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Abstract 

Improving Thermoelectric Performance through Defect Engineering with an Emphasis on 

the Mesoscale 

Jann Albert Grovogui 

 Thermoelectric materials are of particular interest in a variety of fields because of their 

ability to directly convert heat to electricity (and vice versa), however, they struggle to gain 

widespread adoption because of their low efficiency. A common strategy in the field of 

thermoelectricity is to introduce material defects into thermoelectrics from the atomic to the 

millimeter scale to increase the energy conversion efficiency. This dissertation discusses how the 

incorporation of electron microscopy, particularly at the mesoscale, was used to study structural 

defects to formulate processing-structure-property relationships and to develop design principles 

necessary for the fabrication of high performance bulk chalcogenide thermoelectric materials. 

Electron Backscattered Diffraction (EBSD) and Energy Dispersive Spectroscopy (EDS) were used 

in parallel to reveal compositional changes that occur during Spark Plasma Sintering in 

NaPbmSbTem+2, and subsequent studies of the Se and S analogues helped uncover a grain boundary 

screening effect that can be used to optimize any material that has a low dielectric constant. Melt-

Centrifugation of Bismuth Antimony Telluride (BST) proved the benefits of including 

microstructural defects across multiple length scales, while Induction Hot Pressing and thermal 

annealing of BST illustrated that similar microstructures could be introduced in a more controlled 

fashion. Furthermore, sample swelling during annealing implicated creep as a critical mechanism 

for property enhancement. Lastly, a fundamental study of extrinsic doping in PbSe emphasized the 
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effect that dopants and microstructure have on the thermal stability of thermoelectric materials and 

revealed a variety of microstructural-dopant relationships that can be manipulated by controlling 

specific processing procedures. 
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Chapter 1.  An Introduction to Studying Defects in Thermoelectric Materials 

 This chapter introduces the fundamental concepts governing thermoelectric energy 

conversion and discusses some of the main motivations driving research in this field, as well as 

the current limitations and challenges associated with thermoelectric research. Specifically, the 

relationship between processing, microstructure, and material properties will be explained and 

used as motivation for the work discussed in this dissertation. Scanning/Transmission Electron 

Microscopy (S/TEM) techniques are particularly useful in the study of the structure and 

composition of the microstructures introduced into thermoelectric materials, because of the variety 

of signals produced by electron-sample interactions. As a key technology in the study of 

thermoelectrics, this chapter also discusses conventional nano- and microscale imaging, 

diffraction, and chemical analysis techniques. A unique focus of this dissertation is the emphasis 

on the importance of the mesoscale (1 μm - 1 mm) in governing thermoelectric performance, and 

the dependence of bulk processing procedures on mesoscale microstructure. As a result of this 

work’s focus on the mesoscale, Electron Backscattered Diffraction (EBSD) will be introduced as 

an instrumental technique that will be highly utilized for developing a deeper understanding of 

processing-structure-property relationships in bulk thermoelectric materials. 

1.1. Thermoelectric Materials: Fundamentals, Recent Advances, and the Role of Bulk 

Processing 

1.1.1. The Thermoelectric Effect and Its Applications 

The Seebeck Effect is a phenomenon that allows thermoelectric generators to directly 

convert heat into electricity.1 Its namesake is the Estonian-German physicist Thomas Johann 
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Seebeck who is credited with first documenting that a temperature gradient across two dissimilar 

metals (connected in a closed loop) is capable of deflecting a magnetic needle, in what he called 

thermomagentism, in 1820.2 Our modern understanding of the Seebeck effect is that a voltage 

develops in a material that has a temperature gradient across it. This potential gradient is formed 

by majority charge carriers diffusing from the hot end to the cold end and the resultant voltage is 

called the Seebeck voltage. The Seebeck voltage is proportional to the temperature gradient, and 

the constant relating these two potentials is a material property known as the Seebeck coefficient.1,3  

A related effect is the Peltier effect in which a temperature gradient can be created by passing 

current through a junction between two different materials.1,3  

Thermoelectric devices can take advantage of either the Peltier or Seebeck effect, enabling 

them to be utilized for generating electrical power from heat sources or for electronic cooling. 

