 0.026(3) 0.196(3) 0.101(3) 0.013(2) 0.025(2) 

Sb1 18e 1 0 0.35627(4) 0.25 0.0170(2) 

Sb2 12c 1 0 0 0.13677(4) 0.0163(2) 

   Zn4.2In0.2Sb3Sn3    

Zn1 36f 0.936(5) 0.24406(8) 0.07941(9) 0.09715(9) 0.0253(3) 

Zn2 36f 0.024(3) 0.076(3) 0.251(3) 0.110(3) 0.025(2) 

Zn3 36f 0.029(3) 0.203(3) 0.102(3) 0.018(2) 0.025(2) 

Sb1 18e 1 0 0.35639(5) 0.25 0.0173(2) 

Sb2 12c 1 0 0 0.13680(5) 0.0165(2) 

*: Zn2, Zn3 and were refined anisotropically and their displacement parameters were 

restricted to be the same as for Zn1. 

5.2.3. Elemental Analysis 

Semi-quantitative elemental analysis was performed using an X-Max (80mm2) X-

ray EDS spectrometer (Oxford Instruments) on a TESCAN VEGA II LSU scanning 

electron microscope (SEM) (20 kV accelerating voltage). Small pieces of the samples were 

initially mounted in a conductive bakelite resin by applying 30 MPa pressure at 175 °C for 

5 min. The samples prepared under these conditions were found to decompose based on 

the surface X-ray diffraction analysis, echoing the work by Keshavarz et al.161. Instead, 

polished bar-cut samples were used for elemental analyses. 
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5.2.4. Physical Property Measurements  

The Zn12.8Mn0.2Sb10, Zn12.75Mn0.25Sb10, Zn12.55Ga0.3Sb10, Zn11.96Cd1.04Sb10 and the 

Zn12.5Sn0.5Sb10 samples were cut into an approximately 2  2  8 mm3 bar and 10  10  1 

mm3 plates using an alumina saw and kerosene as lubricant to avoid sample oxidation. The 

densities of the samples were 99% of the crystallographic densities. Low temperature 

electrical resistivity, Seebeck coefficient, thermal conductivity and heat capacity were 

measured on a Quantum Design Physical Property Measurement System (PPMS). The high 

temperature thermal diffusivities, D, were measured using the laser flash method (LFA) on 

the Netzsch LFA-457 instrument. The high temperature thermal conductivity κ was 

calculated using κ = DCpρ, where Cp is the heat capacity and ρ is the density of the material. 

The heat capacities of the samples were assumed to be a constant, and were taken from the 

room temperature values from the PPMS measurements. The densities ρ of the samples 

were measured using the Archimedes method at room temperature and were also treated as 

a constant. The carrier concentration at room temperature, n, was derived from the Hall 

coefficient measured on a home-built instrument with a GMW 5403 electromagnet. The 

room temperature resistivity was also measured on this instrument using the Van der Pauw 

method.  

5.2.5. Electronic Structure Calculations 

The total density of states (DOS), the Crystal Orbital Hamiltonian Population 

(COHP) plot and the electronic band structure of the Zn13Sb10 material were calculated 

using the TB-LMTO-ASA method.162 The Zn12Sb10 structural motif of the room 
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temperature β-Zn13Sb10 phase was used in the calculation. Empty spheres were included 

into the unit cell to fulfill the overlap criteria of atomic spheres in the TB-LMTO-ASA 

method. The DOS data agree well with the previous published ones94, and the same 

structural parameters were subsequently used to calculate the COHP plot and the electronic 

band structure. 

5.3. Results and Discussion 

Table 5.3. Summary of successful single element incorporations in Zn13Sb10.  

Dopants Loading 

composition 

Zn13Sb10 unit 

cell volume (Å3) 

EDS composition  

(at. %) 

Formula 

Mn Zn13-xMnxSb10 

x = 0.2 

1608.26(4) Zn (53.7(5) %),  

Mn (0.7(2) %), 

Sb (45.6(3)%) 

Zn11.80Mn0.16Sb10 

(Zn,Mn)11.96Sb10 

Ga Zn13-1.5xGaxSb10 

x = 0.3 

1604.15(5) Zn (53.4(5) %), 

Ga (1.0(3) %), 

Sb (45.6(3)%) 

Zn11.70Ga0.23Sb10 

(Zn,Ga)11.93Sb10 

Cd Zn13-xCdxSb10 

x = 1.04 

1632.52(4) Zn (51.2(5) %), 

Cd (3.5(1) %), 

Sb (45.4(3)%) 

Zn11.29Cd0.76Sb10 

(Zn,Cd)12.05 Sb10 

In Zn13-1.5xInxSb10 

x = 1 

1619.58(4) Zn (50.4(5)%),  

In (4.0(2) %), 

Sb (45.6(3) %) 

Zn11.05In0.89Sb10 

(Zn,In)11.94Sb10 

--- Zn13Sb10 1610.10(4) Zn (54.6(4) %),  

Sb (45.4(2) %) 

Zn11.97Sb10 

 

Table 5.3 below provides a summary of the successful incorporations, including 

the highest doping levels derived from the phase analysis, refined unit cell volumes and 

semi-quantitative elemental EDS analyses. The standard deviations for the compositions 

were obtained from the instrumental wt. % errors. On the other hand, Table 5.4 summarizes 
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unsuccessful incorporations, including general loading compositions, refined unit cell 

volumes of Zn13Sb10 and impurities as obtained from the powder X-ray diffraction. 

 

Several factors were considered as evidence for the successful incorporation: 

1) Absence of impurities in the powder X-ray diffraction (PXRD) data; 

2) Change in the unit cell parameters (PXRD); 

3) Presence of dopants in the Zn13Sb10 phase during the EDS analysis. 

Changes in the unit cell parameters were used as the primary evidence for the 

incorporation into the structure, due to the differences between the Pauling’s single-bond 

radii149,163 of Zn, Sb and the substituting elements (Table 5.6).   

Table 5.4. Summary of unsuccessful single element incorporations into Zn13Sb10. 

Dopants Loading composition Zn13Sb10 unit cell 

volume (Å3) 

Impurities 

Cr Zn13-xCrxSb10, x = 0.1 – 0.5 

Zn13-1.5xCrxSb10, x = 0.2 – 1 

~1607 – 1608  CrSb + unknown 

CrSb + unknown 

Fe Zn13-xFexSb10, x = 0.1 – 0.3 ~1607 – 1609  ZnSb, ZnFe0.92Sb 

Co Zn13-xCoxSb10, x = 0.1 – 0.5 ~1607 – 1608  unknown 

Cu Zn13-xCuxSb10, x = 0.1 – 0.5 

Zn13-xCu2xSb10, x = 0.1 – 0.5 

~1609 – 1610 ZnSb, brass 

ZnSb, brass 

Ge Zn13-xGexSb10, x = 0.4 – 0.8 ~1609 – 1610 ZnSb, Ge 

*Y Zn13-xYxSb10, x = 0.2, 0.8 ~1609 YSb 

*Ag Zn12.8Ag0.2Sb10 ~1609 AgZn, AgZn3, 

ZnSb 

Sn Zn13-xSnxSb10, x = 0.1 – 0.5 

Zn13Sb10-xSnx, x = 0.1 – 0.5 

~1610 

~1610 

Sn 

Sn, Zn 

Te Zn13Sb10-xTex, x = 0.1 – 0.5 

Zn13Sb10-xTe1.5x, x = 0.1 – 

0.5 

~1610 – 1611  ZnTe 

ZnTe 

Bi Zn13Sb10-xBix, x = 0.05 – 0.5 ~1610 – 1613  Bi, Zn 

*: Limited studies were done on these elements. 
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Table 5.5. Semi-quantitative EDS elemental analyses, and unit cell parameters of the 

flux-grown Zn13Sb10 single crystals from the Rietveld refinement. The crystals were 

ground and the data were collected in the 20 – 140° 2θ range with collection time of 12 

hours. 

Flux 

composition 

Zn (at. %) M (at. %)* Sb (at. %) Lattice parameters 

Zn4.4Sb3Sn3 55.8(5) -- 44.2(2) a = 12.23119(9) Å 

c = 12.42453(9) Å 

V = 1609.71(2) Å3 

Zn4.2Mn0.2Sb3Sn3 53.4(5) 2.6(6) 44.1(3) a = 12.22901(9) Å 

c = 12.4207(1) Å 

V = 1608.65(2) Å3 

Zn4.2Ga0.2Sb3Sn3 52.4(5) 1.6(5) 46.0(3) a =   12.21712(6) Å 

c =   12.40348(8) Å 

V =   1603.29(1) Å3 

Zn4.2Cd0.2Sb3Sn3 54.0(5) 0.95(4) 45.0(3) a = 12.2452(1) Å 

c = 12.4346(1) Å 

V = 1614.71(3) Å3 

Zn4.2In0.2Sb3Sn3 54.4(5) 0.79(4) 44.8(3) a = 12.24230(7) Å 

c = 12.42557(8) Å 

V = 1612.77(2) Å3 

 

Table 5.6. Pauling’s radii of single-bonded elements.  

Element Zn Mn Ga Cd In Cr Fe Co 

Radius (Å) 1.307 1.250 1.258 1.466 1.442 1.260 1.250 1.230 

 

 Cu Ge Y Ag Sn Sb Te Bi 

 1.245 1.225 1.659 1.412 1.405 1.41 1.37 1.52 

 

 

5.3.1. Composition, Purity and Structure of the Pristine β-Zn13Sb10 

The pristine sample was used as a reference for the dopant-incorporated samples. 

The pristine β-Zn13Sb10 has a unit cell volume of 1610.10(4) Å3, and the EDS elemental 

analysis yields the Zn11.97Sb10 composition. There is a significant difference between the 
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expected Zn13Sb10 formula and the one obtained from the elemental analyses. On the other 

hand, the results of the elemental analyses are close to the compositions (Table 5.1 and 5.3, 

around Zn12-δSb10) derived from single-crystal refinements of the crystals from the 

Zn4.4Sb3Sn3 and Zn4.2M0.2Sb3Sn3 fluxes. This Zn deficiency agrees also well with the 

literatures95,96,113 and with its p-type charge transport behavior. 

5.3.2. Composition and Purity of Substituted Samples 

5.3.2.1.Divalently Substituted Zn13Sb10 (Manganese and Cadmium) 

Pure Mn- and Cd-substituted Zn13Sb10 materials can be synthesized using the Zn13-

xMxSb10 composition, M = Mn or Cd. The unit cell parameters of their polycrystalline and 

single-crystalline samples obtained from powder diffraction differ from those of the pristine 

sample (Table 5.3 and 5.5). These changes can be rationalized using the Pauling’s single-

bonded radii and serve as evidence of the Mn and Cd incorporation into the structure. Mn 

has a smaller radius and Cd has a larger radius than Zn, and the unit cell volumes reflect 

this.  

Cd-substituted Zn13Sb10 phases have been studied earlier, and Cd was found to fully 

replace Zn, yielding Cd12.7(1)Sb10 with the same space group 𝑅3̅𝑐164. A Zn13Sb10 sample 

with 8 at. % Cd on the Zn site has been prepared to compare its physical properties to those 

of the In-containing Zn13Sb10 sample, which has the same substitution level. 

5.3.2.2.Trivalently Substituted Zn13Sb10 (Gallium and Indium) 
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Single phase Ga- and In-substituted Zn13Sb10 samples can be synthesized using the 

off- stoichiometric loading compositions Zn13-1.5xMxSb10, M = Ga or In. As discussed in the 

previous work (Chapter 4)159, the Zn13-xMxSb10 samples contained a Zn impurity for M = 

Ga and In, because of the 3+ oxidation states of Ga and In. In order to achieve the charge 

balanced structure and a pure Zn13Sb10 sample, 50 % more Zn is taken out for every Ga/In 

put in. Unit cell parameters of the Ga- and In-doped polycrystalline samples and single 

crystals obtained from powder diffraction differ from those of the pristine sample (Tables 

5.3 and 5.5). These changes follow the relative sizes of Ga, In and Zn (Table 5.6); the Ga-

substituted sample has a smaller unit cell and the In-substituted one has a larger unit cell 

than the pristine Zn13Sb10. Note that the unit cell volume of the Cd-substituted phase is 

larger than that of the In-doped one, although the Pauling’s single-bonded radii of Cd and 

In (1.466 and 1.442 Å) are close and the Cd substitution level was found to be lower 

experimentally. Likely, this discrepancy is due to the higher oxidation state of In (hence 

the radius of In in the structure is below 1.442 Å), and/or the lower total amount of metal 

cations in the material, leading to a smaller than expected increase in the unit cell volume.   

It is worth mentioning that the elements of the four successful incorporations have 

d5 (Mn2+) and d10 (Ga3+, Cd2+, In3+) electron configurations, and they tend to adopt 

tetrahedral environments. 

5.3.2.3.Unsuccessful incorporations 

Most of these incorporations were considered unsuccessful due to presence of 

dopant-containing impurity phases and/or the dopant itself, subsequent formation of the 
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Zn-Sb impurities, and insignificant changes in the Zn13Sb10 unit cell volume. There were 

however some exceptions, namely the Cr-, Co-, Sn- and Bi-doped samples, which are 

discussed below. 

I. Cr- and Co-doped samples  

 Rietveld refinements of these samples showed a change in the unit cell volume from 

1610.10(4) Å3 for the pristine one to 1607 – 1608 Å3 in an irregular order with respect to 

the Cr and Co amounts put in. Also, unidentifiable impurity peaks were present in the 

diffraction patterns. EDS analysis of the Co-containing samples provided no evidence for 

the Co incorporation into the Zn13Sb10 material and revealed that some intergrain regions 

had the composition close to Zn3Co2Sb3. Elemental analysis of the Cr-containing sample 

revealed some Cr-rich area that had compositions close to ZnCrSb. The origin of the 

smaller Zn13Sb10 unit cells volume should be further investigated.  

Within the framework of the crystal field theory, the d elements with configurations 

other than d0, d5 (high spin, HS) or d10 prefer an octahedral environment over a tetrahedral 

one, due to a larger crystal-field stabilization energy (CFSE). There is no CFSE for the d0, 

d5 (HS) or d10 atoms in either tetrahedral or octahedral environments. 

In the Zn13Sb10 structure, Zn atoms occupy the tetrahedral voids. Additionally, the 

ligand-field splitting parameter in Zn13Sb10 is expected to be small and thus the substituting 

3d elements will be in the HS state. Metal atoms with configurations other than d0, d5 (HS) 

or d10 will prefer to form phases that can provide large CFSE energy and therefore they will 

not be incorporated into Zn13Sb10. Common oxidation states for chromium are 2+(d4) and 
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3+(d3), while that of cobalt is 2+ (d7), and they will prefer octahedral environments 

instead.165 

II. Sn-containing samples 

 Samples with the Sn substitution either on the Zn or Sb site were not phase pure. In 

the Zn13-xSnxSb10 samples, a Sn phase was found, however ZnSb, expected due to the 

deficiency in the loading composition, was not observed. Additionally, there was no 

increase in the Zn13Sb10 unit cell volume, which would have been expected upon successful 

Sn incorporation (Sn is larger than that of Zn). The Zn13Sb10-xSnx samples contained Sn and 

Zn as impurities, with Zn suggesting a Zn-rich composition. Similar to the other Sn-

containing series, the unit cell volume of Zn13Sb10 did not increase for larger Sn amounts.  

III. Bi-containing samples 

 This series of samples shows a small, steady increase in the refined unit cell 

volumes of the Zn13Sb10 phase for larger Bi amounts, at the same time, elemental Bi and 

Zn impurities were detected. Surprisingly, EDS elemental analysis performed on the 

Zn13Sb9.6Bi0.4 sample did not confirm the Bi presence in the Zn13Sb10 phase. This is possibly 

due to the small amount of Bi incorporated, below the detection limit. 

5.3.3. Structural Features of the Mn-, Ga-, Cd- and In-doped Zn13Sb10 Crystals Grown 

from Sn Flux  

The crystals from the Zn4.4Sb3Sn3, Zn4.2Mn0.2Sb3Sn3, Zn4.2Ga0.2Sb3Sn3, 

Zn4.2Cd0.2Sb3Sn3 and Zn4.2In0.2Sb3Sn3 samples were analyzed by the PXRD and EDS 
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(Table 5.6). The refined unit cell parameters obtained from the ground crystals via the 

powder diffraction agreed with those from the corresponding polycrystalline samples and 

follow changes in the Pauling’s single-bonded radii of the elements. Elemental analyses of 

the unpolished, doped crystals confirmed the presence of the substituents. During the 

structural refinements of the single crystals from the Zn4.2M0.2Sb3Sn3 fluxes (M = Mn, Ga, 

Cd and In), the M/Zn ratios were not refined and all sites were assumed to be occupied by 

Zn atoms only.  

Also, not all 3 interstitial Zn sites could be identified in the crystals. Only 2 

interstitial sites were located in the crystal from the Zn4.4Sb3Sn3 flux, which differs from 

the structural model used. This is possibly due to the fact that some Sn is still incorporated 

into the structure, as reflected from the suppressed phase transitions in the heat capacity 

and electrical resistivity measurements (discussed below). The refinement results of the 

pristine and In-containing crystal are different from what was reported in our earlier work 

due to a different refinement approach159. Here, the displacement parameters of the 

interstitial Zn (Zn2, Zn3) were refined anisotropically and were set to be the same as for 

the main Zn site (Zn1). 

5.3.4. Physical Properties 

Heat capacity and low temperature electrical resistivity of Zn13Sb10, 

Zn12.75Mn0.25Sb10, Zn12.55Ga0.3Sb10, Zn11.5In1Sb10 and Zn12.5Sn0.5Sb10 are plotted in Figures 

5.2 and 5.3. Properties of Zn12.75Mn0.25Sb10 were collected instead of Zn12.8Mn0.2Sb10 since 

the Zn12.75Mn0.25Sb10 sample has a smaller Zn13Sb10 unit cell volume than that of the 
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Zn12.8Mn0.2Sb10 sample, despite the minute presence of the SbMn0.89Zn0.94 impurity. 

Physical properties were not measured for the Zn11.96Cd1.04Sb10 sample. The heat capacity 

measurement of Zn13Sb10 shows its two phase transitions during heating, which were 

reported previously94,133,143,159: a first-order at 235 K (α’ – α), and a second-order at 254 K 

(α – β) associated with the Zn disorder. All other samples appear to have suppressed, 

gradual transitions, instead of clear, sharp ones. Also, heat capacities of all samples exceed 

the Dulong-Petit limit of 3R = 24.9 J/mol at.-K, which suggests additional contribution to 

heat capacity beyond harmonic atomic vibrations. 

 

Figure 5.2. Electrical resistivity of the polycrystalline, pristine Zn13Sb10 and selected doped 

Zn13Sb10 samples. 

The electrical resistivities of the doped samples also reflect the suppressed phase 

transitions, in contrast to clear anomalies in the pure Zn13Sb10 in the 230 – 250 K range. 

Additionally, resistivities of the doped samples increase with temperature in a polynomial-

type fashion, in contrast to the logarithmic-type evolution in the pure Zn13Sb10 before the 
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phase transitions. The different behavior of the electrical resistivity in the samples is likely 

representative of how dopants and Zn disorder (and Zn mobility) affect the carrier 

relaxation times. The electrical resistivity of a material is expressed as: ρ = 1/σ = 1/neμ = 

m*/ne2τ, where m* is the carrier effective mass, n is the carrier concentration, and τ is the 

carrier relaxation time. Below 40 K, pure Zn13Sb10 has the lowest resistivity, which can be 

explained by its atomic structure with fully ordered Zn sites93–95. Since the doped samples 

forgo this ordering, the remnant Zn disorder and dopant atoms scatter electrons more 

significantly, leading to a larger resistivity at low temperatures. At higher temperatures, the 

increasing Zn disorder in pure Zn13Sb10 appears to be dominant factor; however, in the 

doped samples, the Zn mobility is suppressed by dopants and thus their resistivity is below 

that of pure Zn13Sb10 (except for Zn11.5In1Sb10). 

 

Figure 5.3. Heat capacities of the polycrystalline, pristine Zn13Sb10 and selected doped 

Zn13Sb10 samples.  
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The discussed suppression of both the α’ – α and α – β transitions associated with 

the Zn ordering may serve as an indication of the incorporation of small quantities of 

dopants into the structure, even if the dopants are not detected through the XRD and EDS 

analyses. Thus, absence of peaks in the heat capacity and electrical resistivity of the 

Zn12.5Sn0.5Sb10 sample suggests presence of Sn atoms in the structure. The electrical 

resistivity of Zn12.5Sn0.5Sb10 also points at the presence of elemental Sn in the sample, as it 

displays a superconducting feature at < 5 K.  The charge transport properties of the Mn-

containing samples are similar, except that they exhibit a Schottky anomaly around 5 K. 

This anomaly is possibly due to the magnetic interactions introduced by Mn. 

 

Figure 5.4. Seebeck coefficients of the selected samples. 

The low-temperature Seebeck coefficients of Zn13Sb10, Zn12.75Mn0.25Sb10 and 

Zn11.5In1Sb10 are plotted in Figure 5.4. Seebeck coefficients of all the samples show a 

positive relationship with respect to temperature, in agreement with the Mott equation152:  
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However, a linear relationship between the Seebeck coefficient and temperature, 

expected from the Mott formula, is truly obeyed only after 275 K. 

The room-temperature carrier concentrations of Zn13Sb10, Zn12.75Mn0.25Sb10, 

Zn12.55Ga0.3Sb10, Zn11.96Cd1.04Sb10 and Zn11.5In1Sb10 were derived from the Hall 

measurements and are shown in Table 5.7. The carrier concentration of the 

Zn12.75Mn0.25Sb10 sample is larger than that of the pristine Zn13Sb10 sample, but its carrier 

mobility is reduced, most likely due to the presence of the Mn atoms in the structure. The 

origin of the increased carrier concentration is not fully understood. If manganese is 

assumed to be Mn2+ in the structure, then the increased hole concentration (lower Fermi 

level) should stem from a larger Zn deficiency. EDS results indicate that the total metal 

amount in the Zn12.75Mn0.25Sb10 sample is almost identical to that in the pristine Zn13Sb10 

sample (Table 5.1). Another possibility is that Mn with its d5 configuration acts as an 

electron acceptor when substituting for Zn (d10 configuration). This hypothesis will need to 

be verified through a detailed analysis of the band structure of the Mn-doped Zn13Sb10. 

Table 5.7. Room temperature Hall carrier concentrations nH (in cm-3) and carrier 

mobilities μH (in cm2/(V-s)) of pristine and doped Zn13Sb10 samples. 

 Zn13Sb10 Zn12.75Mn0.25 

Sb10 

Zn12.55Ga0.3 

Sb10 

Zn11.96Cd1.04 

Sb10 

Zn11.5In1 

Sb10 

nH 8.3(2)×1019 1.41(2)×1020 1.76(3) ×1020 9.4(1)×1019 8.36(7)×1019 

μH 29.0(7) 18.3(2) 18.3(3) 16.9(2) 28.5(2) 
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The carrier concentration and mobility of the Zn11.5In1Sb10 sample at room 

temperature are similar to those of the pristine Zn13Sb10 sample. This would be in line with 

the fact that the resistivity lines for the two samples cross at 304 K. However, the T 

dependences of resistivity and thermopower for the two samples are different from each 

other, which is likely due to the different values of the charge carrier effective mass and 

relaxation time. The effective mass for Zn11.5In1Sb10 appears to be larger, as its 

thermopower slope is steeper.  Based on the resistivity behavior, the relaxation time at the 

intermediate temperatures is larger for Zn11.5In1Sb10, but then decreases rapidly at higher 

temperatures. Similar room-temperature values for the mobility, and consequently for the 

relaxation time, for Zn11.5In1Sb10 and Zn13Sb10 are rather puzzling, as presence of larger In 

atoms is expected to enhance charge carrier scattering, as seen for other dopants. 

