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Abstract 

 Thermoelectric materials have drawn extensive attention because of their potential to 

provide assistance in reducing the usage of fossil fuel sources and the greenhouse effect. 

Throughout this thesis, the purpose was to investigate the thermoelectric properties of 

previously reported thallium tellurides. Tl2Ag12Te7+δ, TlSbTe2, and Tl4Ag18Te11 were selected as 

candidates for this investigation due to their interesting crystal structures. By substituting the Te 

element in Tl2Ag12Te7+δ, with Se we found a new phase of Tl-Ag-Se system which crystallizes in a 

commensurate superstructure and possesses ultralow thermal conductivity. These four parent 

compounds have low thermal conductivity owing to the high molar mass and complex crystal 

structures. 

 In Chapter 1, thermoelectric background knowledge was introduced. Generally, complex 

crystal structures such as incommensurate superstructures can reduce the lattice thermal 

conductivity, which is beneficial for increasing the thermoelectric figure of merit. The minimum 

lattice thermal conductivity can be estimated by three different models: Clarke model, Cahill 

model, and Diffuson model. Finally, a brief review of the state-of-the-art chalcogenide 

thermoelectrics was presented. 

 In Chapter 2, the experimental procedures related to all the projects were described. 

Powder X-ray diffraction, single crystal X-ray diffraction, and energy depressive X-ray analysis 

were utilized to obtain the compositional and structural information of the synthesized materials. 

Electronic structures of the materials were determined by performing first principle density 
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functional theory calculations. Then the physical properties including melting point, Seebeck 

coefficient, electrical conductivity, and thermal conductivity were determined. 

 In Chapter 3, a new selenide, Tl2Ag12Se7, is reported. Unlike Tl2Ag12Te7+δ, Tl2Ag12Se7 

crystallizes in a commensurate superstructure with a √3 × √3 × 1 super cell of the Zr2Fe12P7 

structure type. Initial investigations into the thermoelectric properties of this selenide suggested 

that it was a p-type semiconductor at room temperature that underwent a pnp phase transition 

at 410 K. Further investigations via XPS indicated that the electronic states of all atoms did not 

undergo significant variations before and after the phase transition temperature. The reanalysis 

of the raw data obtained from the ZEM-3 instrument and the low temperature Seebeck 

measurements implemented by the PPMS also confirmed that Tl2Ag12Se7 remains a p-type 

semiconductor throughout all temperatures investigated.  

 In Chapter 4, Tl2Ag12Te7+δ was originally reported by Moreau et al. to crystallize in the 

hexagonal space group P6.1 The unrealistically short Te-Te bond distances in the reported crystal 

structure (2.4 Å) led us to investigate the crystal structure further. We determined that 

Tl2Ag12Te7+δ is actually an incommensurate composite crystal structure composed of a linear Te 

atom chain along the c axis surrounded by a Tl2Ag12Te6 framework. The super-space group of the 

Te atom chain is P6(00γ)s and the super-space group of the Tl2Ag12Te6 framework is P63(00γ)s. 

The complex crystal structure resulted in an extremely low thermal conductivity of 0.25 W m–1 

K–1 and a zT of 1.1 at 525 K. This is the largest thermoelectric figure of merit observed in an 

incommensurate crystal structure to date. 

 In Chapter 5, the TlSbTe2 crystal structure shares similarities with the crystal structure of 

the state of the art thermoelectric material Bi2Te3. Both have a layered crystal structure; this 
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layered structure in Bi2Te3 leads to anisotropic electronic properties depending along which 

crystallographic axis the properties are measured. TlSbTe2 has significantly more covalent 

interactions between the telluride layers diminishing the anisotropic effects. The best 

thermoelectric performance of In-doped TlSbTe2 was achieved at 625 K, with a figure of merit 

(zT) of 0.77. The overall best zT was improved to 0.85 at 620 K with the sample of nominal 

composition Tl0.98SbYb0.02Te2. 

 In Chapter 6, Tl4Ag18Te11 was claimed to crystallize in a cubic structure with disordered Tl 

atoms filling cuboctahedral voids. The electronic structure calculations of Tl4Ag18Te11 predicted it to be 

a semimetal with the valence and conduction bands touching at the Γ point in the Brillouin zone, based 

on an I4mm space group model with ordered Tl atom sites. The studies of the thermoelectric 

properties of hot-pressed Tl4Ag18Te11 and its nonstoichiometric homologs, illustrated an unusual n-

type extrinsic semiconducting behavior, combined with an extremely low thermal conductivity. The 

thermal conductivity of a sample of the nominal composition “Tl4.05Ag18Te11” reached 0.19 W m−1 K−1 

at 500 K, with this value being one of the lowest achieved by crystalline materials to date. This can be 

attributed to the highly disordered Tl atoms and the large unit cell with its highly complex structure, 

in accord with the low Debye temperature of 98 K. 
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Chapter 1: Introduction 

1.1 Thermoelectric Motivation 

Thermoelectric (TE) energy generation has become incrementally more important due to 

the continuously depleting fossil fuel resources and mankind’s increasing demand for power 

sources.2 TE materials enable the conversion from waste heat to electricity and also enable 

refrigeration by electricity.2–5 TE generators have been applied in the field of aerospace on the 

Martian Curiosity rover6 and Lunar Chang’e-47 to overcome the ultralow temperature and lack of 

solar power in space. Commercial applications have also been launched, such as body  

temperature powered watch8 and portable coolers. However, TE devices are still limited by their 

low conversion efficiency, so researchers are industriously searching more efficient TE materials. 

In this chapter, the principles of TE research, a brief summary of chalcogenide TEs, and an 

introduction of some misfit structures will be discussed. 

1.2 Thermoelectric Effect 

In 1821, German physicist Thomas Johann Seebeck discovered that a voltage can be 

generated when a temperature gradient is provided to a p-type and n-type junction (Figure 1-1a). 

Thirteen years later, French physicist Jean Charles Peltier noticed an inverse phenomenon, where 

a temperature difference can be produced by a junction of p-type and n-type materials when a 

voltage is applied (Figure. 1-1b). These two effects establish the foundation of TE studies and are 

named after these two outstanding physicists.9  
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Figure 1-1: a) The power generation mode based on the Seebeck effect and b) the solid state 
cooling mode based on the Peltier effect. 

1.3 Thermoelectric Evaluation 

The performance of a TE material is evaluated by a dimensionless figure of merit, 𝑧𝑇, which 

is defined in Eq. (1-1),5  

 
𝑧𝑇 =

𝑆2𝜎𝑇

𝜅
 

(1-1) 

where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, 

and κ is the total thermal conductivity. p-type semiconductors exhibit positive Seebeck 

coefficient as the carriers in the material are governed by the holes, while n-type semiconductors 

show negative values as the carriers inside are dominated by the electrons. The power factor, 

P.F., is the product of 𝛼2 and 𝜎 (Eq. (1-2)), describing the electrical performance of a TE material.  

 𝑃. 𝐹. = 𝑆2𝜎 (1-2) 
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The electrical conductivity is calculated based on Eq. (1-3), 

 𝜎 = 𝑛 𝑒 𝜇 (1-3) 

where 𝑒  is the electron’s charge, and 𝜇  is the charge carrier mobility. The total thermal 

conductivity (Eq. (1-4)) consists of the lattice thermal conductivity, 𝜅𝐿, caused by the phonons 

traveling through the lattice, and the electrical thermal conductivity, κe, resulting from the heat 

transferred by charge carriers.  

 𝜅 = 𝜅𝐿 + 𝜅𝑒 (1-4) 

According to the Wiedemann-Franz law10, 𝜅𝑒 can be determined via Eq. (1-5), 

 𝜅𝑒 = 𝑛 𝑒 𝜇 𝐿0 𝑇 (1-5) 

where 𝐿0 denotes the Lorenz number. 

All these physical properties except 𝜅𝐿  are interrelated to each other as functions of 

carrier concentration, 𝑛. 𝑛 can be influenced by the doping level, temperature, and defects. In 

general, 𝛼 increases but 𝜎 and 𝜅 decrease with 𝑛. As a result, there is no beau ideal method to 

optimize these variables (except 𝜅𝐿). The carrier concentration range for achieving optimized 𝑧𝑇 

has been demonstrated to be 1019-1020 cm-3, and such range usually belongs to the degenerate 

semiconductors.5  𝜅𝐿 , however, can be minimized by including heavier elements such as thallium, 

antimony, tellurium, and lead without a detrimental impact on the other properties. More 

complex crystal structures can also provide a lower κL via lowering µ, but the mobility decrease 

therein is often is detrimental to 𝜎.4,5 
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The efficiency of a TE device, η, is determined by Eq.1-6, where 𝑍𝑇̅̅̅̅  is the average figure 

of merit over the whole temperature range, and TC and TH are the temperatures at the cold and 

hot ends, respectively.  

 
𝜂 =

𝑇𝐻 − 𝑇𝐶

𝑇𝐻
×

√1 + 𝑍𝑇̅̅̅̅ − 1

√1 + 𝑍𝑇̅̅̅̅ +
𝑇𝐶

𝑇𝐻
⁄

 
(1-6) 

The maximum efficiency is constrained by the Carnot limit and as well the zT values.11 Figure 1-2 

is represented to have a better visualization of the relationship between the thermoelectric 

device efficiency and the average figure of merit.  

 

Figure 1-2: The efficiency of thermoelectric devices as a function of hot-end temperatures, 
assuming the cold-end remains at 300 K.12  
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1.3.1 Lattice Thermal Conductivity  

Since lattice thermal conductivity is independent to other TE variables, lowering 𝜅𝐿 can be 

an effective strategy to increase zT values. The lattice thermal conductivity of glass-like crystals 

or amorphous materials is quite low, nonetheless, the actual glasses have poor TE performance 

because of their low electrical conductivity. Therefore, the ideal candidates for TEs are postulated 

to have the features of a “phonon-glass, electron-crystal” (PGEC). In addition, heat in a glass are 

transported randomly through the lattice rather than orderly via phonons, which results in the 

concept of minimum thermal conductivity. 

Heat is generated from the vibrations of atoms (which are a function of atomic mass). The 

greater the amplitude of the vibrating atoms; the more heat is produced. Heavy elements can 

help to reduce 𝜅𝐿 at elevated temperatures, due to the lower heat capacity caused by their larger 

average molecule mass, M, based on the Dulong-Petit estimation.  

 Based on this theory, alloying with heavier elements is one strategy to lower 𝜅𝐿, in addition 

because of the mass fluctuation effect. Mass fluctuation can lower the lattice thermal 

conductivity by creating more point defects; thus, scattering phonons more efficiently as a result 

of mass differences. Successful examples applying mass fluctuation include BaCu6-xSe1-yTe6+y,13 

Mg2SiySn0.97−yBi0.03,14 FeV1−xNbxSb,15 and so on.  

Inserting defects (such as interstitial defects, vacancies, substitutions) into crystals, making 

rattling structures, or creating misfit structures can also lead to lower 𝜅𝐿, because the phonons 

are scattered more efficiently in these structures. The disorders in these structures decreases the 

phonon mean free path, which is proportional to 𝜅𝐿 as seen in Eq. (1-6). 
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𝜅𝐿 =

1

3
𝑐𝑣𝑠𝑙𝑀𝐹𝑃 

(1-6) 

Where c is the specific heat per unit volume. 𝑣𝑆 the mean phonon speed, and lMFP the average 

phonon mean free path. 

 Other approaches that had been successfully applied to reduce 𝜅𝐿 are using 

nanostructures and nanocomposites.12 Both nanostructures and nanocomposites create more 

interfaces  to scatter phonons (shorter phonon mean free path) without necessarily affecting the 

electron mean free path.  

1.3.2 Minimum Thermal Conductivity 

 There are two different models of determining minimum thermal conductivity based on 

phonon theory, the Clarke model and the Cahill model. In the Clarke model, the minimum 

thermal conductivity limit is reached when the phonon mean free path length is on the order of 

interatomic spacing (a).16 In the Cahill model, he used half of a wavelength of the phonon to 

describe the mean free path to obtain the minimal thermal conductivity.17 Other than the phonon 

basis, Synder used a diffuson as basis.18 The differences between these two basis is visually 

illustrated in Figure 1-3. In the diffuson model, the diffusons are assumed as they can travel and 

collide in a random way, whereas in the phonon model, phonons have to propagate in a collective 

way that is related to the group velocity and relaxation time. Since the diffuson model relys on a 

thermal diffusivity resulting from random walk considerations, the two operative theoretical 

inputs, jump attempt frequency (
2𝜛

2𝜋
) and successful jump probability (P) are considered. The 

diffuson rate is proportional to P, and P is an empirical number. When P = 1, it reaches the 
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maximum diffusive thermal conductivity, and when P = 0, it assumes that no energy or heat is 

transferred.  The diff represents the minimum of thermal conductivity when vibrations are both 

not propagating (not phonon-like) and not localized (specifically, P = 1). 

 

Figure 1-3: Lattice thermal conductivity models. 

The equations for these three different methods can be simplified as: 

Cahill: κglass = 1.21na
2/3kB𝑣𝑆 

Clarke: κmin = 0.93na
2/3kB𝑣𝑆  

Snyder: κdiff = 0.76 na
2/3kB𝑣𝑆 

where na is the number density of atoms (the number of atoms per cell per unit volume). 𝑣𝑆 is 

the arithmetic average sound velocity, given by equation: 

𝑣𝑆 = 
1

3
(2𝑣𝑇 + 𝑣𝐿) 

where 𝑣𝑇 and 𝑣𝐿 are defined as transverse and longitudinal velocities of sound, respectively. The 

Debye temperature, θD, is directly proportional to the sound velocity:  

θD = 
ℏ

𝑘B
(6𝜋2na)1/3𝑣𝑆 
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Therein, ℏ is the reduced Planck constant, kB the Boltzmann constant. 

The ideal minimum thermal conductivity is expected to be always lower than the 

experimental measured thermal conductivity values. The minimum thermal conductivity value 

given by κdiff is approximately 37% lower than the κglass of Cahill and 18% lower than the κmin 

estimate of Clarke according to the identical experimental input data. However, if a thermal 

conductivity below the κdiff limit is observed, it may indicate the existence of localized vibrations, 

phonon focusing, or other extraordinary physical mechanisms. 

1.4 Incommensurate Superstructures 

In classical crystallography, the atomic assemblies are considered to be complete and 

periodic repetitions. However, the definition of aperiodic crystal structures emerged when 

aperiodic atomic arrangements were observed, such as incommensurate superstructures and 

quasicrystal. A superstructure denotes a structure containing substructures that are equal or 

nearly equal in configuration. The space group of the superstructure is a subgroup of the space 

group of the substructures, and at least one of the Wyckoff positions of the subcell is split into at 

least two separate Wyckoff positions in the supercell. Superstructures can be categorized as 

commensurate and incommensurate ones. Furthermore, the incommensurate structures are 

classified as incommensurate modulated structures and incommensurate composite 

structures.19 
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1.4.1 Incommensurate Modulated Superstructure 

 

Figure 1-4: Incommensurate modulated superstructure schematic illustration. 

As shown in Figure 1-4a, all the atoms in the one-dimensional chain are periodically 

spaced with the spacing equal to c1, referring to the average structure. A twofold superstructure 

corresponding to a doubled original unit cell can be generated by displacements of the atoms by 

equal distances in opposite directions, forming associated pairs or namely, a Peierls distortion 

(Figure 1-4b). The new unit cell (Figure 1-4c) can be described as a commensurately modulated 

superstructure, which still has long-range order and translational symmetry. The new lattice 

parameter c2 = 2c1. When the displacements are further distorted, such that the supercell lattice 

paremeter, c2, is not an integer multiple of the original sublattice lattice parameter, c1, an 

incommensurate modulation wave is produced (Figure 1-4d). Now, c1 = γc2’, where γ is an 

irrational number, which means that no matter how many times the structure is extended, the 

supercell does not have translational symmetry.  
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The atomic displacements in the superstructure from the average structure can be in any 

direction or magnitude. Therefore, the modulation function can be characterized by a wave 

vector q, with the three basis vectors, a1, a2, and a3 along the three crystallographic axes. q can 

be represented by the reciprocal basis vectors of the average structure.  

q = σ1a1* + σ2a2* + σ3a3* 

In the incommensurate modulated structures, either σ1, σ2, or σ3 values are irrational numbers.  

1.4.2 Incommensurate Composite Structure 

Incommensurate composite structures, also refers to incommensurate intergrowth 

structures, defined as two or more periodic subsystems that together form an incommensurate 

aperiodic structure. Each subsystem is independent, and each of them has their own superspace 

group. The superspace group contains the information about both the symmetry of the lattice of 

the average structure and modulation wave vectors.  

For instance, [LaS]1.14[NbS2], one misfit layer compound, of which layers of composition 

NbS2 alternatively stacked on LaS layers. Along the stacking orientation, the subsystems of LaS 

and NbS2 share a common period; nonetheless, parallel to the layers of NbS2 and LaS have their 

own lattice parameters, and the periodicities parallel to the layers are mutually incommensurate. 