Thermoelectric modules are also appealing because they are solid-state devices (i.e. they have no 

moving parts), leading to quiet, vibration-free operation as well as long device lifetimes.3  

1.1.2. Thermoelectric Devices and the Figure of Merit 

Semiconductors have intrinsically large Seebeck coefficients, which is one reason that they 

are often selected as ideal thermoelectric candidates.4 In addition, semiconductors can be 

degenerately doped to obtain either negative or positive majority charge carriers (n-type and p-

type respectively). These n- and p-type materials can be used to create a thermoelectric device by 

connecting n- and p-type legs electrically in series and thermally in parallel along the direction of 

the temperature gradient. This arrangement is shown in Figure 1.1a. On the hot side of the 

modules, majority carriers will diffuse more quickly than in the cold side, resulting in a net flow 
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of majority carriers from the hot side to the cold side. If the device is attached to an electrical 

circuit, then unidirectional current flow can be established.1,5  

 

The energy conversion efficiency of a thermoelectric generator is derived by setting up a 

thermal circuit and by analyzing the device physics with a few basic generalizations. The thermal 

circuit representing a thermoelectric device (excluding heat transfer between the thermoelectric 

leg components or heat losses due to convection or radiation) is shown in Figure 1.1b.6 The 

generalizations are: 1) the n- and p- type legs have equivalent thermal and electrical properties 

Figure 1.1. A) p- and n-type legs joined thermally in parallel and electrically in series to form a 

thermoelectric device. B) The simplified equivalent thermal circuit for the thermoelectric device 

which includes temperatures at the top and bottom of the heat exchangers (TH and TC), 

temperatures at the hot and cold side of the thermoelectric legs (T1 and T2), thermal conductivities 

of the heat exchangers (κH and κC), thermal conductivities of the leg components (κn and κp), and 

terms for Joule Heating and the Peltier Heating/Cooling at each junction( I2R/2 and ISnpT). 
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(with the exception that their Seebeck Coefficients are equal and opposite), 2) the legs have the 

same length and cross sectional area, and 3) the thermal and electrical contact resistances are 

negligible.6 Using these assumptions, the equations for efficiency can be solved (yielding one 

equation for maximum efficiency and one equation for maximum power) and are given as follows: 

𝜂𝑀𝑎𝑥 𝑃𝑜𝑤𝑒𝑟 = (
𝑍𝑇1

𝑍𝑇𝑎𝑣𝑔+𝑍𝑇1+4
) (

𝑇1−𝑇2

𝑇1
) = (

𝑍𝑇1

𝑍𝑇𝑎𝑣𝑔+𝑍𝑇1+4
) 𝜂𝑐𝑎𝑟𝑛𝑜𝑡  (1.1) 

𝜂𝑀𝑎𝑥 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (
√1+𝑍𝑇𝑎𝑣𝑔−1

√1+𝑍𝑇𝑎𝑣𝑔+
𝑇2
𝑇1

) (
𝑇1−𝑇2

𝑇1
)    (1.2) 

 

Figure 1.2. A graph of the increase in maximum device efficiency as the device ZTavg increases, 

with the cold side device leg temperature set to T2=300 K. A current goal in the field of 

thermoelectricity is to achieve devices with ZTavg ≥ 3 for thermoelectrics to become economically 

feasible for a wider variety of applications. 
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In both the operational conditions of maximum efficiency and maximum power, efficiency 

is related to the Carnot efficiency multiplied by a complex coefficient. Because these coefficients 

cannot exceed a value of 1, these equations indicate that the efficiency for thermoelectric devices 

cannot surpass the Carnot Limit.6,7 Both coefficients also possess a term, ZT, which is referred to 

as the device figure of merit. By increasing this factor, the overall device efficiency will increase. 

The device ZT depends on factors such as the properties of the heat exchangers, as well as the 

material properties of the p- and n-type legs. However, if the heat exchangers were perfect (i.e. 

𝑇1 = 𝑇𝐻 and 𝑇2 = 𝑇𝐶), and if the material properties were matched in both legs (excluding Seebeck 

coefficients which must be equal and opposite), and the material properties across the temperature 

gradient were assumed to be temperature independent, then the device ZT would only depend on 

the material properties of the thermoelectric legs. This special case of ZT, is known as the material 

figure of merit and is denoted as zT. 5,6,8 

The material figure of merit is: 

𝑧𝑇 =
𝜎𝑆2

𝜅
𝑇      (1.3) 

where 𝜎 [
𝑆

𝑐𝑚
] is electrical conductivity, S is the Seebeck coefficient [

𝜇𝑉

𝐾
], and κ [

𝑊

𝑚 𝐾
] is the total 

thermal conductivity. Unfortunately, in a real device, the material properties are temperature 

dependent and there are device heat losses at the heat exchangers. Therefore, the device figure of 

merit (ZT) is often much lower than the material figure of merit (zT). For example, the material zT 

for commercial bismuth telluride is 1.1 while the device ZT is 0.7.5 None the less, it is clear that 

by increasing in the material figure of merit, the overall device efficiency can be increased as well. 

Consequently, in the field of thermoelectrics, one of the main strategies to increasing device 
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efficiency is to increase zT by increasing the power factor (𝜎𝑆2) while decreasing the thermal 

conductivity (κ). 