The carrier mobility in the Zn12.55Ga0.3Sb10 sample is lower than in the pristine 

Zn13Sb10 sample, which can be attributed to the Ga dopants acting as scatters for electron 

waves. However, its carrier concentration is larger and we cannot currently pinpoint the 

origin of such increase. Based on the EDS analysis (Table 5.3) and assuming Ga3+, the 

Zn12.55Ga0.3Sb10 sample should possess more electrons and thus less holes than the pristine 

Zn13Sb10 sample. This contradiction may question the accuracy of the elemental analysis 

or suggests that Ga acts as an electron acceptor in the Zn13Sb10 structure. 

The Zn11.96Cd1.04Sb10 sample has a slightly higher carrier concentration than that of 

the pristine sample. In fact, one should not expect any significant changes if the total metal 
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amount remains the same since Cd has the same oxidation state as Zn. The Cd-doping 

however effectively lowers the carrier mobility of the sample by impurity scattering. 

 

Figure 5.5. Low temperature total thermal conductivities (a) and calculated lattice thermal 

conductivities (b) of Zn13Sb10, Zn11.5In1Sb10 and Zn12.75Mn0.25Sb10 sample. 

Thermal conductivities of Zn13Sb10, Zn11.5In1Sb10 and Zn12.75Mn0.25Sb10 at low 

temperatures are plotted in Figure 5.5(a). The lattice thermal conductivities κl of the 

samples were calculated using κ𝑙 = κ𝑡𝑜𝑡𝑎𝑙 − κ𝑒, where κ𝑡𝑜𝑡𝑎𝑙 is the total thermal conductivity 

and κ𝑒 is the electronic contribution. κ𝑒 is calculated using the Wiedemann-Franz law, κ𝑒 = 

LT/ρ, where L is the Lorenz number. The Lorenz number was estimated according to L ≈ 

1.5 + exp[-|α|/116], with α being the Seebeck coefficient (L is in the unit of 10-8 WΩ/K2 

and α is in units of μV/K)153. As discussed in our previous work (Chapter 4)159, the In-

substituted sample has a higher thermal conductivity at elevated temperatures due to the 

change in the phonon scattering pathway, from the temperature-dependent Umklapp 

scattering in the pristine Zn13Sb10 to the temperature-independent point defect scattering in 
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the Zn11.5In1Sb10 sample. This is related to a significant upturn in defects (larger In atoms 

and more vacancies in the structure). In the case of the Mn-containing sample, the scattering 

pathways of the pristine Zn13Sb10 sample are mostly preserved. However, in comparison to 

Zn13Sb10, the Zn12.75Mn0.25Sb10 sample exhibits a suppressed boundary scattering at lower 

temperatures and enhanced Umklapp scattering at elevated temperatures. Thus there is no 

change in the dominant scattering pathway in Zn12.75Mn0.25Sb10, which is beneficial to its 

thermoelectric performance. Similarly, the dominant scattering pathway in the Cd-doped 

Zn13Sb10 is preserved, while that in the Ga-doped Zn13Sb10 is changed, deduced from the 

high-temperature thermal conductivities of the doped samples in Figures 5.S1 and 5.S2 

(supplied in supplementary information). The change in the dominant scattering pathway 

in Zn11.5In1Sb10 and in Zn12.55Ga0.3Sb10 is under investigation. 

The power factors and zT values of Zn13Sb10, Zn11.5In1Sb10 and Zn12.75Mn0.25Sb10 

are plotted in Figure 5.6 (a) and (b). The doped samples have higher power factors than 

the pristine Zn13Sb10 at high temperatures. The boost in the power factor of 

Zn12.75Mn0.25Sb10 originates from its lower electrical resistivity since the Seebeck 

coefficient is similar to that of the pristine sample. The thermal conductivity of 

Zn12.75Mn0.25Sb10 is also similar, thus an increase in its zT value is due to the improved 

electrical conductivity. In case of Zn11.5In1Sb10, the power factor is above that of the pristine 

sample, however its high thermal conductivity, brought by the weakened Umklapp 

scattering, leads to a lower thermoelectric figure-of-merit. 
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Figure 5.6. Power factors (a) and Thermoelectric figure-of-merit zT (b) of Zn13Sb10, 

Zn11.5In1Sb10 and Zn12.75Mn0.25Sb10 sample. 

 

5.3.5. Electronic Band Structure and Bonding Characters 
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Figure 5.7. (a) Total and partial DOS of the Zn13Sb10 material, calculated for the ordered 

Zn12Sb10 structural motif of the Zn13Sb10 phase. (b) Total COHP plot. (c) Partial COHP 

plots of Zn12Sb10, depicting interactions between the three sites. The Fermi level of 

Zn12Sb10 is set at 0. The energy difference between the Fermi levels of Zn12Sb10 and 

Zn13Sb10 is ~ 0.44 eV.  

The Density of States (DOS) plot of Zn13Sb10 was reported earlier94 and is shown 

again in Figure 5.7(a). The electronic structure was calculated for the Zn12Sb10 

composition with fully ordered structure. The Fermi level (set at 0 eV) is located in the 

valence band for the Zn12Sb10 composition. The valence band is filled at exactly 2 more 

electrons, corresponding to the Zn13Sb10 composition. The Crystal Orbital Hamiltonian 

Population (COHP) analysis is presented in Figures 5.7(b) and (c). The full COHP (Figure 

5.7(b)) shows an overall bonding character and an antibonding one above the band gap. 

The antibonding character above the band gap suggests that it may be difficult (if not 

impossible) to obtain an n-type Zn13Sb10. On the other hand, the overall positive bonding 

character till the band gap suggests that the origin of the Zn deficiency in this material is 
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not electronic in nature. Among the interactions present in the Zn13Sb10 structure (Figure 

5.7(c)), only Sb2-Sb2 dimers have significant antibonding contribution below the Fermi 

level. Those interactions are clearly outweighed by other bonding interactions and thus are 

unlikely to be consequential for the Zn deficiency. A computational study by G. S. Pomrehn 

et al. suggested that the Zn13Sb10 material is thermodynamically stabilized through the 

combination of the lower formation enthalpy of the crystallographically disordered 

Zn13Sb10 (compared to Zn12Sb10, Zn14Sb10, and Zn15Sb10) and the vibrational free energy of 

the lattice154.  

 

Figure 5.8. Electronic band structure of the Zn13Sb10 material calculated from the Zn12Sb10 

structural motif. 

The band structure of the material is shown in Figure 5.8. Assuming the Fermi level 

of  Zn13Sb10 material lies between 0 eV and the top of the valence band, the material 

displays a multi-band feature around the gamma point (Γ), and has a slight indirect band 
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gap of ~ 0.27 eV next to Γ, similar to that reported by Qiu et al.166. On the other hand 

Tapiero et al. reported an optical band gap of ~ 1.2 eV based on a reflectivity 

measurement167. The flat bands at the top of valence band suggest heavy charge carriers if 

the Fermi level sits at that region, i.e. if Zn deficiency is low. On the other hand, if Zn-

deficiency is larger, one may expect lighter charge carriers, provided the band features are 

preserved.  

The experimental bandgap of the material (Eg) could be estimated168 by observing 

the maximum in the Seebeck coefficient:  

𝐸𝑔 = 2𝛼𝑚𝑎𝑥𝑇𝑚𝑎𝑥 (𝑖𝑛 𝑒𝑉), 

with 𝛼𝑚𝑎𝑥 being the maximum Seebeck coefficient at temperature, 𝑇𝑚𝑎𝑥. Assuming the 

calculated 0.27 eV bandgap and extrapolating the Seebeck coefficient with a linear 

relationship (  𝛼 = (4.065 × 10−7)𝑇 − 2.528 × 10−5 ) at higher temperatures, the 

maximum Seebeck coefficient of the undoped Zn13Sb10 sample is expected around 608 K.  

In the literature, however, Seebeck effect measurements on the polycrystalline “Zn4Sb3” 

materials do not show a maximum at such temperature, therefore suggesting that the true 

bandgap of the material is larger than 0.27 eV found in our LMTO calculations169–172. Also, 

Zn13Sb10 starts to decompose by losing Zn around 700 K, which restricts high-temperature 

thermopower measurements. 

5.3.6. Estimation of Carrier Effective Mass of the Zn13Sb10 Materials 

A single parabolic band (SPB) model was used to evaluate the carrier effective 
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masses of the Zn13Sb10, Zn12.75Mn0.25Sb10 and Zn11.5In1Sb10 samples at 300 K. This 

approach is an approximation as the calculated electronic band structure of the pristine 

Zn13Sb10 (Figure 5.8) indicates doubly degenerate, flat-like bands at the top of the valence 

band (valley degeneracy, Nv ≠ 1). The experimental carrier concentrations and Seebeck 

coefficients of the samples were used to calculate the carrier effective mass through the 

Pisarenko plot by obtaining the density of state effective mass173, as shown in Figure 5.9. 

The Mn- and In-doped Zn13Sb10 materials have higher carrier effective masses than the 

pristine Zn13Sb10 material. An increase in the effective mass for Zn12.75Mn0.25Sb10 is likely 

associated with the presence of the flat d bands around the Fermi level. On the other hand, 

the origin of the increased effective mass in Zn11.5In1Sb10 is not immediately clear, 

considering very similar carrier concentrations for Zn13Sb10 and Zn11.5In1Sb10 and 

potentially similar band structures. 

 

Figure 5.9. Pisarenko plots for the Zn13Sb10, Zn12.75Mn0.25Sb10 and Zn11.5In1Sb10 sample at 

300 K. 
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5.4. Conclusions 

A pure Zn13Sb10 material could be synthesized using a slow-cooling method, with the 

charge-precise Zn13Sb10 loading composition. This approach eliminates any detectable Zn 

impurities and thus provides a more reliable analysis of the Zn13Sb10-based phases. The 

survey of dopants for the Zn site reveals the preferences for the atoms that can adopt a 

tetrahedral coordination environment of the Zn site. The incorporations of dopants 

effectively restrict the movement of Zn atoms, as evident from the suppressed phase 

transitions at 230 – 250 K. The dopants also affect the charge carrier properties 

(concentration, mobility, effective mass) and phonon propagation. Generally, the carrier 

mobility in the doped Zn13Sb10 materials is lowered due to the impurity scattering, which 

decreased the carrier relaxation times. The carrier effective mass in the studied samples is 

increased, but the origin of such an increase is specific to the dopant.  

Dopant incorporation may affect the dominant phonon scattering pathway and even 

increase the lattice contribution to the thermal conductivity at higher temperatures. For 

example, the defect scattering dominant in the In-doped Zn13Sb10 does not disrupt phonon 

propagation as effectively as the Umklapp scattering in the pristine and Mn-doped Zn13Sb10. 

As a result, the In-doped Zn13Sb10 shows a lower thermoelectric figure-of-merit than 

pristine Zn13Sb10, despite having a higher power factor. Therefore, it is crucial to maintain 

the Umklapp scattering as the dominant phonon scattering pathway when optimizing the 

power factor of the Zn13Sb10-based materials through doping.  
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The electronic band structure calculations of the Zn13Sb10 material indicate that the Zn 

deficiency in Zn13Sb10 cannot be explained by the bonding consideration.  Instead, the Zn-

deficient Zn13Sb10 phase is stabilized by a configurational disorder and vibrational free 

energy of the lattice. 

5.5. Supplementary Materials 

The high-temperature total and lattice thermal conductivities of the selected samples 

are plotted in Figure 5.S1 and 5.S2. The thermal conductivities of the Mn- and In-Zn13Sb10 

sample at lower temperatures measured by the laser flash analysis (LFA) method agree 

with those from the Quantum Design Physical Property Measurement System (PPMS) at 

similar temperature ranges.  

The retentions/changes in the dominant phonon scattering pathways in the doped 

materials can be deduced from the LFA thermal conductivities. Similar to the In-Zn13Sb10 

sample, the Ga-doped sample shows a change in the dominant phonon scattering pathway, 

as reflected by the elevated thermal conductivity when compared to the undoped Zn13Sb10 

sample. On the other hand, the dominant phonon scattering pathways in the Mn- and Cd-

doped samples remain the same. Additionally, the thermal conductivities of the Ga- and In-

doped Zn13Sb10 samples decrease at elevated temperatures, which is due to the increased 

Umklapp scattering in this temperature range.  
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Figure 5.S1. High-temperature total thermal conductivities of the Zn12.75Mn0.25Sb10, 

Zn12.55Ga0.3Sb10, Zn11.96Cd1.04Sb10 and Zn11.5In1Sb10 samples. 

 

Figure 5.S2. Calculated high-temperature lattice thermal conductivities of the 

Zn12.75Mn0.25Sb10, Zn12.55Ga0.3Sb10, Zn11.96Cd1.04Sb10 and Zn11.5In1Sb10 samples. 
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Figure 5.S3. Magnetic susceptibility χ vs. temperature T of (a) the pristine Zn13Sb10 and (b) 

the Zn12.8Mn0.2Sb10 sample. 

The magnetic susceptibility vs. temperature of the pristine Zn13Sb10 and the 

Zn12.8Mn0.2Sb10 sample were measured using the superconducting quantum interference 

device (SQUID) on the magnetic property measurement system (MPMS), and are plotted 

in Figure 5.S3. A diamagnetic behaviour is expected in the pristine Zn13Sb10 sample, while 

a paramagnetic behaviour is expected if Mn is incorporated into the Zn13Sb10 structure. The 

χ in the pristine Zn13Sb10 sample confirms the diamagnetic behaviour in the pristine 

Zn13Sb10 sample. On the other hand, the χ in the Zn12.8Mn0.2Sb10 sample has displayed a 

ferromagnetic behaviour with Tc around 320 K and a paramagnetic tail below 25 K. This 

suggests that some Mn is incorporated into the Zn13Sb10 structure, while the SbMn0.89Zn0.94 

impurity phase is responsible for the ferromagnetic behaviour, where it is reported to have 

a similar Tc.
174 Although this confirms the Mn incorporation into the Zn13Sb10 structure, at 

the same time this suggests that the Zn12.8Mn0.2Sb10 sample is not truly phase pure, and the 

amount of Mn incorporation is less than expected. 
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Chapter 6. Comparative Study of the Zn1-xCdxSb and (Zn1-z 

Cdz)13Sb10 Solid Solution Series 

This chapter contains the material covered in the manuscript “Comparative Study 

of the Zn1-xCdxSb and (Zn1-zCdz)13Sb10 Solid Solution Series”, which was published in 

Journal of Solid State Chemistry (J. Solid State Chem., 2022, 315, 123448). The low 

temperature physical property measurements were collected by Dr. Taras Kolodiazhnyi at 

the National Institute for Materials Science (NIMS), Tsukuba, Ibaraki, Japan, Michel 

Johnson at Dalhousie University, Halifax, Nova Scotia, Canada and Subin Kim at the 

University of Toronto, Toronto, Ontario, Canada. The high temperature charge transport 

properties and partial room temperature carrier concentration of materials were collected 

by Dr. Yu-Chih Tseng at CanmetMATERIALS, Natural Resources of Canada, Hamilton, 

Ontario, Canada. Partial Single-crystal X-ray diffraction data were collected by Dr. James 

F. Britten. The ELF method was calculated by Dr. Jan-Hendrik Pöhls. The experimental 

procedures, structure determination, data interpretation and manuscript preparation were 

completed by the candidate.  

 

Reproduced with permission from Michel Johnson, Jan-Hendrik Pöhls, Taras Kolodiazhnyi, 

James F. Britten, Yu-Chih Tseng, Yurij Mozharivskyj, Journal of Solid State Chemistry. 

Copyright 2022 Elsevier Inc.. 
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Comparison of the (Zn1-zCdz)13Sb10 and Zn1-xCdxSb series allows better 

understanding of changes in the transport properties brought by the Cd substitution. 

Incorporation of a single dopant affects charge transport properties non-monotonously, and 

these changes are likely dependent on the intrinsic properties of the main phase. The 

dominant phonon scattering pathway in both solution series remains the Umklapp process 

even when the Zn:Cd ratio is 1:1, contrary to the expected point defect scattering. Lastly, 

the electron localization function (ELF) calculations suggested that the bonding character 

in ZnSb and Zn13Sb10 is well-described using the Zintl-Klemm concept, as a mix of 

covalent and ionic interactions. 

 

6.1. Introduction 

A considerate amount of work has been done to understand the thermoelectric 

properties of the ZnSb and “Zn4Sb3” materials91–93,95,96,175–178, thereby allowing us to use 

them as models and to explore the ways to improve thermoelectric performances of other 

materials. The Zn13Sb10 material has the α’, α and β polymorphs93,94, and the room 

temperature β-Zn13Sb10 (above 254 K) is the thermoelectric phase of interest. β-Zn13Sb10 

features an extraordinarily low thermal conductivity, with electrical resistivity similar to a 

heavily-doped semiconductor, resulting a zT of 1.3 at 670 K90,136. On the other hand, ZnSb 

also features a low thermal conductivity, with electrical resistivity higher than that of β-

Zn13Sb10, with a resulting zT of 0.6 at 460 K179. There are some discrepancies in the 

literature about the bonding nature of these Zn-Sb phases, some describe them using the 
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Zintl-Klemm formalism92,179,180, while some describe them as “electron-poor framework 

semiconductors” (EPFS)181. 

In this work, Zn is replaced with Cd in the ZnSb and Zn13Sb10 structures. Cd is chosen 

for incorporation mainly due to the relative ease of syntheses and the existences of the Cd 

analogues for both phases: CdSb and Cd13Sb10
164,182, although a formation of superstructure 

was found in Cd13Sb10. Cd incorporation into ZnSb and Zn13Sb10 (“Zn4Sb3”) has been 

explored separately earlier137,183–185, usually in small amounts, while CdSb has been studied 

recently as an emerging thermoelectric material186,187. In this work, we aim to understand 

the effects to the transport properties brought by the same atom replacement (Cd is 

replacing for Zn) in two crystal systems. Regarding the bonding nature in the ZnSb material, 

the Electron Localization Function (ELF) method was used to elucidate bonding 

interactions between the atoms. 

6.2. Materials and Methods 

6.2.1. Synthesis 

Pieces of elemental Zn (99.99 wt. % CERAC), Cd (99.99 wt. % 5N Plus) and Sb 

(99.999 wt. % 5N Plus) were used as starting materials, following the loading formulae 

Zn1-xCdxSb and (Zn1-zCdz)13Sb10 (x, z = 0, 0.2, 0.4, 0.6, 0.8, 1). The weighted elements were 

sealed in the evacuated silica tubes and placed in the same box furnace to eliminate 

temperature variances. 

For the (Zn1-zCdz)13Sb10 samples, the samples were heated to 750 °C at 150 °C/h 

and annealed for 16 h, while being shaken in between to ensure mixing of the molten 
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elements. The samples were cooled from 750 °C to 350 °C at a rate of 50 °C/h and annealed 

at 350 °C for 2 days to achieve phase homogeneity. The samples were finally cooled down 

to room temperature at a rate of 50 °C/h. Similarly, for the Zn1-xCdxSb samples, the samples 

were heated to 750 °C at 150 °C/h and annealed for 16 h, being shaken in between. The 

samples were cooled from 750 °C to 400 °C at a rate of 50 °C/h and annealed at 400 °C for 

2 days before cooling down to room temperature at a rate of 50 °C/h.  

The Zn1-xCdxSb samples were ground in an agate mortar, loaded in graphite dies 

(15 mm ID) and pressed into pellets using the Spark Plasma Sintering method (SPS) with 

a Dr. Sinter SPS 211 Lx instrument. A pressure of 45 MPa was applied to all samples; they 

were heated to the sintering temperatures at a rate of 50 K/min and sintered for 25 min. The 

samples were finally cooled down to room temperature without pressure and current. The 

sintering temperatures of samples are shown in Table 6.1.  

Table 6.1. SPS temperatures of the Zn1-xCdxSb samples. 

Sample composition Sintering temperature (K) 

ZnSb 450 

Zn0.8Cd0.2Sb 420 

Zn0.6Cd0.4Sb 420 

Zn0.4Cd0.6Sb 400 

Zn0.2Cd0.8Sb 380 

CdSb 380 

 

Large bulk (Zn1-zCdz)13Sb10 samples and Zn1-xCdxSb SPS pellets were cut into bars 

and plates for physical property measurements. 
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6.2.2. Powder and single crystal X-ray diffraction 

Powder X-ray diffraction (PXRD) data for the polycrystalline samples were 

collected on a PANalyical X’Pert Pro CuKα1 diffractometer with an X’Celerator detector. 

Samples were ground and deposited evenly on a zero-background silicon sample holder. 

The data were collected in the 20 – 80° 2θ range with the collection time of 1 hour. Phase 

purity and unit cell parameters were evaluated by full-profile Rietveld refinements, using 

the Rietica program111.  

Room temperature single-crystal data for a crystal picked from the bulk Cd13Sb10 

sample were collected on a Bruker SMART APEX II diffractometer with a 3 kW sealed-

tube Mo generator and APEX II CCD detector at the McMaster Analytical X-Ray (MAX) 

Diffraction Facility. A semi-empirical absorption correction was applied using redundant 

and symmetry related data. Structural determinations and refinements were performed 

using the OLEX2 program160. 

6.2.3. Elemental analysis 

Semi-quantitative elemental analysis was performed using an X-Max (80mm2) X-

ray EDS spectrometer (Oxford Instruments) on a TESCAN VEGA II LSU scanning 

electron microscope (SEM) (20 kV accelerating voltage).  

6.2.4. Physical property measurements  

The melted (Zn1-zCdz)13Sb10 (z = 0, 0.2, 0.4, 0.6, 0.8, 1) and SPS Zn1-xCdxSb (x = 0, 

0.2, 0.4, 0.6, 0.8, 1) samples were cut into approximately 2  2  9 mm3 bar and 10  10  
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1 mm3 plates using a diamond saw and kerosene as lubricant to avoid sample oxidation. 

The carrier concentration at room temperature, n, was derived from the Hall coefficient 

measured on a home-built instrument with a GMW 5403 electromagnet. The room 

temperature resistivity was also measured on this instrument using the Van der Pauw 

method. A separate set of the (Zn1-zCdz)13Sb10 (z = 0, 0.5, 1) and the SPS Zn1-xCdxSb (x = 

0, 0.5, 1) samples were cut into 4  4  4 mm3 cubes, and the electrical resistivities, Seebeck 

coefficients, thermal conductivities and heat capacities were measured using a Quantum 

Design Physical Property Measurement System (PPMS). Note that some measurements on 

Zn13Sb10 were published previously188. 

6.2.5. Electronic structure calculations 

The total density of states (DOS) and electronic band structures of the Zn13Sb10, 

(Zn0.5Cd0.5)13Sb10, Cd13Sb10, ZnSb, (Zn0.5Cd0.5)Sb and CdSb were calculated using the TB-

LMTO-ASA method162. The Zn12Sb10 structural motif of the room temperature β-Zn13Sb10 

phase was used in the calculation for the (Zn1-zCdz)13Sb10 materials, despite the 

superstructure in the Cd13Sb10 sample. Empty spheres were included into the unit cell to 

fulfill the overlap criteria of atomic spheres in the TB-LMTO-ASA method. A 16 × 16 × 

16 k grid is used for both solid solution series, and the basis sets consisted of the Zn 4s/4p/3d, 

Cd 5s/5p/4d/4f and Sb 5s/5p/4d/4f orbitals, where the Cd 4f and Sb 4d/4f orbitals were 

downfolded. 

6.2.6. Electron Localization Function (ELF) 
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The electron localization function (ELF) of ZnSb was computed using the post 

processing package in the Quantum ESPRESSO189 with the Perdew-Burke-Ernzerhof (PBE) 

generalized gradient approximation (GGA)190 and the projector augmented-wave (PAW) 

method. The cut-off energy of the wavefunction (charge density) was set to 50 (600) Ry 

and a cold smearing of 0.001 Ry was applied. Spin-orbit coupling was included into the 

calculations. Prior to the ELF calculations, the ZnSb structure was fully relaxed using a Γ-

centered 5 × 5 × 5 k-point mesh and force (energy) threshold of 10-5 Ry Bohr-1 (10-9 Ry). 