The unit cell of NbS2 subsystem has four formula units of NbS2, whereas that of LaS has eight. The 

ratio of the two subsystem lattice parameters is an irrational number, approximately 0.57. For 

NbS2 formula unit, this gives 0.57 × 8/4 = 1.14 per formula unit LaS (shown in Figure 1-5). 
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Figure 1-5: An illustration example of unit formula determination of an incommensurate 
composite structure compound, [LaS]1.14[NbS2].  

1.4.3 Thermoelectric materials with Incommensurate Structures 

For example, Nowotny chimney-ladder compounds, TmEn (Tm, transition metals; E, group 13 

to group 15 elements), usually possess narrow band gaps and large power factor. The compound 

FeGeγ (γ ≈ 1.52) reveals an incommensurate chimney-ladder structure around 373 K, and it 

possesses a glass-like low lattice thermal conductivity of about 1 W m-1 K-1 at 373 K.20 The 

maximum zT reaches 0.57 at 573 K with a lattice thermal conductivity of 1.26 W m-1 K-1.20 The 

Compound (Mn1-xCrx)Si γ (γ ≈ 1.7) with x = 0.20, achieves zT = 0.45 at 900 K with an approximate 

lattice thermal conductivity of 1.7 W m-1 K-1.21  

ReSi1.75 adopts a commensurate structure of the with the MoSi2 structure type, and Al 

doping renders an incommensurate structure. ReSi1.675Al0.10 reaches zT = 0.13 at 700 K, exhibiting 

a lattice thermal conductivity about 3 W m-1 K-1.22 GexNbTe2, with x is an irrational number, it 

crystallizes in an incommensurate structure with crystalline layers of NbTe2 incommensurately 

modulated from one layer to the other. Ge0.55NbTe2 was demonstrated to have a maximum zT 

value of 0.12 at 650 K, with a lattice thermal conductivity of 2 W m-1 K-1.23 
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1.5 Chalcogenide Thermoelectric materials  

A substantial portion of the state-of-the-art TE materials are tellurides. The binary tellurides 

Bi2Te3 and PbTe, considered as traditional TEs, have been studied and utilized for decades. 

Telluride materials usually behave low thermal conductivity and high electrical conductivity,24–28 

which are both favorable for the TE energy conversion, benefiting from its larger heaviness and 

lower ionicity compared to other selenides and sulfides.29–31  

1.5.1 Binary Chalcogenide Thermoelectric materials 

The binaries Bi2Te3 and Sb2Te3 crystalize in layered structures, leading to anisotropic 

physical properties. Bi2Te3 is still the state-of-the-art TE material for cooling applications. The 

Bi2Te3 structure consists of close packed layers of cations and anions, stacked as …Te-Bi-Te-Bi-

Te… along the c axis. The band gap of Bi2Te3 is about 0.16 eV, and the melting point is about 858 

K.32 Co-doping with the transition metal atoms Cu, Ag, and Cd yielded zTmax = 1.4 at 425 K.33 

Nanostructuring caused further improvements for Bi2Te3. Introducing nanostructures via 

recrystallization through hot-forging lowered the lattice thermal conductivity below 𝜅𝐿 = 0.5 W 

m-1 K-1, from 𝜅𝐿 = 1.5 W m-1 K-1 for bulk Bi2Te3, which gave zTmax values at room temperature.34 

Bi2Te3 nanowires, as published in 2013, were also reported to exceed a zT = 2 at room 

temperature.35 Compared to Bi2Te3, the thermoelectric performance of Sb2Te3 is a bit less 

attractive, but zT of nano-structured superlattices of Bi2Te3/Sb2Te3 can exceed 2.36 

PbTe, once properly modified as both n- and p-type, exhibits outstanding thermoelectric 

properties at elevated temperatures, suitable for electricity generation from waste heat. PbTe-

based thermoelectric generators have been used in several NASA space missions, from Transit 4 
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A to Viking 2, and in the Mars rover Curiosity.37 PbTe crystallizes in the rock salt structure with a 

melting point of 1200 K, and is a semiconductor with a direct band gap of 0.32 eV.38 Its highly 

symmetric crystal structure is the opposite of a complex crystal structure often postulated to be 

ideal for thermoelectric materials. In part, its relatively low lattice thermal conductivity of 2.2 W 

m–1 K–1 stems from its very high average molar mass of 167.4 g mol–1. A re-investigation of the 

properties of the historic n-type PbTe revealed zT values ≈ 1.4 between 700 K and 850 K.39 

Introducing nanodomains caused a significant performance increase as reflected in a zTmax = 2.2 

at 800 K for co-doped AgPb18SbTe20.40,41 Kanatzidis coined this family LAST-m, standing for Lead 

Antimony Silver Telluride, with m being the amount of Pb per formula unit (18 in AgPb18SbTe20). 

Ag-Sb-rich nanodomains in an Ag-Sb-poor matrix significantly lowered the lattice thermal 

conductivity to κL ≈ 0.8 W m–1 K–1 at room temperature, compared to 2.2 W m–1 K–1 for PbTe.  

Recent investigations have shown that SnSe, a lighter homologue of PbTe crystallizes in a 

strongly distorted NaCl variant, and can exhibit great thermoelectric properties as well. Despite 

its lower average molar mass of 98.8 g mol–1 compared to 167.4 g mol–1 in case of PbTe, its low 

thermal conductivity stems from a combination of strongly anharmonic and anisotropic bonding 

caused by the lone pair of electrons on Sn2+, as reflected in its heavily distorted SnSe7 

polyhedron.42 Measured on a single crystal along its b axis, a sensationally high zTmax = 2.6 was 

determined at 973 K.43 Polycrystalline samples exhibit lower performance, for an example with a 

peak zT = 0.92 at 873 K,44 and 1.36 at 823 K after solvothermal synthesis.45 

The chalcocite Cu2S occurs in three different modifications, depending on the 

temperature. The low temperature form, the γ phase, is monoclinic, which transforms into the 

hexagonal β form at 370 K. The superionic cubic α phase46, thermodynamically stable above 700 
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K, is comprised of a face-centered cubic sublattice of S2– ions, with the Cu ions located in many 

different positions with fractional occupancies. The latter is often described as a liquid-like 

sublattice. Various studies have consistently shown the lattice thermal conductivity being well 

below 0.8 W m–1 K–1, despite the relatively low average molar mass of 53.1 g mol–1. 

An investigation varying x in Cu2-xS found peak performance for Cu1.97S with zTmax = 1.7 at 

1000 K47, a sensationally high value for a bulk sulfide. Using a melt-solidification technique, the 

performance was even further increased to zTmax = 1.9 at 973 K48. Poor stability of that Cu1.97S 

was observed during the electrical measurements because of the high and unrestricted ion 

mobility, however, Cu2S and Cu2Se form a solid solution over all S/Se ratios, which in part results 

in even lower thermal conductivity. Replacing small amounts of Se with S optimized (lowered) 

the charge carrier concentration of Cu2Se via reduction of the Cu vacancies by the stronger Cu–S 

bonds, causing a zT= 2.0 at 1000 K in case of Cu2S0.08Se0.92 after SPS49. Cu2S0.2Se0.8 was reported 

to attain zT= 1.65 at 950 K after SPS, exhibiting a lattice thermal conductivity < 0.4 W m–1 K–1 

throughout the whole temperature range50. An outstanding zTmax was obtained with an S/Se ratio 

of 1:1, namely zT= 2.3 at 1000 K in case of Cu1.94S0.5Se0.5 after SPS. These samples are composed 

of different polymorphs on the mesoscale as well as various nanodomains.51 

Alloying with Te and using the concept of nanoscale mosaicity via spark-plasma-sintering, 

zT was reported to reach 2.1 at 1000 K in the case of Cu2S0.52Te0.48, with lattice thermal 

conductivity values being in the range of 0.3 W m–1 K–1 to 0.4 W m–1 K–1.52 The thermal 

conductivity and figure of merit plots are shown in Figure 1-6, along with those of Cu2Se and 

Cu2Te. 
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Figure 1-6: a) Thermal conductivity and b) figure of merit of the binary copper chalcogenides. 

α-Cu2Se undergoes a phase transition around 410 K into the fast ion conducting β form, 

wherein the Se atoms form a face-centered lattice with Cu atoms being kinetically disordered 

over various interstitial positions. Since 2012, various investigations have revealed high zTmax 

values from 973 K to 1000 K, including zT= 1.5 after traditional solid state synthesis53, 1.6 after 

ball-milling54, 1.8 after self-propagating synthesis55, 1.8 after melt-quenching56, and finally a 

zTmax= 2.1 after inclusions of defects on the nanoscale57. 

Cu2Te has five different phases, and interestingly, Cu2Te exhibits the lowest albeit still 

impressive thermoelectric performance of the binary copper chalcogenides. At the highest 

temperature, above 850 K, the cubic ε-phase persists, where the highest zT values are found. 

Undoped Cu2Te was reported to only have a zTmax = 0.29 at 900 K, while Ag-doping led to a 

substantial enhancement of zTmax= 1.0 at 900 K.58 Subsequently it was shown that similar if not 

superior values (a zTmax = 1.1 at 1000 K) can be achieved without Ag, namely via minimizing the 

carrier concentration.59 
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1.5.3 Ternary Chalcogenide Thermoelectric materials 

Thallium tellurides have increasingly attracted attention since the report of (an 

extrapolated) zTmax= 1.2 for zone-melted Tl9BiTe6 in the year 2001, with an ultralow lattice 

thermal conductivity of κL= 0.4 W m–1 K–1.60 In contrast to PbTe and Bi2Te3, this material is 

bestowed with a complex crystal structure as a consequence of distorted coordination polyhedra 

around the thallium atoms, whereas Pb is surrounded by an ideal octahedron of six Te atoms in 

PbTe and Bi by an almost undistorted octahedron in Bi2Te3. This is a consequence of the 

stereochemically active lone pair of Tl+. It should also be noted that Tl9BiTe6 contains over 56 

atomic percent Tl, resulting in a higher averaged molar mass of 175.9 g mol–1, compared to 167.4 

g mol–1 for PbTe and 160.2 g mol–1 for Bi2Te3. Other substitution variants in polycrystalline form 

have matched or even exceeded this performance after optimizing the electron concentration, 

namely Tl9Bi0.98Te6,61 Tl8.05Sn1.95Te6 and Tl8.10Pb1.90Te6,25 with zTmax values ranging from 1.1 to 1.4. 

Thallium silver tellurides also exhibit promising performance values because of the ultralow 

thermal conductivity; for example, TlAg9Te5 reaches zTmax at 700 K with a value of 1.23,62 and Cu 

doped TlAgTe reaches zTmax = 0.6 at 575 K. Sn-doped Tl9BiTe6 shows competitive zT value, 0.95 

at 500 K. Tl10-xSnxTe6 and Tl10-xPbxTe6, with x varying between 1.9 and 2.05 reached zTmax values 

of 1.26 and 1.46 at 685 K, respectively. Tl2SnTe5 also exhibits impressive high zT value, zT = 0.85 

at 400 K, which is comparable to Bi2Te3. 

 Other silver containing telluride materials, namely CsAg5Te3, exhibits a high zT of 1.5 at 

727 K and an extraordinarily low lattice thermal conductivity (0.18 W m-1 K-1), due to its “cage 

rattling” crystal structure.63 The figure-of-merit of Se doped AgSbTe2 reaches a zTmax = 1.37 at 
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about 565 K as a p-type semiconductor.44 Silver containing argyodite such as Ag8GeSe6, Ag8SiSe6， 

Ag8SnSe6, and silver containing tellurides Ag8SiTe6 and Ag8GeTe6 also represent promising 

thermoelectric candidates at high temperature due to their high ionic mobility and disorder 

induced by silver ion migration. Their thermoelectric properties are summarized in Table 1-1. 

Table 1-1: A thermoelectric performance summary of silver containing chalcogenides   

Material Type κL (W m-1 K-1) at T  zTmax at T Reference 

Ag8GeSe5.88 n 0.35 at 900 K 0.55 at 900 K 64  

Ag8GeTe6 p 0.30 at 703 K 0.48 at 703 K 65 

Ag8SnSe6 n 0.20 at 900 K 1.20 at 900 K 66 

Ag8SiTe6 p 0.31 at 800 K 0.49 at 800 K 67 

Ag8SiSe6 n 0.30 at 340 K 0.75 at 340 K 68 

 

1.6 Scope of This Thesis 

 Prior to this work, thallium tellurides have shown low thermal conductivity and promising 

TE properties, such as TlAgTe,69 TlAg9Te5,62 and Tl2SnTe5
24 due to their heavy molar masses and 

complex structures. The reported Tl4Ag24-xTe15-y crystal structure possessed an impossibly short 

Te-Te distance1, so the initial investigation started with solving the appropriate structural model 

for this material. Additionally, there is no thermoelectric data for this material, and it is more 

interesting to explain its excellent TE performance originating from its composite misfit structure. 

Tl4Ag18Te11 was reported to be a structure with some disordered Tl sites rattling in the 

cuboctahedral voids70, and cage rattling structure was reported to help reduce the lattice thermal 
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conductivity, such as the filled skutterudites71–73 and clathrates.4,74,75 Herein, investigating the 

thermal conductivity of Tl4Ag18Te11 is able to provide more information about the relationship 

between rattling atoms in crystal structures and lattice thermal conductivity. TlSbTe2 also 

attracted our interest because of its anisotropic structure and high TE performance76, we wanted 

to examine whether this compound possesses anisotropic electrical properties and further 

improve its zT by optimizing the carrier concentration.  
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Chapter 2: Experimental Procedures 

2.1 Synthesis Procedures 

 All starting materials were stored in an argon-filled MBRAUN glove box, assuring the 

oxygen and moisture contents inside below 0.6 and 0.1 ppm, respectively. The starting materials 

were weighed based on the stoichiometric ratios and loaded into a silica tube. The tubes 

containing the elements were then transferred to a vacuum line and evacuated to at least 2.4×10-

3 mbar, followed by being sealed utilizing a hydrogen and oxygen flame. Next, the sealed tubes 

were transferred into resistance furnaces. The details about the temperature program will be 

described in each chapter. 

 The as prepared ingots were manually ground into fine powder, and the powder was then 

sintered under a 5% hydrogen + 95% argon atmosphere employing an Oxy-Gon FR-210-30T-ASA-

160-EVC hot press furnace system in a hardened graphite die with an inner diameter of 12.7 mm. 

The detailed temperature and pressure profiles will be stated in each chapter. 

 The density of the pressed pellet, ρD, was determined by the Sartorius YDK01 density 

determination kit based on the Archimedean principle. Due to the buoyant force, the weight of 

an object soaked in the fluid (mf) reveals a lower value than in the air (ma). Assuming the density 

of the fluid is ρf, then ρD is given by 

𝜌𝐷 =
𝑚𝑎 × 𝜌𝑓

𝑚𝑎 − 𝑚𝑓
 



 
 

20 
 

 In this thesis, water is used as the fluid, and the air under standard conditions is assumed 

as 0.0012 g/cm3. Thus, the formula used after correcting the errors of air buoyancy is derived by 

𝜌𝐷 =
𝑚𝑎 × (𝜌𝑓 − 0.0012 𝑔/𝑐𝑚3)

𝑚𝑎 − 𝑚𝑓
+ 0.0012𝑔/𝑐𝑚3 

2.1.1 Phase Diagrams 

  Phase diagrams can be applied as a useful tool to determine the solid state synthesis 

process. A peritectic reaction usually requires a quenching followed by an annealing below the 

peritectic point to achieve a pure modification of the sample. In contrast, a eutectic reaction does 

not have that requirement, but is often performed with a slow cooling to obtain high quality 

crystals.  

2.2 Characterization  

The wavelength of X-rays is between 0.01 nm and 10 nm, and it is one of the important tools 

for material characterization. X-rays can interact with the electrons elastically or inelastically. 

When a photon strikes an electron that is tightly bound with the core, an elastic collision occurs 

where the electron stays at the same position. The scattered photon wave possesses the same 

energy as the incident wave, which is referred to as a coherent scattering process, or diffraction. 

Diffraction patterns can reveal information about the atom’s position. Single crystal and powder 

diffractometers allow for structure determination of materials. However, in an incoherent 

scattering process, or Compton scattering, the incident X-ray loses energy and changes direction, 

and the lost energy is converted into the kinetic energy of the electrons. The wavelength of the 
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incoherently scattered photons is longer than that of the incident waves because of the lower 

energy.  

Diffraction techniques is usually not enough for revealing the whole structural information, 

so electron microscopy is widely used to remedy the insufficiency. Electron microscopes are 

designed based on either transmission or reflection. The specimen detected by a transmission 

electron microscopy (TEM) has a restrict thickness requirement, usually thinner than 200 nm, 

because electrons cannot penetrate through thick particles. With reflection instruments, such as 

scanning electron microscopy (SEM), the specimen thickness is no longer an issue, so the sample 

preparation criteria are easier. If the sample has poor electrical conductivity, a thin layer metal 

coating must be applied to avoid charge accumulation on the surface. SEM can be applied with 

the combination of energy dispersive spectroscopy (EDX) to provide more valuable information 

about the elemental topography and sample composition. 