1.1.3. Competing Mechanisms Governing Thermoelectric Material Properties 

One theoretical framework for the advancement of thermoelectric performance is the 

Phonon Glass Electron Crystal (PGEC) construct. In PGEC, the goal is to develop materials that 

are simultaneously poor thermal conductors (like an amorphous glass), yet efficient electrical 

conductors (like a crystal).4,9,10 If solid state materials could be designed in this manner zT could 

be improved drastically. However, the challenge with discovering and designing new 

thermoelectric materials is that electrical and thermal properties are often concomitant, and 

therefore rise and fall simultaneously. This means that unless electronic and thermal properties can 

be decoupled, there will be little improvement in the overall zT. Before attempting to decouple 

material properties, it is first important to understand the origins and interdependencies of the 

Seebeck coefficient, electrical conductivity, and thermal conductivity. 

As mentioned earlier, the Seebeck coefficient is a material property relating the 

temperature gradient across a material to the induced voltage across said gradient.5,11,12 The 

magnitude of the Seebeck coefficient is a result of the asymmetry in the transport function (which 

depends on the electronic density of states), as well as the change in the fermi distribution function 

with respect to energy.11 In metals, the states above and below the fermi energy level are similar 

in magnitude and therefore there is little asymmetry leading to small overall Seebeck coefficients. 

However, in semiconductors, because of the large difference in available states between the 

conduction and valence bands, the Seebeck coefficient can be at least one order of magnitude 

larger than for those in metals.13 In fact, semiconductors replaced metals as the material class of 
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interest for thermoelectrics, in part, because of their higher Seebeck coefficients.11 However, 

semiconductors are not nearly as conductive as metals, so in order to improve electrical 

conductivity semiconductors are usually doped to become degenerate. Degenerate doping 

unfortunately makes the asymmetry in the Density of States less extreme and lowers the Seebeck 

coefficient. However, because of the high intrinsic Seebeck coefficients prior to doping, the overall 

power factor in degenerately doped semiconductors is still favorable. Using the single parabolic 

band model (with the assumption of energy independent scattering), the relationship between the 

Seebeck coefficient and the carrier concentration is revealed by the equation: 

 

𝑆 =
8𝜋2𝑘𝐵

2 𝑚∗𝑇

3𝑒ℎ2 (
𝜋

3𝑛
)

2/3

     (1.4) 

 

where 𝑘𝐵 is the Boltzmann constant, h is Planck’s constant, T is absolute temperature, 𝑚∗ is 

effective mass, e is the elementary charge, and n is carrier concentration. This equation not only 

shows that the Seebeck coefficient is related to carrier concentration via the relation 𝑛−2/3, but 

also reveals a linear dependence on effective mass.5 

In addition to the Seebeck coefficient, to increase the power factor, the electrical 

conductivity needs to be increased as well. Represented using the Drude formula, electrical 

conductivity is expressed as: 

 

𝜎 =
𝑛𝑒2𝜏

𝑚∗       (1.5) 
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This equation reveals that electrical conductivity is proportional to carrier concentration (𝑛) and 

inversely proportional to effective mass (𝑚∗).5,12 The effective mass can be envisioned as 

describing the way in which external forces interact with electrons in a material. The electrons will 

be accelerated by an external electric or magnetic field relative to the material lattice as if the 

electron’s mass were its effective mass, rather than the true mass of an electron.14 This means that 

electrons with larger effective masses, have a lower mobilities leading to lower electrical 

conductivity. Likewise, electrons with small effective masses are more mobile and result in larger 

electrical conductivites.5 

Thermal conductivity is a linear combination of electrical thermal conductivity and lattice 

thermal conductivity.5 Electrical thermal conductivity is caused by the transfer of heat from charge 

carriers, and can be calculated using the Wiedemann-Frantz law. This law states that the electrical 

component of thermal conductivity can be calculated by multiplying the electrical conductivity of 

a material by a constant, the Lorentz number multiplied by absolute temperature. The Lorentz 

number is approximately 2.4 × 10−8𝐽2𝐾−2𝐶−2, but it should be noted that it can change with 

carrier concentration.5,15 The electronic component of the total thermal conductivity is difficult to 

manipulate, and therefore, when optimizing total thermal conductivity, most effort focuses on 

reducing the lattice thermal conductivity. This term can be reduced through several methods which 

include increasing size of the primitive unit cell, and introducing phonon scattering sites.5,16–18 

Phonons are lattice vibrations and can be scattered by defects on the same order of magnitude as 

their wavelengths which can range from 1 nm to 10 µm.5,16 These defects therefore vary in size 

and dimensionality from atomic scale 0D defects such as vacancies and substitutional point 
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defects, to nano- and microscale defects such as 1D dislocations and 2D grain boundaries, to 3D 

nano- and microscale second phase precipitates.17–19  

As can be seen by investigating the origins of materials properties above, increasing 

thermoelectric device performance by maximizing the material figure of merit (zT) is difficult 

because of the coupling of material properties and their shared interdependencies. Many of these 

material properties are dependent on similar variables (such as effective mass and carrier 

concentration) resulting in competing mechanisms, which leads to a peaks in zT.5,16 The grand 

challenge of the field of thermoelectricity is to decouple these properties, which is performed by 

utilizing a variety of techniques and strategies that will be described in the following section.  