ELF was calculated on a 128 × 128 × 128 mesh with a b-spline interpolation, and heat maps 

of the ELF were drawn to dissect parallel to the Zn2Sb2 rhomboid ring to gain an advanced 

understanding of its bonding character. 

6.3. Results and Discussion 

6.3.1. Characterization 

PXRD patterns of the as-synthesized Zn1-xCdxSb (all except x = 0 and 1) samples 

suggest inhomogeneity (varying Zn/Cd ratios) in the materials, as witnessed from the 

presence of double peaks (Figure 6.S1 in supplementary information). The inhomogeneity 

features disappear either after SPS, or after a reannealing the cold pressed sample. The 

experimental powder X-ray pattern of the Cd13Sb10 sample show significant peak-splitting 

behaviour (Figure 6.S2), suggesting a symmetry reduction in the crystal structure. Analysis 

of the single crystal diffraction data for Cd13Sb10 indicated the presence of a superstructure. 

An automatic indexing of the superstructure reflections yielded a large monoclinic cell with 

a = 11.44 Å, b = 26.05 Å, c = 26.05 Å and β = 100.74°. A superstructure in the Pn space 

group with similar cell parameters was reported earlier by S. Ponou et al.191. 
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The obtained structural model for Cd13Sb10 has the P21/n space group, which is a 

supergroup of the Pn space group, with an additional inversion centre. Crystallographic 

parameters and refinement results for the Cd13Sb10 sample are summarized in Table 6.2. 

Atomic and isotropic displacement (Ueq) parameters are presented in Table 6.S1. Note the 

relatively high residual electron densities, which are located close to the already assigned 

Table 6.2. Single crystal X-ray diffraction and refinements of the grain from the Cd13Sb10 

melted ingot sample. Data were collected on a Bruker SMART APEX II diffractometer 

with a 3 kW sealed-tube Mo generator and APEX II CCD detector at room temperature. 

Sample Cd13Sb10  

Refined composition Cd13Sb10  

Space group P21/n  

Lattice Parameters (Å) a = 11.4696(3)              β = 100.738(1)° 

b = 26.1217(6) 

 

 c = 26.1066 (6)  

Volume (Å3) 7684.7(3)  

Z 12  

Density (calculated), g/cm3 6.949  

2θ range for data collection (°) 2.22 to 74.46  

Index Ranges -19 h 19, -44 k 44,  

-44 l 44 

 

Independent reflections 406878 [R(int) = 0.0954]  

Completeness to max 2θ 99.5 %  

Data/restraints/parameters 39535/0/663  

Goodness-of-fit of F2 1.174  

Final R indices [I>2σ(I)] R1 = 0.0858,  

wR2 = 0.1291 

 

R indices (all data) R1 = 0.1590,  

wR2 = 0.1497 

 

Extinction coefficient 0.0000052(8)  

Largest diff. peak/hole, e-/Å3 5.305/ -7.354  
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atoms. The obtained data can be also refined with the Pn space group with the twin law (-

1 0 0 0 -1 0 0 0 -1), and BASF = 0.5(1). 

We have also checked the possibility of Cd13Sb10 adopting the structure of the low-

temperature Zn13Sb10 phase92–94 (C2/c space group), and that the current unit cell results 

from twinning of the C2/c structure. Rietveld refinements of the Cd13Sb10 samples with two 

different structural models (P21/n and C2/c) are presented in Figure 6.S3. The refinement 

with the C2/c symmetry does not describe the small peaks (e.g. at ~31° and 33°, labelled 

with *), and these small peaks belong to neither Cd nor CdSb. The Rietveld refined unit 

cell parameters for the C2/c space group are: a = 11.4547(5) Å, b = 13.0490(6) Å, c = 

8.6947(4) Å, β = 100.728(3)°. The P21/n superstructure cell has the unit cell parameters 

roughly equal to a, 2  b, 3  c of the C2/c cell. This comparison demonstrates that the 

P21/n structure observed during the single crystal diffraction does not result from the 

twinning of the smaller C2/c cell.  

Table 6.3. Elemental compositions (in at. %) and chemical formulae of the Zn1-xCdxSb 

(left) and (Zn1-zCdz)13Sb10 (right) solid solution series. 

Sample Elemental 

composition  

Formula Sample Elemental 

composition 

Formula 

x = 0 Zn (49.4(6)) 

Sb (50.6(3)) 

Zn0.98Sb z = 0 Zn (54.5(6)) 

Sb (45.5(3)) 

Zn11.98Sb10 

x = 0.2 Zn (39.3(6)) 

Cd (9.0(3)) 

Sb (51.7(3)) 

Zn0.76Cd0.17Sb z = 0.2 Zn (45.4(6)) 

Cd (9.4(3)) 

Sb (45.2(3)) 

(Zn0.83Cd0.17)12.12 

Sb10 

x = 0.4 Zn (27.1(6)) 

Cd (21.8(3)) 

Sb (51.1(3)) 

Zn0.53Cd0.43Sb z = 0.4 Zn (34.5(6)) 

Cd (20.0(3)) 

Sb (45.5(3)) 

(Zn0.63Cd0.37)11.98 

Sb10 

x = 0.6 Zn (20.6(6)) 

Cd (28.9(3)) 

Sb (50.5(3)) 

Zn0.41Cd0.57Sb z = 0.6 Zn (23.7(6)) 

Cd (32.1(3)) 

Sb (44.2(3)) 

(Zn0.42Cd0.58)12.62 

Sb10 
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x = 0.8 Zn (10.3(6)) 

Cd (39.9(3)) 

Sb (49.8(3)) 

Zn0.21Cd0.80Sb z = 0.8 Zn (12.5(6)) 

Cd (43.8(3)) 

Sb (43.7(3)) 

(Zn0.22Cd0.78)12.88 

Sb10 

x = 1 Cd (50.5(3)) 

Sb (49.5(3)) 

Cd1.02Sb z = 1 Cd (56.2(3)) 

Sb (43.8(3)) 

Cd12.83Sb10 

 

The Table 6.3 summarizes the results from the EDS elemental analyses of the Zn1-

xCdxSb and (Zn1-zCdz)13Sb10 series. Note that for the (Zn1-zCdz)13Sb10 series, there is a cation 

deficiency compared to the charge-balanced Zn13Sb10 composition, which is consistent 

with the previously published data188. The composition comes close to the 13:10 ratio only 

for the Cd-rich samples (z = 0.6, 0.8 and 1), which agrees with the compositions obtained 

from X-ray diffractions. The refined X-ray composition of the Cd13Sb10 material is 

Cd13.0(1)Sb10, while the refined X-ray composition of Zn13Sb10 is Zn11.6(1)Sb10
188.  

 

Figure 6.1. Refined unit cell parameters of a) Zn1-xCdxSb and b) (Zn1-zCdz)13Sb10. The 

compositions (x-axis) were obtained from the EDS analyses. 

Figure 6.1 shows changes in the unit cell parameters of Zn1-xCdxSb and (Zn1-

zCdz)13Sb10, which reveal a linear relationship with the Cd content, following the Vegard’s 
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law. Note that for the (Zn1-zCdz)13Sb10 series, only z = 0 – 0.6 is shown due to the observable 

peak splitting in the z = 0.8 and 1 samples. 

6.3.2. Crystal Structure and Bonding 

 

Figure 6.2. Crystal structures of (a) Zn13Sb10, ZnSb (b) with Sb tetrahedra and (c) Zn2Sb2 

rhomboid rings. 

The structures of both ZnSb and β-Zn13Sb10 can be described using the Zintl–

Klemm formalism. The β-Zn13Sb10 is built up of Sb atoms, with Zn atoms occupying the 

tetrahedral voids in the Sb sublattice (Figure 6.2(a)). The Sb sublattice contains two types 

of Sb, Sb3- anions and Sb2
4- dimers, and the main-Zn-occupied Sb tetrahedra are formed by 

3 Sb3- and one Sb from an Sb2
4- dimer (Figure 6.2(a)). The main Zn site is ~90% occupied, 
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and there are 3 deficient interstitial Zn site with ~6% occupancy each, reaching the Zn13Sb10 

composition96. On the other hand, the Sb sublattice of ZnSb contains only one type of Sb, 

all of them as Sb2
4- dimers. The Zn-occupied Sb tetrahedra are formed by Sb from four 

different Sb2
4- dimers (Figure 6.2(b)). Note that the crystal structure of ZnSb is also 

referred to as a bonded semiconductor in the literature, as linked Zn2Sb2 rhomboid rings in 

the structure 192,193.  

The bonding interactions between atoms are essential to understand the thermal 

transport properties of thermoelectric materials. The exceptionally low thermal 

conductivities of both the ZnSb and Zn13Sb10 materials at room temperatures prompted us 

to investigate their bonding features.  

 

Figure 6.3. The 2D ELF showing (a) the Sb – Sb interaction and (b) the Zn2Sb2 rhomboid 

ring in the ZnSb material. 

Figure 6.3(a) and (b) shows the results of the 2D ELF for a Sb – Sb dimer and 

Zn2Sb2 rhomboid ring respectively. The ELF calculations are based on the following: 



Ph.D. Thesis – C.-w. T. Lo;        McMaster University – Chemistry and Chemical Biology 

148 
 

𝐸𝐿𝐹 =
1

1 + 𝜒(𝑟)
,                                                              (2) 

where 𝜒(𝑟) is the ratio of the energy density, 𝐷(𝑟), with respect to the energy density for 

a uniform electron gas, 𝐷ℎ(𝑟)194: 

𝜒(𝑟) =
𝐷(𝑟)

𝐷ℎ(𝑟)
.                                                                (3) 

The energy density 𝐷(𝑟) in the structure is defined as the difference between the 

kinetic energy and bosonic kinetic energy (the von Weiszäcker term). Electrons are seen as 

localized when ELF is high (ELF > 0.7), and are similar to electron gas/metallic bonds 

when ELF is lower (0.2 < ELF < 0.7)194. Under these criteria, it is clear that the Sb – Sb 

interaction in Figure 6.3(a) resembles a covalent bond, since electrons are localized 

between the Sb atoms. Additionally, the Sb – Sb dumbbell is surrounded by additional 

electron density, which is indicative of gained electrons and anionic nature of the Sb – Sb 

dumbbell.  

On the other hand, the Zn atom has only core-like localized electrons, which would 

be consistent with the closed d shell (Figure 6.3(b)). Also, the Zn – Sb interaction seems 

to be ionic in nature, as there is no apparent electron localization between the two atoms. 

Furthermore, the Zn – Zn interaction appears to be metallic in nature, due to the low ELF 

between the two atoms (ELF ~ 0.25).  

The ELF method suggests that the atomic interactions in the ZnSb material is a mix 

of covalent Sb – Sb, ionic Zn – Sb, and metallic Zn – Zn interactions, and thus agrees with 

the Zintl-Klemm picture of ZnSb. The local environments of Zn and Sb in the Zn13Sb10 
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material are similar to that in the ZnSb material, except for the additional Sb3- in the Sb 

sublattice. Although the ELF is not calculated for the Zn13Sb10 material due to its structural 

complexity, the Zn – Zn and Zn – Sb interactions are considered similar, thus the bonding 

picture based on the Zintl-Klemm formalism should be an accurate description of the 

Zn13Sb10 structure as well.  

Vibrations of the Sb – Sb dumbbells were considered to play an important role in 

the low lattice thermal conductivity of Zn13Sb10
195. However, theoretical studies by Bjerg 

et al.175 on ZnSb and Zn13Sb10 found that there are significant Zn vibrational contributions 

to the low-energy modes in Zn13Sb10 and soft Zn phonon modes in ZnSb, which are more 

consequential for the low thermal conductivity. 

6.3.3. Electronic Band Structures 

The density of states (DOS) and electronic band structures of the Zn1-xCdxSb and 

the (Zn1-zCdz)13Sb10 series are shown in Figures 6.4 and 6.5, respectively. The DOS and 

electronic band structures predict semimetallic character for the Zn1-xCdxSb series, and this 

is due to the fact that the valence band (VB) maximum is slightly higher in energy than the 

conduction band (CB) minimum. (Figure 6.4). The absences of band gaps in this series 

would suggest the presences bipolar effects at low temperatures. However, it is more likely 

that LMTO calculations underestimate band gaps. Electronic structure calculations of ZnSb 

using the Heyd-Scuseria-Ernzerhof (HSE) hybrid exchange-correlation functional yielded 

an indirect bandgap of 0.58 eV196, which is close to the experimental bandgap of 0.53 eV 

from an absorption edge experiment197. Additionally, band structure calculations of CdSb 
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using the FPLO® – 23 scheme revealed a lower band gap of 0.44 eV198, which is close to 

the bandgap of 0.43 eV from absorption edge experiment199,200. 

 

Figure 6.4. (a) Density of States (DOS) plot and (b) the electronic band structures of the 

Zn1-xCdxSb series. Note that the high symmetry points in the three structures are slightly 

different, and they are labelled in separate band structures in the Supplementary 

Information, Figure 6.S4. 
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Figure 6.5. (a) Density of States (DOS) plot and (b) the electronic band structures of the 

(Zn1-zCdz)13Sb10 series. Note that the high symmetry points in the three structures are 

slightly different, and they are labelled in separate band structures in the Supplementary 

Information, Figure 6.S5. 

In the (Zn1-zCdz)13Sb10 series, the Fermi level (set at 0 eV) is located in the valence 

band for the Zn12Sb10 composition and it is at the top of the valence band for the Zn13Sb10 

composition. The DOS of Zn13Sb10 has a bandgap of ~ 0.27 eV, which is in close agreement 

with the calculations by Faghaninia et al. (0.257 eV)196 and Qiu et al.(0.26 eV)201. The band 

gap becomes smaller as Cd is introduced (Figure 6.5(b)). The Fermi level for the 

stoichiometric Cd13Sb10 phases crosses the bottom of the conduction band (Supplementary 

Information, Figure 6.S5(c)), which is antibonding and energetically unfavourable. The 

Fermi level of the Cd13Sb10 sample is likely lower due to the cation deficiency, suggested 

by the elemental analysis, and a dominant p-type behaviour is still expected with a smaller 

hole concentration.  

6.3.4. Phase Transition 

As previously reported, the anomalies in the z = 0 sample of (Zn1-zCdz)13Sb10 refers 

to the α’ – α and α – β Zn13Sb10 phase transitions at 235 and 254 K, as shown in 

Figure 6.6133,188. The z = 0.5 and 1 samples also show single anomaly at 247 K and ~370 

K, respectively.  

The anomaly in the heat capacity of the z = 0.5 sample appears to be a 1st order 

phase transition only, judging by the symmetrical nature of the peak. While such transition 

is different from the two transitions (α’ – α, 1st order and α – β, 2nd order) in the pristine 
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Zn13Sb10 and the other doped-Zn13Sb10 samples188, it suggests that the Zn/Cd mobility is 

retained in the sample. Single crystal X-ray diffraction analysis at 100 K indicates that the 

z = 0.5 phase crystallizes in a structure resembling the C2/c one of the pristine Zn13Sb10 at 

such temperature, and there are no observable superstructure peaks similar to the α’-

Zn13Sb10 phase. The heat capacities of the z = 0 and 0.5 samples exceed the Dulong-Petit 

limit of 3R = 24.9 J/mol at.-K, which suggests an additional contribution to heat capacity 

beyond harmonic atomic vibrations. 

 

Figure 6.6. Heat capacities of (Zn1-zCdz)13Sb10 (z = 0, 0.5, 1). 

The z = 1 sample (Cd13Sb10) has a phase transition at 368 K (95 °C), which appears 

to be a 1st order transition. The crystal structure of Cd13Sb10 at room temperature has been 

characterized above and by Ponou et al191. Another crystal structure of Cd13Sb10 has also 

been reported by O. Zelinska et al.164. Since the rhombohedral 𝑅3̅𝑐 structure, similar to the 

β-Zn13Sb10 one, was obtained by quenching the Cd13Sb10 sample from high temperatures 
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(430 °C), we suspect that the rhombohedral 𝑅3̅𝑐 structure is stable above the 1st order phase 

transition temperature of 95 °C. The heat capacity of Cd13Sb10 at elevated temperatures is 

close to the Dulong-Petit limit, suggesting contribution mostly from the harmonic atomic 

vibrations.  

 

Figure 6.7. Structures of the α- and β-Cd13Sb10, aligned along the Sb2
4- dimers. The Cd3Sb-

SbCd3 motif is shown on the right of the figure. 

The α-β transition in Cd13Sb10 is considered an order-disorder transition, similar to 

the α-β transition of Zn13Sb10
92,93. The P21/n structural model (α-Cd13Sb10) has 33 fully 

occupied and 6 split Cd sites, whereas the β-Cd13Sb10 has 1 main site with ~80 % occupancy 

and 5 interstitial Cd sites with no more than 7 % occupancies164. Some of the originally 

interstitial Cd atoms are now fully occupied, while some main Cd atoms are vacant, and 
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the atomic distribution is similar to the α’-Zn13Sb10 case. The most obvious difference is 

the absence of consistent Cd3Sb-SbCd3 motif in the α-Cd13Sb10 structure that is present in 

the β-Cd13Sb10 structure, shown in Figure 6.7. The Cd3Sb-SbCd3 motif is made up of a 

Sb2
4- dimer and 6 main Cd atoms that resembles an ethane molecule with a dihedral angle 

of ~37°, and a Cd–Sb–Sb bond angle of ~102°. Some main Cd sites in the α-Cd13Sb10 

structure are either vacant, shifted, or split. 

6.3.5. Thermoelectric Properties 

6.3.5.1. Charge Transport Properties of Zn1-xCdxSb 

 

Figure 6.8. Low temperature (LT) (a) electrical resistivities and (b) Seebeck coefficients of 

SPS Zn1-xCdxSb (x = 0, 0.5, 1).  

The electrical resistivity and Seebeck coefficient measurements of the SPS Zn1-

xCdxSb series are shown in Figure 6.8. The electrical resistivity, ρ, points at intrinsic 

semiconducting behaviour and increases with the Cd content; most likely due to a decrease 

in the carrier concentration. The initial increase in ρ of ZnSb to 9 K has also been reported 
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previously by D. Eklöf et al., however the cold-pressed and single-crystalline ZnSb samples 

displaying no such maxima192. To verify such behaviour, we compared resistivity of the 

melted and SPS samples prepared during this study (Figure 6.S6). The melted sample does 

not have a peak at low temperatures. Presence of the peak for the SPS sample may stem 

from an incompletely filled valence band due to a small Zn deficiency, as suggested by the 

elemental analysis (Table 6.3). The SPS ZnSb samples in this study and in that of D. Eklöf 

et al. employed a sintering temperature close to or higher than the melting point of Zn (~ 

420 °C). Such high temperature may promote some Zn losses during the SPS annealing 

under dynamic vacuum. 

As the temperature increases, the resistivity of the melted and SPS ZnSb drops to a 

minimum at 64 K and then raise steadily (Figure 6.8 and 6.S6). Song et al.202 attributed 

such behavior to a shallow localized impurity band with activation energy of 0.002 eV. 

Analysis of the resistivity data for the SPS ZnSb in the 9 – 64 K region yielded the 

activation energy of 0.0016 eV, which is similar to the value reported by Song et al. The 

exact origin of the impurity band remains unknown, although Song et al. proposed that it 

originates from intrinsic defects in ZnSb, which as we suggest are Zn deficiencies. A drop 

in resistivity is observed above 358 K, which is most likely due to bipolar effect.  

A schematic band diagram with the impurity band for ZnSb is illustrated in Figure 

6.9. When the valence band is fully occupied, which appears to be the case for Zn0.5Cd0.5Sb 

and CdSb, the LT peak is absent, and the decrease in the resistivity reflects the excitation 

of charge carriers from the valence band into the impurity band. When the impurity band 

becomes full (exhaustion range), the resistivity starts to increase with temperature due to 



Ph.D. Thesis – C.-w. T. Lo;        McMaster University – Chemistry and Chemical Biology 

156 
 

the electron-phonon scattering. This proceeds until the temperature is high enough to 

promote the charge carriers into the conduction band; at this point the resistivity starts to 

decrease and this is known as the bipolar effect. This “decrease-increase-decrease’ in 

resistivity is observed for all the Zn1-xCdxSb samples, and thus the impurity band is likely 

to be present in all of them. However, the activation energy, width of the impurity band, 

and initial occupancy (at T = 0 K) of the valence band depend on the preparation method 

and amount of Cd. 

 

Figure 6.9. Schematic band diagram with the impurity band in ZnSb. Population of the 

impurity band occurs in the 9 – 64 K region and leads to a decrease in the resistivity. 

As mentioned above, the valence band in the SPS Zn0.5Cd0.5Sb sample appears to 

be fully occupied. Also, analysis of the LT resistivity data for Zn0.5Cd0.5Sb suggests that 

the activation energy between the valence and impurity bands is below 0.001 eV. In 

comparison to ZnSb, the minimum (~35 K) and maximum (~260 K) in the resistivity of 
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Zn0.5Cd0.5Sb are shifted to lower temperatures, which would suggest a narrower impurity 

band and smaller band gap. 

The ρ of CdSb sample exhibits a consistent drop in resistivity until 250 K, which 

may be an indication of a broader impurity band. The resistivity increases steadily after 250 

K and then drops after ~340 K, with the latter being attributed due to a bipolar effect. The 

onset (358, 260 and 340 K for x = 0, 0.5, 1 samples, respectively) of the bipolar effect 

suggests that the band gap decreases from ZnSb to CdSb, followed by Zn0.5Cd0.5Sb, and 

this is consistent with the reported experimental band gaps196,199,200. It is worth mentioning 

that the resistivity data of CdSb above room temperature are one order of magnitude higher 

than the values reported by S. Wang et al.203 and B. Zhou et al. 187.  

 All Zn1-xCdxSb materials exhibit positive Seebeck coefficients, α (Figure 6.8(b)), 

indicating holes as the dominant charge carrier. For the x = 0 sample, the Seebeck 

coefficient can be roughly separated into 3 pseudo-linear regions: (i) 2 – 10 K, (ii) 10 – 60 

K, and (iii) 60 K to around room temperature, and changes between the regions can be 

correlated with the occupancy of the valence, impurity, and conduction bands. From region 

(i) to (ii), there is an increase in the α vs. T slope, while electrical resistivity starts to 

decrease (Figure 6.8(a)). This would be consistent with the occupancy of the localized 

impurity band; more charge carriers are generated, and resistivity is lowered. But since the 

impurity band is highly localized, the effective mass of extra charge carriers and Seebeck 

coefficient are higher. On the other hand, there is a decrease in steepness from region (ii) 

to (iii), which coincides with a slow increase in resistivity from 60 – 300 K. These changes 

can be attributed to the full occupancy of the impurity bands, which leads to the lower 
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number of charge carriers with higher effective mass. Thus, the behavior of ρ and α in ZnSb 

resembles that of an impure semiconductor with an acceptor band.  

The temperature dependence of the α of the Zn0.5Cd0.5Sb sample resembles that of 

the ZnSb one (Figure 6.8(b)), except there is no region (i). The transition between regions 

(ii) and (iii) shifted to around 35 K in Zn0.5Cd0.5Sb and is close to the impurity band feature 

in its electrical resistivity. Note that the α of the Zn0.5Cd0.5Sb sample is higher than that of 

ZnSb past 40 K. On the other hand, the α of the CdSb sample is below that of Zn0.5Cd0.5Sb 

till around 250 K. The general shape of the Seebeck curve for CdSb resembles that of ZnSb; 

there is a similar change in between regions (i) and (ii); the transition between the regions 

(ii) and (iii) is also present but becomes more gradual. The first transition is rather 

surprising as there is no maximum in the electrical resistivity of CdSb at the corresponding 

temperature; this may indicate small underoccupancy of the valence band, which does not 

represent itself in the resistivity data. The thermopower of the CdSb sample increases 

abruptly at 230 – 250 K, which is before the minimum at 260 K in the electrical resistivity. 

Currently, we cannot rationalize this change.  