2.2.1 Powder X-ray Diffraction  

 The phase purity of all samples in this thesis was verified by an INEL X-ray powder 

diffractometer with a position-sensitive detector and Cu Kα1 X-ray radiation source with a 

wavelength of 1.540598 Å, under the acceleration voltage and current of 30 kV and 30 mA, 

respectively. The powder X-ray diffraction (PXRD) patterns were collected at room temperature 

in air atmosphere, with a 2θ between 5° and 120°. 

 The fundamental principle of PXRD is presented in Figure 2-1. When an X-ray beam hit a 

crystal in which atoms are periodically arranged with an incident angle of θ, a diffracted beam is 

emitted also with angle of θ. The waves of the emitted photons can interfere with each other, 
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leading to both constructive and destructive interference in various orientations. In the selected 

orientations, the constructive interferences are collected, which then are plotted as a function 

of angle. In terms of the Bragg’s law, the variance in the path length of two diffracted beam 

should equal to an integer multiple (n) of the wavelength (λ), which satisfies the requirements to 

generate constructive interference.  

nλ = 2dhklsinθ 

                              

Figure 2-1: The illustration of the Bragg’s law. 

The atomic plane distance, dP, is derived by  

1

𝑑ℎ𝑘𝑙
2 =

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
 

where, a, b, c are lattice parameters; h, k, l are the Miller indices. 

The intensity of the radiation scattered is given by the Thomson equation: 

IP ∝
1

2
(1 + 𝑐𝑜𝑠22𝜃), 

where IP is the scattered intensity at any point, P. Based on this equation, one can see that the 

highest intensity occurs when parallel or antiparallel to the incident beam. The Thompson 
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equation is also known as the polarization factor, and it is widely used during the angular 

correction processing of intensity data. 

 Each element has a different scattering power factor, f, which is proportional to the 

atomic number, Z, and decreases with increasing Bragg angle, 𝜃. Then, an individual diffracted 

wave by atom j can be represented by the form  

Fj = fj (cos δj + i sin δj) = fjeiδj 

where δ is the phase given by δ = 2π (hx + ky + lz). The summation of a unit cell then can be 

carried out by the structure factor, Fhkl. 

Fhkl = ∑ 𝑓𝑗(𝑐𝑜𝑠𝛿𝑖 + 𝑠𝑖𝑛𝛿𝑖)𝑗  

 The structure factor can be classified as observed one 𝐹ℎ𝑘𝑙
𝑜𝑏𝑠 and calculated one 𝐹ℎ𝑘𝑙

𝑐𝑎𝑙. The 

level of agreement between these two values is defined by the residue factor, R. 

𝑅 =
∑ ||𝐹ℎ𝑘𝑙

𝑜𝑏𝑠| − |𝐹ℎ𝑘𝑙
𝑐𝑎𝑙||

∑|𝐹ℎ𝑘𝑙
𝑜𝑏𝑠|

 

The lower the R value, the more likely the structure is correct, in solving an unknown crystal 

structure. A typical magnitude of R to ensure the correctness of the structure is lower than 0.1. 

Here, the Rietveld refinements are implemented by the General Structure Analysis System 

(GSAS)46 via the graphical interface EXPGUL77. 
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2.2.2 Single Crystal X-ray Diffraction 

Single crystal X-ray diffraction is applied to determine the unit cell and space group of the 

compound. The single crystal information obtained in this thesis was obtained using a Bruker 

APEX II diffractometer, with a Mo Kα (λ = 0.71073 Å) X-ray radiation. The collected data were 

analyzed by the APEXII package software developed by the Bruker company. The data collected 

were processed by the program SHELXTL78, to derive the diffracted beams into the real lattice 

information. The goodness of the refinement is weighed by the R factor (R1) and weighted R 

factor (wR2), where wR2 is calculated by  

𝑤𝑅2 = √
∑ 𝑤(𝐹ℎ𝑘𝑙

𝑜𝑏𝑠2
− 𝐹ℎ𝑘𝑙

𝑐𝑎𝑙2
)2

∑ 𝑤(𝐹ℎ𝑘𝑙
𝑜𝑏𝑠2

)2
 

with w is the weighting parameter. Incommensurate composite superstructure models were 

refined by JANA2006 package.79  

2.2.3 Scanning Electron Microscopy and Energy Dispersion X-Ray Spectroscopy 

 SEM works in a resolution range of 10-2 to 102 µm. In this thesis, the SEM was performed 

by an FEI Quanta Feg 250 ESEM (with EDX) under an acceleration voltage of 20 kV. The SEM is 

composed of a vacuum system, a high energy electron source, and a detector. SEM requires an 

evacuated working environment, not only because the filament will be quickly burnt out in air, 

but also because the electrons may collide with the gas molecules resulting in lower quality of 

the image. The fundamental principles of SEM utilize the interactions between accelerated 

electrons and the sample, producing various types of signals such as secondary electron signal, 

Auger electron signal, backscattered electron signal or X-ray signal.  
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Figure 2-2: Graphic demonstration of the generation of (a) secondary electrons, (b) backscattered 
electrons, (c) characteristic X-rays. 

 When high energy radiation hits matter, it can result in different products, as shown in 

Figure 2-2. Secondary electrons (SE) are produced when electrons in the sample are ejected by 

the primary radiation with sufficient energy that exceeds the ionization potential, which is an 

inelastic scattering process, illustrated in Figure 2-2a. Secondary electrons are generally low in 

energy (below 50 eV), so they can be easily absorbed. Consequently, the secondary electron 

detector can only collect the signal from the surface of the sample, which is more favorable to 

revealing the topographic information of the specimen. Whereas backscattered electrons (BSE) 

originate from an elastic scattering event due to the interactions between the nuclei and the 

primary radiation, demonstrated in Figure 2-2b. Backscattered electrons generally possess high 

energy and travel through the deep area of the sample, providing more useful data on the 

sample’s composition.  

 When a secondary electron is generated as mentioned above, a vacancy is formed, and 

another electron from outer shell that has higher energy will jump to the vacancy. The energy 

difference between the inner shell and outer shell, as a result, can be offset by releasing an X-ray 
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of the corresponding energy difference. Different elements have specific energy differences 

between the shells, so measuring the energies of these emitted X-rays allows the detection of 

elemental distribution in the sample. 

2.3 First Principle Calculations 

Computational electronic structures were determined by density functional theory (DFT) in 

order to predict and understand the properties of materials in more depth. The purpose of DFT 

is to replace the wave function with electron density as the basic quantity of research. The multi-

electron wave function has 3N variables (N is the electron number, and each electron contains 

three spatial variables). However, electron density only possesses a function of three variables, 

which is more convenient in both concept and practice.  

 The earliest form of approximation to the exchange-correlation energy functional in DFT 

is based on the relationship between the energy of free electron gas and the density, which is 

called local-density approximation (LDA). Nonetheless, the electron density is not uniform, 

because the electrons are not totally free (including the interaction between electrons and the 

interaction between nucleus and electrons). For the periodic systems, the electron density is 

approximate to be uniform, so the LDA assumption is quite successful in this case.  

In this research, the nonempirical, Perdew-Burke-Ernzerhof (PBE) generalized gradient 

approximation (GGA) is the main method that was employed.80 This PBE function belongs to the 

hybrid functional method, which mixes exact exchange with density functional approximations 

to exchange-correlation. Additionally, the Tran-Blaha modified Becke-Johnson (mBJ) potential 

was also employed for more accurate band gap calculations.81 mBJ potential uses the semilocal 



 
 

27 
 

exchange potential which adds corrections of the screening effect to the local approximation of 

the exact exchange potential. All the band structure and density of states (DOS) calculations were 

performed by the Wien2k package82 in this thesis.  

2.4 Physical Property Measurements  

2.4.1 Thermodynamic Measurements 

 Both differential scanning calorimetry (DSC) and thermogravimetry (TG) were conducted 

by a Netzsch STA 409 PC Luxx under a constant argon flow using sapphire as the reference. 

Decomposing points, melting points and phase transitions that occurred as temperature 

increased were studied through analyzing the data obtained by DSC. The obtained decomposing 

temperature and melting temperature are able to assist in determining the hot press conditions, 

in order to obtain denser pellets before decomposing.  

2.4.2 Electrical Conductivity and Seebeck Coefficient Measurements 

. The electrical conductivity and the Seebeck coefficient were measured by a ULVAC-Riko 

ZEM-3 instrument under an ultrapure helium atmosphere. The samples were cut into a 

rectangular prism shape with an approximate dimension of 10 × 2 × 2 mm. As illustrated in Figure 

2-3, the bar is set in a vertical position between two electrodes, where the side contacts two R-

type thermocouples. In the measurement, a constant current (I) and a heat from the bottom 

electrode are provided, with two thermocouples detecting the voltage (dV) and temperature 

differences (dT). As a result, the Seebeck coefficient can be determined by  

S = dV/dT 
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The resistance of the area between the two thermocouples in the sample, R, can be calculated 

by 

R = dV/I 

In addition, based on Ohm’s law, the electrical resistivity (ρ), and the electrical conductivity (σ) 

are determined by  

ρ = 1/σ = R∙A/d 

where A is the surface area of the specimen, and d the length between the two thermocouples. 

This four-point electrical conductivity measurement method can avoid the error caused by the 

contacting resistance. The experimental error margin for S and σ are estimated as ±3% and ±5%, 

respectively. 

 

Figure 2-3: Overview of ZEM-3 instrument and schematic demonstration of its working principle.  

2.4.3 Thermal Conductivity Measurements 

 Thermal diffusivity (D) was measured on hot pressed pellets with a diameter of 12.7 mm 

and heights approximating 2 mm, utilizing a TA-instruments LASERFLASH DLF-1200 system 

under an ultrapure argon atmosphere. This instrument qualifies D utilizing the flash method 

which can be implemented at high temperatures and minimize the heat loss by reducing the 
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measuring duration. The sample pellets are pre-coated with a thin layer of colloidal graphite in 

order to achieve an even sample surface, a homogeneous heating, and a better absorption and 

emissivity. A laser provides an instantaneous energy pulse to the bottom face of the disc, and an 

infrared detector stands above the upper face to register the temperature change with time after 

each laser pulse. The equation to determine D is expressed as 

𝐷 = 0.1388
𝐿𝐷

2

𝑡1/2
 

with 𝐿𝐷 referring to the thickness of the measured disk, and 𝑡1/2 the time to reach half of the 

maximum temperature. Then, the thermal conductivity is derived by  

κ = D c ρD 

where ρD represents density of the pellet, and c the heat capacity. High temperature c is usually 

estimated through the Dulong-Petit law, where R defines the gas constant and M the average 

molecular mass of the material chemical composition.  

c = 3R/M 

The experimental error range for κ is approximated as ±5%. 

 The overall error range for zT is postulated as ±10%.  
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Chapter 3: Thermoelectric Properties of Tl2Ag12Se7 

3.1 Introduction 

At first the new selenide introduced with this contribution, Tl2Ag12Se7, appeared to be 

isostructural with K2Ag12Se7
83 and K2Ag12Te7

84 (Zr2Fe12P7 type),85 or with Tl4Ag24–xTe15–y,1 based 

on its very similar X-ray powder diagram. However, our single crystal structure studies revealed 

that it actually crystallizes in a √3 × √3 × 1 super cell of the Zr2Fe12P7 type, while Tl4Ag24–xTe15–y 

was reported to adopt a 1 × 1 × 2 super cell of the Zr2Fe12P7 type. Like many of the above-

mentioned thallium chalcogenides, this material is bestowed with a very low thermal 

conductivity. 

This Chapter was published as a pnp semiconducting transition behavior due to an artifact 

of the measurement device. Subsequent high temperature X-ray photoelectron spectroscopy 

(XPS) investigations into the phase transition did not reveal any obvious changes to the electronic 

states of any element, indicating that no pnp transition occurred. Upon further inspection, the 

raw data collected from the ULVAC ZEM-3 instrument exhibited positive Seebeck values at all 

temperatures, but the voltage difference versus temperature difference exhibits an inversely 

proportional relationship. Therefore, the slope (i.e. Seebeck coefficient) was erroneously 

determined to switch from p- to n-type and back.  
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3.2 Experimental Procedures 

The synthesis began from the elements, stored in an argon filled glovebox. The elements 

were used as acquired: Tl, granules, 6 mm, 99.99%, Alfa Aesar; Ag, shots, 99.99%, Strem 

Chemicals; Se, pellets, <5 mm, 99.99%, Sigma-Aldrich. The ternary selenide was first synthesized 

starting from the elements in the molar ratio of 4:22:15 Tl : Ag : Se, for a total amount of 

approximately 500 mg. This ratio was chosen to investigate whether the Se analog to Tl4Ag24–

xTe15–y (x = 2, y = 0) exists. The tube was placed into a resistance furnace, and then heated to 1023 

K within 20 h, kept at 1023 K for 10 h, and thereafter slowly cooled over 100 h to room 

temperature to obtain crystals for a single crystal analysis. 

The obtained X-ray diffraction pattern, collected at room temperature for 60 min in the 2θ 

range from 5° to 120°, strongly resembled the one calculated from the published model for 

Tl4Ag24–xTe15–y.1 After successful structure solution and refinement, we obtained the formula 

Tl2Ag12–xSe7 with x = 0.14(2). To verify whether or not deficiencies on the Ag sites are always 

present, we repeated this reaction with a ratio of 2:12:7 Tl : Ag : Se. No side product peaks were 

detected in the X-ray powder pattern (Figure 3-1), and a second single crystal structure study 

revealed no significant differences, resulting in the formula Tl2Ag12–xSe7 with x = 0.16(2). 
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Figure 3-1: Powder X-ray diffraction patterns of Tl2Ag12Se7. 

Next, several grams of a sample of the nominal composition “Tl2Ag11.86Se7” were prepared 

for the physical property measurements. Again, no side products were identified in any of the X-

ray powder diagrams obtained from these reactions 

Data collections were carried out at room temperature on a Bruker Smart Apex CCD and 

a Bruker Kappa Apex II CCD, respectively, utilizing Mo Kα radiation. The plate-like-shaped black 

crystals were selected under an optical microscope and attached to a very thin glass fiber via 

epoxy glue. After the determination of preliminary unit cells, the data were collected by scanning 

ω and ϕ of 0.3° in different sets of frames for full data coverage and low redundancy, using the 

search strategy part of the APEX II suite. The exposure time was 60 s per frame. 
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In contrast to the related selenides K2Ag12Se7 (space group P63/m)83 and K2Ag12Se7.11 

(space group P63),86 both synthesized via solvothermal methods, no systematic absences were 

observed, which stands against this structure having a 63 screw axis as well. The structure was 

solved in the space group P3̅, employing the direct method, and refined using the least-squares 

procedure of the SHELXTL package. The tidy routine of the Platon program package87 was utilized 

to standardize the atomic positions. Its addsymm part was applied to identify potential additional 

symmetry elements; none were found. 

Since the Ag sites in many silver chalcogenides exhibit various deficiencies, we tentatively 

refined the occupancies of all six Ag sites. Three thereof remained at full occupancy (99–100%) 

within two standard deviations, and the other three had occupancies of 97–98%; i.e., the 

deficiencies were larger than three standard deviations. This resulted in the refined formula 

Tl2Ag11.86(2)Se7. To analyze whether or not these deficient Ag sites may be fully occupied, we 

repeated the procedure from a sample of nominal composition “Tl2Ag12Se7”, corresponding to 

six fully occupied Ag sites. In this case, we refined the Ag site occupancies to be equal to those of 

Tl2Ag11.86(2)Se7 within error, resulting in Tl2Ag11.84(2)Se7. Finally, we used the structure model of 

K2Ag12Se7.11 for a tentative refinement in P63, but then multiple problems occurred in the linear 

Se atom chains. Crystallographic data are summarized in Table 3-1, atomic positions are listed in 

Table 3-2, and selected bond distances are given in Table 3-3. 

 

 

https://pubs.acs.org/doi/full/10.1021/acs.chemmater.7b04015#tbl1
https://pubs.acs.org/doi/full/10.1021/acs.chemmater.7b04015#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.chemmater.7b04015#tbl3
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Table 3-1: Crystallographic details of Tl2Ag11.86Se7. 