1.1.4. Decoupling Thermoelectric Material Properties 

1.1.4.1 Introducing Doping, Alloying, and Band Alignment to Increase Power Factor 

Improving the power factor of conventional thermoelectric materials generally involves 

introducing impurities to dope materials and for the purpose of band engineering. As mentioned 

earlier, doping is a method of introducing impurities to increase the carrier concentration of 

semiconductors.4 However, impurities can also be added with the intention of engineering a 

material’s band structure to increase band degeneracy and altering the density of states.19,20 Band 

degeneracy is achieved by alloying thermoelectric materials. The convergence of electronic bands 

can provide more conduction pathways for charge carriers, as well as change the structure of the 

bands.21 In the case of PbTe, the heavier Ʃ band and lighter L band converge within a few kBT 

through cation substitution.20,21 Specifically, Sr2+ and Mg2+ can be substituted in place of Pb2+, and 

because of their more ionic character, have valence bands comprised mostly of Te p-states. This 
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moves the PbTe-SrTe L band down lower to the Ʃ band, which has more p-state character.21 

Because the Ʃ band is wider, it has a higher effective mass and the convergence of these bands 

allows for the higher effective mass electrons to contribute to conduction. Although this lowers 

the mobility, it does increase the Seebeck Coefficient, raising the overall power factor of the alloy 

compared to pure PbTe. 

This example leads to the idea that the density of states can be altered to provide 

enhancement to the power factor. Peaks in density of states can be introduced through resonant 

doping or with the introduction of microstructures.19,22 In the case of PbTe, the change in effective 

mass occurred because of band convergence, yet in the case of resonant states and nanostructuring, 

the effective mass can be altered by inducing a spike in the density of states. This spike allows for 

a high Seebeck coefficient at particular levels of doping that allow for enhanced thermoelectric 

performance.19,22  

Another strategy in thermoelectric band engineering (for materials which contain 

nanoscale, second-phase precipitates) is to align the bands between the matrix and the precipitate. 

In PbTe-SrTe system, the valence band of the SrTe phase is aligned with that of the PbTe phase. 

This maintains the carrier mobility by preventing holes from being scattered as they move through 

the material, thus ultimately maintaining a high power factor, despite the presence of multiple 

phases in the material.23  

1.1.4.2. Introducing Defects to Decrease Lattice Thermal Conductivity  

Along with increasing the power factor, microstructure can be utilized to decrease the 

thermal conductivity. Phonons and electrons are scattered by defect sites that are similar in size to 

their mean free paths, or the average distance they can travel before being scattered. Since, 
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electrons have a mean free paths of different lengths, zT can be improved by introducing defects 

that are the correct size to scatter phonons, yet will not inhibit electron mobility.16,24 Due to the 

large range of phonon mean free path, there are several length scales of defects that can act as 

scattering sites for phonons.16 Therefore, introducing  defects on length scales ranging from the 

atomic to microscale can maximize the increase in phonon scattering.  

The ability of defects to scatter phonons is dependent on the frequency of phonons present 

in a thermoelectric system. For example the Debye-Callaway model shows that grain boundaries 

have a larger effect on low frequency phonon modes, while point defects scatter high frequency 

modes.25,26 This is intuitive based on the size difference of these defects, but the phonon mode 

distribution is highly temperature dependent, and therefore multiple defects may be needed in a 

single material in order to reduce its thermal conductivity over a large temperature range. 

According to the Debye-Callaway model, the contributions of different defects to lattice thermal 

conductivity are incorporated through their contribution to the frequency dependent relaxation 

time coefficient. Through Mathiessen’s rule, the inverse of the total relaxation time (𝜏𝑡𝑜𝑡) is 

obtained through a summation of the reciprocal of each individual defect’s relaxation time (point 

defects, grain boundaries, dislocation cores, dislocation strain, etc.):  

 

𝜏𝑡𝑜𝑡(𝜔)−1 = 𝜏𝑈𝑚𝑘𝑙𝑎𝑝𝑝(𝜔)−1 + 𝜏𝑃𝐷(𝜔)−1 + 𝜏𝐺𝐵(𝜔)−1 + 𝜏𝐷𝐶(𝜔)−1 + 𝜏𝐷𝑆(𝜔)−1 + ⋯ (1.6) 

𝜅𝑙𝑎𝑡 =
1

3
∫ 𝐶𝑠(𝜔)

𝜔𝑚𝑎𝑥

0
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where 𝐶𝑠 is the thermal capacity, and 𝑣𝑠 is the speed of sound.17,25 To obtain optimal performance 

from thermoelectric materials, composition and structure must be intentionally designed to 

enhance the power factor while reducing total thermal conductivity. As the field of 

thermoelectricity continually pushes the limits of zT enhancement, it will only become increasingly 

important to control materials synthesis and processing to obtain the microstructures that will allow 

thermoelectrics to achieve their peak performance. 