Regarding the bipolar effect seen in the electrical resistivity, the thermopowers of 

the Zn0.5Cd0.5Sb and CdSb samples do not clearly show the corresponding maxima, thus 

Seebeck measurements to higher temperatures are required to better establish the trends.  

We have also explored the Zn0.95Cd0.05Sb sample to gain extra information into the 

effects of Cd substitution. Figure 6.10 shows the ρ and α of SPS Zn0.95Cd0.05Sb in 

comparison to SPS ZnSb. The general behaviour is quite similar between the two phases, 
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but the lower ρ and α of Zn0.95Cd0.05Sb suggest a higher carrier concentration. These data 

in combination with the ones for x = 0, 0.5, 1 (Figure 6.8) indicate non-monotonous 

changes in charge transport properties upon the Cd substitution in the Zn1-xCdxSb system. 

 

Figure 6.10. LT (a) electrical resistivities and (b) Seebeck coefficients of Zn1-xCdxSb (x = 

0, 0.05).  

6.3.5.2.Charge Transport of (Zn1-zCdz)13Sb10 

Electrical resistivities of (Zn1-zCdz)13Sb10 are plotted in Figure 6.11(a). The ρ in the 

(Zn1-zCdz)13Sb10 series increase with increasing Cd content, which suggests a lower charge 

carrier concentration and/or shorter relaxation time. The residual electrical resistivities of 

the 3 samples are significantly different. For the z = 0.5 sample, the higher ρ is likely due 

to the impurity scattering by the Zn/Cd disorder. The resistivity of the z = 1 sample is the 

highest within the series and is similar to those obtained by A. Tengå et al.182. On the other 

hand, the residual electrical resistivity of Cd13Sb10 reported by O. Zelinska et al.164 is two 

magnitudes (~10-5 Ω-m) lower than that of the z = 1 sample. This disagreement is most 
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likely due to their Cd13Sb10 sample retaining the β-polymorph structure with a large cation 

deficiency (their refined composition was Cd12.7Sb10), while our Cd13Sb10 sample adopts 

the α-polymorph with a lower Cd deficiency (the refined composition was Cd13Sb10, or 

Cd12.83Sb10 from elemental analysis). Both the z = 0.5 and 1 samples have observable 

differences in their resistivities during heating and cooling, which stems most likely from 

the temperature hysteresis of the structural transitions.  

 

 

Figure 6.11. LT (a) electrical resistivities, (b) the Seebeck coefficients and (c) the room 

temperature Hall carrier concentrations of the (Zn1-zCdz)13Sb10 series. Separate resistivities 
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of samples are presented in the Supplementary Information, Figure 6.S7. The elemental 

ratios derived from EDS are used for the values of z in (c). The standard deviations of Hall 

carrier concentrations are typically smaller than the squares (< 3.5% error), while the error 

of z could be larger due to the semiquantitative nature of SEM–EDS, in addition to possible 

sample inhomogeneity.  

Similar to the Zn1-xCdxSb series, thermopower of (Zn1-zCdz)13Sb10 at low 

temperatures is dominated by hole carriers (Figure 6.11(b)). The Seebeck coefficients of 

this series increase with the Cd content, which suggests a lower carrier concentration 

(and/or larger effective mass), in agreement with the electrical resistivity measurements. 

The Seebeck coefficients however do not follow a simple linear T dependence. Changes in 

the temperature dependence between samples in this series are expected, since carrier 

concentration and effective mass are also expected to change upon substitution of Zn by 

Cd (due to the different occupancy of the Zn/Cd sites). 

The thermopower for the z = 0.5 sample in this temperature range can be separated 

to two linear regions, 2 – 220 K and 220 – 400 K. This change of slope can be due to the 

suppressed phase transition as seen in the heat capacity measurements or changes in band 

structure. For the Cd13Sb10 sample, the measurement can be roughly separated into 3 

pseudo-linear regions: (i) 2 – 25 K, (ii) 25 – 220 K and (iii) 220 – 400 K. The heat capacity 

of Cd13Sb10 does not indicate any other phase transitions except the 373 K one. Thus, these 

changes in the T dependence can be attributed to changes in the electronic band structure, 

which can be rather complex due the large unit cell and low symmetry of Cd13Sb10.  

Figure 6.11(c) represents Hall data for the (Zn1-zCdz)13Sb10 series with smaller z 

intervals. The data clearly show that the substitution of Zn by Cd does not change the charge 
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transport properties in a linear way. The Hall carrier concentrations of (Zn1-zCdz)13Sb10 

increases from z = 0 to z = 0.2 and then drops from z = 0.4 to z = 1. Such trend with respect 

to Cd content shows the non-monotonous change of charge transport properties upon the 

Cd substitution in the (Zn1-zCdz)13Sb10 series, similar to the Zn1-xCdxSb series. Since Zn and 

Cd are isoelectronic, and one could expect a similar carrier concentration but a lower carrier 

mobility upon the Zn/Cd substitution leading to larger electrical resistivities. Instead, there 

is an apparent change in the carrier concentration that cannot be rationalized by simple 

substitution arguments.  

Similar phenomena were also observed in the Zn1-xCdxSb series, Cd-doped 

Zn0.995Na0.005Sb184, the Sn-doped GeTe204, and Ag-doped Cu2Se205. All doped samples (on 

the cation side) have higher carrier concentrations than their respective pristine phases. W. 

Liu et al. attributed this to a bond softening effect when Cu is replaced by Ag in Cu2Se 

since bond length Ag – Se is longer than Cu – Se205. In general, it is true that elements down 

the group are larger, thus the bonds are longer when smaller atoms are replaced by the 

larger ones.  

The non-monotonous change in charge transport in the (Zn,Cd)Sb, (Zn,Cd)13Sb10 

systems with increasing Cd content can be described as a combination of a bond softening 

effect, followed by an increase in the (Zn,Cd) concentration, which leads to a drastic 

decrease in carrier concentrations. The bond softening effect increases the carrier 

concentration when the Cd content is low, but this effect is overridden by the increase in 

the cation content, leading to a smaller (Zn,Cd) deficiency, and lower carrier concentration 

when the Cd content is high.  
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Note that high-temperature (HT) electrical properties measurements were 

performed but the Cd-rich samples (x, z = 0.6, 0.8 and 1) were partly/fully decomposed to 

(Zn,Cd)Sb, Cd and Sb, as confirmed by X-ray powder diffractions. Additionally, grey 

droplets formed on the samples were identified as Cd through EDS analyses. Compared to 

other successful elemental substitutions done previously188, Cd does not increase the 

stability of the Zn13Sb10-based materials, but rather makes it more unstable at higher 

temperatures. 

6.3.5.3.Thermal Properties 

Thermal conductivities of (Zn1-zCdz)13Sb10 and Zn1-xCdxSb are plotted in Figures 

6.12 and 6.13. The lattice thermal conductivities κl of the samples were calculated using κl 

= κtotal – κe, where κtotal is the total thermal conductivity and κe is the electronic contribution. 

κe is calculated using the Wiedemann-Franz law, κe = LT/ρ, where L is the effective Lorenz 

number. The effective Lorenz number was estimated according to L ≈ 1.5 + exp[–|α|/116], 

with α being the Seebeck coefficient (L is in the unit of 10-8 WΩ/K2 and α is in units of 

μV/K) 30.   

Thermal conductivities of all samples in both series retain the Umklapp scattering 

with increasing Cd content similar to the pristine Zn13Sb10 and ZnSb. Still, it is surprising 

that the samples with x, z = 0.5, which are the most atomically disordered, retain the 

Umklapp scattering, since the previous results showed that that point defect scattering may 

become the dominant contributor in the disordered systems. As an example, substitution of 

In for Zn in the Zn13Sb10 material makes point defects the dominant phonon scattering 
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contributor159,188. In addition to the Zn/In substitution in Zn13Sb10, the structure also has a 

larger number of vacancies due to the larger oxidation state of In (3+ for In vs 2+ for Zn). 

Similarly the thermal conductivity of α-Zn3Sb2, which has many deficient/partially 

occupied Zn sites in the structure, features point defect as the dominant phonon scattering 

pathway133. Thus, further studies are needed to fully understand the phonon scattering 

pathways in the Zn-Sb materials.  

 

Figure 6.12. Low temperature (a) total and (b) lattice thermal conductivities of Zn1-xCdxSb. 
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Figure 6.13. Low temperature (a) total and (b) lattice thermal conductivities of (Zn1-

zCdz)13Sb10. 

 The maxima in the lattice thermal conductivities of the Zn1-xCdxSb samples are 

observed at 27, 15 and 24 K, for x = 0, 0.5 and 1 respectively, and they represent the onset 

of the Umklapp scattering as the dominant scattering channel. It is worth pointing that 

thermal conductivity of CdSb is lower than that of ZnSb, which can be attributed to the 

lower sound velocity in CdSb (2241 m/s in ZnSb to 1590 m/s in CdSb175,203, due to its larger 

density and potentially lower Young modulus). Thermal conductivity of the x = 0.5 sample 

is even lower, which can be credited to the shorter mean free path due to the additional 

impurity scattering, i.e. the differences in the mass and size between Zn and Cd as described 

in the Klemens-Callaway model206.  

According to the Matthiessen rule, the phonon relaxation time 𝜏 can be written as a 

combination of relaxation times from different processes: 

1

𝜏
=

1

𝜏𝐵
+

1

𝜏𝑈
+

1

𝜏𝑖𝑚
+

1

𝜏𝑁
                                                          (4) 

where subscripts B stands for the grain boundary scattering, U for the Umklapp scattering, 

im for the impurity scattering, and N for the normal scattering. Since the same synthetic 

method was used, 𝜏𝐵  is assumed to be similar among the Zn1-xCdxSb samples, and is 

constant with respect to temperature T. The impurity scattering (and the 1 𝜏𝑖𝑚⁄  parameter) 

should be larger in the Zn0.5Cd0.5Sb sample than that in the ZnSb and CdSb ones. Thus, the 

Zn0.5Cd0.5Sb sample is expected to have the lowest lattice thermal conductivity in the series. 

While Umklapp scattering and the 1 𝜏𝑈⁄  parameter may become dominant after a certain 
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temperature T, the impurity scattering and 1 𝜏𝑖𝑚⁄  parameter will still play a significant role 

in the Zn0.5Cd0.5Sb sample and will contribute to its lower lattice thermal conductivity as 

seen in Figure 6.12.  

 The maxima in the lattice thermal conductivities of the (Zn1-zCdz)13Sb10 series are 

at 22, 12 and 11 K for the z = 0, 0.5 and 1, respectively (Figure 6.13). Similar to the Zn1-

xCdxSb series, the maxima shift to the lower temperatures as the Cd concentration increases. 

However, there is no clear relationship between the Cd concentration and thermal 

conductivity in the studied temperature range; and thus the arguments developed for the 

Zn1-xCdxSb samples are not readily applied to the (Zn1-zCdz)13Sb10 ones. We therefore 

suggest that thermal conductivity in the (Zn1-zCdz)13Sb10 series is dominated by the presence 

of optical modes with lower frequencies, thus an onset of the Umklapp process occurs at 

lower temperatures. Optical phonon modes are mostly dispersion-less and can be described 

by a single frequency using the Einstein model. Therefore, the temperatures of the peaks 

have a positive correlation with the Einstein temperature 𝜃𝐸  (or the phonon frequency 𝑣𝐸  

of the low-frequency optical modes) in the material. The peak shifts to lower temperatures 

in Figure 6.14 thus suggest a decreasing 𝑣𝐸  from Zn13Sb10 to Cd13Sb10.  

Low-frequency optical modes often lead to a low thermal conductivity because the 

frequency of the acoustic modes is limited by avoiding crossing with the optical modes. 

While the lattice thermal conductivity should be the highest for Zn13Sb10, a lower maximum 

thermal conductivity was measured in the present study. The thermal conductivity at low 

temperatures is limited by other effects, in particular grain boundary scattering as suggested 
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by the broad thermal conductivity peak. Increases in the lattice thermal conductivities 

below the maxima also mirror the changes in the heat capacity (Figure 6.6), since the 

phonon mean free path is not yet dominated by the Umklapp scattering. At higher 

temperatures, the lattice thermal conductivities of the (Zn1-zCdz)13Sb10 series become 

similar, with that of Zn13Sb10 being slightly larger. It has to be mentioned that while the 

structures in the Zn1-xCdxSb series remain the same in the studied temperature regions, the 

structures of Zn13Sb10 and Cd13Sb10 in the (Zn1-zCdz)13Sb10 series are slightly different at 

lower temperatures. 

 

Figure 6.14. Cp/T
3 vs. T curves of the (Zn1-zCdz)13Sb10 series.  

6.4.Conclusions 

The thermoelectric properties of the two solid-solution series, (Zn,Cd)13Sb10 and 

(Zn,Cd)Sb, were studied in this work. The work has revealed non-monotonous changes in 

the transport properties of the same series upon the Cd substitution, and these changes are 

dependent on the intrinsic structural and compositional features of the material. It is 
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surprising that the thermal conductivity of the (Zn1-zCdz)13Sb10 (z = 0.5) sample with the 

largest atomic disorder does not resemble that of the previously reported In-doped Zn13Sb10, 

in which point defect scattering in the dominant mechanism for phonon suppression. 

The large monoclinic structure (α polymorph) was confirmed for Cd13Sb10 at low 

temperatures, with the high-temperature β polymorph adopts the rhombohedral 𝑅3̅𝑐 space 

group, similar to the pristine β-Zn13Sb10 phase. The α – β phase transition of Cd13Sb10 at 

368 K is assumed to be 1st order in nature. 

The ELF analysis of ZnSb suggest presence of the covalent Sb – Sb, metallic Zn – Zn 

and ionic Zn – Sb interactions in the structure. Due to the structural similarities between 

Zn13Sb10 and ZnSb, the bonding picture in Zn13Sb10 phase is assumed to be similar to that 

in the ZnSb phase. 

6.5. Supplementary Materials 
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Figure 6.S1. X-ray diffraction pattern of Zn0.6Cd0.4Sb sample: as-synthesized, after SPS, 

and after reannealing following cold-press. 

 

Figure 6.S2. PXRD pattern of Cd13Sb10, taken experimentally (black) and simulated 

pattern without symmetry reduction (structure of β-Cd13Sb10, red). 
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Figure 6.S3. Rietveld refinement of the Cd13Sb10 sample with (a) the current structural 

model, and (b) the C2/c cell, derived from the low temperature α-Zn13Sb10 phase. 

Table 6.S1. Atomic and isotropic displacement (Ueq) parameters of the grain from the 

Cd13Sb10 melt ingot sample. 

Atom Site Occu-

pancy 

     x/a y/b z/c Ueq(Å
2) 

Sb1 4e 1 0.14381(8) 0.25118(3) 0.04847(3) 0.0152(2) 

Sb2 4e 1 0.35960(8) 0.25182(3) 0.12077(3) 0.0152(2) 

Sb3 4e 1 0.85872(8) 0.50152(3) 0.11989(3) 0.0151(2) 

Sb4 4e 1 0.24800(6) 0.42858(4) 0.08424(3) 0.0156(2) 

Sb5 4e 1 0.75085(7) 0.17709(4) 0.75141(3) 0.0170(2) 

Sb6 4e 1 0.42073(8) 0.65747(3) 0.95978(3) 0.0172(2) 

Sb7 4e 1 0.93283(8) 0.41079(3) 0.96788(3) 0.0156(2) 

Sb8 4e 1 0.13997(8) 0.25145(3) 0.71567(3) 0.0160(2) 

Sb9 4e 1 0.64201(8) 0.50226(3) 0.04835(3) 0.0153(2) 

Sb10 4e 1 0.24957(6) 0.42804(4) 0.41712(3) 0.0161(2) 

Sb11 4e 1 0.74976(6) 0.17986(4) 0.08176(3) 0.0163(2) 
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Sb12 4e 1 0.86128(8) 0.50152(3) 0.45296(3) 0.0159(2) 

Sb13 4e 1 0.13940(8) 0.74679(3) 0.04275(3) 0.0157(2) 

Sb14 4e 1 0.85866(8) 0.49646(3) 0.78926(3) 0.0157(2) 

Sb15 4e 1 0.07179(8) 0.66197(3) 0.86486(3) 0.0159(2) 

Sb16 4e 1 1.25091(6) 0.42205(4) 0.74750(3) 0.0156(2) 

Sb17 4e 1 0.57217(8) 0.41297(3) 0.53391(3) 0.0159(2) 

Sb18 4e 1 0.25109(6) 0.32812(4) 0.91756(3) 0.0162(2) 

Sb19 4e 1 0.92326(8) 0.40862(3) 0.62954(3) 0.0167(2) 

Sb20 4e 1 0.42896(8) 0.66286(3) 0.29880(3) 0.0164(2) 

Sb21 4e 1 0.58020(8) 0.40876(3) 0.87369(3) 0.0174(2) 

Sb22 4e 1 0.64058(8) 0.50359(4) 0.38245(4) 0.0185(2) 

Sb23 4e 1 0.07299(8) 0.66002(3) 0.20334(3) 0.0165(2) 

Sb24 4e 1 0.07379(8) 0.08444(4) 0.69807(4) 0.0208(2) 

Sb25 4e 1 0.36145(8) 0.25367(4) 0.78526(4) 0.0197(2) 

Sb26 4e 1 0.57399(8) 0.83465(4) 0.03073(4) 0.0206(2) 

Sb27 4e 1 0.64233(8) 0.49267(4) 0.71407(4) 0.0192(2) 

Sb28 4e 1 0.35548(8) 0.74294(4) 0.11823(4) 0.0195(2) 

Sb29 4e 1 0.06054(8) 0.16093(4) 0.87226(3) 0.0214(2) 

Sb30 4e 1 0.55980(8) 0.91252(4) 0.20362(3) 0.0205(2) 

Cd1 4e 1 0.17358(9) 0.66698(4) 0.97257(4) 0.0232(2) 

Cd2 4e 1 0.02336(9) 0.47991(4) 0.05531(4) 0.0225(2) 

Cd3 4e 1 0.97645(10) 0.22873(4) 1.11110(4) 0.0233(2) 

Cd4 4e 1 0.63334(9) 0.60521(4) 0.34305(4) 0.0250(2) 

Cd5 4e 1 0.82855(9) 0.41766(4) 0.86139(4) 0.0239(2) 

Cd6 4e 1 0.13727(9) 0.35130(4) 0.01002(4) 0.0235(2) 

Cd7 4e 1 0.52950(10) 0.22738(4) 0.72173(4) 0.0243(2) 

Cd8 4e 1 0.31893(9) 0.17424(4) 0.18885(4) 0.0249(2) 

Cd9 4e 1 0.32219(9) 0.66721(4) 0.19255(4) 0.0253(2) 

Cd10 4e 1 0.67488(9) 0.41581(4) 0.64115(4) 0.0244(2) 

Cd11 4e 1 0.86842(9) 0.59981(4) 0.16248(4) 0.0236(2) 

Cd12 4e 1 0.82546(9) 0.42145(4) 0.18662(4) 0.0245(2) 

Cd13 4e 1 0.62411(9) 0.59875(4) 0.00096(4) 0.0246(2) 

Cd14 4e 1 0.82222(10) 0.42347(4) 0.52161(4) 0.0259(2) 
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Cd15 4e 1 0.68635(9) 0.42441(4) 0.98157(4) 0.0251(2) 

Cd16 4e 1 0.86398(9) 0.60259(4) 0.49284(4) 0.0264(2) 

Cd17 4e 1 0.18011(10) 0.17344(4) 0.64806(4) 0.0258(2) 

Cd18 4e 1 0.17550(10) 0.17073(4) 0.98190(4) 0.0248(2) 

Cd19 4e 1 0.37462(9) 0.35291(4) 0.82995(4) 0.0256(2) 

Cd20 4e 1 0.47184(10) 0.47680(4) 0.44476(4) 0.0257(2) 

Cd21 4e 1 0.87304(9) 0.59862(4) 0.83015(4) 0.0257(2) 

Cd22 4e 1 0.02855(10) 0.48270(4) 0.38761(4) 0.0249(2) 

Cd23 4e 1 0.12806(9) 0.34927(4) 0.66801(4) 0.0254(2) 

Cd24 4e 1 0.97210(10) 0.23115(4) 0.78015(4) 0.0265(2) 

Cd25 4e 1 0.36303(9) 0.35198(4) 0.15927(4) 0.0262(2) 

Cd26 4e 1 0.46826(10) 0.48133(4) 0.10810(4) 0.0267(2) 

Cd27 4e 1 0.52968(10) 0.23284(4) 0.05873(4) 0.0263(2) 

Cd28 4e 1 0.37472(9) 0.34916(4) 0.49760(4) 0.0256(2) 

Cd29 4e 1 0.01215(10) 0.46662(5) 0.72310(4) 0.0333(3) 

Cd30 4e 1 0.48844(11) 0.46917(5) 0.78448(4) 0.0351(3) 

Cd31 4e 1 0.29626(11) 0.33188(4) 0.36873(4) 0.0356(2) 

Cd32 4e 1 0.70257(11) 0.08097(4) 0.79956(4) 0.0347(2) 

Cd33 4e 1 0.26844(15) 0.22563(5) 0.87761(7) 0.0603(5) 

Cd34 4e 0.558(4) 0.21673(18) 0.59867(7) 0.62279(8) 0.0347(6) 

Cd34A 4e 0.442(4) 0.2834(2) 0.65139(9) 0.70879(10) 0.0365(8) 

Cd35 4e 0.392(7) 0.0085(4) 0.07564(17) 0.8088(2) 0.044(2) 

Cd35A 4e 0.608(7) 0.9677(2) 0.09634(11) 0.78417(11) 0.0344(8) 

Cd36 4e 0.503(8) 0.4699(3) 0.84584(14) 0.11716(14) 0.038(1) 

Cd36A 4e 0.497(8) 0.5107(3) 0.82552(12) 0.14139(16) 0.040(1) 

Cd37 4e 0.49(6) 0.2861(7) 0.5270(2) 0.71665(18) 0.026(1) 

Cd37A 4e 0.51(6) 0.259(3) 0.5237(4) 0.7045(13) 0.051(4) 

Cd38 4e 0.51(5) 0.9847(7) 0.7110(9) 0.1072(4) 0.046(2) 

Cd38A 4e 0.49(5) 0.9887(6) 0.7206(3) 0.1095(3) 0.021(1) 

Cd39 4e 0.32(6) 0.500(2) 0.7119(14) 0.0504(6) 0.047(3) 

Cd39A 4e 0.68(6) 0.5152(7) 0.7205(2) 0.0484(2) 0.026(1) 
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Figure 6.S4. Electronic band structures of x = (a) 0, (b) 0.5 and (c) 1 in the Zn1-xCdxSb 

series. 

 

 



Ph.D. Thesis – C.-w. T. Lo;        McMaster University – Chemistry and Chemical Biology 

175 
 

 

 

Figure 6.S5. Electronic band structures of z = (a) 0, (b) 0.5 and (c) 1 in the (Zn1-zCdz)13 

Sb10 series. 
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Figure 6.S6. LT electrical resistivities of the (Zn1-zCdz)13Sb10 series, z = (a) 0, (b) 0.5 and 

(c) 1. 

 

Figure 6.S7. LT Electrical resistivities of melt ZnSb and SPS ZnSb. 
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Chapter 7. Synthesis, Structure and Thermoelectric Properties 

of α-Zn3Sb2 and Comparison to β-Zn13Sb10  

This chapter contains the material covered in the manuscript “Synthesis, Structure 

and Thermoelectric Properties of α-Zn3Sb2 and Comparison to β-Zn13Sb10”, which was 

published in Chemistry of Materials (Chem. Mater., 2017, 29, 5149 – 5258). The modelling 

of thermoelectric properties were conducted by Drs. Brenden R. Ortiz and Eric S. Toberer. 