Formula Tl2Ag11.86(2)Se7  Tl2Ag11.84(2)Se7 

FW 2241.16 2238.86 

Crystal System trigonal trigonal 

Space Group P3̅ (No. 147) P3̅ (No. 147) 

a, c (Å) 18.9153(18), 

4.3783(4) 

18.910(3),  

4.3769(8) 

V (Å3) 1356.6(2) 1355.5(5) 

Z 3 3 

Density (g cm–3) 8.230 8.228 

Absorption Coefficient (mm–1) 44.324 44.339 

F(000) 2873 2870 

Crystal Size (mm) 0.04 × 0.04 × 0.01 0.06 × 0.04 × 0.05 

Temperature (K) 296(2) 296(2) 

Radiation (Å) 0.71073 0.71073 

Total, Unique Data, R(int) 7783, 2651, 0.0483 9637, 2637, 0.0530 

Observed Data [I > 2(I)] 1553 1333 

No. of Reflections, Parameters 2651, 100 2637, 100 

R(Fo),a Rw(Fo
2),b GOF (obs. Data) 0.0492, 0.0938, 1.163 0.0592, 0.0914, 1.277 

min., max. residual electron density [e Å–

3] 
-2.992, 5.191 -2.943, 6.006 

a)R(Fo) = ||Fo|–|Fc|| / |Fo|; b) Rw(Fo
2) = [ [w(Fo

2 – Fc
2)2] / [w(Fo

2)2] ]1/2, with Fo and Fc being 
the observed and calculated structure factors, respectively.  
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Table 3-2: Fractional atomic coordinates and equivalent isotropic displacement parameters and 
occupancies of Tl2Ag11.86Se7. 

 x y z Ueq/Å2 occ 

Tl1 0.33357(3) 0.00000(3)  0.25103(3) 0.03154(16) 1 

Ag1 0.06808(8) 0.56432(8)  0.2361(3) 0.0441(3) 1 

Ag2 0.13091(10) 0.00672(8)  0.2257(3) 0.0562(6) 0.980(6) 

Ag3 0.16268(8) 0.26496(8) 0.2795(3) 0.0441(3) 1 

Ag4 0.20780(9) 0.53418(10)  0.2778(3) 0.0552(6) 0.971(6) 

Ag5 0.40134(8) 0.23077(8) 0.2172(3) 0.0439(3) 1 

Ag6 0.54206(10) 0.20183(10) 0.2656(3) 0.0582(6) 0.981(6) 

Se1 0.23834(8) 0.17650(8) 0.2305(2) 0.0246(3) 1 

Se2 0.27117(8) 0.42824(8) 0.2744(2) 0.0240(3) 1 

Se3 0.60476(8) 0.09475(8) 0.2582(2) 0.0241(3) 1 

Se4 1/3 2/3 0.0098(7) 0.0463(7) 1 

Se5 0.0000 0.0000 1/2 0.0426(9) 1 

 

Table 3-3: Interatomic distances (Å) of Tl2Ag11.86Se7. 

Tl1−Se2 3.3212(12) Ag5−Se3 2.7029(18) 

Tl1−Se1 3.3414(13) Ag5−Se1 2.7199(18) 

Tl1−Se3 3.3586(17) Ag5−Se2 2.7468(17) 

Tl1−Se2 3.4109(16) Ag5−Se2 2.8048(17) 

Tl1−Se1 3.4457(13)   

Tl1−Se3 3.4649(12) Ag6−Se4 2.708(2) 

  Ag6−Se2 2.7541(17) 

Ag1−Se2 2.7030(18) Ag6−Se3 2.8130(19) 

Ag1−Se3 2.7178(18) Ag6−Se2 3.020(2) 

Ag1−Se3 2.7613(17)   

Ag1−Se3 2.8006(17) Ag1−Ag4 2.9750(19) 
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  Ag1−Ag6 3.1388(18) 

Ag2−Se5 2.6973(14) Ag1−Ag6 3.149(2) 

Ag2−Se1 2.7447(17) Ag1−Ag1 3.250(2) 

Ag2−Se1 2.8137(19)   

Ag2−Se1 3.035(2) Ag2−Ag3 2.9800(19) 

  Ag2−Ag2 2 × 3.121(2) 

Ag3−Se1 2.6998(18) Ag2−Ag3 3.132(2) 

Ag3−Se2 2.7225(18) Ag2−Ag3 3.1631(18) 

Ag3−Se1 2.7449(17)   

Ag3−Se1 2.8136(17) Ag3−Ag5 3.3195(18) 

  Ag3−Ag5 3.3389(18) 

Ag4−Se4 2.7101(19)   

Ag4−Se3 2.7588(17) Ag4−Ag5 3.121(2) 

Ag4−Se2 2.8027(19) Ag4−Ag6 2 × 3.150(2) 

Ag4−Se3 2.999(2) Ag4−Ag5 3.1510(18) 

  Ag5−Ag6 2.981(2) 

 

The calculation on Tl2Ag12Se7 (assuming fully occupied Ag positions) was performed with 

120 independent k points of the first Brillouin zone on a grid of 6 × 6 × 24 k points along the 

respective vectors of the reciprocal lattice, with the convergence criterion of the energy change 

being less than 0.0001 Ry. 

The thermal behavior of Tl2Ag11.86Se7 was investigated on a ground sample of 

approximately 30 mg by differential scanning calorimetry (DSC) and thermogravimetry (TG) using 

the NETZSCH STA 409 PC Luxx instrument. The experiment was carried out under a constant 

argon flow with a heating rate of 20 K/min up to 823 K using sapphire as reference sample. The 
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densifying was performed at 623 K under 70 MPa for 6 h, resulting in a density of 98% of the 

theoretical density.  

All XPS measurements were collected using a Kratos (Manchester, UK) AXIS Supra system 

at the Saskatchewan Structural Sciences Centre (SSSC). This system is equipped with a 500 mm 

Rowland circle monochromated Al Kα (1486.6 eV) source and combined hemi-spherical analyzer 

(HSA) and spherical mirror analyzer (SMA). A spot size of hybrid slot (300 x 700 microns) was used. 

All survey scan spectra were collected in the -5 – 1200 eV binding energy range in 1 eV steps with 

a pass energy of 160 eV. High resolution scans of 4 regions were also conducted using 0.05 eV 

steps with a pass energy of 20 eV. An accelerating voltage of 15 keV and an emission current of 

15 mA were used for the analysis. All scans were performed at room temperature (25°C), 90°C, 

135°C, 160°C and room temperature (25°C) at the end after the heating experiments were 

performed.  

New low temperature Seebeck coefficient and electrical conductivity was measured by a 

PPMS from Quantum Design. 

3.3 Results and Discussion 

The room temperature crystal structure of Tl2Ag12Se7 is depicted in Figure 3-2. As a variant 

of the Zr2Fe12P7 type adopted by K2Ag12Se7 and K2Ag12Te7, it features a three-dimensional tunnel 

structure constructed by covalently bound AgSe4 tetrahedra, whose tunnels are filled by Tl atoms. 

Because of the √3 × √3 super cell in the a,b plane, each unit cell of Tl2Ag12Se7 is comprised of two 

symmetry inequivalent—yet topologically equivalent—clusters. These clusters are both centered 
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by a chain of Se atoms, Se4 and Se5, running along [1/3, 2/3, z] and [0, 0, z]. These two Se sites, 

highlighted in red in Figure 3-3, are each octahedrally coordinated by six Ag atoms. 

 

Figure 3-2: Crystal structure of Tl2Ag12Se7. 

 

Figure 3-3: Two independent chains of Se-centered clusters of Tl2Ag12Se7. 

The structure of K2Ag12Se7.11 is topologically equivalent in a view down the c axis, but 

exhibits strongly disordered Se atoms in those linear chains with a small but significant Se excess. 
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On the other hand, the telluride (and Zr2Fe12P7) has only one such cluster, and thus only one 

independent chalcogen chain per unit cell. 

All Ag atoms are tetrahedrally coordinated by Se atoms in the structure of Tl2Ag12Se7, with 

Ag–Se distances varying between 2.70 and 3.04 Å. As a consequence of the edge condensation 

of the AgSe4 tetrahedra, numerous Ag–Ag contacts of 2.98–3.16 Å occur. Such d10–d10 Ag–Ag 

interactions are quite common in Ag selenides, and typically of bonding character, as discussed 

in the case of Tl2NdAg3Se4.88 

The Tl atoms are coordinated to six Se atoms at distances of 3.32–3.46 Å forming a 

trigonal prism, with the shortest Tl–Tl distances being >4 Å along the c axis. These Tl–Se distances 

are typical for thallium selenides, which often also comprise Tl–Tl contacts shorter than 3.7 Å. 88 

The lack of such secondary contacts is likely a consequence of the small Tl content of less than 

10 at. % in this structure and may enable a substitution of Tl with alkali metal atoms, in contrast 

to more Tl-rich chalcogenides such as Tl2NdAg3Se4, 88 Tl9BiTe6,60 and Tl10–xSnxTe6 and Tl10–

xPbxTe6.25 Thusly, both K2Ag12Se7
83 and K2Ag12Se7.11

86 adopt similar yet different structures 

wherein the K atoms are also forming a linear chain of KSe6 trigonal prisms. 

Since there are no Se–Se contacts shorter than 4 Å, we can assign the typical oxidation 

states of Tl+, Ag+, and Se2–, resulting in the balanced formula (Tl+)2(Ag+)12(Se2–)7. Thus, the 

stoichiometric material appears to be an intrinsic semiconductor, which is confirmed by the 

density of states (DOS), presented in Figure 3-4, revealing a (calculated) band gap of 0.5 eV. It 

should be noted, however, that this calculation method usually results in smaller band gaps, 

compared to experimental methods. 
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Figure 3-4: Density of states of Tl2Ag12Se7. 

The states both above and below the Fermi level (dashed horizontal line) comprise Ag as 

well as Se contributions because of the covalent character of the Ag–Se interactions. The region 

between −3 and −6 eV is dominated by the (filled) Ag d states, while the Tl states have only 

negligible contributions, in part caused by the small amount of Tl in this material. The Tl-s states 

occur below the selected energy window. 

Upon heating, two phase transitions are observed, namely, at 410 K and at 710 K (Figure 

3-5). The first reversible one (α–β) corresponds to a minor change in the crystal structure, as no 

obvious changes were identified in a powder diagram obtained at 453 K, and the latter likely 

corresponds to the melting point. A comparison with a previous phase diagram study of the 

Tl2Se–Ag2Se system implies that Tl2Ag12Se7 was originally identified as “TlAg7Se4”, which would 

incongruently melt into a more Tl-rich liquid and solid Ag2Se at 699 K.89 Upon fast cooling, one 
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obtains Tl2Ag12Se7 and a small amount of “TlAg3Se2”, which explains the occurrence of a second 

crystallization peak. The shifts in the peak positions of the heating and cooling curves are a 

consequence of the fast cooling rate, causing a delay in the onset of the phase transitions. 

 

Figure 3-5: DSC of Tl2Ag12Se7. 

 

Figure 3-6: Electrical conductivity of Tl2Ag12Se7. 
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The electrical conductivity (σ) curve exhibits more or less an exponential increase with 

increasing temperature, as predicted for an intrinsic, or slightly doped, semiconductor (Figure 3-

6). This implies that the charge carrier concentration remains low during the phase transition, 

while changing its dominant character from holes to electrons to holes. The σ values range from 

0.04 Ω–1 cm–1 at 303 K to 2.0 Ω–1 cm–1 at 586 K. These values are too small for the thermoelectric 

energy conversion, where σ values of the order of several hundred Ω–1 cm–1 are required. 

The almost exponential temperature dependence of the electrical conductivity allows for 

an experimental estimation of the band gap, Eg, from the slope of the lnσ vs 1/T curve (Figure 3-

7). We obtained a linear fit with a regression coefficient of R2 = 0.999, and Eg = 0.8 eV. As expected, 

the experimental band gap is larger than the calculated one of 0.5 eV, while of the same order of 

magnitude. 

 

Figure 3-7: Linear fit of the lnσ, 1/T curve. 

The thermal conductivity remains below κ = 0.45 W m–1
 K–1 during the whole data 

collection up to 578 K (Figure 3-8). These values are significantly lower than those of benchmark 
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thermoelectric bulk materials such as Bi2Te3 and PbTe, and comparable to those of Tl-rich 

chalcogenides such as Tl9BiTe6
60 and Tl10–xSnxTe6 and Tl10–xPbxTe6.25 In this case, however, the Tl 

content is so small that the major driving force is the complexity of this structure, combined with 

partly deficient Ag sites and enlarged anisotropic displacement factors (ADPs, averaged to the 

Ueq values listed in Table 3-2), rather than the presence of Tl atoms. Specifically, the Se4 and Se5 

atoms of the linear Se chains and their surrounding Ag sites, Ag2, Ag4, and Ag6, display larger 

ADPs than the other Se and Ag sites, respectively, while the Tl site is inconspicuous in contrast to 

Tl10–xSnxTe6 and Tl10–xPbxTe6. 25 

 

Figure 3-8: Thermal conductivity of Tl2Ag12Se7. 

The thermal conductivity shows a peak during the phase transition, namely, a maximum 

of 0.44 W m–1 K–1 at 419 K, up from 0.36 W m–1 K–1 at 374 K. Thereafter, κ proceeds to gently 

decrease with increasing temperature because of the increasing lattice vibrations, down to 0.25 
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W m–1 K–1 at 578 K. Since the electrical conductivity remains small throughout this temperature 

range, the electronic contribution to the thermal conductivity is negligible. 

We attempted to investigate in more detail the originally observed pnp transition at the 

phase transition. The cause for the pnp transition was postulated as the variation of the charge 

of the chain of Se atoms. The XPS data of the Se atoms, compared at different temperatures, 

revealed no obvious change before and after the phase transition (Figure 3-9). The other two 

elements, Tl and Ag did not show any significant variation either. 

 

Figure 3-9: Se-3d XPS patterns of Tl2Ag12Se7 obtained at different temperatures. 

 We reinvestigated the raw Seebeck coefficient data collected and calculated from the 

ULVAC ZEM-3 instrument and found a problem in how the Seebeck coefficient was calculated. 

The ZEM-3 instrument software applied the least square fit method to calculate the Seebeck 

coefficient at certain temperatures based on three pre-set temperature differences. However, 
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this method is only precise when the voltage difference versus temperature difference 

corresponds to a linear relationship. The raw data of the voltage difference and the temperature 

difference obtained from the ZEM-3 instrument had an inversely proportional relationship, 

leading to a negative slope which was mistakenly interpreted as switching from p- to n- to p-type 

around the phase transition. This was likely caused by reaching the limits of the instrument 

because of the high Seebeck coefficient (Table 3-4). In fact, each Seebeck measurement resulted 

in a positive value, proving that the seemingly occurring pnp transition was an artifact of the 

analysis method.  

Table 3-4: Raw Seebeck data obtained from ZEM-3 device at 370 K, 410 K, and 460 K. 

Temperature 
(K) 

Seebeck Coefficient (µV K–1) Temperature Difference (K) 

 

370 

4590 1.63 

2941 2.44 

2189 3.28 

 

410 

4453 1.72 

3237 2.57 

2632 3.46 

 

460 

 

4846 1.69 

3262 2.51 

2462 3.36 

 

A new low temperature Seebeck measurement done with a PPMS confirmed that this 

material is p-type below 380 K, with high Seebeck values from 700 µV K–1 at 215 K to 550 µV K–1 

at 380 K (Figure 3-10). The data obtained from the PPMS revealed that all the Seebeck values are 
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in a normal magnitude, unlike suggested in the Table 3-4 obtained from the ZEM-3 instrument. 

Further investigations into accurate Seebeck values at high temperatures will be performed.  

 

Figure 3-10: Low temperature Seebeck coefficients of Tl2Ag12Se7. 

3.4 Conclusions 

A new selenide, Tl2Ag12Se7, was discovered and characterized. It crystallizes in a supercell of 

the Zr2Fe12P7 type. We determined this material to be a semiconductor with a very low thermal 

conductivity. Despite the low thermal conductivity, the thermoelectric performance is 

insufficient because of the low electrical conductivity. Increasing the charge carrier concentration 

would be required to be able to obtain useful thermoelectric properties, in addition to replacing 

the Tl atoms to reduce the toxicity. In the future, we will also re-analyze the Seebeck values at 

high temperatures and the phase transition.  
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Chapter 4: Thermoelectric Properties of Tl2Ag12Te7+δ 

4.1 Introduction 

Previously, the crystal structure of Tl4Ag24-xTe15-y was reported to be of the Zr2Fe12P7 type 

but include an impossibly short Te–Te distance, smaller than 2.4 Å. In addition, thallium silver 

telluride such as TlAgTe and TlAg9Te5 possess ultralow thermal conductivity, which gives the hope 

that Tl2Ag12Te7 could have low thermal conductivity.69,90 In this chapter, an incommensurate 

composite crystal structure with all the Te–Te distances larger than 2.8 Å was solved, and the 

electronic structure was simulated via four models with various Te atom chains along c axis. The 

high disorder of the linear Te atom chain contributes to an extraordinarily low thermal 

conductivity that further leads to the highest zT value achieved by a misfit structure material. 

This project ultimately supports the concept of using composite structures as TEs. 

4.2 Experimental Procedures 

The elements were used directly as required (Tl, granules, 6 mm, 99.99%, Alfa Aesar; Ag, 

shots, 99.99%, Strem Chemicals; Te, broken ingots, 99.99%, Strem Chemicals). To determine 

whether or not a phase width of the originally reported Tl4Ag24−xTe15−y (x = 2, y = 0) exists,1 we 

began with three different Tl:Ag:Te molar ratios of 4:22:14.5, 4:22:15, and 4:22:15.5. The samples 

were heated to 1173 K within 20 hours and then kept at 1173 K for ten more hours. For the single 

crystal growth, the furnace was slowly cooled down over 100 h. This yielded ingots that appeared 

to be homogeneous. Later for the property measurements, new, larger samples were simply 

water-quenched directly from 1173 K to save reaction time. 
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Ground samples of nominal compositions of “Tl4Ag22Te14.5”, “Tl4Ag22Te14.5”, and 

“Tl4Ag22Te14.5” were hot-pressed at 623 K and 70 MPa for 6 h, resulting in densities of 99% of the 

theoretical density, as determined via the Archimedes method.  