1.1.5. Processing Bulk Thermoelectric Materials  

 If thermoelectrics are to become more widely used, not only will materials have to become 

more efficient, but manufacturing will have to keep up with demand. This means that high-yield 

manufacturing techniques will be necessary to keep up with demand, and it is for this reason that 

bulk thermoelectric material manufacturing methods are often utilized.27 As such, studying bulk 

thermoelectric synthesis and post-synthetic processes and their relationship to microstructure and 

thermoelectric performance are vitally important. Many bulk materials, and specifically materials 

discussed in this dissertation, are processed in two general steps. First the chemistry of the material 

is established by growing ingots, followed by a heat treatment that is established to obtain the 

desired microstructure. Once the ingots have been heat treated, they are usually quite brittle and 

thus are crushed into a powder and then re-sintered into a solid pellet to give added mechanical 

robustness.27–31  
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1.1.5.1. Bulk Material Synthesis 

 Processing thermoelectric materials usually starts with the synthesis of the material, which 

involved adding the correct combination of constituent elements and compounds to ensure that the 

chemistry of the material is correct. It is usually important for both property and microstructural 

control to understand the phase diagram of the material being synthesized.27,32 Figure 1.3 is a 

schematic of a simplified temperature-composition phase diagram of a two-component material 

Figure 1.3. A schematic of an example Temperature-Composition phase diagram of a two-

component system. The Solvus, Solidus, Liquidus and Eutectic Temperature (denoted by Te) lines 

separate the regions in which different combinations of phases (α, β, and L). The dotted line 

denotes a fixed composition in which equilibrium heating or cooling would result in a phase 

change in the sample. These diagrams only show the thermodynamically stable phases at each 

temperature, so it is possible to obtain high temperature phases at lower temperatures by using 

quenching (or non-equilibrium cooling) to kinetically trap high temperature phases. 



47 

 

systems. By studying the phase diagrams of real chalcogenides,32,33 scientists can design 

thermoelectrics that exist within the targeted phase regimes to obtain the desired microstructure (if 

composition and thermal treatments are implemented properly). Synthetic steps usually involve 

raising constituent materials to their melting temperature and mixing the liquid components in a 

single-phase region to obtain a homogenous solution. The liquid mix is then rapidly quenched to 

prevent atomic diffusion, essentially trapping the high temperature phase at room temperature. 

Finally, if a two-phase material is desired, the phase diagram can be used to ensure the annealing 

temperature is within the two-phase region (below the solvus) to allow for precipitation and growth 

of a second phase. If a second phase is not desired, and the composition is appropriate, the sample 

can be heated into the single-phase region (usually above the solvus but below the solidus 

temperature to avoid re-melting) for additional homogenization.  

1.1.5.2. Post Synthetic Processes 

 Once the chemistry and precipitate structure have been established, the resultant material 

is an ingot that is usually quite brittle and not very mechanically robust.28 In addition to poor 

mechanical properties, ingots usually have large crystals and if there is any crystallographic 

anisotropy this could result in undesired directionality of thermal, electrical, and mechanical 

properties in the material. One way to combat the brittleness and potential anisotropy of material 

properties is to crush the ingot into a powder and then sinter the powder into a pellet. Because the 

grain size of the ingots is comparably large, the new grain sizes are governed by the size of the 

powder. An example of this drastic change in grain size was documented in the NaPbmSbTem+2 

(SALT) which will be discussed at length in the proceeding chapter.28 The sintered material has 
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more strength and more preferable thermal properties due to the increased presence of grain 

boundaries as grain sizes are reduced drastically.34  

 Two common methods of sintering that will be discussed are Rapid Hot Pressing (RHP) 

and Spark Plasma Sintering (SPS). Both processes are preferred over conventional hot pressing 

because, although all three of these methods provide powder densification, SPS and RHP perform 

this process under much shorter time conditions. The short time required for the fusing and 

consolidation of powder particles is beneficial because it lessens the overall exposure to high 

temperatures in which undesired grain growth may occur or alterations in the microstructure which 

have already been induced by heat treating the constituent powder.35 Because the grain size in 

controlled by the size of the powder, ingots are crushed (either by hand crushing or ball milling) 

and then sieved through a mesh with a fixed hole size. This will allow for the selection of powder 

particles of a specific size for sintering and therefore fix the final grain size.  