Dr. Allan He participated in part of sample syntheses. The high-temperature synchrotron 

data were collected by Drs. Volodymyr Svitlyk and Dmitry Chernyshov at the European 

Synchrotron Radiation Facility (ESRF), Grenoble, France. The low temperature physical 

property measurements were collected by Dr. Taras Kolodiazhnyi at the National Institute 

for Materials Science (NIMS), Tsukuba, Ibaraki, Japan. Dr. Sven Lidin assisted in the 

structure determination of the α-Zn3Sb2 phase. The experimental procedures were 

completed by the candidate. The candidate assisted in the data interpretation and 

manuscript preparation, done by my supervisor.  

 

Reproduced with permission from Brenden R. Ortiz, Eric S. Toberer, Allan He, Volodymyr 

Svitlyk, Dmitry Chernyshov, Taras Kolodiazhnyi, Sven Lidin and Yurij Mozharivskyj, 

Chem. Mater., 2017, 29, 5149 – 5258. Copyright 2017 American Chemical Society. 
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Zn–Sb Compounds (e.g., ZnSb, β-Zn13Sb10) are known to have intriguing 

thermoelectric properties, but studies of the Zn3Sb2 composition are largely absent. In this 

work, α-Zn3Sb2 was synthesized and studied via temperature-dependent synchrotron 

powder diffraction. The α-Zn3Sb2 phase undergoes a phase transformation to the β form at 

425 °C, which is stable until melting at 590 °C. Rapid quenching was successful in 

stabilizing the α phase at room temperature, although all attempts to quench β-Zn3Sb2 were 

unsuccessful. The structure of α-Zn3Sb2 was solved using single crystal diffraction 

techniques and verified through Rietveld refinement of the powder data. α-Zn3Sb2 adopts 

a large hexagonal cell (𝑅3̅ space group, a = 15.212(2), c = 74.83(2) Å) containing a well-

defined framework of isolated Sb3− anions but highly disordered Zn2+ cations. Dense ingots 

of both the α-Zn3Sb2 and β-Zn13Sb10 phases were formed and used to characterize and 

compare the low temperature thermoelectric properties. Resistivity and Seebeck coefficient 

measurements on α-Zn3Sb2 are consistent with a small-gap, degenerately doped, p-type 

semiconductor. The temperature-dependent lattice thermal conductivity of α-Zn3Sb2 is 

unusual, resembling that of an amorphous material. Consistent with the extreme degree of 

Zn disorder observed in the structural analysis, phonon scattering in α-Zn3Sb2 appears to 

be completely dominated by point-defect scattering over all temperatures below 350 K. 

This contrasts with the typical balance between point-defect scattering and Umklapp 

scattering seen in β-Zn13Sb10. Using the Debye−Callaway interpretation of the lattice 

thermal conductivity, we use the differences between α-Zn3Sb2 and β-Zn13Sb10 to illustrate 

the potential significance of cation/anion disorder in the Zn−Sb system.  
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7.1. Introduction 

Investigating a narrow composition space can reveal how specific differences in crystal 

structure and disorder influence transport properties, while the chemical bonding remains 

largely similar. The Zn–Sb binary system is one example in which a structurally complex 

landscape and diverse properties are found within a relatively small compositional range 

(Figure 7.1)125. The system contains two well-known thermoelectric materials, 

ZnSb207,208 and Zn13Sb10 (known as “Zn4Sb3”)90,94,96, as well as four other phases, 

Zn8Sb7
98, Zn9-δSb7

99, Zn17+αSb12
209, and Zn3Sb2, that are only stable at higher temperatures. 

Additionally, a Zn1+δSb phase has been prepared in nanoparticle form210.  

 

Figure 7.1. Structures of the Zn–Sb phases that were obtained in bulk form. Orange 

atoms are Sb, gray atoms are Zn. Bonds in orange are Sb–Sb dimers. In each structure, 

Sb2– anions make the Sb–Sb dimers, Sb3– anions are isolated anions surrounded by only 
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Zn2+ cations. In Zn8Sb7, two split Zn sites are not shown; in Zn13Sb10, only the major Zn 

site is shown. 

ZnSb is an ordered phase that follows the Zintl-Klemm formalism via the formation of 

Sb2
4- dimers. For the other Zintl-like Zn–Sb compounds, the ratio between Sb2

4- dimers and 

isolated Sb3- anions is adjusted to meet the charge balance. Zn3Sb2 should provide an ionic 

boundary, with a structure composed strictly of isolated Sb3- anions. When compared to 

ZnSb, all other Zn–Sb compounds are Zn richer and exhibit substantial Zn disorder. In 

Zn8Sb7, 
2/8 of the Zn sites are split98. In Zn9-δSb7 all Zn sites are highly deficient, but since 

this phase is stable above 514 °C, such Zn disorder cannot be directly compared to those in 

Zn13Sb10 and Zn8Sb7 at room temperature99. In incommensurate Zn17+αSb12, 
7/11 of the Zn 

sites are split and one out of six Sb sites (Sb6) tends to make Sb–Sb dimers209. The 

composition of this phase can be written as (Zn2+)17+α(Sb3-)10+2α(Sb2-)2-2α, with α being a 

fraction of unpaired Sb6 atoms. Since α < 1, (Zn2+)17+α(Sb3-)10+2α(Sb2-)2-2α is not the 

Zn3Sb2 phase, which contains only Sb3- anions. In Zn13Sb10 the only major Zn site (36f) is 

∼10% deficient and there are at least three extra Zn sites with occupancies of ∼6 % or 

less94,96,113,131,211. The excellent thermoelectric performance in Zn13Sb10 has been attributed 

to structural disorder and nonstoichiometry. Furthermore, charge carrier concentration can 

be tuned via adjustment of Zn vacancy concentration116 and the random distribution of Zn 

is believed to dictate the extremely low thermal conductivity of Zn13Sb10
96 (as well as of 

Zn8Sb7
98). 
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As point defects are poor scattering centers for acoustic phonons, the extremely low 

thermal conductivity of Zn13Sb10 requires further explanation. Inelastic neutron scattering 

reveals the presence of low-energy optical phonons from the Sb2 dimers195. Such modes 

can increase anharmonicity-driven phonon–phonon scattering rates as well as providing 

additional scattering channels. The specific source of these low lying optical modes is in 

question as a subsequent theoretical analysis of the lattice thermal conductivity of 

Zn13Sb10 and ZnSb has revealed low-lying optical modes involving both Zn and Sb 

vibrations, thus questioning the specific role of the Sb2 dimers212. Prior work has also 

proposed that the anharmonic motion of free Sb3- anions (not the Sb2 dimers) coordinated 

only by Zn atoms leads to low lattice thermal conductivity. A further source of low thermal 

conductivity may simply be intrinsic to the ground state phonon band structure. 

Zn13Sb10 has 23 atoms in the hypothetical primitive, ordered cell, leading to extremely low 

velocity optical modes and acoustic branches that carry little heat. Given this ambiguity, 

comparing the thermal transport of Zn13Sb10 to other Zn–Sb binaries with disorder may 

provide insight into the relative importance of different scattering mechanisms. 

In this paper, we investigate the synthesis, structural chemistry, and transport properties 

of α-Zn3Sb2 and contrast these results to those of Zn13Sb10. This comparison is intriguing, 

as α-Zn3Sb2 provides two distinct structural differences from Zn13Sb10: an incredibly 

complex primitive unit cell (630/3 atoms in primitive cell) and the absence of Sb2 dimers. 

High temperature synchrotron diffraction data revealed the phase evolution of α- and β-

Zn3Sb2. Dense, polycrystalline ingots of both α-Zn3Sb2 and Zn13Sb10 were formed and the 

electronic and thermal properties were measured at low temperature. The resulting thermal 
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data were analyzed within a Debye-Callaway model to understand the roles of phonon 

velocity and scattering rates for α-Zn3Sb2 and Zn13Sb10. 

7.2. Experimental Section 

7.2.1. Synthesis 

Preparation of α-Zn3Sb2 utilized elemental Zn (99.99 wt %, Alfa Aesar) and Sb 

(99.999 wt % Alfa Aesar). The elements were loaded into silica tubes, evacuated until       

10-4 Torr, and sealed. The ampules were heated to 750 °C at 100 °C/h and soaked for 4 h 

at 750 °C. Ampules were shaken twice during the 4 h soak. Samples were subsequently 

cooled to 500 °C at 50 °C/h, then to 430 °C at 5 °C/h, annealed at 430 °C for 48 h, and 

finally quenched in an ice water bath. Different annealing temperatures and loading 

compositions were tested. The annealing temperature of 430 °C yielded the best quality 

sample. We have empirically determined that the purest samples of α-Zn3Sb2 are produced 

from samples with nominal composition Zn3.26Sb2. Relative to nominal, Zn-poor 

compositions yield significant amounts of Zn13Sb10, while Zn-rich compositions yield 

elemental Zn in addition to the main phase. The extra elemental zinc used in the 

Zn3.26Sb2 sample was deposited on the silica walls and also was found as grouped elemental 

inclusions inside the sample as verified by the EDS analysis. 

To compare physical properties, the β-Zn13Sb10 phase was also prepared. The 

loading composition was stoichiometric Zn13Sb10 and the synthetic procedure was adopted 

from ref. 95. However, we lowered the annealing temperature to 350 °C and extended the 
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annealing time to 48 h. On the basis of the X-ray powder diffraction, the sample contained 

phase-pure β-Zn13Sb10. 

7.2.2. Structure Analysis 

Room-temperature single crystal data for α-Zn3Sb2 were collected on a STOE IPDS 

II diffractometer with Mo Kα radiation. Numerical absorption correction was based on the 

crystal shapes that were originally derived from optical face indexing, but later optimized 

against equivalent reflections using the STOE X-Shape software104. Structure refinement 

was performed using the SHELXL program107. The crystallographic parameters and 

refinement results are summarized in Table 7.1. All 18 Sb sites and 8 Zn sites could be 

well refined with full occupancies; the other 39 Zn sites had occupancies ranging from 89% 

to 8% (Table 7.S1 in the Supporting Information). All deficient Zn sites had other deficient 

Zn sites at distances closer than the Zn diameter of 2.7 Å. The deficient Zn sites were 

refined with the same isotropic displacement parameter, but their occupancies were 

unrestrained. The resulting composition was Zn367Sb252 or Zn2.91Sb2. 

Table 7.1. Crystallographic and Refinement Data for the α-Zn3Sb2 Crystal. 

Refined composition 

Formula weight 

Temperature 

Wavelength 

Space group 

Unit cell dimensions 

 

Volume 

Z 

Density(calc’d) 

Abs. coeff. 

Zn2.91(2)Sb2 

433.90 

293(2) K 

0.71073 Å 

𝑅3̅ 

a = 15.212(2) Å 

c = 74.83(2) Å 

14819.(4) Å3 

126 

6.126 g/cm3 

25.769 mm-1 
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F(000) 

2θ range for data collection 

Index ranges 

Reflns. collected 

Indep. reflns. 

Completeness to 2θ = 55.96° 

Data/restraints/parameters 

GOF on F2 

Final R indices [I > 2σ(I)] 

R indices (all data) 

Extinction coeff. 

Largest diff. peak and hole 

23862 

4.14 to 55.96° 

-19 ≤ h ≤ 9, 0 ≤ k ≤ 19, -89 ≤ l ≤ 94 

15103 

7759 [R(int) = 0.0709] 

97.7 % 

7759/0/308 

1.136 

R1 = 0.0891, wR2 = 0.1461 

R1 = 0.1672, wR2 = 0.1815 

0.0000000(4) 

4.761 and -4.111 e/Å3 

 

Powder data for the Zn3Sb2 sample were collected on a PANalytical X’Pert Pro 

diffractometer with a linear X’Celerator detector, Cu Kα1 radiation, 2θ range from 20 to 

100°, a step size of 0.0042° and the total collection time of 16 h. A full-profile Rietveld 

refinement (Rietica program111, Figure 7.2) was performed to verify the structural model 

derived from the single crystal data. Except for the Zn11 and Zn47 sites, all other atomic 

sites could be well refined (Table 7.S3 in Supplementary Information). The occupancy of 

the Zn11 and Zn47 sites became zero and thus these sites were omitted from the powder 

diffraction results. The Rietveld refinement yielded Zn384(4)Sb252 (Zn3.05(3)Sb2), which is 

slightly more Zn rich than that derived from the single crystal data. The powder refinement 

results are summarized in Table 7.2. 
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Figure 7.2. Rietveld refinement of the powder diffraction data for Zn3Sb2. Only the 2θ = 20 

– 50° range is shown. Black crosses and the red line represent observed and calculated 

intensities; the green line is the difference between the intensities. The vertical bars show 

positions of Bragg peaks. 

Table 7.2. Powder Refinement Data for the Zn3Sb2 Samples at 293 K, CuKα1 Radiation, 

2θ = 20° – 100°, Step 0.0042°. 

Refined composition 

Space group (Pearson sym.) 

Lattice parameters, Å 

 

Volume, Å3 

Z 

Reflections 

Atomic parameters refined 

RI 

RP 

RwP 

χ2 

Zn3.05(3)Sb2 

𝑅3̅ 

a = 15.12800(2)  

c = 74.8269(2)  

14830.35(5) 

126 

3386 

207 

0.028 

0.070 

0.092 

2.81 
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𝑅𝐼 = ∑|𝐼𝑜 − 𝐼𝑐| / ∑ |𝐼𝑜| , 𝑅𝑝 = ∑|𝑦𝑖𝑜 − 𝑦𝑖𝑐| / ∑ |𝑦𝑖𝑜| , 𝑅𝑤𝑝 = (∑ 𝑤𝑖(𝑦𝑖𝑜 − 𝑦𝑖𝑐)2 /

∑ 𝑤𝑖(𝑦𝑖𝑜)2)1/2, 𝑤𝑖 = (𝑦𝑖𝑜)−1/2.  

7.2.3. Synchrotron Powder Diffraction Studies 

Temperature-dependent powder diffraction data for the Zn3Sb2 sample were 

collected at the Swiss-Norwegian Beamlines, BM01A station at the European Synchrotron 

Radiation Facility (ESRF, Grenoble, France) with a Dectris Pilatus2M detector in a ramp 

mode in the 20 – 650 °C temperature range with a typical step width of 1.5 – 1.8 °C. The 

wavelength was set to 0.968238 Å. The temperature was controlled with an in-house 

developed heat blower. The heating and cooling were done at a rate of 2 °C/min with a 20 

s exposure time per point. The time between the two consecutive diffraction data was close 

to 1 min. Experimental powder diffraction data were integrated and processed with the 

FIT2D software213.  

7.2.4. Electron Microprobe Analysis (EMPA) 

Electron microprobe analysis was performed on the Zn3Sb2 sample in order to 

establish the true composition of the α-Zn3Sb2 phase. The sample was mounted in discs of 

epoxy resin one inch in diameter and approximately 10 mm in thickness. Polishing was 

accomplished using a Struers Rotopol-31 unit with a Struers RotoForce-4 revolving sample 

holder. The final step of polishing used a solution of diamond dust of approximately 1 μm 

in size. Quantitative elemental analysis was performed using wavelength-dispersive (WDS) 
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X-ray spectroscopy (model JXA-8500F, JEOL). The X-ray lines used for analysis were Zn 

Kα and Sb Lα; antimony and zinc metals were employed as standards. 

7.2.5. Physical Property Measurements 

The Zn3Sb2 and Zn13Sb10 samples were cut into a bar of approximately 8 × 2 × 2 

mm in dimensions using a kerosene lubricant to avoid sample oxidation. The surface of the 

Zn3Sb2 sample was checked to ensure that no elemental Zn was present. The density of the 

two samples was 99 % of the crystallographic densities. Electrical resistivity, Seebeck 

coefficient, thermal conductivity, and heat capacity were measured on a Quantum Design 

Physical Property Measurement System (PPMS). Copper leads were attached on the 

rectangular bars using Epo-Tek H20E silver epoxy. The contacts for all samples were cured 

under a stream of ultrahigh purity Ar inside a tube furnace. Speed of sound measurements 

were performed using an Olympus 5072PR Pulser/Receiver system with a gain of 20 dB 

and a 5 kHz signal. Both longitudinal and shear measurements were made, using Olympus 

V112 (longitudinal) and Olympus V156 (shear) transducers and an Atten ADS 1102 

oscilloscope. 

7.3. Results and Discussion 

7.3.1. Crystal Structure and Composition  

The α-Zn3Sb2 phase appears to have the largest and most complex structure in the 

Zn–Sb system (V = 14 819 Å3). To understand the origin of such complexity, we will 

analyze the Sb and Zn frameworks separately (Figure 7.3). Both the positional and 
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displacement parameters of the Sb atoms are well-defined in all directions, indicating high 

rigidity of the Sb framework. The shortest Sb–Sb distance is 3.806(2) Å (Sb3–Sb12), which 

excludes any Sb2 dimer formation in the structure. Absence of the dimers agrees with the 

(Zn2+)3(Sb3-)2 charge balanced formula. The Sb framework can be divided into four 

identical slabs with a length of 1/4 of the c parameter (18.7 Å). The smaller rhombohedral 

subcell (a = 15.1 Å, c = 18.7 Å) is metrically close to the cubic cell with a = ∼10.7 Å. The 

formation of the observed, large rhombohedral cell can be treated as the loss of the cubic 

symmetry concomitant with quadrupling of the resulting chex parameter. The reduction in 

the rotation symmetry is represented by the splitting of the intense peaks in the powder 

diffraction pattern (Figure 7.2), while the reduction in the translation symmetry is 

manifested by the appearance of the superstructure peaks of lower intensity. 

Ultimately, the symmetry reduction in α-Zn3Sb2 is associated with the Zn atoms. In 

contrast to the Sb framework, the Zn framework displays significant disorder and has the 

periodicity of the c parameter (74.8 Å). While we have no explanation for the reduced 

symmetry in the Zn framework, it is apparent that Zn distribution is the main driving force 

for the formation of such a large unit cell. Out of 47 Zn sites, only 8 sites (Zn1–8) are fully 

occupied, and the Zn–Zn distances for these sites are larger than 2.7 Å. The rest of the Zn 

sites are partially occupied, and in most cases a partially occupied site has at least another 

partially occupied Zn site with dZn–Zn < 2.5 Å (exceptions are Zn9, Zn10, Zn14, Zn16, and 

Zn38, for which dZn–Zn > 2.5 Å). 
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Figure 7.3. Projection of the α-Zn3Sb2 unit cell along the [110] direction. Antimony atoms 

are shown in orange (left) and zinc in gray (center). The fraction of the gray for a given Zn 

atom represents the occupancy of the corresponding Zn site. The Sb polyhedra (right) show 

environments for selected deficient Zn atoms that are close to each other. 

The fully occupied Zn sites and majority of the deficient Zn sites reside in 

Sb4 with dZn–Sb= 2.6–3 Å (e.g., Zn2 environment in Figure 7.3). The rest of the deficient 

Zn sites have only three Sb neighbours. The relative position of the deficient Zn sites is 

interesting (Figure 7.3) and provides insights into the Zn mobility in the α-Zn3Sb2 structure. 

When dZn–Zn < 1 Å, there are often three Zn sites that reside within a Sb trigonal bipyramid 

formed by two face-sharing Sb tetrahedra. The two terminal Zn atoms sit almost at the 

center of the Sb tetrahedra and have four Sb neighbours at dZn–Sb > 2.6 Å, while the center 
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Zn site is in the middle of the shared Sb triangular face and has only three Sb neighbours 

at shorter dZn–Sb. As an example, in Figure 7.3 the terminal Zn16 and Zn40 atoms have 4 

Sb atoms at dZn–Sb = 2.67–2.98(1) Å, while the center Zn15 atom has 3 Sb atoms at dZn–Sb = 

2.58–2.68(1) Å. The established Zn arrangement suggests the following: (i) Zn atoms are 

highly disordered; (ii) such disorder must stem from Zn mobility, which is significant at 

high temperatures, but quenched at room temperature; (iii) at high temperatures, Zn atoms 

migrate between the different Sb4 tetrahedra via a shared trigonal face. From Figure 7.3, it 

is also apparent that there is a nonuniform distribution of the Zn sites along the c direction. 

Some regions of the unit cell have a larger concentration of the Zn sites (mostly deficient) 

than the other ones; however, we cannot explain such behaviour. 

While the α-Zn3Sb2 is clearly the largest and most structurally complex cell in the 

Zn–Sb system, α-Zn3Sb2 structure shares many structural similarities with the neighbouring 

Zn–Sb phases. Namely, Zn atoms occupy the Sb4 tetrahedra and there is significant Zn 

disorder, which is observed in all other Zn–Sb phases expect for the ZnSb binary. Even the 

absence of Sb2 dimers in α-Zn3Sb2 (in contrast to other Zn–Sb phases) is expected on the 

basis that all Zn–Sb structures are charge balanced. In that respect, the α-Zn3Sb2 structure 

can be seen as the next, albeit final, member in the Zn–Sb series. However, there are also 

unique structural properties in α-Zn3Sb2, which could not be extrapolated from the Zn-poor 

binaries. Specifically, the high degree of Zn disorder and complexity of the unit cell cannot 

be fully rationalized even based on our knowledge of other Zn–Sb structures. 

Finally, we would like to address the composition of the α-Zn3Sb2 phase. 

Compositions obtained from the diffraction experiments are slightly different: 
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Zn2.91(2)Sb2 and Zn3.05(3)Sb2 from the single crystal and powder data, respectively. Electron 

microprobe analysis (EMPA) was performed to obtain a more accurate composition. The 

EMPA yielded Zn2.96(2)Sb2, which suggests that the phase is slightly Zn deficient but very 

close to the stoichiometric composition. The slight Zn deficiency is further supported by 

the positive Seebeck coefficient measurement, wherein VZn
2- could represent the primary 

acceptor defect. 

7.3.2. Temperature Stability and Transformations 

The α-Zn3Sb2 phase can be kinetically stabilized at room temperature by rapid 

quenching from 430 °C into cold water. On the basis of consecutive powder diffraction 

results, α-Zn3Sb2 showed no detectable decomposition or transformation at ambient 

conditions for a few months. High temperature synchrotron powder diffraction studies were 

employed to trace its temperature stability and formation pathway. Figure 7.4 shows 

diffraction data in projection during heating from 20 to 650 °C and cooling back to 20 °C 

at a rate of 2 °C/min. A number of transitions were observed: 

(1): the α-Zn3Sb2 phase is stable until 197 °C, at which it decomposes to Zn13Sb10 and Zn: 

5𝑍𝑛3𝑆𝑏2(𝑠) → 𝛽-𝑍𝑛13𝑆𝑏10 + 2𝑍𝑛(𝑠) 

(2) At 410 °C, β-Zn13Sb10 and Zn react back to give α-Zn3Sb2: 

β-𝑍𝑛13𝑆𝑏10 + 2𝑍𝑛(𝑠) → 5α-𝑍𝑛3𝑆𝑏2(𝑠) 
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(3) However, β-Zn13Sb10 and Zn are not fully consumed at 410 °C. They disappear fully 

only at 425 °C, when the β-Zn3Sb2 phase emerges: 

β-𝑍𝑛13𝑆𝑏10 + 2𝑍𝑛(𝑠) → 5β-𝑍𝑛3𝑆𝑏2(𝑠) 

(4) α-Zn3Sb2 and β-Zn3Sb2 coexist until 490 °C. Above this temperature only β-Zn3Sb2 is 

stable:  

α-𝑍𝑛3𝑆𝑏2(𝑠)  → β-𝑍𝑛3𝑆𝑏2(𝑠) 

(5) At 590 °C, β-Zn3Sb2 melts. 

(6) During cooling from the liquid, β-Zn3Sb2 forms at 581 °C. 

(7) β-Zn3Sb2 is stable to 355 °C, below which it abruptly decomposes into β-Zn13Sb10 and 

Zn. 

5β-𝑍𝑛3𝑆𝑏2(𝑠) → β-𝑍𝑛13𝑆𝑏10 + 2𝑍𝑛(𝑠) 

The stability and decomposition of β-Zn3Sb2 is very interesting in several respects. 