The diffraction patterns were collected at room temperature for 60 min in the 2θ range 

from 5° to 120°. No systematic differences were detected between them and the one calculated 

from the published model for Tl4Ag24–xTe15–y
1

 or the one calculated from our structure solution 

(Figure 4-1).  

 

Figure 4-1: PXRD Patterns of “Tl4Ag22Te14.5”, “Tl4Ag22Te15”, and “Tl4Ag22Te15.5” compared to the 
calculated sub cell. 

Scanning electron microscopy studies were performed on three samples with the nominal 

compositions “Tl4Ag22Te14.5”, “Tl4Ag22Te15”, and “Tl4Ag22Te15.5”. EDX mappings showed that all 
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three elements were distributed evenly through the whole area. No significant differences were 

found between the samples (Table 4-1). 

Table 4-1: EDX results on the “Tl4Ag24-xTe15-y” samples. Values calculated from the starting 
compositions are given in parentheses. 

Composition Tl Ag Te 

“Tl4Ag22Te14.5” 9.3% (9.9%) 56.0% (54.3%) 34.7% (35.8%) 

“Tl4Ag22Te15” 9.7% (9.8%) 55.8% (53.7%) 34.5% (36.6%) 

“Tl4Ag22Te15.5” 9.3% (9.6%) 56.1% (53.0%) 34.6% (37.4%) 

The DSC and TG measurements were implemented on a ground sample of approximately 

30 mg of “Tl4Ag22Te14.5”. The experiment was carried out under a constant argon flow with a 

heating rate of 20 K min-1 up to 823 K 

For single crystal structure studies, the data were collected by scanning ω and ϕ in steps 

of 0.3° in different sets of frames for full data coverage and low redundancy, using the search 

strategy part of the APEX II suite. The exposure time was 45 s per frame. In analogy with the 

related selenides K2Ag12Se7 (space group P63/m)83 and K2Ag12Se7.11 (space group P63),86 the 

systematic absences pointed to the existence of a 63 screw axis. The structure solution was found 

via direct methods in the space group P63 and then refined using the least-squares procedure of 

the SHELXTL package.78 The tidy routine of the Platon program package87 was utilized to 

standardize the atomic positions. Its addsymm part was applied to identify potential additional 

symmetry elements; none were found. The small Flack parameter of 0.15(4) is also indicative of 

a noncentrosymmetric space group. 
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Three of the five positions of this structure model, namely the two Ag sites and Te2, 

exhibit enlarged anisotropic displacement parameters, quite uniformly in the case of the Ag sites 

but very anisotropically in the case of Te2, with U33 > 10 × U11 (and U11 = U22). Refining the 

occupancies of all these three sites resulted in significant deficiencies, namely 97% occupancy for 

Ag1, 95% for Ag2, and 71% for Te2. This yielded a refined formula of Tl2Ag11.54(7)Te7.42(2), and a 

final agreement factor of R(Fo) = 0.039 (observed data). Crystallographic data of this model are 

summarized in Table 4-2, atomic positions are listed in Table 4-3, and selected bond distances in 

Table 4-4. Analysis of a second crystal from a reaction repeated under the same conditions 

confirmed the above results, with occupancies of 95%, 96%, and 67% for Ag1, Ag2, and Te2, 

respectively, with R(Fo) = 0.045 (observed data). 

Table 4-2: Crystallographic Details of the Subcell Refinement of Tl2Ag11.5Te7.4 

Formula Tl2Ag11.54(7)Te7.42(2)  

Crystal System Hexagonal 

Space group P63 (no. 173)  

a, c [Å] 11.4249(4), 
4.6210(2) 

V [Å3] 522.36(3)  

Z 1 

Density [g cm–3] 8.26 

Absorption coefficient [mm–1] 36.03 

F(000) 1090 

Crystal Size [mm] 0.04  0.04  0.01 

Temperature (K) 296(2) 

Radiation [Å] 0.71073 

Total, Unique Data, R(int) 2268, 568, 0.046 
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Observed Data [I > 2(I)] 548 

R(Fo),a Rw(Fo
2),b GOF (obs. Data) 0.039, 0.083, 1.08 

Min., max. residual electron density [e Å-3] -2.56, 3.26 
 

aR(Fo) = ∑||Fo| – |Fc||/∑|Fo|. 
bRw(Fo

2) = [∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]]1/2, with Fo and Fc being the observed and calculated 

structure factors, respectively. 
 

Table 4-3:  Fractional atomic coordinates, equivalent isotropic displacement parameters, and 
occupancies of the subcell refinement of Tl2Ag11.5Te7.4 

 x y z Ueq/Å2 occ. 

Tl1 1/3 2/3 0.1872(7) 0.0385(3) 1 

Ag1 0.1511(2) 0.2800(2) 0.197(1) 0.0531(7) 0.973(8) 

Ag2 0.4158(2) 0.0677(1) 0.182(1) 0.0458(6) 0.950(8) 

Te1 0.4219(1) 0.3148(1) 0.1853(5) 0.0254(3) 1 

Te2 0 0 0.15(1) 0.153(6) 0.71(1) 

 

Table 4-4: Interatomic distances (Å) of the subcell of Tl2Ag11.5Te7.4 

Tl1–Te2 3× 3.545(3)  Ag2–Te1   2.878(5) 

Tl1–Te1 3× 3.557(3)  Ag2–Te1   2.879(2) 

Ag1–Te2   2.782(4)  Ag2–Te1   2.903(5) 

Ag1–Te1   2.917(2)  Ag1–Ag2   2.967(2) 

Ag1–Te1   2.964(4)  Ag1–Ag2   3.001(6) 

Ag1–Te1   3.047(4)  Ag1–Ag2   3.107(6) 

Ag2–Te1   2.789(2)     

The large anisotropy of Te2, along with the (physically impossible) short distances to itself 

of c/2 = 2.31 Å by symmetry, caused us to closely inspect the reciprocal space images, suspecting 

a supercell along the c axis that would resolve both issues. Indeed, additional so far not indexed 
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satellite reflections were observed, with spacing indicative of an incommensurate supercell along 

the c axis.  

The modulated structure was solved using charge flipping in hyperspace as implemented 

in the program Superflip,91 using the same crystal data. The initial model of the modulated 

structure reveals that the Tl and the Ag positions are only slightly affected by the modulation, as 

might be expected from their uniform displacement parameters from the subcell refinement. 

The same is true for one of the Te positions, Te1, while Te2 shows a very strong positional 

modulation in line with its highly anisotropic displacement parameters in the subcell refinement. 

The shape of this modulation indicates that the structure is in fact a composite, and Te2 was 

therefore modeled using an alternative c axis given by c* (Te2) = c* × (1 − q), with q = −0.4403, 

thus yielding a c axis of 3.212 Å. Even in this composite model, the Te2 position must be described 

by quite a large modulation, and in the final model the atomic surface of Te2 was modeled using 

a sawtooth wave. This model was refined using the software package JANA2006,79 resulting in 

the formation of Te dimers and trimers along the c axis. According to this refinement, Te2 is fully 

occupied, but its repeat unit is smaller than the base cell because of the smaller c axis. With the 

c axis ratio being 4.626/3.212 = 1.44, it corresponds to a 144%/2 = 72% occupancy of Te2 with 

respect to the base cell (2 Te2 sites per base cell), comparable to the abovediscussed refined 

subcell refinement yielding an occupancy of 71(1)% for Te2 (Table 4-2). 

The atomic modulation functions can be found in the Appendix (Figures A1-A6). Refining 

the structure as a composite had a small impact on the lattice parameters of the base cell as well, 

resulting in a = 11.438(1) Å and c = 4.6256(5) Å, space group P63(00γ)s, and space group P6(00γ)s 

for the Te2 component. Final agreement parameters were R1(obs) = 6.7% for the main reflections, 
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R1(obs) = 12.7% for the first order satellites, and R1(obs) = 36.7% for the second order satellites. 

It should be noted that the second order satellites are very weak, and thus a poor fit between 

model and data is to be expected. Atomic positions are summarized in Table 4-5. 

Table 4-5: Fractional atomic coordinates, equivalent isotropic displacement parameters, and 
occupancies of Tl2Ag11.5Te7.4 from the composite refinement 

 x y z Ueq/Å2 occ. 

Tl1 1/3 2/3 0.1722(2) 0.0383(2) 1 

Ag1 0.15114(8) 0.27998(9) 0.1606(5) 0.0517(4) 0.96 

Ag2 0.41570(8) 0.06732(7) 0.1709(4) 0.0454(3) 0.95 

Te1 0.42194(4) 0.31456(5) 0.17142(2) 0.0252(2) 1 

Te2 0 0 0.19(1) 0.0762(7) 1 

For the electronic structure calculations, four different models, all with fully occupied Ag 

sites, were chosen for the composite structure; all of them based on the subcell refinement 

summarized in Tables 3−4. For model I, that subcell was used directly, with only one Te atom in 

the chain, corresponding to the formula Tl2Ag12Te7 in space group P3 (no. 143). The shortest 

Te−Te contact within the chain then equals the original c axis of 4.62 Å. For model II, we tripled 

the c axis and filled it with four Te atoms in the chain, resulting in a formula of Tl3Ag18Te11 = 

Tl2Ag12Te7.33 with Te trimers alternating with isolated Te atoms along c, i.e. Te−Te contacts along 

c of 3.00 Å−3.00 Å−3.93 Å−3.93 Å. For models III and IV, we doubled the c axis and filled it with 

three Te atoms in the chain per unit repeat, corresponding to the formula Tl4Ag24Te15 = 

Tl2Ag12Te7.5, allowing for a Te2
2− pair (d = 2.78 Å) alternating with an isolated Te atom in the case 

of model III. In model IV, we imposed a formation of a linear Te atom chain with equidistant 

Te−Te distances of 2c/3 = 3.08 Å. These four model calculations were performed with 137, 43, 
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146, and 146 independent k points of the first Brillouin zone along the respective vectors of the 

reciprocal lattice, respectively. 

4.3 Results and Discussion 

The subcell of Tl2Ag12Te7+δ is depicted in Figure 4-2a. It consists of a three-dimensional 

framework structure of covalently bound AgTe4 tetrahedra, whose channels are filled by Tl atoms, 

which in turn are surrounded by six Te atoms in form of a trigonal prism at distances of 3.55 Å 

and 3.56 Å. The Ag−Te distances within the tetrahedra are with 2.78 Å − 3.05 Å inconspicuous, 

and the edge condensation of the AgTe4 tetrahedra allows for multiple Ag−Ag contacts between 

2.97 and 3.11 Å. Those Ag−Ag interactions commonly occur in silver tellurides, as discussed for 

BaAg2Te2
92 or, most recently, Tl2NdAg3Te4.88 This structure is topologically equivalent with the 

Zr2Fe12P7 type,85 with the exception of the peculiar Te chain running along the c axis through the 

origin (Figure 4-2b). In contrast to Zr2Fe12P7, there is more than one atom in this chain on (0, 0, z) 

of the title compound per repeat unit, which we refined to 1.42(2), corresponding to δ = 0.42(2) 

in the formula of Tl2Ag12Te7+δ. Kolis et al. made a similar observation in the case of K2Ag12Se7.11.86 

Disordered chalcogen atom chains were also observed in K2Ag12Se7
83 and K2Ag12Te7,84 

respectively, albeit without Se or Te excess. It remains to be seen whether or not these cases 

should be treated as composite structures. 
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Figure 4-2: (a) Subcell of Tl2Ag12Te7; (b) ellipsoid representation of the linear Te2 chain on (0, 0, 
z) 

Our refinement as a composite structure showed that the linear Te2 chain in Tl2Ag12Te7+δ 

is best described as consisting of Te2 and Te3 fragments with two different interatomic distances, 

namely 2.93 Å within these fragments and 3.66 Å between them (Figure 4-3). With that, the 

average repeat unit of a Te atom of the dimer is 1/2 (2.93 Å + 3.66 Å) = 3.295 Å and of a Te atom 

of the trimer is 1/3 (2 × 2.93 Å + 3.66 Å) = 3.173 Å. With c(Te2) = 3.212 Å, this results in a 1:2 ratio 

of dimers to trimers, because 1/3 × 3.295 Å + 2/3 × 3.173 Å = 3.214 Å. 

 

Figure 4-3: Section of the composite structure along the modulation (c) axis comprising Te dimers 
and trimers (shown with the neighboring Ag1 atoms.) 

The example of the related semiconducting selenide, Tl2Ag12Se7, showed the cations all 

to be in the expected +1 state, and the Se atoms to be 2−, according to (Tl+)2(Ag+)12(Se2−)7. In the 

case of the telluride, the observed Te2 and linear Te3 fragments within the linear Te atom chain 

typically exists as Te2
2− and Te3

4−, isovalent with I2 and I3
−, respectively. A Te4

6− unit occurs in 

Ag10Te4Br3,93 and a Te2
2− unit loosely connected to an isolated Te2− in Ag23Te12Cl and Ag23Te12Br.94 
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Previously we have found such Te2
2− dumbbells in BaCu6−xSTe6 and BaCu6−xSeTe6,95,96 and the Se 

analogue to Te3
4− in Ba2Ag4Se5,97 the latter being a hypervalent 22 valence-electron unit with 4-

electron-3-center bonds like I3
−. The Sb atom equivalent of that, Sb3

7−, is known from the 

Ca14AlSb11 type,98 adopted by one of the leading high temperature thermoelectric materials, 

Yb14MnSb11.99–101 Related linear Sb atom chains occur in another high performance 

thermoelectric, namely in β-Zn4Sb3.102–104 These Sb atom chains consist of alternating Sb−Sb 

distances of 2.82 and 3.38 Å.  

With 1.4 Te atoms per formula unit being in this chain, a good approximation would be a 

charge-balanced formula of (Tl+)2(Ag+)11.75(Te2−)6(Te2
2−)0.175(Te3

4−)0.35; that is, the Te chain would 

be balanced by an Ag deficiency of 0.25 per formula unit, compared to a refined deficiency of 

0.47(7).  

To analyze the impact of different Te atoms chains, we calculated the electronic 

structures of four different models of the formulas Tl2Ag12Te7 (1 Te atom per unit cell chain repeat 

of c = 4.62 Å), Tl2Ag12Te7.33 (1.33 Te atoms per repeat, forming alternating Te3 units and isolated 

Te atoms), and Tl2Ag12Te7.5 (1.5 Te atoms per repeat, alternating Te pairs and isolated Te atoms 

in model III as well as equidistant Te atom chain with interatomic distances of 3.08 Å in model 

IV). The respective Te atom chains are depicted at the top of Figure 4-4, along with the calculated 

band structures of the three-dimensional models. Therein, the contributions of the pz orbitals of 

the chain Te atoms, i.e. the p orbitals aligned along the chain direction, are emphasized via the 

fat band representation.  
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Figure 4-4: Band structures of (a) Tl2Ag12Te7 without Te–Te contacts; (b) Tl2Ag12Te7.33 with Te 
trimers; (c) Tl2Ag12Te7.5 with Te pairs; (d) Tl2Ag12Te7.5 with an undistorted Te chain. Γ: (0, 0, 0); K: 
(1/3, 1/3, 0); H: (1/3, 1/3, 1/2); A: (0, 0, 1/2) in fractional coordinates of the reciprocal lattice. 

In case of the Tl2Ag12Te7 model (model I, Figure 4-4a), the band structure is quite similar 

to the one of Tl2Ag12Se7; as no significant Te−Te interactions exist, the p states of Te are all in the 

valence band (along with the Ag d states), with pz having the largest dispersion along c*, i.e. from 

K to H and from A → Γ. This model is semiconducting with a calculated band of 0.4 eV.  

The Tl2Ag12Te7.33 model (II) with an ordered Te atom chain is also semiconducting; with its 

Te3
4− unit, antibonding Te−Te pz states occur above the Fermi level in the conduction band (Figure 

4-3b). In the formula Tl6Ag36Te22, three Te atoms are part of the Te3
4− anion, with the rest being 

isolated Te2−, which results in the balanced formula (Tl+)6(Ag+)36(Te2−)19(Te3
4−). Such Te−Te, or 

Se−Se and Sb−Sb, interactions have been shown to decrease the band gap;105,106 here the Te pz 

states associated with the bonding in the Te3
4− unit occur at the top of the valence band, thereby 

decreasing the calculated band gap to 0.32 eV. Moreover, these Te pz states form a flat band at 

the top of the valence band from H → A (i.e., perpendicular to the chain direction), advantageous 

for a high Seebeck coefficient, and a steep band along the chain direction, i.e. from K → H and A 
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→ Γ, advantageous for high electrical conductivity along that direction. Correspondingly, the 

partial DOS from the Te pz states exhibits a sharp peak at the top of the valence band (Figure 

A11).  