 SPS functions by running a current (on the order of kiloamps and under a few volts of 

potential) through the die and the powder being pressed  to increase its temperature while pressing 

at high pressure.36 RHP on the other hand uses RF induction heating to heat the die surround the 

powder while the press applies pressure.35 In both cases there are many parameters to control 

(heating and cooling rates, maximum temperature, pressing time, pressing temperature, etc.), and 

it is also important to understand how material microstructure is altered during these steps, since 

sintering typically occurs after the annealing heat treatment of the ingot. 
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1.1.5.3. Importance of Studying Processing 

 Processing thermoelectric materials is vital for ensuring both cost effective and efficient 

manufacturing, as well as ensuring that thermoelectrics function at the highest possible level by 

intentionally introducing the appropriate microstructure into these materials. This dissertation 

focuses on the study of multiple processing techniques, as well as introduces additional design 

principles that should be considered when manufacturing thermoelectric materials. To study the 

relationship between processing and microstructure, materials characterization techniques are 

needed that are capable of studying a variety of material defects across length scales ranging from 

the atomic to the mesoscale. 

1.2. Studying the Structure and Composition of Defects Across Multiple Length Scales 

1.2.1. Nanoscale Analysis of Thermoelectric Materials 

 All-scale hierarchical architecturing has proven to be a valuable strategy in the 

enhancement of thermoelectric performance. As such, the use of electron microscopes has 

developed as one of the leading tools to study nanoscale defects. The advantages of electron 

microscopy derive from the fact that an electron beam is used to probe specimens of interest. 

Because electrons have mass and are charged particles, they have a strong interaction with matter.37 

This strong interaction results in both a variety of signals that are created due to electron-specimen 

interaction, and enables these signals to be highly localized, allowing small volumes to be 

individually probed. The signals from localized areas can then be detected by a variety of different 

detectors and under a variety of different conditions to perform a multitude of imaging, chemical 

analysis, and diffraction techniques. The combination of these modes of operation allows electron 
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microscopy to unveil a variety of information about defect structure and composition and enables 

scientists to advance the study of structure-property relationships in materials. This section 

describes some of the fundamental Transmission Electron Microscopy (TEM), Scanning 

Transmission Electron Microscopy (STEM), and Scanning Electron Microscopy (SEM) 

techniques that are used to obtain information that is imperative for drawing connections between 

processing, microstructure, and properties in thermoelectric materials. 

1.2.1.1. Imaging with Transmission Electron Microscopy (TEM) 

 To explain how to identify and interpret structural defects in TEM, image construction 

must first be understood. In TEM imaging, the image construction mechanism requires parallel 

illumination of the sample by the electron beam, which creates coherency in the electrons. Because 

atomic spacing is similar in magnitude to the wavelength of electrons, the coherency of electrons 

prior to entering the specimen enables constructive and destructive interference of coherently 

scattered electrons passing through the sample as they scatter off of different sets of 

crystallographic planes.38 The resultant interference patterns manifest as spots in reciprocal space 

in the back focal plane of the microscope as seen in Figure 1.4a. These diffracted spots each 

correspond to electrons that have been scattered by certain crystallographic planes, with the center 

bright spot corresponding to electrons that transmitted through the sample without scattering.38 

Using the Objective Aperture (OA), different beams can be selected to construct the final image, 

and the image plane will only contain electrons that originate from diffracted beams that were not 

filtered out in the back focal plane by the OA.39 Figure 1.4b shows a ray diagram of the electron 

microscope optics, and in particular the location of the back focal plane, the OA, and the location 

of the final image on the screen when the TEM is in imaging mode. 
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Figure 1.4. A) A diffraction pattern of the [111] Zone Axis of a PbTe sample is the reciprocal 

space representation of the specimen. B) A ray diagram of the optics of a TEM below the sample 

in imaging mode. In this mode, the diffraction pattern is in the back focal plane and the objective 

lens aperture can be used to select diffracted beams to be used in the desired imaging mode. 

 Several types of imaging modes may be used in TEM which take advantage of different 

types of contrast mechanisms. Bright Field (BF) TEM, is useful for qualitatively identifying a 

variety of structural defects because it takes advantage of diffraction contrast, which results in a 

variation in intensity due to orientation. By selecting only the central transmitted beam (0) for 

imaging, electrons that are scattered by any crystallographic planes are excluded from image 

formation.39 This means that the average grain intensity will be related to the orientation of the 

grain, but this imaging mode will also have the effect of creating variations in intensity due to the 

changing of crystallographic orientation. This means that structural defects, such as dislocations, 

which distort the lattice in the vicinity of the dislocation core due to their strain fields will create 
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contrast gradients that can be observed using diffraction contrast techniques. By selecting a 

specific diffracted beams (for example, g in Figure 1.4a), dark-field (DF) images are produced in 

which only electrons diffracted by specific crystallographic planes make up the image.39 This can 

be useful for highlighting features or planes of interest as well as specific phases which may have 

different diffracted spots than other phases present in the material. 