First, β-Zn3Sb2 can be supercooled to a much lower temperature when compared to its 

formation temperature during heating (355 vs. 425 °C). Second, β-Zn3Sb2 decomposes very 

suddenly upon cooling; the diffraction pattern at 355 °C shows only β-Zn3Sb2, while the 

next one at 353.2 °C has strictly β-Zn13Sb10 and Zn. For other transformations, the original 

phase and products were present at least on two consecutive scans. Third, during cooling, 

β-Zn3Sb2 does not transform into the low-temperature α-Zn3Sb2 polymorph, as expected 

from the heating data, instead it decomposes into β-Zn13Sb10 and Zn directly. We 
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emphasize that the cooling rate of 2 °C/min of the diffraction studies is relatively fast and 

is likely the reason that formation of α-Zn3Sb2 is bypassed. Our bulk synthetic procedure, 

involving the annealing of the Zn3Sb2 sample at 430 °C for 48 h, permits full transformation 

of β-Zn3Sb2 into α-Zn3Sb2. 

 

Figure 7.4. High-temperature diffraction patterns in projection during heating and cooling. 

The phases are in blue and the transformation temperatures (°C) are in red. Red and blue 

arrows indicate heating and cooling. The region between the lines is a molten liquid. 

On the basis of the diffraction results, the compositions of β-Zn3Sb2 and α-

Zn3Sb2 appear to be identical. No detectable impurity formation was observed during 

transformations between β-Zn3Sb2 and α-Zn3Sb2. The experimental phase diagram by Izard 

et al.125 indicates that β-Zn3Sb2 is Zn-poor compared to α-Zn3Sb2. While we cannot verify 
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this observation, the coexistence of β-Zn3Sb2 and α-Zn3Sb2 between 425 and 490 °C would 

be consistent with a small compositional difference. We have attempted to quench β-

Zn3Sb2 to room temperature from a variety of temperatures; in all cases, the samples 

contained β-Zn13Sb10 and Zn. We have also tried to derive a unit cell via automatic indexing 

of the HT data; unfortunately we could not obtain reliable results. The diffraction data of 

β-Zn3Sb2 were also compared to a powder pattern simulated for the incommensurate 

orthorhombic Zn17+αSb12 structure209, but the two patterns were vastly different. This also 

explains why we were unable to reproduce the results from the previous study, where 

Zn17+αSb12 was produced by quenching. Clearly, Zn17+αSb12 is distinct from β-Zn3Sb2 both 

structurally and compositionally. Owing to the Zn-poor composition, Zn17+αSb12 must form 

Sb–Sb dimers to conserve charge balance. Comparison of the diffraction pattern of β-

Zn3Sb2 to those of α-Zn3Sb2 and β-Zn13Sb10 suggests that β-Zn3Sb2 has a rather complex 

structure and likely a large unit cell.  

7.3.3. Physical Properties 

To examine the effects of the structural differences and phase transitions in α-

Zn3Sb2 and Zn13Sb10, we measured the heat capacity, electrical resistivity, Seebeck 

coefficient, and thermal conductivity as a function of temperature from 300 K to 2 K. 

Because of the metastable nature of α-Zn3Sb2, high temperature transport measurements 

are not feasible. Room temperature transport measurements and some calculated values are 

summarized in Table 7.3. 
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Table 7.3. Physical Parameters of α-Zn3Sb2 and β-Zn13Sb10 at 300 Ka. 

property α-Zn3Sb2 β-Zn13Sb10 

density, g cm–3 6.13 6.23 

atoms in ordered, primitive cell 630/3 = 210 69/3 = 23 

heat capacity, J/mol-at K 26.6 26.7 

resistivity, mOhm cm 0.67 2.4 

Seebeck coefficient, μV/k 34 97 

thermal cond., W/m K 1.87 0.85 

Lorentz number, WΩ/K2 2.25 × 10–8 1.93 × 10–8 

lattice therm. cond., W/m K 0.86 0.62 

longitudinal sound velocity, m/s 3795 3685 

shear sound velocity, m/s 1967 2131 

mean sound velocity, m/s 2576 2649 
a Values are either experimental or calculated directly from transport measurements. 

Both heat capacity and electrical resistivity measurements (Figure 7.5(a) and (b)) 

on Zn13Sb10 indicate the presence of two phase transitions at 254 and 235 K during cooling. 

These transitions have been previously observed in the literature and are associated with 

the consecutive ordering of the Zn atoms and symmetry reductions: 𝑅3̅𝑐  (β-Zn13Sb10) 

→ 𝐶2/𝑐 (α′-Zn13Sb10) → 𝑃1̅ (α-Zn13Sb10)
92–94,114. We note that Zn3Sb2 also undergoes a 

phase transition at 260 K. However, the nature of the transition in Zn3Sb2 is not clear and 

is the subject of a future investigation. For convenience, we designate the low-temperature 

phase in Zn3Sb2 as ζ-Zn3Sb2. None of the phase transitions in Zn3Sb2 or 

Zn13Sb10 appreciably affect the Seebeck coefficient or total thermal conductivity. 
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Figure 7.5. Heat capacity (a,c) and electrical resistivity measurements (b) reveal multiple 

phase transitions in Zn13Sb10 and Zn3Sb2. The α → α′ phase transition in Zn13Sb10 is 

consistent with a first-order transition, while the α′ → β transition is of a λ-type shape 

characteristic of a second-order transition. The transition in Zn3Sb2 from ζ → α is not well 

characterized and is the subject of future investigations. 

Considering the temperature dependence of the heat capacity (and omitting phase 

transitions), it appears that Zn3Sb2 and Zn13Sb10 are nearly identical. Similar temperature-
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dependent behavior is also found with ZnSb132. A direct comparison between the heat 

capacity curves can be found in Supplementary Information, Figure 7.S1. Both compounds 

exceed the Dulong–Petit limit (3R ∼ 24.9 J/mol-at K, Figure 7.S1) for heat capacity by 

300 K, indicating a strong contribution to the heat capacity from anharmonic contributions. 

However, without high-temperature data (> 300 K), the anharmonic contribution is a 

strictly qualitative observation. The heat capacity of Zn13Sb10 reaches 24.8 J/mol-at. K at 

232 K, just before the onset of the first phase transition. While the peak is not well-defined, 

it does not resemble a λ-type shape and is assumed to be first order in nature. The second 

transition is of a λ-type shape and is presumed to be a second-order transition. Our 

conclusions agree well with group-theoretical analysis performed in our prior work94. After 

the second transition, the heat capacity of Zn13Sb10 is 26.6 J/mol-at. K, well above the 

values recorded before the first transition. It is apparent that extrapolation of low-

temperature heat capacity values (< 235 K) will fall well below the heat capacity after the 

transition to β-Zn13Sb10 (> 254 K). Since the transitions in Zn13Sb10 are known to be 

associated with Zn-disorder, it follows that the increased heat capacity at higher 

temperatures reflects the extra internal energy associated with the disordered, mobile Zn 

atoms (recall that the structure of β-Zn13Sb10 is amenable to Zn migration due to the space 

afforded by the empty Sb4 tetrahedra). However, it is interesting to note that above 270 K, 

the heat capacities of β-Zn13Sb10 and α-Zn3Sb2 are nearly identical. Such behavior is 

particularly interesting, as our XRD analysis suggests that Zn disorder is quite pronounced 

in α-Zn3Sb2 when compared to β-Zn13Sb10. While the disorder could be expected to have a 

significant contribution to the high-temperature heat capacity in Zn3Sb2, the experimental 
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results indicate that either (i) the disorder plays little role in the overall heat capacity or (ii) 

there is an additional contribution to the heat capacity in Zn13Sb10 that produces near 

identical heat capacities. 

 

Figure 7.6. Seebeck coefficient measurements on Zn3Sb2 and Zn13Sb10 indicate p-type 

transport and temperature dependence consistent with heavily doped semiconductors. 

Phase transitions in Zn3Sb2 and Zn13Sb10 appear to have no appreciable effect on the 

Seebeck coefficient. 

The electrical resistivity (Figure 7.5(b)) of Zn3Sb2 increases nearly linearly with 

temperature, characteristic of a heavily doped semiconductor. In conjunction with Seebeck 

coefficient measurements (Figure 7.6), we conclude that Zn3Sb2 is likely a heavily doped 

semiconductor. In comparison to Zn13Sb10, the resistivity of Zn3Sb2 is significantly lower 

except below 18 K. We associate the larger low-temperature resistivity of Zn3Sb2 with 
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either (i) significant remnant Zn disorder and associated ionized impurity scattering or (ii) 

differences in microstructure leading to increased boundary scattering. The resistivity and 

Seebeck coefficient measurements on Zn13Sb10 match existing literature values 

well214. Positive Seebeck coefficient measurements on Zn13Sb10 and Zn3Sb2 indicate p-

type transport, consistent with possible VZn or ZnSb defects. We do not see significant 

influence of the phase transitions on the Seebeck coefficient in either Zn13Sb10 or Zn3Sb2, 

suggesting no strong changes to the valence band edge electronic structure during the 

transitions. 

7.3.4. Thermal Properties and Debye–Callaway Modelling 

The excellent thermoelectric properties of Zn13Sb10 (zT ∼ 1.4) are largely attributed 

to its intrinsically low lattice thermal conductivity, stemming from the unit cell complexity 

and Zn disorder96. However, our crystallographic refinement of the α-Zn3Sb2 structure 

demonstrates even further Zn disorder and an even larger unit cell. In this section we 

examine the thermal transport in both α-Zn3Sb2 and Zn13Sb10 within the framework of the 

Debye–Callaway model and investigate the various phonon scattering components within 

each structure. 

The total thermal conductivity (Figure 7.7(a)) of Zn3Sb2 is rather unusual when 

compared to Zn13Sb10. We do not observe a low-temperature (∼ 25 K) transition from 

boundary to Umklapp scattering, that is seen in Zn13Sb10
23. Instead, the low-temperature 

behavior is characteristic of amorphous materials, where the phonon mean free path is 

intrinsically short. To further investigate phonon transport in Zn3Sb2 and Zn13Sb10, we also 
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calculated the lattice thermal conductivity κ𝑙  (Figure 7.7(b)) via κ𝑙 = κ𝑡𝑜𝑡𝑎𝑙 − κ𝑒 , where 

κ𝑡𝑜𝑡𝑎𝑙 is the total thermal conductivity and κ𝑒 is the electronic contribution. The electronic 

contribution was evaluated using the Wiedemann–Franz law, κ𝑒 = LσT, where L is the 

Lorenz number, σ is the electronic conductivity, and T is temperature. The Lorenz number 

is estimated according to the approximation L ≈ 1.5 + exp[-|α|/116], where L is given in 

units of 10–8 WΩ/K2 and α is in units of μV/K30. It is important to note that the phase 

transitions observed in both Zn3Sb2 and Zn13Sb10 (Figure 7.5) do not affect the total 

thermal conductivity but are evident in the lattice thermal conductivity due to the electronic 

contribution’s dependence. 

To provide insight into underlying thermal transport processes, the temperature-

dependent lattice thermal conductivity (Figure 7.7(b)) was modeled with the Debye–

Callaway model. Both Zn13Sb10 and Zn3Sb2 are exceptionally complex with 23 and 210 

atoms in the primitive cells, respectively. The structural complexity can be expected to 

yield a phonon dispersion that consists of three high-velocity acoustic branches and 

numerous (66 and 627, respectively) low-velocity optical branches. We model the group 

velocity and heat capacity of the acoustic branches using the measured speed of sound 

values and an isotropic Debye approximation. The frequency-dependent scattering rate, 

τ(ω), incorporates grain boundary, Umklapp (phonon–phonon), and point-defect scattering. 

Combined via Matthiessen’s rule, the individual components of τ(ω) are modeled using 

adjustable prefactors determining relative scattering strength with a fixed frequency 

dependence215. The low velocity optical branches are assumed to exhibit glasslike 

properties, allowing us to apply the Cahill minimum thermal conductivity approximation. 
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Figure 7.7. Total thermal conductivity (a) and calculated lattice thermal conductivity (b) 

for Zn3Sb2 and Zn13Sb10 are blue and black, respectively. We note that the thermal 

conductivity for Zn3Sb2 does not display the characteristic transition from boundary 

scattering to Umklapp scattering at low temperatures (e.g., peak in thermal conductivity for 

Zn13Sb10 at ∼25 K). Instead the low-temperature thermal transport in Zn3Sb2 is more 

similar to that of an amorphous material. 

The remaining free parameters for the thermal conductivity model are the point 

defect scattering strength, the Grüneisen parameter for Umklapp scattering, and the 

boundary scattering effective length. To determine if the model faced multiple local minima, 
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an initial brute force search was undertaken across a broad range of parameter values. The 

temperature-dependent thermal conductivity was calculated at each point in the three-

dimensional search space and compared to the experimental values to provide a goodness 

of fit. The brute force search found only one region for each compound that fit the data 

well; subsequent refinement was done manually. 

At low temperatures, the thermal conductivity of Zn13Sb10 is well fit simply by a 

combination of weak boundary scattering (∼10–5 m) and strong Umklapp scattering. The 

weak boundary scattering allows the thermal conductivity to spike before rapidly being 

suppressed. Figure 7.8 shows the acoustic and optical contributions to the modelled 

thermal conductivity; the optical contribution only occurs above ∼ 20 K, as those modes 

become increasingly occupied. Recalling that the optical contribution is modelled using a 

minimum thermal conductivity approximation, the discrepancy at high temperatures must 

come from an overestimation of the acoustic contribution. As the phase transitions in 

Zn13Sb10 are approached, the thermal conductivity drops significantly, which may be 

related to the increased Zn disorder in β-Zn13Sb10. The discontinuity is modeled explicitly 

by using a piece-wise valued function at the phase transition and directly increasing the 

relative weight of point defect scattering. However, the increased slope must be a result of 

even stronger Umklapp scattering at and above the phase transition. Our current model does 

not incorporate a temperature-dependent Grüneisen parameter as the functional form is 

ambiguous and not physically justifiable with current experimental data. 
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Figure 7.8. Results of Debye–Callaway modeling of lattice thermal conductivity for 

Zn13Sb10 and Zn3Sb2. Phase transitions are modeled explicitly using piecewise construction 

of the acoustic contribution to the model after the phase transitions. The overestimation of 

thermal conductivity in Zn13Sb10 for temperatures > 254 K is associated with an 

overestimation of the acoustic contribution. Considering the complex unit cells and 

multiple phase transitions, the Debye–Callaway does an adequate job of modeling the 

lattice thermal conductivity in Zn13Sb10 and Zn3Sb2. 

In the first 20 K, the thermal conductivity values of Zn3Sb2 and Zn13Sb10 are quite 

similar, indicating similar boundary scattering rates. The large relaxation time for boundary 

scattering confirms that quenching Zn3Sb2 is successful in maintaining homogeneity and 
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avoiding decomposition. However, above this temperature fitting the thermal transport of 

the Zn3Sb2 phase requires a very different set of parameters than that used in Zn13Sb10. 

Specifically, Zn3Sb2 exhibits significantly stronger point-defect scattering and 

significantly weaker Umklapp scattering when compared to Zn13Sb10. The increased point-

defect scattering appears to persist over all temperatures and is approximately three times 

stronger than the point-defect scattering in Zn13Sb10. This is consistent with the disordered 

Zn sublattice in Zn3Sb2. Conversely, the phonon–phonon scattering rate is approximately 

three times weaker in Zn3Sb2 compared to Zn13Sb10, which leads to a suppression of 

thermal conductivity at low temperature from point-defect scattering in Zn3Sb2. 

Figure 7.9 explores the individual contributions to the phonon relaxation time in 

low- and high-temperature regimes (50 and 300 K, respectively) for Zn13Sb10 and Zn3Sb2. 

The greater Umklapp scattering in Zn13Sb10 is particularly visible. At low temperatures in 

Zn3Sb2, the Umklapp scattering is so weak that point-defect scattering emerges as the 

dominant scattering source over all frequencies. In all cases, boundary scattering is the 

dominant scattering source for very low frequency phonons. By multiplying the relaxation 

time values with the longitudinal and transverse speeds of sound, we estimate an effective 

mean free path ranging between 10-8 and 10-6 m for acoustic phonons. 
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Figure 7.9. Breakdown of net relaxation time into constituent scattering sources as a 

function of phonon frequency for Zn13Sb10 and Zn3Sb2 at both 50 K and 300 K. As expected, 

boundary scattering is the primary scattering source of very low frequency phonons. 

Scattering in Zn3Sb2 appears to be dominated by point-defect scattering over all 

temperatures and most frequencies, whereas Zn13Sb10 has a much larger contribution from 

Umklapp scattering. 

Our results shed light into the underlying thermal transport phenomenon in Zn13Sb10, 

Zn3Sb2, and other systems rich in point defects. Experimental study by Schweika et al. 

detected a low-energy optical mode originating from the Sb2 dimer vibrations with an 

Einstein temperature of 62(1) K in Zn13Sb10
195. A subsequent theoretical analysis by Bjerg 

et al. questioned the significance of the Sb2 dimer vibrations, and instead the authors 

proposed that low-lying optical modes involving both Zn and Sb serve as scattering 

channels212. Further, they showed the isolated Sb1 atom in the Zn13Sb10 structure has an 
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unusually high-mode Grüneisen parameter. As these anharmonicity calculations were 

conducted on defect-free cells, the high-mode Grüneisen is inherent to the parent structure 

rather than being defect driven. Similar results have been found on ZnSb, with rhomboid 

Zn2Sb2 rings producing low-lying optical phonon modes and unusually high atomic 

displacement parameters for the Zn site132. The results herein confirm that there is 

significant phonon–phonon scattering within Zn13Sb10 and initially suggest that Zn3Sb2 is 

a far more harmonic system. Considering the structures of the two compounds, the different 

Zn and Sb coordination in Zn3Sb2 may drive the weaker scattering. Beyond anharmonicity 

of the local potentials, the observation of low phonon-phonon scattering in Zn3Sb2 may 

also reflect fewer scattering channels for acoustic modes. Considering the strong point 

defect scattering in Zn3Sb2, we suggest that the high density of disordered Zn atoms, which 

equals 247 atoms/14 819 Å3 or 1 atom every 60 Å3, strongly influences the lattice thermal 

conductivity. In contrast, β-Zn13Sb10 has ca. 6 strongly disordered Zn atoms, yielding a 

density of point scatters of 6 atoms/1606 Å3 or 1 atom every 268 Å3. 

7.4.Conclusions 

The low-temperature α-modification of Zn3Sb2 was successfully prepared by rapid 

quenching and structurally characterized using single crystal and powder diffraction. The 

α-Zn3Sb2 phase features the most complex structure observed so far in the Zn–Sb system. 

Similar to other Zn–Sb phases, the Sb framework is well-defined and creates the tetrahedral 

voids occupied by highly disordered Zn atoms. As expected from the 3:2 stoichiometry, 

only isolated Sb3- anions are present in the structure. High-temperature diffraction 
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measurements reveal two Zn3Sb2 polymorphs with stability regions of 410 – 490 (α-Zn3Sb2) 

and 425 – 590 °C (β–Zn3Sb2), upon which melting occurs. Only the α-phase was stabilized 

at room temperature by quenching. Electrical transport measurements are consistent with a 

heavily doped small gap semiconductor or semimetal, with resistivity one order of 

magnitude lower than that of Zn13Sb10. Speed of sound and heat capacity measurements 

indicated Zn3Sb2 and Zn13Sb10 have similar elastic properties, consistent with their similar 

stoichiometries. Despite these similarities, the temperature-dependence of the lattice 

thermal conductivity of these two compounds is quite distinct. Thermal modeling indicates 

that Zn13Sb10 has 3-fold stronger phonon–phonon scattering rates than Zn3Sb2, whereas 

Zn3Sb2 has 3-fold stronger point defect scattering. These differences may be attributed to 

differences in local structure (e.g., Sb dimers and interstitials) and differences in the phonon 

dispersion (e.g., low-lying optical modes). Together, this work highlights the combined 

importance of local real space structure and reciprocal space in ultimately determining 

transport properties. 

7.5. Supplementary Materials 

Table 7.S1. Atomic coordinates, occupancies and equivalent isotropic displacement 

parameters from single crystal refinement of α-Zn3Sb2. 

Atom Occup. x/a y/b z/c Ueq, Å
2 

Sb(1) 1 0 0 0.02689(6) 0.0288(8) 

Sb(2) 1 0 0 0.12364(5) 0.0181(6) 

Sb(3) 1 0 0 0.22489(4) 0.0136(6) 

Sb(4) 1 0 0 0.27683(4) 0.0124(6) 

Sb(5) 1 0 0 0.37359(4) 0.0166(6) 

Sb(6) 1 0 0 0.46906(4) 0.0168(6) 

Sb(7) 1 0.2870(1) 0.0787(1) 0.01757(2) 0.0148(4) 

Sb(8) 1 0.2253(1) 0.9172(1) 0.13454(2) 0.0148(4) 

Sb(9) 1 0.3798(1) 0.8521(1) 0.99266(2) 0.0167(4) 
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Sb(10) 1 0.3012(1) 0.2240(1) 0.11644(2) 0.0141(4) 

Sb(11) 1 0.1443(1) 0.9554(1) 0.07548(2) 0.0144(4) 

Sb(12) 1 0.5943(1) 0.5378(1) 0.10058(2) 0.0119(3) 

Sb(13) 1 0.4171(1) 0.9648(1) 0.05169(2) 0.0136(4) 

Sb(14) 1 0.3882(1) 0.2537(1) 0.06556(2) 0.0125(4) 

Sb(15) 1 0.1869(1) 0.7095(1) 0.08979(2) 0.0149(4) 

Sb(16) 1 0.9448(1) 0.8128(1) 0.17401(2) 0.0149(4) 

Sb(17) 1 0.0592(1) 0.5965(1) 0.14940(2) 0.0193(4) 

Sb(18) 1 0.1115(1) 0.7562(1) 0.03232(3) 0.0157(4) 

Zn(1) 1 0 0 0.0621(1) 0.037(2) 

Zn(2) 1 0 0 0.31213(8) 0.021(1) 

Zn(3) 1 0.1676(3) 0.0107(3) 0.11077(5) 0.0261(8) 

Zn(4) 1 0.2056(3) 0.1589(3) 0.08458(5) 0.0212(7) 

Zn(5) 1 0.0778(3) 0.7449(3) 0.06661(5) 0.0294(8) 

Zn(6) 1 0.3040(3) 0.0596(3) 0.05266(5) 0.0225(7) 

Zn(7) 1 0.2190(3) 0.7440(3) 0.12631(5) 0.0284(8) 

Zn(8) 1 0.4056(3) 0.4325(3) 0.11318(5) 0.0239(7) 

Zn(9) 0.893(1) 0 0 0.1904(1) 0.0249(5) 

Zn(10) 0.57(2) 0 0 0.1569(1) 0.0249(5) 

Zn(11) 0.08(2) 0 0 0.409(1) 0.0249(5) 

Zn(12) 0.87(2) 0.4879(5) 0.8429(4) 0.9313(1) 0.0249(5) 

Zn(13) 0.87(1) 0.3908(3) 0.9457(3) 0.9609(1) 0.0249(5) 

Zn(14) 0.56(6) 0.487(1) 0.312(1) 0.0973(2) 0.0249(5) 

Zn(15) 0.33(2) 0.419(2) 0.148(2) 0.1254(2) 0.0249(5) 

Zn(16) 0.40(1) 0.459(1) 0.193(1) 0.1229(1) 0.0249(5) 

Zn(17) 0.52(1) 0.3139(5) 0.8179(5) 0.02695(9) 0.0249(5) 

Zn(18) 0.50(1) 0.2969(6) 0.8974(6) 0.0231(1) 0.0249(5) 

Zn(19) 0.46(1) 0.4599(6) 0.8467(6) 0.0262(1) 0.0249(5) 

Zn(20) 0.47(1) 0.0259(6) 0.8368(6) 0.1415(1) 0.0249(5) 

Zn(21) 0.47(1) 0.0342(6) 0.7834(6) 0.1448(1) 0.0249(5) 

Zn(22) 0.79(1) 0.2052(4) 0.5720(4) 0.0703(1) 0.0249(5) 

Zn(23) 0.15(1) 0.141(2) 0.523(2) 0.0808(3) 0.0249(5) 

Zn(24) 0.60(1) 0.3111(5) 0.2597(5) 0.01044(8) 0.0249(5) 

Zn(25) 0.36(1) 0.1783(8) 0.1755(8) 0.0147(1) 0.0249(5) 

Zn(26) 0.27(1) 0.0936(1) 0.1973(1) 0.0172(3) 0.0249(5) 

Zn(27) 0.15(1) 0.121(2) 0.108(2) 0.0024(3) 0.0249(5) 

Zn(28) 0.48(1) 0.4654(6) 0.1834(6) 0.0028(1) 0.0249(5) 

Zn(29) 0.17(1) 0.421(2) 0.048(2) 0.0021(3) 0.0249(5) 

Zn(30) 0.68(1) 0.2700(4) 0.9108(4) 0.0973(1) 0.0249(5) 

Zn(31) 0.24(1) 0.294(1) 0.915(1) 0.0871(2) 0.0249(5) 

Zn(32) 0.46(1) 0.7476(6) 0.7158(7) 0.1661(1) 0.0249(5) 

Zn(33) 0.40(1) 0.5984(7) 0.6078(7) 0.1554(1) 0.0249(5) 
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Zn(34) 0.34(1) 0.7900(8) 0.8440(8) 0.1686(1) 0.0249(5) 

Zn(35) 0.29(1) 0.594(1) 0.570(1) 0.1400(2) 0.0249(5) 

Zn(36) 0.19(1) 0.081(1) 0.192(1) 0.0265(4) 0.0249(5) 

Zn(37) 0.14(1) 0.152(2) 0.692(2) 0.1803(3) 0.0249(5) 

Zn(38) 0.41(6) 0.502(1) 0.331(2) 0.0939(3) 0.0249(5) 

Zn(39) 0.32(1) 0.4287(9) 0.0243(9) 0.0129(2) 0.0249(5) 

Zn(40) 0.31(2) 0.386(2) 0.115(2) 0.1277(2) 0.0249(5) 

Zn(41) 0.32(1) 0.2384(9) 0.6957(9) 0.1668(2) 0.0249(5) 

Zn(42) 0.082(9) 0.511(3) 0.956(3) 0.0208(6) 0.0249(5) 

Zn(43) 0.108(9) 0.391(3) 0.882(3) 0.9560(4) 0.0249(5) 

Zn(44) 0.11(1) 0.755(3) 0.701(3) 0.1753(5) 0.0249(5) 

Zn(45) 0.15(2) 0.459(3) 0.852(2) 0.9317(4) 0.0249(5) 

Zn(46) 0.15(1) 0.068(2) 0.193(2) 0.0359(4) 0.0249(5) 

Zn(47) 0.08(1) 0.762(4) 0.771(4) 0.1666(6) 0.0249(5) 

  

Table 7.S2. Anisotropic displacement parameters (Å2) from single crystal refinement. 