The Tl2Ag12Te7.5 model (III) with a differently ordered Te atom chain, namely alternating 

isolated Te atoms and Te2
2− units, exhibits several comparable features (compare Figure 4-4c with 

3-4b). The semiconducting properties can be understood on the basis of the charge-balanced 

formula (Tl+)4(Ag+)24(Te2−)13(Te2
2−). Noteworthy is the same flat band at the top of the valence 

band from H → A, and the steep band from K → H and A → Γ. This indicates that the exact Te 

concentration is not vital for either the semiconducting properties or the coexistence of a flat 

and a steep band below the Fermi level, as long as a distorted Te atom chain is present. 

On the other hand, an undistorted Te atom chain as chosen in the model Tl2Ag12Te7.5 with 

equidistant Te−Te distances of 3.08 Å (model IV) would lead to the presence of Te pz states 

connecting the valence and the conduction band (Figure 4-4d), thereby destroying the band gap, 

as documented for such isolated undistorted chains as well.107,108 Therefore, such a scenario 

would always result in metallic properties, at least along the c axis. It should be noted that the 

metallic properties are not directly related to the Te atom concentration but to the lack of an 

ordering within the chain. This is evident from a comparison of the two models (c and d) with the 

same Te amount but different Te chains as above-described.  

The DSC scan for “Tl4Ag22Te14.5” is displayed in Figure 4-5, showing that this phase 

decomposes at 670 K. The next peak, occurring at 715 K, could be the melting point of the impure 

tellurium, and the ones around 750 K the melting points of TlAgTe and TlAg9Te5.109 This results in 

the following reactions at these temperatures (with L = liquid):  
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At 670 K: “Tl4Ag22Te14.5“ ⇌ TlAgTe + TlAg9Te5 + “Te“ (1)  

At 715 K: “Te“ ⇌ L                                                             (2)  

At 750 K: TlAg9Te5 ⇌ Ag2Te + L and TlAgTe ⇌ L′         (3)  

 

Figure 4-5: Differential scanning calorimetry of “Tl4Ag22Te14.5”. 

The electrical conductivity data confirm the abovementioned hypothesis that this 

material with an ordered Te atom chain is indeed intrinsically semiconducting, regardless of the 

exact Te content of the samples (Figure 4-6). A sharp, in part exponential increase is evident for 

each case, with the high temperature electrical conductivity being σ = 57 Ω−1 cm−1 around 525 K. 

Plotting ln σ vs 1/T of the three data sets resulted in linear curves in each case (Figure 4-5). The 

so derived experimental band gaps were 0.5 eV − 0.6 eV. For comparison, the same procedure 

yielded an experimental gap of 0.8 eV in the case of Tl2Ag12Se7.  
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Figure 4-6: Electrical conductivity and linear fits of ln(electrical conductivity) versus 1/T. 

With respect to the thermoelectric performance, σ = 57 Ω−1 cm−1 constitutes a positive 

change from the low electrical conductivity of the selenide Tl2Ag12Se7 with σ = 2 Ω−1 cm−1 at 586 

K. This is in part caused by the decrease in band gap, resulting in a higher carrier concentration 

at elevated temperatures, and in part by the existence of the steep bands coming from the 

ordered Te chain, which in turn enhance mobility.  

The Seebeck coefficient (Figure 4-7) is also typical for intrinsic semiconductors, slowly 

decreasing from +550 μV K−1 and +630 μV K−1 at 300 K to approximately +300 μV K−1 at 525 K. 

Again, the three samples investigated here are remarkably similar despite their nominal 

differences in Te content, with the high temperature data being equivalent within error. These 

values are higher than those of the corresponding selenide, despite a higher electrical 

conductivity, a consequence of the additional flat band caused by the Te−Te interactions.  
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Figure 4-7: Seebeck coefficient of “Tl4Ag22Te14.5”, “Tl4Ag22Te15” and “Tl4Ag22Te15.5”. 

With regard to the thermoelectric performance point of view, the ultralow thermal 

conductivity of this material constitutes its best feature. As depicted in Figure 4-8, the total 

thermal conductivity values range from κ = 0.22 W m−1 K−1 to 0.28 W m−1 K−1 at all temperatures 

for all three samples, with the values being below 0.25 W m−1 K−1 below 400 K. Here, we used the 

Lorenz number for intrinsic semiconductors, L0 = 1.5 × 10−8 V2 K−2. Even at the highest 

temperature and electrical conductivity, κe is below 0.05 W m−1 K−1, and thus the minor 

contribution, compared to the lattice conductivity, which varies between 0.20 W m−1 K−1 and 0.25 

W m−1 K−1. Higher yet still very low values were found in Ag10Te4Br3 (0.27 W m−1 K−1 and 0.43 W 

m−1 K−1), the structure of which also exhibits a complex Ag atom network and hypervalent Te4
6− 

units but is no misfit structure.93 
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Figure 4-8: Thermal Conductivity of “Tl4Ag22Te14.5”, “Tl4Ag22Te15” and “Tl4Ag22Te15.5”. 

These values are not only significantly smaller than those of the benchmark 

thermoelectric material Bi2Te3 with κL = 1.5 W m−1 K−1,110 and PbTe with κL = 2.2 W m−1 K−1 at 

room temperature,111 but also lower than those of the corresponding selenide, Tl2Ag12Se7, with 

κ values between 0.25 W m−1 K−1 and 0.44 W m−1 K−1 (comparable to the above-mentioned 

Ag10Te4Br3). Thus, replacing Se with Te leads to the rare, most advantageous constellation that 

both the Seebeck coefficient and the electrical conductivity increase, while the thermal 

conductivity decreases. Moreover, the thermal conductivity of this composite is also significantly 

lower than that of the abovementioned misfits (MS)1+x(TiS2)2 (with M = Sn, Pb, Bi),112 (κ > 0.65 W 

m−1 K−1), which attained zTmax = 0.37 at 700 K, and on par with the likely poorly conducting single 

crystals of Bi2[AE]2Co2Oy single crystals (AE = Ca, Ca0.5Sr0.5, Sr), with κ between 0.2 W m−1 K−1 and 

0.28 W m−1 K−1 at room temperature.113  

This extraordinarily low thermal conductivity is likely a consequence of several factors, 

namely the heavy constituent elements, the local distortions stemming from the 
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incommensurate composite nature of this structure, and the “dumbbell rattling” of the Te2
2− 

pairs and Te3
4− trimers. The effect of vibrating dumbbells is a striking illustration of the so-

called ″schwingendes Elementargebilde″, as also found in β-Zn4Sb3 with κL = 1.3 W m−1 K−1 at 

room temperature.114,115  

Figure 4-9 shows the result of combining the above-mentioned physical properties into 

zT. As a consequence of the exponentially increasing electrical conductivity with temperature, 

which outweighs the steadily decreasing Seebeck coefficient and the basically temperature-

independent thermal conductivity, zT has a very strong temperature dependence, surpassing zT 

= 1 around 520 K. Such a high performance of a bulk material at these intermediate temperature 

is still rare, comparable with n-type Bi2Te3 (zTmax = 1.2 at 423 K)116 and p-type Tl9Bi0.98Te6 (zTmax = 

1.1 at 500 K).117 On the other hand, higher zT values were found at higher temperatures in 

different antimonides and tellurides, including in Na0.95Pb20SbTe22 (zTmax = 1.7 at 650 K),118 β-

Zn4Sb3 (1.3 at 670 K),102 Tl8.10Pb1.90Te6 (1.5 at 680 K),25 Tl0.02Pb0.98Te (1.5 at 773 K),119 

Ba0.08La0.05Yb0.04Co4Sb12 (1.7 at 850 K),120 Na0.02Pb0.98Se0.15Te0.85 (1.8 at 850 K),121 and 

Yb14Mn0.4Al0.6Sb11 (1.3 at 1275 K).122  
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Figure 4-9: Thermoelectric figure-of-merit of “Tl4Ag22Te14.5”, “Tl4Ag22Te15” and “Tl4Ag22Te15.5”. 

The striking difference − in addition to the title compound being the only composite 

material of that list−is that Tl2Ag12Te7+δ achieved its high zT value as an undoped semiconductor, 

i.e. its electrical performance is far from optimized. 

4.4 Conclusions 

Tl2Ag12Te7+δ crystallizes in a variant of the Zr2Fe12P7 type, consisting of a composite 

structure of two parts. The first structure is a three-dimensional framework of the stoichiometry 

Tl2Ag12Te6, which includes the second structure, a linear Te atom chain, in its tunnels running 

along the c axis. This Te chain is comprised of Te2
2− pairs and Te3

4− trimers, the modulated 

sequence of which causes significant distortions of the surrounding three-dimensional Tl2Ag12Te6 

framework. Overall this material is bestowed with an ultralow thermal conductivity, caused by 

its heavy elements, the incommensurate modulation, and possibly “dumbbell rattling”. 

Compared to the corresponding selenide, which adopts a different variant of the Zr2Fe12P7 type, 

this material not only exhibits a lower thermal conductivity but also both a higher Seebeck 
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coefficient and a higher electrical conductivity, a consequence of special features in its band 

structure arising from the unique Te atom chain. Despite this material being an intrinsic 

semiconductor, its thermoelectric figure-of-merit surpasses unity. Future work will reveal how 

optimizing the electrical performance will further enhance the figure-of-merit. In parallel, we are 

investigating in how far Tl-free analogues, such as K2Ag12Se7+δ and K2Ag12Te7+δ exhibit comparable 

properties, noting that their previously reported structures are also based on disordered 

chalcogen atom chains. 
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Chapter 5: Thermoelectric Properties of In- and Yb- 

doped TlSbTe2 

5.1 Introduction 

TlSbTe2 was first reported in 1961, crystallizing in the R 3̄m space group (α-NaFeO2 

type).123 The electronic structure was calculated in 2008, demonstrating that it is a narrow gap 

semiconductor (when including spin-orbit coupling), as desired for thermoelectric materials.124 

The thermoelectric properties were published by Kurosaki et al. in 2004, who obtained a 

maximum zT of 0.87 at 715 K.28 

In the present work, we report on the effects of doping In and Yb into TlSbTe2. Indium 

prefers the +3 oxidation state, which is the same as that of Sb, so the substitution of In for Sb 

would not lead to a change in carrier concentration, but it may help to hamper phonon transfer 

in order to reduce the thermal conductivity. The preferred oxidation state of Yb is +2, which could 

be used to adjust the carrier concentration. Attempts with Sn and Pb resulted in the formation 

of side products, even at small concentrations of Sn/Pb. In addition, we optimized the 

consolidation process to achieve a denser pellet for better thermoelectric properties. 

Since Sb2Te3
125, Bi2Te3

126 and TlSbTe2
127 all crystallize in anisotropic structures, and 

polycrystalline Bi2Se0.3Te2.7
128 and Bi2Te3

129 exhibit significant differences in their anisotropic 

physical properties measurements, we also investigated the anisotropy of the hot-pressed bulk 

TlSbTe2. 
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5.2 Experimental Procedures 

Stoichiometric amounts of the respective elements (Tl, granules, 6 mm,99.99%, Alfa Aesar; 

Sb power,100 mesh, 99.5%, Alfa Aesar; Te, broken ingots, 99.99%, Strem Chemicals; In 

powder,325 mesh,99.99%, Alfa Aesar; Yb powder,40 mesh, 99.9% (REO), Alfa Aesar) were 

weighed and placed into a silica tube in an argon filled glovebox. The tubes were heated up to 

923 K for several hours and then water-quenched to room temperature. 

The phase identification was performed, and the lattice parameters of the materials were 

obtained from General Structure Analysis System (GSAS)46 using the EXPGUI interface77  applying 

the LeBail method130 . 

For the anisotropy test, the bars were cut as shown in Figure 5-1. The current passed 

through Bar A (left) was perpendicular to the pressing direction, while that for Bar B (right) was 

parallel to the pressing orientation. 

 

Figure 5-1: A schematic drawing for the cutting methods and the current flow directions used for 
the anisotropy test. The blue arrows illustrate the hot-pressing direction, and the red arrows 
demonstrate the direction of the applied current. 
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5.3 Results and Discussion 

Powder X-ray diffraction patterns of the doped and undoped samples are presented in 

Figure 5-2. We did not use more than 3% In, because at that concentration extra peaks showed 

up in the PXRD, indicating that we went passed the solubility limit. The lattice parameter of the 

obtained materials did not exhibit any systematic changes (Table 5-1), which may be due to the 

small amounts of the dopants and the in part similar atomic radii. The refined powder diagrams 

can be found in Appendix Figure A7-A10. 

Table 5-1: Refined Lattice Parameters. 

Material a (Å) α (°) V (Å3 ) 

Undoped TlSbTe2 8.1229(3) 31.361(1) 128.850(1) 

“Tl0.98In0.02SbTe2” 8.1218(2) 31.367(1) 128.839(1) 

“TlSb0.98In0.02Te2” 8.1407(9) 31.494(1) 130.740(1) 

“Tl0.98Yb0.02SbTe2” 8.1329(5) 31.362(1) 129.330(1) 

 

 

Figure 5-2: Left: Powder X-ray diffraction patterns for In-doped, and right: Yb-doped TlSbTe2 
samples.  
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Both TlSbTe2 and Bi2Te3 crystallize in the rhombohedral crystal system, shown in Figure 

5-3 in the hexagonal setting. The structures can both be described based on hexagonal close 

packing of Te atoms, with the cations in octahedral voids. Along the c axis, the sequence of the 

close-packed layers is Te-Tl-Te-Sb-Te-Tl-Te-Sb-...in TlSbTe2 and Te-Bi-Te-Bi-Te-Te-Bi-Te-Bi-Te- in 

case of Bi2Te3. Each layer between two Te layers is filled with cations (either with Tl or with Sb) 

in case of TlSbTe2, whereas every third layer between two Te layers is empty in Bi2Te3. Therefore, 

a different bonding situation exists in Bi2Te3, where the 5-layer sandwiches Te-Bi-Te-Bi-Te are 

held together only by van der Waals interactions, whereas there are always cation-anion bonds 

between the layers of TlSbTe2. The former gives rise to significant differences in the physical 

properties measured parallel to the ab plane and to the c axis in case of Bi2Te3. Both the electrons 

and the phonons can travel faster parallel in the ab plane, resulting in a larger electrical and 

thermal conductivity in this direction. The electrical conductivity and thermal conductivity 

measured in plane of Bi2Te3 can be more than twice as high as measured out of plane, depending 

on the particle size and pressure utilized for sintering and temperature131,132. 
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Figure 5-3: Crystal structure of TlSbTe2 (left) and Bi2Te3 (right). 

The electrical conductivity of undoped TlSbTe2 decreases with an increasing temperature, 

as shown in Figure 5-4a, indicating its extrinsic semiconductor behavior. The electrical 

conductivity of TlSbTe2 is about 750 Ω-1 cm-1 at 380 K, which is significantly higher than the 379 

Ω-1 cm-1 of AgSbTe2 prepared by a high pressure apparatus133 and the 135 Ω-1 cm-1 of AgSbTe2 

prepared by melt spinning134. However, at around 520 K, the electrical conductivity of high 

pressure and high temperature prepared AgSbTe2 is higher with 340 Ω-1 cm-1, compared to 

TlSbTe2 n with 280 Ω-1 cm-1 and AgSbTe2 prepared by melt spinning with 175 Ω-1 cm-1. At 380 K 

and 500 K, the electrical conductivity values of TlSbTe2 are 750 and 300 Ω-1 cm-1, which are much 

higher than that of Tl9SbTe6 with approximately 390 and 226 Ω-1 cm-161. SnBi2Te4, which also 

adopts a layered structure, exhibits a lower electrical conductivity at 380 K with 675 Ω-1 cm-1, but 

higher at 500 K with 550 Ω-1 cm-1
.
135 
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Figure 5-4: Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c) 
thermal conductivity, and (d) figure of merit for present study TlSbTe2 (red) and In-doped 
“Tl0.98SbIn0.02Te2” (blue), and “TlSb0.98In0.02Te2” (dark cyan). 

This extrinsic semiconducting behavior was also revealed in other seemingly 

stoichiometric antimony or bismuth chalcogen-ides, such as in Bi2Se3
136, Bi2Te3

136,137, and 

Sb2Te3
43,136,138. In these compounds, deviations from the ideal stoichiometry were often observed, 

as a result of an excess of the more electronegative element. This can further be explained by 

anti site defects: in case of Bi2Te3, Bi on a Te site (BiTe) can give rise to one hole, and TeBi provides 

one extra electron. Thusly both p- and n-type can be prepared. For Sb2Te3, only p-type thus far 

was obtained, because SbTe is preferred. For Bi2Se3, only n-type was observed experimentally, 

because SeBi and vacancies on the Se sites are the dominant defects. Moreover, Bi2Se3, Sb2Te3, 
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and Bi2Te3, always exhibit extrinsic conductivity behaviors rather than being intrinsically 

semiconducting. Like in Sb2Te3, SbTe is a likely defect, leading to the observed extrinsic p-type 

behavior. There is a similar effect for AgSbTe2, whose pressed, formally undoped sample 

possessed a carrier concentration about 5×1019 cm3.134 

The Seebeck coefficient of undoped TlSbTe2 increases with temperature (Figure 5-4b). 