 When more than one beam contributes to image construction, the result is a phase contrast 

image. The two or more beams interfere with one another in the image plane as the electrons in 

different beams have different phases. As the OA increases in size, it allows more beams to 

contribute to the image. Unfortunately, these types of images are very sensitive to many sample 

and microscope conditions, and the complexity of these types of images means that they are 

difficult to interpret. For example, fringes that result from the interference between different 

diffracted beams are notoriously hard to interpret and are often mistakenly identified as atoms. 

However, if microscope conditions can be controlled, HRTEM allows microscopists to achieve 

incredibly high resolution without the additional enhancement of an aberration corrector.39 

Additionally, HRTEM images can be used in conjunction with image simulation software to unveil 

the true atomic structure of the sample revealing the intricacies of structures such as grain 

boundaries, phase interfaces, and dislocations which are all important to understand for the 

enhancement of thermoelectric materials.    

 In summary, TEM uses a coherent beam of electrons that transmits through the sample to 

construct images that take advantage of phase and diffraction contrast. This technique requires an 

understanding of the mechanisms at play to properly interpret images but can be greatly aided by 
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accompanying image simulation. TEM techniques provide the most utility in the study of 

thermoelectrics and other materials when crystallography or crystal orientation may be major 

factors in the features of interest in a sample and high resolution is required to obtain accurate 

information. 

1.2.1.2. Imaging with Scanning Transmission Electron Microscopy (STEM) 

 STEM image construction is fundamentally different from image construction in 

conventional TEM and therefore can take advantage of slightly different contrast mechanisms. 

This imaging technique uses a converged, incoherent beam which is rastered across the sample, 

resulting in image construction that is performed on a pixel by pixel basis.40,41 The detectors used 

are annular (circular or donut shaped detectors) so that only certain electrons that the user defines 

are collected. This enables only electrons scattered through a particular solid angle to be collected, 

which is important for controlling contrast mechanisms.42  For each pixel in a pre-selected area of 

interest, the annular detectors collect all electrons that scatter between specified solid angles. It is 

the integrated intensity of all electrons in the specified solid angle range that are used as the scalar 

pixel intensity at that point.41 This process is performed for all pixels to create an image and an 

example of this process can be seen in Figure 1.5b and 1.5c. 
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In many studies, but in this dissertation in particular, STEM High Angle Annular Dark 

Field (HAADF) is a popular technique. STEM-HAADF collects incoherently and elastically 

scattered electrons which are scattered to high angles due to interacting with atomic nuclei. This 

mechanism is known as Rutherford scattering.41,42 This results in a strong intensity dependence (in 

STEM-HAADF) on the atomic number of the elements present in the sample. This differs from 

TEM-DF in which intensity is dependent on the crystallographic planes that diffract incident 

electrons. Therefore, STEM-HAADF is not only a useful imaging technique, but it also reveals 

qualitative information about the relative atomic mass of the elements present in a sample, which 

Figure 1.5. A) A schematic of the setup of a Scanning Transmission Electron Microscope 

illustrating the different types of electron sample interaction and signals that can be collected for 

analysis. B) A circular or spherical particle in the sample plane, as viewed from above. The black 

dots represent areas at which the probe will stop to collect signal. C) The reconstructed STEM 

image of the sample in B) with pixel intensity corresponding to the integrated intensity of signal 

collected at each scan position.  
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is especially useful in the case of multiphase systems, or systems in which there is elemental 

segregation. A variety of other STEM imaging techniques exist such as Bright Field (BF), Annular 

Bright Field (ABF), and Annular Dark Field (ADF). These techniques incorporate various 

contributions of mass contrast and diffraction contrast and can be used (in some cases in unison) 

to collect complementing images with varying qualitative information about sample composition 

and structure. In addition, the advent of aberration correction technology enabled aberration 

corrected STEM (ac-STEM) to achieve image resolutions below an angstrom allowing for the 

imaging of individual atoms in modes like HAADF and ABF which allow various levels of mass 

contrast.40 

1.2.1.3. Chemical Analysis using Analytical Microscopy 

 STEM is also preferable to TEM for analytical techniques, such as Energy Dispersive Xray 

Spectroscopy (EDS) and Electron Energy Loss Spectrometry (EELS), because of the high control 

the user has over the electron probe. Because of the high maneuverability of the probe in STEM, 

analytical STEM techniques are not only capable of collecting average spectra over a large area 

(as can be done with TEM-EDS), but they can also collect spectra at specific locations with 

resolution approaching the size of the electron probe, perform accurate line scans over features of 

interest, and produce EDS maps in which spectra can be extracted.  