Atom U11 U22 U33 U23 U13 U12 

Sb(1) 0.022(1) 0.022(1) 0.043(2) 0 0 0.011(1) 

Sb(2) 0.014(1) 0.014(1) 0.026(2) 0 0 0.007(1) 

Sb(5) 0.013(1) 0.013(1) 0.015(2) 0 0 0.006(1) 

Sb(6) 0.012(1) 0.012(1) 0.014(2) 0 0 0.006(1) 

Sb(3) 0.015(1) 0.015(1) 0.017(2) 0 0 0.007(1) 

Sb(4) 0.016(1) 0.016(1) 0.019(2) 0 0 0.008(1) 

Sb(7) 0.018(1) 0.015(1) 0.014(1) 0.001(1) 0.000(1) 0.010(1) 

Sb(8) 0.014(1) 0.013(1) 0.015(1) 0.01(1) 0.000(1) 0.006(1) 

Sb(9) 0.021(1) 0.018(1) 0.016(1) -0.002(1) -0.002(1) 0.013(1) 

Sb(10) 0.016(1) 0.014(1) 0.012(1) 0.000(1) 0.002(1) 0.007(1) 

Sb(11) 0.013(1) 0.013(1) 0.015(1) -0.001(1) 0.003(1) 0.006(1) 

Sb(12) 0.012(1) 0.011(1) 0.012(1) -0.001(1) 0.000(1) 0.005(1) 

Sb(13) 0.014(1) 0.011(1) 0.015(1) -0.002(1) 0.000(1) 0.006(1) 

Sb(14) 0.011(1) 0.014(1) 0.013(1) 0.000(1) 0.001(1) 0.006(1) 

Sb(15) 0.016(1) 0.013(1) 0.015(1) 0.000(1) 0.003(1) 0.007(1) 

Sb(16) 0.017(1) 0.016(1) 0.014(1) 0.000(1) 0.000(1) 0.010(1) 

Sb(17) 0.025(1) 0.017(1) 0.016(1) 0.002(1) 0.007(1) 0.011(1) 

Sb(18) 0.012(1) 0.017(1) 0.014(1) 0.001(1) 0.002(1) 0.004(1) 
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Table 7.S3. Atomic coordinates and occupancies from the 

Rietveld refinement of the X-ray powder diffraction data. Only 

the overall displacement parameter, B, for all atoms was 

refined; B = 0.344(9) Å2. 

Atom Occup. x/a y/b z/c 

Sb(1) 1 0 0 0.0269(1) 

Sb(2) 1 0 0 0.1240(1) 

Sb(3) 1 0 0 0.2258(1) 

Sb(4) 1 0 0 0.2770(1) 

Sb(5) 1 0 0 0.3733(1) 

Sb(6) 1 0 0 0.4689(1) 

Sb(7) 1 0.2846(4) 0.0767(4) 0.0172(1) 

Sb(8) 1 0.2254(4) 0.9180(4) 0.13441(7) 

Sb(9) 1 0.3813(4) 0.8543(4) 0.99311(7) 

Sb(10) 1 0.3036(4) 0.2232(4) 0.11637(7) 

Sb(11) 1 0.1441(4) 0.9561(4) 0.07591(6) 

Sb(12) 1 0.5959(4) 0.5400(4) 0.10083(7) 

Sb(13) 1 0.4176(4) 0.9644(4) 0.05172(7) 

Sb(14) 1 0.3886(4) 0.2516(4) 0.06565(7) 

Sb(15) 1 0.1868(4) 0.7099(4) 0.09006(6) 

Sb(16) 1 0.9439(4) 0.8137(4) 0.17431(6) 

Sb(17) 1 0.0586(4) 0.5958(4) 0.14927(7) 

Sb(18) 1 0.1118(4) 0.7545(4) 0.03238(7) 

Zn(1) 1 0 0 0.0637(2) 

Zn(2) 1 0 0 0.3134(2) 

Zn(3) 1 0.1665(8) 0.0101(8) 0.1101(1) 

Zn(4) 1 0.1999(8) 0.1565(8) 0.0854(1) 

Zn(5) 1 0.0713(7) 0.7370(7) 0.0667(10 

Zn(6) 1 0.3054(8) 0.0546(8) 0.0527(1) 

Zn(7) 1 0.2146(8) 0.7437(8) 0.1268(1) 

Zn(8) 1 0.4045(8) 0.4327(7) 0.1129(1) 

Zn(9) 0.99(2) 0 0 0.1917(2) 

Zn(10) 0.76(2) 0 0 0.1567(3) 

Zn(12) 0.83(2) 0.490(1) 0.847(1) 0.931(2) 

Zn(13) 0.90(1) 0.3930(9) 0.9427(9) 0.9599(1) 

Zn(14) 0.61(2) 0.492(2) 0.327(2) 0.0970(4) 

Zn(15) 0.30(2) 0.426(2) 0.161(2) 0.1251(4) 

Zn(16) 0.33(2) 0.469(2) 0.203(2) 0.1217(4) 

Zn(17) 0.49(1) 0.302(2) 0.820(2) 0.0271(2) 

Zn(18) 0.51(1) 0.302(2) 0.897(2) 0.0224(3) 

Zn(19) 0.55(1) 0.455(1) 0.847(1) 0.0279(2) 

Zn(20) 0.53(1) 0.023(2) 0.845(2) 0.1429(2) 
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Zn(21) 0.53(1) 0.039(2) 0.783(2) 0.1454(3) 

Zn(22) 0.78(1) 0.2107(8) 0.5813(8) 0.0702(1) 

Zn(23) 0.18(1) 0.131(6) 0.508(6) 0.0835(9) 

Zn(24) 0.67(1_ 0.309(1) 0.260(1) 0.0099(2) 

Zn(25) 0.38(1) 0.183(2) 0.180(2) 0.0163(4) 

Zn(26) 0.29(1) 0.097(3) 0.188(3) 0.0157(5) 

Zn(27) 0.24(1) 0.128(5) 0.124(4) 0.0010(9) 

Zn(28) 0.47(1) 0.464(2) 0.177(2) 0.0027(3) 

Zn(29) 0.30(1) 0.414(5) 0.051(5) 0.9964(8) 

Zn(30) 0.67(1) 0.268(1) 0.907(1) 0.0988(2) 

Zn(31) 0.23(1) 0.299(3) 0.938(3) 0.0852(5) 

Zn(32) 0.43(2) 0.747(4) 0.710(4) 0.1675(5) 

Zn(33) 0.45(2) 0.588(2) 0.601(2) 0.1557(3) 

Zn(34) 0.38(1) 0.792(2) 0.843(2) 0.1694(3) 

Zn(35) 0.33(1) 0.593(3) 0.550(2) 0.1380(4) 

Zn(36) 0.25(1) 0.097(3) 0.221(4) 0.0283(7) 

Zn(37) 0.17(1) 0.154(5) 0.687(5) 0.1815(9) 

Zn(38) 0.38(2) 0.499(3) 0.315(3) 0.0942(5) 

Zn(39) 0.39(1) 0.424(2) 0.029(2) 0.0145(3) 

Zn(40) 0.26(2) 0.387(3) 0.116(3) 0.1294(5) 

Zn(41) 0.36(1) 0.238(2) 0.688(2) 0.1651(4) 

Zn(42) 0.20(1) 0.512(8) 0.966(8) 0.017(1) 

Zn(43) 0.16(1) 0.443(7) 0.896(7) 0.961(1) 

Zn(44) 0.16(2) 0.74(1) 0.70(1) 0.173(1) 

Zn(45) 0.18(2) 0.463(6) 0.859(6) 0.933(1) 

Zn(46) 0.18(1) 0.071(6) 0.192(6) 0.0391(9) 
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Figure 7.S1. Temperature dependent heat capacities for both Zn13Sb10 and Zn3Sb2 exhibit 

near identical temperature dependence. Phase transitions for Zn13Sb10 are well documented 

in the literature and agree well with our experimental data. The phase transition observed 

in Zn3Sb2 has not been previously observed; its nature is subject of a future investigation. 
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Chapter 8. Conclusions and Future Work. 

 In this dissertation, the structures and physical properties of several Zn-Sb phases 

have been explored and studied, with a primary focus on the thermoelectric Zn13Sb10 phase. 

In comparison to some current benchmark thermoelectric materials, the Zn13Sb10-based 

materials have fallen off from the top of the list due to the discovery of materials with 

higher thermoelectric figure-of-merits. Nonetheless, the transport properties are still of 

great scientific interest, especially its extraordinarily low thermal conductivity and its 

electrical properties that are similar to those of a heavily-doped semiconductor. Also, 

studying these chemically similar Zn-Sb phases enables us to rationalize their structures 

and properties, and ultimately allows us to improve the thermoelectric performance of other 

materials. 

The Zn-Sb phases in the middle part of the Zn-Sb binary phase diagram were 

synthesized and studied, including Zn13Sb10 (the primary focus of this dissertation, Chapter 

3, 4, 5, 6 and 7), followed by α-Zn3Sb2 (Chapter 3 and 7), ZnSb (Chapter 3 and 6), and β-

Zn3Sb2 (Appendix 1). It was found beneficial to study these materials together to gain 

insights into their structure-property relationship (Chapter 3, 6 and 7), and this was also 

one of the main goals of this work. Establishing optimal synthetic procedures and 

temperature-dependent phase analyses (Chapter 3) laid foundation for the synthesis of pure 

phases and robust characterization of the Zn – Sb phases. 
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8.1. α-Zn3Sb2 

α-Zn3Sb2 crystallizes with the largest unit cell among the Zn-Sb phases. In general, a 

material with a larger unit cell is favoured for a lower lattice thermal conductivity. However, 

α-Zn3Sb2 with its large unit cell has a higher lattice thermal conductivity than the pristine 

Zn13Sb10, which is likely due to a dominant phonon scattering by point defects, as opposed 

to the phonon-phonon Umklapp scattering in Zn13Sb10. The point defects in α-Zn3Sb2 stem 

from the vast Zn disorder in the crystal structure; only 8 of the 47 Zn sites are fully occupied 

and the rest are partially occupied. We have suggested that such Zn disorder stems from 

the Zn mobility, as also seen in the Zn13Sb10 phase. 

It is also intriguing that the α-Zn3Sb2 phase is more electrically conductive than 

Zn13Sb10. Currently, such behaviour cannot be rationalized via electronic structure 

calculations due to the structural complexity of α-Zn3Sb2. Possibly, such electrical transport 

properties stem from the relative position of the Fermi level with respect to the electronic 

bands, and/or Zn deficiencies as indicated by X-ray diffraction experiments and elemental 

analyses. 

8.2. Zn13Sb10-based Materials 

8.2.1. Synthesis, Structure and Properties 

A new synthesis procedure was developed for Zn13Sb10 in this work, which allowed 

a systematic study of the synthesis-composition-property relationship of the Zn13Sb10-

based materials.  
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The heat capacity measurements on the doped Zn13Sb10 samples (Chapter 5) 

suggested a suppressed Zn mobility in the Zn13Sb10 phase through the incorporation of 

foreign atoms, evident from the suppressed α’ – α and α – β phase transitions at low 

temperatures. Single crystal X-ray diffraction analysis of the In-doped sample at 100 K 

indicated a phase transition similar to that of the α-Zn13Sb10 polymorph, into the C2/c space 

group. On the other hand, the Cd-doped Zn13Sb10 (the Zn6.5Cd6.5Sb10 sample, Chapter 6) 

has shown a 1st order phase transition at 247 K, with its low temperature polymorph also 

resembling the α-Zn13Sb10 polymorph. 

The experimental survey of dopants in Zn13Sb10 (Chapter 5) has shown the limited 

ability to substitute Zn with foreign elements in the structure, largely due to Zn tetrahedral 

coordination in the Sb sublattice. Successful dopants have d5 (Mn2+) and d10 (Ga3+, Cd2+, 

In3+) electron configurations, and they tend to adopt tetrahedral environments. 

The charge transport properties of the Mn-, Cd-, Ga-, and In-doped Zn13Sb10 

materials were investigated in Chapter 4, 5 and 6. The Zn12.75Mn0.25Sb10, Zn12.55Ga0.3Sb10, 

Zn11.96Cd1.04Sb10 and Zn10.4Cd2.6Sb10 samples have higher hole concentrations than that in 

the pristine Zn13Sb10 sample, while the Zn11.5In1Sb10 sample has a similar hole 

concentration to the pristine Zn13Sb10 sample. The origin of such changes in carrier 

concentrations in the Mn-, Ga- and In-doped Zn13Sb10 remains unclear. The Cd substitution 

in the Zn13Sb10 structure was explored in Chapter 6, along with the Zn1-xCdxSb solid 

solution. The study presented in Chapter 6 revealed a non-monotonous change of hole 

concentrations in both the (Zn1-zCdz)13Sb10 and the Zn1-xCdxSb series.  
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Studies on the thermal properties of the Zn13Sb10 materials have shown the ability 

to alter the dominant phonon scattering pathway of the Zn13Sb10-based material, by 

substituting different elements into the material. For example, a point-defect scattering 

becomes dominant in the In- and Ga-doped Zn13Sb10, while the Mn- and Cd-doped Zn13Sb10 

retain the Umklapp scattering. On the other hand, the thermal conductivity of a Cd-doped 

Zn13Sb10 sample with the Zn:Cd ratio close to 1:1 (Chapter 6) suggests Umklapp scattering 

to be the dominant phonon scattering pathway. It was surprising to find that the Zn/Cd 

disorder in this (Zn0.5Cd0.5)13Sb10 sample was not enough to alter the dominant phonon 

scattering mechanism to the point defect scattering, as seen in the In-/Ga-doped Zn13Sb10 

samples (Chapter 4 and 5). Also, the Cd13Sb10 sample was found to have the lowest thermal 

conductivity at room temperatures in the (Zn1-zCdz)13Sb10 series, due to lower-lying optical 

phonon modes and an onset of Umklapp scattering at lower temperatures than in the other 

two samples in the series. 

8.2.2. Thermoelectric Performance 

Results presented in Chapter 5 show that although the In-doped Zn13Sb10 sample 

has an improved power factor, the thermoelectric figure-of-merit zT is lower than that of 

the pristine Zn13Sb10 sample due to the significantly increased thermal conductivity. On the 

other hand, the Mn-doped Zn13Sb10 sample has a higher zT than that of the pristine sample 

mainly due to the increased power factor, while maintaining a similar thermal conductivity 

at ~ 400 K. 

8.2.3. Stability Under Different Conditions 
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The stability of Zn13Sb10-based materials under elevated pressure appeared to be a 

major issue during the synthesis. Zn13Sb10-based materials densified via spark plasma 

sintering (Appendix 2) showed significant decomposition. Such findings echo the results 

obtained by pressing the samples in bakelite at 175 °C and ~30 MPa (Chapter 5), by hot 

pressing, or by hot extrusion as described in Appendix 2 (along with the hot extrusion of 

ZnSb-based materials). Due to this issue, the traditional melt-and-solidification approach 

remains the most feasible way to prepare Zn13Sb10-based materials. 

8.3. ZnSb-based Materials 

Since ZnSb was extensively studied in the past, it was mainly used by us as a model to 

facilitate the investigation of the Zn13Sb10 materials (Chapter 6). ZnSb-based materials 

studied in this dissertation were synthesized by melting, followed by spark plasma sintering.  

The bonding picture of the ZnSb phase was examined using the ELF method. Results 

from the ELF method suggested the Zintl-Klemm formalism to be an accurate description 

of the ZnSb phase, involving covalent Sb – Sb, ionic Zn – Sb and metallic Zn – Zn 

interactions. Due to the similar local environments of Zn and Sb in ZnSb and Zn13Sb10, the 

Zintl-Klemm formalism should also be an accurate description of the Zn13Sb10 structure.  

Study of the charge transport properties of the Zn1-xCdxSb series (Chapter 6) revealed 

non-monotonous changes upon Cd substitution similar to the (Zn1-zCdz)13Sb10 series. The 

hole concentrations of samples initially increase due to a bond softening effect when Cd 

content is low, and then dropped due to an increase in the Zn/Cd content, resulting in a 
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smaller (Zn,Cd) deficiency, when the Cd content is high. Additionally, we suggest that the 

sample-dependent local maximum in electrical resistivity of ZnSb stems from a Zn 

deficiency in the ZnSb sample.  

The thermal conductivity of the Zn1-xCdxSb series (Chapter 6) satisfies the Klemens-

Callaway model: the ZnSb and CdSb sample have higher thermal conductivities than the x 

= 0.5 sample. On the other hand, CdSb has a lower thermal conductivity than that of ZnSb, 

stemming from a lower sound velocity in CdSb.  

8.4. Future Work in the Zn–Sb Phases 

Considering the non-monotonous change in the charge transport properties upon Cd 

substitution, the effects of dopants on the charge transport properties in Zn13Sb10 should be 

revisited. This observation is further collaborated by the outcomes from the Ga and In 

substitution. Ga and In are isoelectronic, so similar effects on the transport properties of 

Zn13Sb10 were expected. However, the effects of the In- and Ga-doping on Zn13Sb10 

reported in Chapter 5 are different, most likely due to the difference in doping levels of In 

(8 at.%) and Ga (2 at.%). The ρ and α of the Zn12.55In0.3Sb10, Zn12.55Ga0.3Sb10 and pristine 

Zn13Sb10 samples indicate that Ga/In incorporation at the same dopant level leads to a 

similar change in ρ and α, suggesting an increase in the hole concentration (Figure 8.1). 

Combining the results of the Zn11.5In1Sb10 sample, there is a non-monotonous change 

of charge transport properties in the (Zn1-1.5xInx)13Sb10 system, with a peak carrier 
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concentration between ~2 – 8 at. % of In. This non-monotonous change in the In-doped 

Zn13Sb10 samples should be confirmed by further charge transport property measurements.  

 

Figure 8.1. (a) Electrical resistivity and (b) Seebeck coefficients of the Zn13Sb10, 

Zn12.55Ga0.3Sb10 and Zn12.55In0.3Sb10 samples above room temperatures.  

The effect of additional vacancies introduced by the In/Ga doping on thermal 

conductivities should also be revisited. Both the In-/Ga-doped Zn13Sb10 samples have 

shown to possess larger thermal conductivities above room temperatures due to a 

significant point defect scattering and a weakened Umklapp scattering of phonons (Figure 

5.S2). The thermal conductivity of the Ga-doped Zn13Sb10 sample should be collected at 

low temperatures to confirm this effect. Furthermore, if the point defect scattering 

dominates the phonon scattering pathway, then together with the α-Zn3Sb2 and the (Zn1-

zCdz)13Sb10 material, the phonon scattering power of atomic disorder and atomic vacancies 

will be of fundamental interest. The Klemens model serves as a suitable choice to describe 

the effects of vacancies and interstitial defects on the thermal conductivities in materials31. 
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The fact that both Umklapp- and point defect-dominant scattering occurring in the same 

base material (Zn13Sb10) is likely beneficial for modelling and comparison.  

The anisotropic transport properties of the Zn13Sb10 material may be also of interest 

due to its structure. A considerate amount of work has been done throughout this 

dissertation to grow Zn13Sb10 crystals using Sn or Bi flux. The flux-grown Zn13Sb10 crystals, 

however, were seldom large enough for property measurements. We suspected that the 

inability for us to grow large Zn13Sb10 crystals is due to our apparatus set up, as larger 

Zn13Sb10 single crystals have been synthesized and reported in the literature128,129,216,217.  

 

Figure 8.2. Heat capacities of a polycrystalline, pristine Zn13Sb10 sample (black), a 

polycrystalline Zn13Sb9.6Bi0.4 sample, and a single-crystalline Zn13Sb10 from the Zn1.1SbBi8 

flux. 
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On the other hand, heat capacity measurements on these Zn13Sb10 materials have 

shown signs of Sn/Bi incorporations into the Zn13Sb10 structure (see Figure 8.2 for Bi and 

Figure 5.3 for Sn), and such incorporations alter the properties of the pristine Zn13Sb10 

material. In comparison to the polycrystalline Zn13Sb10, the Bi-flux grown Zn13Sb10 crystal 

has phase transitions at different temperatures, which is likely an indication of Bi 

incorporation into the structure. Also, the grown crystal has a lower heat capacity than the 

pristine, polycrystalline Zn13Sb10 sample. On the other hand, the polycrystalline 

Zn13Sb9.6Bi0.4 sample shows 3 peaks in its heat capacity, which suggests a mixture of 

pristine and Bi-doped Zn13Sb10 phases. A dopant-free, single-crystalline Zn13Sb10 sample 

may shed some light on this issue.  

As stated in the Appendix 2, future studies on the Zn13Sb10-based materials should 

consider optimization of the synthetic procedures, especially the cooling step, in order to 

minimize the time and cost needed to prepare the Zn13Sb10-based materials suitable for 

property measurements.  
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Appendix 1. Syntheses and Characterizations of the Metastable, High-

Temperature β-Zn3Sb2 phase 

This chapter contains the material covered in the manuscript “Syntheses and 

Characterizations of the Metastable, High-Temperature β-Zn3Sb2 phase”, which is 

unpublished. The structure determination was done with the assistance of Dr. James Britten 

in the McMaster Analytical X-Ray Diffraction Facility (MAX), Hamilton, Ontario, Canada. 