Compared to other antimony/bismuth tellurides at 372 K, its Seebeck coefficient (S = 101 µV K-

1) is lower than that of Tl9SbTe6 (130 µV K-1) ,61 SnBi2Te4 (330 µV K-1),135 and AgSbTe2 (265 µV K-

1).44 At 622 K, its Seebeck value (227 µV K-1) is higher than SnBi2Te4 (165 µV K-1),135 and AgSbTe2 

(265 µV K-1).44 The thermal conductivity slowly decreases from 1.31 W m-1 K-1 at 373 K to 0.70 W 

m-1 K-1 at 622 K (Figure 5-4c). Compared to other antimony/bismuth tellurides at 372 K, its 

thermal conductivity is higher than that of Tl9SbTe6 (0.62 W m-1 K-1),61 SnBi2Te4 (0.8 W m-1 K-1),135 

and AgSbTe2 (0.59 W m-1 K-1).44 At 622 K, its thermal conductivity is lower than that of SnBi2Te4 

(1.6 W m-1 K-1),135 and higher than AgSbTe2 (0.57 W m-1 K-1).44 

When doping In into the Tl site, we nominally inserted more electrons into the system, 

reducing the hole concentration. Correspondingly, the electrical conductivity of “Tl0.98In0.02SbTe2” 

is decreased compared to the undoped TlSbTe2, as shown in Figure 5-4a. At about 372 K, the 

electrical conductivity of “Tl0.98In0.02SbTe2” is approximately 490 Ω-1 cm-1, which is roughly 35% 

lower than the undoped sample; however, at 620 K, the difference is lowered down to 23%, 

where the formally undoped sample and “Tl0.98In0.02SbTe2” exhibit σ = 154 Ω-1 cm-1 and 118 Ω-1 

cm-1, respectively. For “TlSb0.98In0.02Te2”, σ decreases from 695 Ω-1 cm-1 at 379 K to 155 Ω-1 cm-1 

at 675 K, which is very comparable to the undoped sample through the whole measured 

temperature range. 
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A lower carrier concentration gives rise to a larger Seebeck coefficient, in accordance with 

the trends depicted in Figure 5-4b. “Tl0.98In0.02SbTe2” has a Seebeck coefficient of 141 µV K-1 at 

372 K, which is 40% higher than S = 101 µV K-1 of the undoped sample at that temperature. Their 

difference decreases as temperature increases, and at about 623 K, the Seebeck coefficient 

values of both samples reach 227 µV K-1. The Seebeck coefficient of “Tl0.98In0.02SbTe2” achieves 

its local maximum at this temperature, and a band gap of 0.28 eV is estimated via Goldsmid-

Sharp: Eg = 2e│Smax│Tmax.139 For “TlSb0.98In0.02Te2”, the Seebeck coefficient increases from 113 to 

235 µV K-1, which is almost equivalent to the Seebeck curve of the undoped sample. When In is 

doped into the Sb site, the electrical conductivity and Seebeck coefficient do not change 

significantly in comparison to undoped TlSbTe2, because we substitute one trivalent cation for 

another trivalent cation. 

Lower carrier concentration occurs with lower κe, and thus also lower κ, in agreement 

with the data presented in Figure 5-4c. The thermal conductivity of “Tl0.98In0.02SbTe2” decreases 

from 1.03 W m-1 K-1 at 371 K to its local minimum of 0.70 W m-1 K-1 at 575 K. For the undoped 

sample and “TlSb0.98In0.02Te2”, the thermal conductivity decreases with increasing temperature, 

and the values of “TlSb0.98In0.02Te2” are slightly higher. At about 375 K and 623 K, the total thermal 

conductivity of the undoped sample and “TlSb0.98In0.02Te2” are 1.31 and 1.46 W m-1 K-1 (11% 

difference), and 0.70 and 0.82 W m-1 K-1 (17% difference), respectively. 

zT of “Tl0.98In0.02SbTe2” increases to a maximum value of 0.61 at 480 K and then starts to 

decrease. It remains higher than the zT of undoped TlSbTe2 until 530 K (zT = 0.59), as presented 

in Figure 5-4d. The maximum zT = 0.71 of the undoped sample and zT = 0.77 of “TlSb0.98In0.02Te2” 

are obtained at about 622 K, with the difference of 8.5% being within experimental error. 
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Doping with Yb apparently has a smaller impact than doping with In. For the most part, 

the electrical conductivity data are equal within experimental error (Figure 5-5a), independent 

of the Yb concentration and whether Yb was planned to replace Tl or Sb. This can a consequence 

of self-compensation, or of Yb as a divalent cation replacing the monovalent Tl and trivalent Sb 

in equal amounts. Slight changes in the temperature dependence, however, cause the sample 

with nominally 2% Yb on the Tl site to exhibit the largest electrical conductivity at 625 K, namely 

218 Ω-1 cm-1 compared to 154 Ω-1 cm-1 of undoped TlSbTe2. The Seebeck coefficient of the 

undoped TlSbTe2 is 227 µV K-1 at 625 K, which is slightly albeit significantly higher than 213 µV K-

1 of “Tl0.98Yb0.02SbTe2”. The thermal conductivity of undoped TlSbTe2, κ = 0.70 W m-1 K-1, is 

insignificantly larger than the 0.68 W m-1 K-1 of “Tl0.98Yb0.02SbTe2”. “Tl0.98Yb0.02SbTe2” achieves the 

overall highest zT at around 625 K (zTmax = 0.85; Figure 5(d)), and the highest zT was improved by 

22% at 625 K after replacing 0.02 Tl per formula unit Yb.  



 
 

75 
 

 

Figure 5-5: Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c) 
thermal conductivity, and (d) figure of merit for Kurosaki et al. (black), present study TlSbTe2 (red) 
and Yb-doped “TlSb0.98Yb0.02Te2” (blue), “Tl0.98Yb0.02SbTe2” (dark cyan). “Tl0.96Yb0.04SbTe2” 
(magenta).  

Next, we compare undoped TlSbTe2 in the present study with the data from Kurosaki et 

al. The electrical conductivity and See-beck coefficient are very comparable, with our Seebeck 

coefficient being slightly higher and our electrical conductivity slightly lower, indicative of a 

smaller carrier concentration, i.e. fewer defects. The physical properties at 625 K for 

“Tl0.98Yb0.02SbTe2”, present study TlSbTe2, and literature TlSbTe2 are summarized in Table 1. The 

electrical conductivity of present study TlSbTe2, σ = 154 Ω-1 cm-1, is 20% lower than the 188 Ω-1 

cm-1 of the literature TlSbTe2; while the Seebeck coefficient of present study TlSbTe2, S = 226 µV 

K-1, is 5% higher than the 214 µV K-1of the literature TlSbTe2. The power factor of present study 
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TlSbTe2 is 794 µW m-1 K-2, which is roughly 10% lower than that of the literature TlSbTe2, 860 µW 

m-1 K-2. Correspondingly the thermal conductivity of our sample is lower, especially at elevated 

temperatures. 

Table 5-2: Thermoelectric properties compared at 625 K. 

 κ (W m−1 K−1) σ (Ω−1 cm−1) S (μV K−1) P.F. (μW m−1 K−2) zT 

literature TlSbTe2 0.87 18 214 860 0.61 

present study TlSbTe2 0.7 154 227 794 0.71 

“TlSb0.98In0.02Te2” 0.82 196 227 1010 0.77 

“Tl0.98Yb0.02SbTe2” 0.73 218 213 990 0.85 

zT obtained by Kurosaki et al. the undoped TlSbTe2 in the present study, and the 2% Yb-

doped sample are compared in Table 5-1. The overall enhancement in zT at about 620 K is almost 

40%, by means of doping with Yb and optimizing the preparation conditions.  

Compared to other advanced bulk state-of-the-art p-type thermoelectric materials at 620 

K, such as zT = 0.45 for β-Cu2Se58, zT = 0.65 for ZnSb,140 zT = 0.8 for PbTe,141 zT = 1.6 for AgSbTe2 

prepared by melt spinning,134 Tl0.98Yb0.02SbTe2” exhibits a competitive performance near 620 K 

with a value of 0.85. In addition, compared to other promising thallium telluride thermoelectric 

materials, this value is comparable to zT = 0.90 achieved by Tl9SbTe6 at 500 K,61 and lower than 

zT = 1.1 of Tl9BiTe6 at 500 K,61 zT = 1.26 of Tl8.05Sn1.95Te6 at 700 K,25 zT = 1.46 of Tl8.10Pb1.90Te6 at 

700 K,25 and zT = 1.1 of Tl2Ag12Te7-δ at 520 K.142 

To test if the pressing procedure produced any preferred orientation for the 

polycrystalline pressed samples, potentially resulting in anisotropic behavior of the pressed 

pellets, we cut the “Tl0.98Yb0.02SbTe2” samples in two different orientations, one perpendicular 
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to the pressing direction (Bar A, also shown in Figure 4), and the other one (Bar B) parallel to that 

direction, as described in the experimental procedures. The electrical conductivity and the 

Seebeck coefficient are not significantly different for the two differently pressed bars (Figure 6). 

This is likely a consequence of the three-dimensional network of Tl−Te and Sb−Te bonds, in 

contrast to the two-dimensional structure of Bi2Te3. 

 

Figure 5-6: Temperature dependence of (a) electrical conductivity and (b) Seebeck coefficient of 
“Tl0.98Yb0.02SbTe2”, where Bar A was cut perpendicular to the pressing direction and Bar B was cut 
parallel to the pressing direction. 

5.4 Conclusions 

TlSbTe2 is an extrinsic p-type semiconductor, bestowed with low thermal conductivity and 

moderate power factor. Compared to earlier work by Kurosaki et al., we have achieved an 

improvement in zT by roughly 40% (from 0.61 to 0.85) at 625 K in p-type TlSbTe2 by means of a 

partial substitution of Tl with Yb and optimizing the fabrication. In addition, we found that despite 

the layered character of these materials, the polycrystalline pressed pellets did not exhibit any 

distinct anisotropies, advantageous for device fabrication. 
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Chapter 6: Thermoelectric Properties of Tl4Ag18Te11 

6.1 Introduction 

There are only two n-type thallium tellurides reported thus far, namely TlBiTe2 and 

Tl2HgGeTe4, with only the thermoelectric properties of TlBiTe2 determined at high 

temperatures.26,143,144 Examples of state-of-the-art n-type thermoelectric materials include 

bismuth telluride,128,145 lead telluride,146,147 filled skutterudites148,149 and Bi-doped magnesium 

silicide stannides,14,150 all with zT values above unity. This chapter introduces the hitherto 

unknown properties of the n-type Tl4Ag18Te11, which exhibits an ultralow thermal conductivity. 

6.2 Experimental Procedures 

The compounds were obtained via solid-state synthesis: stoichiometric amounts of the 

respective elements (Tl, granules, 6 mm, 99.99%, Alfa Aesar; Ag ingots, 100 mesh, 99.5%, Alfa 

Aesar; Te, broken ingots, 99.99%) were weighed. The tubes were heated up to 923 K for several 

hours in a resistance furnace, and then water-quenched to room temperature. The yielded ingots 

were ground into fine powder and annealed at 573 K for 72 hours. The densities for all the 

presented samples were higher than 95% of the theoretical density (8.43 g cm-3). 

The electronic structure of Tl4Ag18Te11 was computed utilizing the WIEN2k package 

applying the full-potential linearized augmented plane wave (FP-LAPW) method with the density 

functional theory (DFT).82,151 The generalized gradient approximation (GGA) from Perdew, Burke 

and Ernzerhof (PBE) was utilized for exchange and correlation energies.80 Afterwards, the 
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modified Becke–Johnson (mBJ) potential was applied to obtain a more reliable band gap. For the 

self-consistent energy calculations, 99 independent k points were selected on a grid of 10 × 10 × 

10 points spread out evenly throughout the Brillouin zone. The energy convergence was set to 

be 104 Ry for the self consistency. 

Both DSC and TG were performed on an 80 mg powder sample of the nominal 

stoichiometry of Tl4Ag18Te11. The measurement was conducted with a heating rate of 20 K min-1 

up to 773 K. Low temperature specific heat measurements were performed with a Quantum 

Design PPMS Dynacool at WATLab. The experimentally determined C reached a plateau at 0.192 

J g-1 K-1 (Figure 6-1), supporting the validity of using the Dulong–Petit value. 

 

Figure 6-1: Specific heat of “Tl4.05Ag18Te11”. 

6.3 Results and Discussion 

In 1992, Moreau et al. determined the crystal structure of Tl4Ag18Te11.70 This crystal 

structure consists of AgTe4 tetrahedra interconnected in three dimensions with Tl cations 
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occupying tunnels of this framework (Figure 6-2). The space group of Tl4Ag18Te11 is F4̅3m, a 

subgroup of the K4Ag18Te11 space group Fm3̅m,152 due to the disordered Tl atom positions 

occupying an additional Wyckoff site. The lattice parameter of Tl4Ag18Te11 was published to be a 

= 18.717(8) Å, and the unit cell volume V = 6557.1 Å3. The Tl atom positions in the cubic (Tl1 

atoms) and antiprismatic (Tl2 atoms) voids are 100% occupied, but disordered within the 

cuboctahedral (Tl3 atoms) voids. In K4Ag18Te11, all the potassium atoms were determined to be 

located in the centers of the respective polyhedra. However, the large anisotropic displacement 

parameter of the K3 atom (Ueq = 0.067(6) Å2, compared to K1 with 0.016(2) Å2 and K2 with 0.013(1) 

Å2), may indicate a tendency towards disorder in that cage as well.  

 

Figure 6-2: Left: crystal structure of Tl4Ag18Te11. Blue polyhedra; AgTe4 tetrahedra; grey circles: 
disordered Tl3 atoms; right: arrangements of Tl atoms in the chain along the c axis. 

The shortest distance between the Tl2 atom and the disordered Tl3 atom is 3.57 Å as a 

consequence of its displacement from the center of its polyhedron. Typical homonuclear Tl–Tl 

distances in thallium chalcogenides, such as Tl5Te3,153 Tl9BiTe6,117 and Tl4ZrTe4,154 are in the range 

of 3.5 Å to 4.0 Å. While the cuboctahedron cannot accommodate two Tl atoms, two Ag atoms 



 
 

81 
 

would fit, with an Ag–Ag distance of 3.0 Å, thereby allowing for a cation excess and thus extra 

electrons causing n-type conduction.  

The Tl1–Te distances in the Tl1Te6 cube are between 3.47 Å and 3.58 Å, and the Tl2–Te 

distances in the Tl2Te6 antiprism between 3.62 Å and 3.69 Å. On the other hand, the Tl3 atoms 

occupy the void in a cuboctahedron, whose center is too far away (5.04 Å) from the surrounding 

twelve Te atoms for regular Tl3–Te bonds. Consequently, the Tl3 positions were refined to be 

disordered in that cage, resulting in six sites, each with a 16.7% occupancy. Each of these sites 

participates in four short Tl3–Te bonds of 3.32 Å, and larger contacts with the next four Te atoms 

at a distance of 4.42 Å. This situation is reminiscent of the guest atoms in the icosahedral cages 

of the filled skutterudites71–73 and in the tetrakaidecahedral holes of the clathrates.4,74,75  

The distances between all the Te atoms are larger than 4 Å, so their oxidation states are 

assigned as Tl+, Ag+, and Te2-, resulting in a charge balanced formula of (Tl+)4(Ag+)18(Te2-)11. The 

Ag atoms in this compound form Ag12 clusters that are three-dimensionally interconnected by 

Ag2 dumbbells. d10–d10 Ag–Ag interactions of the order of 3 Å are thus present in this structure, 

which are common in silver chalcogenides, such as Tl2Ag12Te7,142 Tl2Ag12Se7, K4Ag18Te11, and 

TlNdAg2S3.155  
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Figure 6-3: PXRD pattern of calculated Tl4Ag18Te11, experimental Tl4Ag18Te11, “Tl4.05Ag18Te11”, 
“Tl4Ag18Te10.95”, and repeat samples of the latter two. 

The PXRD patterns of the synthesized samples are presented in Figure 6-3. No significant 

amount of impurities or side products were detected in any sample. The atomic percentages (at%) 

obtained by EDX analysis are presented in Table 6-1. The amount of Te is very close to the nominal 

percent for all the samples. The at% of Tl are between 0.4–0.7% higher and 0.3–0.5% lower than 

the theoretical percentages in case of Ag. The two samples with the same nominal formula reveal 

similar elemental ratios, indicating the samples are reproducible. The standard deviations are 

0.1–0.6%, demonstrating that homogeneous samples were obtained. The elemental distribution 

of “Tl4.05Ag18Te11” are quite even and presented in Figure 6-4. 
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Figure 6-4: EDX images of “Tl4.05Ag18Te11”. Each image corresponds to a width of 13 m. 