The experimental procedures, data interpretation and manuscript preparation were 

completed by the candidate. 
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Our investigations have shown the possibility to obtain the bulk Zn17+αSb12 (β-Zn3Sb2) 

phase, at room temperatures. This conclusion is achieved by comparing powder and single-

crystal X-ray diffraction data of the bulk samples to the high-temperature powder X-ray 

diffraction and single-crystal data in the literature. Thermoelectric properties of 

polycrystalline β-Zn3Sb2 materials were not collected, since a high purity β-Zn3Sb2 sample 

could not be prepared.  

 

 

 

A1.1.  Introduction 

At the end of the 20th century, the β-Zn13Sb10 phase (“Zn4Sb3”) was identified as 

one of the promising p-type thermoelectric materials90. There is also the ZnSb phase in the 

Zn – Sb phase diagram, which was previously investigated as a potential thermoelectric 

material161,207,208,218. These two well-known materials, with close compositions and some 

structural similarities, display rather different thermoelectric properties.  

The Zn – Sb system also features some other phases with slightly different 

compositions, as shown in our previous work143. These phases are located in the central 

part of the Zn – Sb phase diagram: Zn8Sb7
98, Zn9-δSb7

99, Zn1+δSb210, α-Zn3Sb2
133 and 

Zn17+αSb12
209. The Zn1+δSb nanophase was observed by HRTEM and crystallizes with a 

hexagonal pseudosymmetry in the 𝑃1̅ space group; the Zn9-δSb7 phase on the other hand is 
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stable only at high-temperatures99,143. The thermoelectric properties of both Zn1+δSb and 

Zn9-δSb7 phases were not studied. On the other hand, the Zn8Sb7 and the α-Zn3Sb2 phases 

could be stabilized at room temperatures and they again show distinct thermoelectric 

properties in comparison to the other Zn-Sb phases. The last phase yet to be investigated in 

terms of thermoelectric properties is the Zn17+αSb12, which was reported to have an 

incommensurably modulated (3+1) structure209.  

It is possible to obtain the Zn17+αSb12 phase at room temperatures; single crystals of 

the Zn17+αSb12 phase were synthesized using a self-flux method, and subsequently its crystal 

structure was established209. This study attempted to synthesize the bulk Zn17+αSb12 phase 

and characterize its the thermoelectric properties to complete the thermoelectric analysis of 

the Zn – Sb phases. 

A1.2. Experimental 

A1.2.1. Synthesis 

Pieces of pure elements Zn (99.99 wt. % CERAC) and Sb (99.999 wt. % 5N. Plus), 

were used as starting materials. The first unintentional synthesis of the β-Zn3Sb2 phase 

(which was later found to be the Zn17+αSb12 phase, in contrary to the findings in Chapter 

7133), was achieved when the sample with the loading composition of Zn3Sb2 was quenched 

from 450 °C in cold water after annealing for 2 days (Figure A1.1). The sample contained 

Zn13Sb10 as the main phase, and (an) impurity phase(s). Based on the high-temperature X-

ray diffraction data obtained previously in our group143 (Figure A1.2), the impurity was 

identified as the β-Zn3Sb2 phase. 
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Figure A1.1. Rietveld refinement of the Zn3Sb2 sample which contained the Zn13Sb10 phase 

as the main phase and β-Zn3Sb2 as a minority phase, described above, and its peaks are not 

described by refinement. 

Experiments were attempted to synthesize a pure sample and potentially obtain a 

crystal for single-crystal X-ray diffraction. According to the high-temperature diffraction 

data, the sample is pure at temperatures above 490 °C. Samples with loading compositions 

Zn3Sb2 and Zn62Sb38 were made and quenched at 450 °C and 500 °C. The zinc-richer 

Zn62Sb38 samples yielded significantly less β-Zn3Sb2, although this Zn-richer composition 

was used to synthesize pure α-Zn3Sb2
133. (Extra zinc was employed to compensate for Zn 

loss due to its high vapour pressure.) 
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Figure A1.2. Synchrotron powder X-ray diffraction data for the α-Zn3Sb2 sample (a) during 

heating from room temperature up to 600 °C, and (b) during cooling from 600 °C to room 

temperature. 
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Table A1.1. Samples loading compositions, annealing temperatures, and annealing times 

to synthesize bulk β-Zn3Sb2. 

Sample loading 

compositions  

Heat treatment Annealing time 

before quenching (h) 

Zn2.9-3.2Sb2 

(δ = 0.05) 

 

Zn3Sb2, Zn3.2Sb2 

 

 

750 °C → (100 °C/h) 500 °C 

 

 

750 °C → (100 °C/h) 520 °C 

750 °C → (100 °C/h) 520 °C 

750 °C → (100 °C/h) 520 °C  

    → (100 °C/h) 420 °C 

750 °C → (100 °C/h) 600 °C 

 

12 

 

 

0 

48 

0, 96 

 

0 

Samples of 2 g with different loading compositions were weighed and sealed in the 

evacuated silica tubes and placed in the same box furnace to eliminate temperature 

variances. The samples were heated to 750 °C at 150 °C/h and annealed for 14 h, while 

being shaken in between to ensure mixing of the molten elements. The samples were then 

cooled at different rates, annealed at different temperatures and for different times before 

quenching. Attempts to obtain the bulk β-Zn3Sb2 are summarized in Table A1.1. All 

products in Table A1.1 have detectable amounts of the β-Zn3Sb2 phase as a minor phase, 

with β-Zn13Sb10 as the major phase, except for the Zn3.2Sb2 sample that was quenched from 

600 °C, which had only β-Zn13Sb10 and elemental Zn. 

A1.2.2. Powder and Single Crystal X-ray Diffractions 

Polycrystalline samples were analyzed on a PANalytical X’Pert Cu Kα1 powder X-

ray diffractometer (PXRD) at room temperature. The samples were ground and deposited 

on a silicon zero background holder. The data were collected with the 2 range of 20 – 80 
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degrees and the total collection time of 1 hour. Rietveld refinement111 was performed to 

evaluate samples’ purity and to derive lattice parameters.  

Room-temperature single-crystal data in the full reciprocal sphere were collected 

on a Bruker SMART APEX II diffractometer with a 3 kW sealed-tube Mo generator and 

APEX II CCD detector at the McMaster Analytical X-Ray (MAX) Diffraction Facility. A 

semi-empirical absorption correction was applied using redundant and symmetry related 

reflections. Structural determinations and refinements were performed using the OLEX2 

program160 and the JANA2006 program package219. 

A1.3. Results and Discussion 

A1.3.1. Structure Solution 

An automatic indexing of the reflections yielded a large orthorhombic cell with a = 

15.3567 Å, b = 25.0173 Å and c = 7.2564 Å and incommensurate superstructural peaks 

(Figure A1.3). An incommensurably modulated structure with similar cell parameters was 

reported earlier by M. Boström et al., that it crystallizes in a Pnna(α00)0s0, α = 0.383 super 

space group (a = 7.283 Å, b = 15.398 Å, c = 25.06 Å). Using the JANA2006 program 

package219, the collected data were indexed with the super space group Pccn(00γ)s00, γ = 

0.383 (the alternate setting is Pnaa(α00)0s0, α = 0.383, to match the cell parameters 

reported by M. Boström et al., but in a different super space group.). The current data set 

cannot be solved using the super space group Pnna(α00)0s0 reported by M. Boström et al. 

due to the significant violation of the symmetry conditions. Note that the data collected 

from the Bruker SMART APEX II diffractometer was used in attempt to solve the 
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incommensurably modulated structure. A R1 = 0.0529 value was obtained for the 

refinement using the main reflections only in the Olex2 program. The structural model from 

this refinement was imported into the JANA2006 program. The refinement results, 

however, were poor due to the satellite reflections, yielding the total R factor of 0.2585 and 

the R factor of 0.1134 for the main reflections.  

A more detailed examination of the report of M. Boström et al.  and its subsequent 

reported structure, however, has revealed a mistake in the reported structure. The 

crystallographic information file provided in the Inorganic Crystal Structure Database 

(ICSD) did not result in the structure described in the literature. The provided data however 

resulted in the described structure after the space group was changed to Pnaa, while using 

the same atomic parameters. The described structure also resembles our refined structure, 

which suggests that our obtained structural solution is correct. 

                                

Figure A1.3. Cross section of the reciprocal space, the h0l layer for the β-Zn3Sb2 grain, 

generated from STOE IPDS II diffractometer and the X-area software103. 
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The collected data was also imported to the JANA2006 program directly to obtain 

a structural solution using the Superflip, and a better refinement was obtained. 

Unfortunately, this model still suffers from high R factors from the satellite peaks, although 

the R-factor for the main reflections remains relatively low. The resulting R factors are 

higher than those reported by M. Boström et al.209. The main issue lies in the occupancy 

modulation parameters of Zn, and they were not optimized. The refinement results in Table 

A1.2 and A1.3 largely follows the recommended refinement conditions from the 

literature209. 

Table A1.2. Comparison of R-factors of those obtained in this work and by Boström et 

al.. 

 

 

This work Boström et al. 

R(F), wR(F)  

all reflections 

 

R(F), wR(F)  

main reflections 

 

R(F), wR(F)  

1st order satellite reflections 

 

R(F), wR(F)  

2nd order satellite reflections 

15.43, 16.05 

 

 

9.61, 11.96 

 

 

16.84, 17.12 

 

 

31.85, 36.16 

 

11.7, 10.4 

 

 

6.9, 7.2 

 

 

15.2, 14.7 

 

 

28.2, 29.6 

 

  

Table A1.3. Details of refinement of the β-Zn3Sb2 crystal using the JANA2006 program.  

Chemical formula  

Chemical formula weight 

Super space group 

Unit cell parameters 

 

 

 

Modulation wave vector 

Zn2.324Sb2 

395.53  

Pnaa(α00)s00 

a = 7.2564 Å,      V = 2787.8 Å3 

b = 15.3567 Å,  

c = 25.0173 Å, 

 

-0.383, 0, 0 
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Z 

Density (calculated), g/cm3 

No. of measured reflection 

No. of indices observed main reflection 

No. of indices observed 1st first satellite reflection 

No. of indices observed 2nd first satellite reflection 

Observation criterium 

Ranges of h, k, l and m 

Rint(obs), Rint(all) 

GOF 

No. of used reflections 

No. of parameters 

Min/Max theta 

24 

5.65 

21024 

3114 

3952 

2124 

F2 > 3σ(F2) 

0 – 11, 0 – 21, 0 – 35, -2 – 2  

8.44, 13.36 

4.02 

9158 

583 

1.56, 30.54 

 

A1.3.2. Synthetical Attempts of the β-Zn3Sb2 phase 

According to Figure A1.2, the β-Zn3Sb2 phase is stable from 425 – 590 °C, and can 

co-exist with the α-Zn3Sb2 phase at 425 – 490 °C. To obtain a pure bulk β-Zn3Sb2, the 

samples were generally quenched at temperatures higher than 500 °C, as shown in Table 

A1.1. Also, the loading amount of Zn was explored, since the amount of Zn in the structure 

of β-Zn3Sb2 could not be reliably established, and to also compensate for the Zn losses due 

to its high vapour pressure. All attempts shown in Table A1.1 failed to yield β-Zn3Sb2 as 

the main phase, but rather as a minor phase to the dominant β-Zn13Sb10.  

Considering the reported crystal structure, the loading composition should have the 

Zn:Sb ratio of more than 17:12 ≈ 2.83:2, to account for the “+α” in the crystallographic 

composition and compensate for the Zn losses at high temperatures. As the quenching 

temperature increases, more Zn is needed to compensate for the increased Zn vapour 

pressure in the evacuated silica ampoules.  
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The synthesis of α-Zn3Sb2 phase has a crystallographic composition of Zn2.91Sb2 

and its bulk sample was synthesized using a Zn3.26Sb2 (Zn62Sb38) composition, quenched 

from 430 °C. In retrospect, more Zn amount than in the Zn3.2Sb2 samples may be needed 

to compensate for the Zn losses to synthesize a pure bulk β-Zn3Sb2 bulk sample, quenched 

from higher temperatures. However, a synthetic attempt with Zn-rich loading compositions 

Zn3.5Sb2 and Zn3.8Sb2 quenched from 550 °C after 12 hours of annealing, yielded only β-

Zn13Sb10 and Zn. 

Phase analyses of the quenched samples resembled the results obtained shown in 

Figure A1.2(b), i.e., a mixture of β-Zn13Sb10, Zn and β-Zn3Sb2 was obtained at room 

temperatures. Furthermore, there appears to be a sudden phase change at 355 °C, in contrary 

to a more continuous change in the heating process (Figure A1.2(a)) at 425 – 490 °C. A 

more rigorous method may be needed to kinetically stabilize the β-Zn3Sb2 phase at room 

temperatures, if possible. 

A1.4. Conclusions 

Although the synthesis of bulk β-Zn3Sb2 phase was unsuccessful, this work suggests 

the possibility to obtain the polycrystalline β-Zn3Sb2 phase in bulk. Next steps would be to 

establish the composition of the β-Zn3Sb2 phase through wavelength dispersive 

spectroscopy on the single crystalline samples, and then to synthesize the β-Zn3Sb2 phase 

in bulk.  
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Appendix 2. Compaction Methods of the Thermoelectric 

Zn13Sb10-based materials.  

This chapter contains the material covered in the manuscript “Compaction Methods 

of the Thermoelectric Zn13Sb10-based materials”, which is unpublished. The experimental 

procedures, data interpretation and manuscript preparation were completed by the 

candidate.  

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – C.-w. T. Lo;        McMaster University – Chemistry and Chemical Biology 

235 
 

Zn13Sb10-based materials made from melt and solidification method contains visible 

cracks, which are undesirable for industrial application. Neither spark plasma sintering 

(SPS), hot press (HP) nor hot extrusion (HE) can be used to efficiently make Zn13Sb10-

based materials due to the poor stability of the Zn13Sb10 phase under high pressure and 

elevated temperatures. The melt-and-solidification method should be improved to further 

reduce cracks in the sample for industrialization. 

 

A2.1.  Introduction 

 Stability and suitable compaction methods of thermoelectric materials are crucial 

factors for their commercialization. For the last two decades, the Zn13Sb10 phase has been 

extensively investigated as a potential candidate for thermoelectric applications, however, 

it has not moved downstream because of the stability issues.  

 In this work we aim to investigate the stability of the Zn13Sb10 materials densified 

by some compaction methods. Zn13Sb10 materials made by the melt and solidification 

method in this dissertation often contained cracks inside the ingots, most likely due to the 

built-up tension from the solid-solid phase transition at high temperatures143. Efforts have 

been done to reduce cracks in ingots by modifying the heat treatment and cooling. Altering 

the cooling process helped reduce cracks in Zn13Sb10-based ingots such that materials can 

be cut for physical property measurements, still some observable cracks remained in the 

ingots, which is undesirable during the industrial production of Zn13Sb10. Furthermore, 
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remelting and solidifying the Zn13Sb10-based samples leads to Zn losses due to Zn high 

vapour pressure, which in turn affects the purity of the material. High vapour pressure of 

Zn and decomposition of undoped β-Zn13Sb10 is associated with Zn migration inside the β-

Zn13Sb10 materials220. Decomposition of Zn13Sb10 was also observed during densification, 

for example the spark plasma sintering (SPS) of Zn4Sb3.
127 At the same time SPS direct 

synthesis of Zn4Sb3 materials from elemental powders with additional Zn foil was 

reported221. This work explores SPS sintering of the Zn13Sb10-based materials and the effect 

of foreign elements on phase stability. The composition and density of the densified pellets 

were the primary factors used to determine the feasibility of the SPS methods. 

A2.2.  Experimental 

A2.2.1.  Synthesis 

 Pieces of pure elements Zn (99.99 wt. % CERAC), Sb (99.999 wt. % 5N. Plus), 

Mn (99.9 wt. % Alfa Aesar) and In (99.99 wt. % Alfa Aesar) were used as starting materials. 

Incorporation of Mn and In followed the Zn13-xMxSb10 loading formula. Note that the 

loading composition of the In-doped samples is not charge balanced. The weighted 

elements were sealed in the evacuated silica tubes and placed in the same box furnace to 

eliminate temperature variances. The samples were heated to 750°C at 150°C/h and 

annealed for 16 h, while being shaken in between to ensure mixing of the molten elements. 

The samples were cooled from 750 °C to 350 °C at a rate of 50°C/h and annealed at 350 

°C for 2 days to achieve phase homogeneity. The samples were finally cooled down to 

room temperature at a rate of 50 °C/h. Ingots were hand-ground into powders and taken for 
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powder X-ray diffraction before pressing. Phase-pure powders were either pressed spark 

plasma sintering (SPS), hot pressing (HP) or hot extrusion (HE) method, the pressed 

samples were analyzed again through X-ray diffraction to examine their composition and 

purity.  

A2.2.2.  Powder X-ray Diffractions 

 Polycrystalline samples were analyzed on a PANalytical X’Pert Cu Kα1 powder X-

ray diffractometer (PXRD) at room temperature. The samples were ground and deposited 

on a silicon zero background holder. The data were collected with the 2 range of 20 – 70° 

and a scanning speed of 1 degree/min. Rietveld refinement111 was performed to evaluate 

samples’ purity.  

A2.2.3.  Spark Plasma Sintering 

 Ground powders were loaded into a graphite die of 10 mm in diameter, and sintered 

in a Dr. Sinter instrument. To avoid direct contact between the powdered samples and the 

die plungers, a layer of graphite sheet was placed in between. The samples were heated to 

250, 300 and 350 °C at 50 °C/min under 45 MPa pressure and kept at the temperature for 

5 min. The output power of the instrument was then turned off, and the samples were 

allowed to cool to room temperature. 

A2.2.4.  Hot Pressing 

Ground powders were loaded into a graphite-hardened die of 12.7 mm in diameter, 

and hot-pressed in an Oxy-Gon FR-210-30T-ASA-160-EVC hot press furnace system. The 
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samples were heated to 200, 250 and 300 °C at 50 °C/min under 70 MPa pressure for 30 

min. 

A2.3.  Results and Discussion 

A2.3.1.  Composition and Purity of the Pressed Pellets 

The composition and purity of the pressed samples from X-ray diffractions are 

summarized in Table A2.1. All pre-pressed powders were phase-pure according to powder 

X-ray diffraction, except for the non-charge-balanced Zn12.5In0.5Sb10 sample, which has 

Table A2.1. SPS conditions and results of the pressed samples.  

Powdered sample Sintering 

temperature (°C)   

Zn13Sb10 unit cell 

volume (Å3) 

Composition (wt. %) 

Zn13Sb10 350 1610.95(5) Zn13Sb10 (59.3(6) %) 

ZnSb (40.3(3) %) 

Zn (0.43(3) %) 

 300 1611.75(4) Zn13Sb10 (67.8(4) %) 

ZnSb (31.7(2) %) 

Zn (0.49(3) %) 

 300 (*)  1611.35(5) Zn13Sb10 (75.5(5) %) 

ZnSb (24.1(3) %) 

Zn (0.34(2) %) 

 250 (^) 1610.74(5) Zn13Sb10 (91.6(9) %) 

ZnSb (8.1(3) %) 

Zn (0.34(3) %) 

Zn12.5In0.5Sb10 250 1616.84(4) Zn13Sb10 (90.9(7) %) 

ZnSb (8.6(3) %) 

Zn (0.44(2) %) 

Zn12.75Mn0.25Sb10 250 (^) 1610.71(4) Zn13Sb10 (88.9(8) %) 

ZnSb (10.8(3) %) 

Zn (0.27(2) %) 

The standard deviations reported in brackets are derived from the Rietveld refinements. 

*: Mica film was used to replace graphite paper in this sample to prevent electrical 

current going through the sample.  
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elemental Zn as an impurity. Powders from the pressed pellets can be scraped off easily 

using a scalpel, which shows a poor compaction and the relatively low density of the pellets. 

Note that the Zn content in the pressed pellets was generally underestimated by 

powder X-ray diffraction; some elemental Zn fell from the sample holder during sample 

preparation for X-ray diffractions. From Table A2.1, all pressed Zn13Sb10 samples 

contained ZnSb, which suggests the decomposition of Zn13Sb10: Zn13Sb10 → 10 ZnSb + 3 

Zn. The extent of decomposition appeared to decrease with decreasing sintering 

temperatures. The introduction of electrically insulating mica film slows down 

decomposition, although not completely.  

 Earlier works in this dissertation (Chapter 5) have suggested suppression of Zn 

mobility due to the incorporation of foreign elements188. Incorporation of In and Mn was 

expected to slow down the decomposition. However, the pressed In- and Mn-doped 

Zn13Sb10 samples did not show improvement in stability; the ratio of Zn13Sb10:ZnSb in the 

doped samples remained the same as in the undoped sample sintered at the same 

temperature.  

The unit cell volume of the Zn13Sb10 phase was used as an indicator of dopant 

incorporation. As shown in Table A2.1, the refined unit cell volume of the SPS 

Zn12.75Mn0.25Sb10 sample (1610.71(4) Å3) was similar to that of the pristine sample 

(1610.74(5) Å3), which suggests Mn was no longer present in the Zn13Sb10 sample. Before 

SPS, the Zn12.75Mn0.25Sb10 phase had a refined unit cell volume of 1609.32(4) Å3. 
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The SPS samples marked with (^) were sealed in evacuated silica tubes and 

reannealed at 350 °C for 16 h in a box furnace, and their composition and lattice parameters 

are given in Table A2.2. Interestingly, the purity of the SPS Zn13b10 sample was recovered 

after annealing, but not of the Mn-doped sample. It is not clear about the inability of the 

Mn-doped sample to regain its phase purity after the reannealing. The ability to regain the 

phase purity likely depends on the loss of Zn (and Mn) in the sample during SPS and heat 

treatments.  

A2.3.2. Hot Pressing of Zn13Sb10 

Hot pressing (HP) was employed to densify the pristine Zn13Sb10 material. Zn13Sb10 

powder was pressed under 70 MPa and at 200, 250 and 300 °C for ~30 min. The pressed 

pellets again show the presence of ZnSb, which indicates the decomposition of the Zn13Sb10 

powders. Additionally, the pellets did not stay intact, which suggests that hot pressing at 

such pressure is not feasible to densify the Zn13Sb10 material.  

A2.3.3. Hot Extrusion of Zn13Sb10 

 This section covers some work of Mohsen K. Keshavarz et al.161. Hot extrusion 

(HE) was employed to densify the Zn13Sb10 sample at 590 K (317 °C) and under ~500 MPa. 

Table A2.2.  X-ray diffraction analyses of SPS-ed pellets after reannealing. 

Pressed samples Zn13Sb10 unit cell volume (Å3) Composition (wt. %) 

Zn13Sb10 1611.05(3) Only Zn13Sb10 

Zn12.75Mn0.25Sb10 1611.00(3) Zn13Sb10 (88.9(8) %) 

ZnSb (11.1(3) %) 
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The extruded Zn13Sb10 sample showed significant decomposition, having 58.53(3), 40.33(3) 

and 1.21(3) wt. % of Zn13Sb10, ZnSb and Zn, respectively. This echoes the findings in this 

work, where Zn13Sb10 is not stable at high pressures in elevated temperatures. The melt-

and-solidification remains to be the most feasible way to make dense Zn13Sb10-based 

materials. Generally, the geometric density of crack-free Zn13Sb10-based materials in this 

dissertation has 99 % of the crystallographic density.  

A2.4. Conclusion 

The SPS, HP and HE method are not feasible ways to densify Zn13Sb10-based 

materials since the Zn13Sb10 phase is not stable under pressure at elevated temperatures. 

Although the purity of the Zn13Sb10 sample was recovered through reannealing, the melt-

and-solidification method remains to be the more feasible way to make dense Zn13Sb10-

based materials. The melt-and-solidification parameters should be improved to further 

reduce cracks in samples and to optimize synthesis of the crack-free Zn13Sb10-based 

materials.  
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