Table 6-3: Experimental atomic-% (standard deviation)/nominal at-% of the different 
elements determined via EDX  

 at.-% Tl at.-% Ag at.-% Te 

Tl4Ag18Te11 12.8(1)/12.1 53.9(2)/54.5 33.3(2)/33.3 

“Tl4.05Ag18Te11”  12.7(4)/12.3 54.0(4)/54.5 33.4(2)/33.3 

“Tl4.05Ag18Te11”  12.7(2)/12.3 54.1(3)/54.5 33.3(1)/33.3 

“Tl4Ag18Te10.95” 12.7(4)/12.1 54.2(6)/54.6 33.1(2)/33.2 

“Tl4Ag18Te10.95” 12.5(6)/12.1 54.3(6)/54.6 33.1(2)/33.2 

The electronic structure is determined based on an I4mm space group model, where one 

of the six disordered Tl3 sites are treated as 100% occupied, with the other five removed, as 

shown in Figure 6-5a. The density of states (DOS) of Tl4Ag18Te11 is shown in Figure 6-5b. From 6.5 

eV to 3 eV, the DOS is dominated by Ag-d orbitals, from 2 eV to the Fermi level (EF), it is mainly 

composed of Te-p orbitals and Ag-d orbitals and above EF to 3 eV, the states contain (empty) Ag-
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s and Ag-p states, with some contributions from covalent mixing with Te-p states. The Tl states 

have only negligible contributions, partially caused by the small ratio of Tl in this material and the 

Tl-s states appearing to be below the selected energy range. The band structure (shown in Figure 

6-5c) reveals a zero band gap, with the valence band slightly in contact with the conduction band 

without any overlapping, notably known as the Dirac-semimetallic band structure. A similar band 

structure was determined for K4Ag18Te11, with zero band gap. The flat bands just below the Fermi 

energy and the steep bands just above the Fermi energy predict that this material could possibly 

possess a high Seebeck coefficient and a high electrical conductivity.  

 

Figure 6-5: (a) I4mm structure model; (b) density of states (DOS); (c) band structure of the I4mm 
model of Tl4Ag18Te11 

The thermal behavior of Tl4Ag18Te11 were investigated by DSC and TG measurements, and 

the data is plotted in Figure 6-6. The curve of TG indicates a weight gain smaller than 1%. The 

DSC curve reveals that Tl4Ag18Te11 melts incongruently starting from 723 K. According to the 

Tl2Te–Ag2Te phase diagram published in 1990,156 the melting processes can be interpreted as 

(with L = liquid):  
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At 723 K: Tl4Ag18Te11 → TlAg5.14Te3.14 + L 

At 729 K: TlAg5.14Te3.14 → TlAg9Te5 + L’ 

At 780 K: TlAg9Te5 → Ag2Te + L’’ 

(At 1228 K: Ag2Te → L’’’) 

 

Figure 6-6: DSC and TG plots of Tl4Ag18Te11. 

However, the last process occurs outside of the temperature range we measured. The 

small exothermic peak presented at 570 K might correspond to the peritectic point of TlTe.157 The 

PXRD pattern obtained after this DSC measurement reveals a mixture of phases caused by the 

fast cooling process going through peritectic points.  
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Figure 6-7: The properties measured as temperature increases and reduces. 

All the physical properties obtained during cooling agree with the data obtained during 

heating, proving the data are reproducible (Figure 6-7). The Seebeck coefficients of all samples 

are negative (Figure 6-8a), which indicates that they are n-type semiconductors. This may be a 

consequence of a small amount of nonstoichiometric defects, such as two Ag cations replacing 

one Tl atom in the cuboctahedron of Te atoms, leading to a small amount of excess electrons.  
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Figure 6-8: The physical properties of Tl4Ag18Te11 (a) Seebeck coefficient, (b) electrical conductivity, 
(c) thermal conductivity, and (d) figure-of-merit versus temperature. 

The absolute Seebeck values increase with a slower rate below 400 K, and then with a 

larger slope above 400 K. S of Tl4Ag18Te11 ranges from -250 µV K-1 at room temperature to -400 

µV K-1 at 500 K. The absolute Seebeck values of ‘‘Tl4.05Ag18Te11’’ (with S = -240 µV K-1 at 300 K to 

S = -300 µV K-1 at 420 K) and ‘‘Tl4Ag18Te10.95’’ (S = -160 µV K-1 at 300 K to -270 µV K-1 at 420 K) are 

both lower compared to Tl4Ag18Te11 up to 420 K. Beyond that, all curves merge to equivalent 

values within experimental error. The maximum absolute Seebeck value of TlBiTe2 is much lower 

than the one of Tl4Ag18Te11 (with S = -75 µV K-1 at 760 K).26 The absolute Seebeck coefficient 

values of Tl4Ag18Te11 are also much higher than the values of Mg2Si0.325Sn0.645Bi0.03 (S = -115 µV K-
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1 at 300 K to -215 µV K-1 at 773 K),14 and the values of Bi2Te2.79Se0.21 (S = -115 µV K-1 at 300 K to -

150 µV K-1 at 540 K).150 

As displayed in Figure 6-8b, the electrical conductivity of stoichiometric Tl4Ag18Te11 

increases as temperature increases to a maximum of σ = 9 Ω-1 cm-1 at 435 K, and then it starts to 

rapidly decrease. The four non-stoichiometric materials exhibit higher electrical conductivity at 

low temperature, indicative of more extrinsic charge carriers, in line with their lower absolute 

Seebeck values. For ‘‘Tl4.05Ag18Te11’’, the electrical conductivity increases to a maximum of σ = 13 

Ω-1 cm-1 at 435 K. For ‘‘Tl4Ag18Te10.95’’, the electrical conductivity of the two different samples 

have some minor differences while generally exhibiting the same slope – the higher one reaches 

its electrical conductivity maximum value of 31 Ω-1 cm-1 at 380 K, which is almost 30 times lower 

than in TlBiTe2,26 40 times lower than in Bi2Te2.79Se0.21,150 and 70 times lower than in 

Mg2Si0.325Sn0.645Bi0.03.14 The differences between these two samples with the same nominal 

formula ‘‘Tl4Ag18Te10.95’’ may be caused by weighing errors leading to small differences in the 

actual composition. E.g., an error of 0.5 mg would correspond to 0.09% Tl or 0.05% Te. Above 

425 K, the electrical conductivity curves of all materials merge together, because more intrinsic 

charge carriers are thermally activated, eliminating the differences in the initial carrier 

concentration.  

The samples all possess very low thermal conductivity for the whole temperature range, 

and their thermal conductivity decreases as temperature increases due to increased phonon 

Umklapp scattering,158 as shown in Figure 6-8c. The thermal conductivity of Tl4Ag18Te11 ranges 

from 0.44 W m-1 K-1 at 320 K to 0.35 W m-1 K-1 at 500 K. The thermal conductivity of ‘‘Tl4.05Ag18Te11’’ 

is the lowest in this series, ranging from 0.27 W m-1 K-1 at 320 K to 0.19 W m-1 K-1 at 500 K. The 
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two sets of thermal conductivity data obtained from the two different samples of ‘‘Tl4.05Ag18Te11’’ 

correspond with each other very well.  

For comparison, these values are almost ten times lower than the thermal conductivity 

of TlBiTe2,26 17 times lower than in Mg2Si0.325Sn0.645Bi0.03 (κ =3W m-1 K-1  at 500 K),14 and nine 

times lower than in Bi2Te2.79Se0.21 (1.6 W m-1 K-1 at 500 K).150 The comparison of total thermal 

conductivity between ‘‘Tl4.05Ag18Te11’’ with five other state-of-the-art thermoelectric materials is 

presented in Figure 6-9, demonstrating the thermal conductivity of ‘‘Tl4.05Ag18Te11’’ is extremely 

low. The range of thermal conductivity of bulk nanostructured Bi2Te3,159 Pb0.98Tl0.02Te,119 

BiSbTe,160 Cu1.98Ag0.02Te,58 and Ag1-xPb18SbTe20
161 is approximately 0.4–2.2 W m-1 K-1, and their 

maximum zT values all exceed unity.  

 

Figure 6-9: Thermal conductivity comparison with other state-of-the-art thermoelectric materials. 

The Lorenz number L0 was calculated from the measured Seebeck coefficient values 

based on the single Kane band model.162 Due to the small electrical conductivity, the electrical 

thermal conductivity is only a minor contribution (its maximum value reaches 0.008 W m-1 K-1at 
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430 K), and the lattice thermal conductivity is about 0.26 W m-1 K-1 at 320 K and 0.18 W m-1 K-1 at 

500 K.  

This ultralow thermal conductivity correlates nicely with the low Debye temperature of 

θD = 98 K obtained from of fit of the specific heat measurement. For comparison, PbTe has a 

Debye temperature of 177 K, and the binary thallium tellurides Tl2Te, Tl5Te3, TlTe, and Tl2Te3 all 

comparable values between 107 K and 124 K.27 The Debye temperature is directly proportional 

to the speed of sound:  

θD = 
ℏ

𝑘B
(6𝜋2na)1/3vS 

Therein, ℏ is the reduced Planck constant, kB the Boltzmann constant, na the number 

density of atoms {number of atoms/cell/ (unit cell volume)}, and vS the arithmetic average of the 

speed of sound. vS in turn is proportional to the minimum thermal conductivity of both Clarke16 

and Cahill17, recently compared to the ‘‘diffuson thermal conductivity’’ by Snyder’s group18:  

Cahill: κglass = 1.21n2/3kBvS 

Clarke: κmin = 0.93n2/3kBvS 

Snyder: κdiff = 0.76 n2/3kBvS 

To derive the equation for κdiff, thermal transport was based on diffusons instead of on 

phonons as used for κglass. This results in lower values for all materials, and may well correspond 

to the lowest possible thermal conductivity. Using vS = 1385 m s-1 as calculated from θD = 98 K, 

we obtain κglass = 0.27 W m-1 K-1, κmin = 0.21 W m-1 K-1, and κdiff = 0.17 W m-1 K-1. These numbers 

show that ‘‘Tl4.05Ag18Te11’’ exhibits a thermal conductivity below the so-called glass limit 

according to Cahill, but not below the diffuson limit.  
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This extraordinary low thermal conductivity is likely caused by Tl disorders, heavy 

composing elements, and the large unit cell, which all contribute to reducing the mean free path 

length of the phonons travelling though the lattice. The disorder effect to lower thermal 

conductivity was thoroughly discussed in many previously published articles, such as for 

Tl2Ag12Te7+δ,142 Cu2Se,163 and Ba3Cu16-x(S,Te)11.164 The ‘‘cage rattling’’ mechanism, where Tl3 

atoms exhibit concerted rattling in a cage of Te atoms, is known to be important as well. Best 

known examples of this phenomenon are the filled skutterudites165–167 and clathrates.4,74,75,168 

This concerted rattling phenomenon was also observed in CsAg5Te3, which owns an ultralow 

lattice thermal conductivity of 0.14 W m-1 K-1 at 727 K, and a Debye temperature of 118 K.63 

Furthermore, heavy elements tend to vibrate with a smaller amplitude because of the inertial 

resistance provided by the heavy nucleus, and thus cause a lower phonon transfer effect to the 

neighboring atoms. The principles of how larger unit cells and more complex crystal structures 

lower the lattice thermal conductivity were reviewed in 2010.169  

The figure-of-merit curves of the samples are plotted in Figure 6-8d. The stoichiometric 

Tl4Ag18Te11 sample achieves a maximum zT value of 0.13 at 470 K; whereas the zT of 

‘‘Tl4.05Ag18Te11’’ is twice as large, reaching a maximum of 0.26 at 465 K. The highest zT of 

‘‘Tl4.05Ag18Te11’’ is higher than the maximum zT of TlBiTe2 which was achieved at 760 K with a 

value of 0.15.26 However, it is still low in comparison to Mg2Si0.325Sn0.645Bi0.03, whose maximum 

zT is 1.35 at 773 K,14 and Bi2Te2.79Se0.21 whose maximum zT is 0.9 at 430 K.150 For the two 

‘‘Tl4Ag18Te10.95’’ samples, the one with higher electrical conductivity exhibits the higher zT of 0.24 

between 400 K and 425 K. These relatively low zT values could likely be significantly improved if 

the carrier concentration could be optimized via doping with heteroelements. 
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6.4 Conclusions 

Thallium chalcogenides are known to rarely perform as n-type semiconductors; however, 

we found that Tl4Ag18Te11 is an n-type material. The thermal behaviour of Tl4Ag18Te11 was 

investigated by DSC, illustrating its incongruent melting at 723 K. The samples prepared and 

investigated are homogenous, and the physical properties of the samples are reproducible. All 

the samples have negative Seebeck coefficient values throughout the temperature range of 300–

500 K, indicating that the majority of charge carriers are electrons. ‘‘Tl4.05Ag18Te11’’ has the lowest 

thermal conductivity of 0.19 W m-1 K-1 at 500 K, which is extraordinary low compared to other 

thermoelectric materials. This is mainly a consequence of the disordered heavy Tl atoms filling 

the cuboctahedral cages and the complex crystal structure built by heavy elements.  

The highest dimensionless figure-of-merit, zT, is about 0.26 obtained by the sample with 

the nominal formula of ‘‘Tl4.05Ag18Te11’’ at 475 K, which is twice as high as the maximum zT of 

Tl4Ag18Te11. Doping with other elements in order to optimize the thermoelectric properties, 

which are at this moment negatively affected by the low electrical conductivity, will be performed 

in the near future. Overall, Tl4Ag18Te11 based materials will provide a promising n-type 

thermoelectric material, if their carrier concentrations can be enhanced.  
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Chapter 7: Summary and Outlook 

 In this thesis, the thermoelectric properties and syntheses of one thallium selenide and 

three thallium tellurides have been successfully investigated. The relationship between the 

complex structures and the ultralow thermal conductivity was further studied.  

 In Chapter 3, a new Tl-Ag-Se phase was discovered and the crystal structure was solved 

as a commensurate superstructure, which is a √3 × √3 × 1 super cell of the Zr2Fe12P7 type. This 

material is bestowed with an ultralow thermal conductivity, but due to the low electrical 

conductivity, this material needs to be further doped in order to enhance the TE performance. 

This material has been confirmed as a p-type material below 380 K. The phase transition at about 

410 K needs more investigations.  

In Chapter 4, the incommensurate misfit structure of Tl2Ag12Te7+δ was successfully 

determined, resolving the problematic original crystal structure with impossibly short Te-Te bond 

distances. Tl2Ag12Te7+δ is also considered to be the best performing thermoelectric material with 

a misfit structure to date due to its extraordinarily low thermal conductivity (0.25 W m–1 K–1 and 

a high figure-of-merit of up to 1.1 at 525 K). However, since Tl2Ag12Te7+δ is an intrinsic 

semiconductor, further improvements can probably be achieved by optimizing its carrier 

concentration through doping.  

In Chapter 5, the anisotropic transport properties of TlSbTe2 were examined and 

compared to those of Bi2Te3. Although TlSbTe2 still crystallizes in a layered structure, the covalent 

interactions between the layers diminish the anisotropy. The figure of merit of TlSbTe2 was 
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overall improved by about 39% by optimizing the sintering process and 2% atomic Yb-doping (zT 

= 0.85 at 620 K).  

In Chapter 6, one rare n-type thallium silver telluride, Tl4Ag18Te11, with an extremely low 

thermal conductivity of 0.19 W m–1 K–1 was also studied. This material adopts a rattling crystal 

structure, which is considered to be the main reason for the low thermal conductivity. Through 

improving the conductivity of the sample by adding excess Tl into the compound, its zT doubled, 

indicating that slight improvements to the conductivity of samples with ultralow thermal 

conductivity can significantly improve the TE figure of merit.  

 Our studies spark the possibility of utilizing materials with misfit structures for potential 

TE applications. Further studies can be attempted in the way of designing more misfit structures 

with more economically and environmentally friendly elements.  
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Appendix 

 

 

Figure A1. Atomic modulation function for Tl1. The amplitudes are identically zero for x and y, and the 

amplitude in z is small. This position is far away from the locus of the second composite part of the 

structure and is therefore barely affected by the modulation. 
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Figure A2: Atomic modulation function for Ag1. This atomic position forms the tunnel in which the 

second composite part of the structure, the Te2 atom, resides. As a result, this is the most strongly 

modulated position in the parent structure. 
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Figure A3: Atomic modulation function for Ag2. This atomic position is, together with Te1, the second 

nearest neighbor to the Te2 atom. The modulation of this position is moderate. 
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Figure A4: Atomic modulation function for Te1. Like Ag2, the modulation of this position as second 

nearest neighbor to Te2 is moderate, especially along z.  
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Figure A5: Atomic modulation function for Te2. Note that the atomic surface is shown in the second 

composite part, i.e. the c axis is shorter. If this atomic surface is shown in the first composite part cell, the 

modulation is boundless (Figure A6).  
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Figure A6. Atomic modulation function for Te2 shown in the first composite. 

 

Figure A7: Powder diagram of undoped TlSbTe2. 
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Figure A8: Powder diagram of undoped Tl0.98In0.02SbTe2. 

 

Figure A9: Powder diagram of undoped TlSb0.98In0.02Te2. 
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Figure A10: Powder diagram of undoped Tl0.98Yb0.02SbTe2. 

 

Figure A11: The partial density of states of the pz orbital of the Te atom in the chain of the on 

Tl2Ag12Te7.33 model. 