In this dissertation, the main analytical technique used is EDS. The mechanism that allows 

EDS to detect sample composition starts when energized electrons from the beam interact with 

electrons in the sample. During electron-specimen interaction, some incident electrons undergo 

inelastic scattering, transferring energy to electrons in the sample. The electrons in the sample then 
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become briefly excited, and upon relaxation back to their ground state, they will lose energy in the 

form of a photon with a wavelength in the x-ray spectrum. Every atom has its own characteristic 

wavelengths, and so by documenting the type and intensity of x-rays that reach the detector, the 

composition of the sample can be calculated.41 This technique only works for elements heavier 

than Na because elements lighter than Na do not have enough orbitals for excitation and de-

excitation to occur. This technique also has an energy resolution of approximate 0.1 keV and a 

sensitivity of about 1000 ppm.41,43  

 Analytical techniques such as EDS compliment the imaging capabilities of electron 

microscopes by allowing scientists the ability to understand chemical composition in conjunction 

with information collected via imaging. This can help with bridging the gap in understanding 

between structure-composition-property relationships in materials such as the composition of 

second phase nanoprecipitates in thermoelectric materials. 

1.2.1.4. Crystallographic Analysis using Electron Diffraction 

HRTEM and ac-STEM are both imaging techniques that are capable of revealing the 

atomic structure of samples (especially when used in conjunction with multi-slice electron 

microscopy image simulation). However, both of these imaging techniques are limited in a sense 

because they only provide a 2D projections of the sample.37,44 Electron diffraction can help recover 

some of the information lost in the imaging process because it provides information about how 

electrons interact with the 3D lattice. 

At high voltage, the wavelength of an electron becomes small enough that it can interact 

with a sample’s atomic crystal structure.37 The reciprocal space representation of the sample 

provides the pattern that is the manifestation of the constructive and destructive interference 
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patterns that area a result of this interaction. Therefore, by changing the electron optics to ensure 

that the reciprocal space representation of the sample coincides with the detector (rather than the 

real space image), diffraction patterns can be collected using an electron microscope. By indexing 

these diffraction patterns, additional information about a material’s crystallography (phase, lattice 

parameters, orientation, etc.) can be extracted, much of which would not be measurable using 

imaging techniques alone. One of the most common techniques performed in TEM is Selected 

Area Electron Diffraction (SAED), which is shown in Figure 1.4a and Figure 1.6a. This technique 

uses the Selected-Area Aperture (SA) in imaging mode to ensure that only the electrons that 

contribute to a certain part of the image are involved in creating the diffraction pattern. This allows 

researchers to identify anomalies in crystal structure in precise locations. SAED is by no means 

the only diffraction technique, and different techniques focus on extracting different types of 

information about a crystal lattice. For example, another common technique (shown in Figure 

1.6b) is Convergent Beam Electron Diffraction (CBED), which can reveal 3D information about 

crystal symmetry (and even strain) through an analysis of Higher Order Laue Zone (HOLZ) lines.38 
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Diffraction is a useful tool for studying materials defects in thermoelectrics for several 

reasons. Crystallographic and structural information becomes especially pertinent when examining 

complex structural defects, such as grain boundaries, which require 5 macroscopic Degrees of 

Freedom (DOF) to be identified in order to be defined, three of which come from the 

misorientation of the grains on either side of the boundary.45 Additionally in TEM particularly, 

some imaging modes require the sample to be oriented so that the incident beam points down a 

crystallographic axis. This allows for precise diffraction of the incident beam across multiple 

crystallographic planes and enables the selection of specific beams for BF, DF, two-beam 

conditions, HREM, etc.39 Without the flexibility of electron optics to change operational modes, 

Figure 1.6. A) A Selected Area Electron Diffraction (SAED) Pattern taken with a parallel beam. 

The precise spot patterns may be used to index crystals and obtain information such as lattice 

parameters. B) A Convergent Beam Electron Diffraction (CBED) Pattern formed using a 

converged beam results in incoherent effects, such as spots growing into disks, and the formation 

of Kikuchi and Higher Order Laue Zone (HOLZ) Lines which can yield 3D crystallographic and 

higher order symmetry information. 
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the precision of these techniques would be much reduced and the ability to study 3D 

crystallography in addition to 2D imaging and chemical analysis would be unachievable.  

1.2.2. Mesoscale Characterization of Thermoelectric Materials  

1.2.2.1. Large-Area Sampling in the Electron Microscope 

 A multitude of works have focused on using high resolution transmission electron 

microscopy techniques to observe and identify structural defects in thermoelectric materials. A 

large motivation for this in the study of chalcogenide thermoelectrics (as well as other 

thermoelectric systems) is that a large portion of the phonons in these materials can be scattered 

by features at the nanoscale.16 As a result, a surge in research focusing on second phase 

nanoprecipitates and dislocations, have dominated the field of thermoelectrics.15,17,23,26,46 This is 

in part due to the ideal size of these defects, but also because of the unique ability of high-resolution 

electron microscopy to probe localized nanoscale features such as precipitate size and composition, 

boundary coherency and strain, dislocation Burger’s vectors, etc. However, one of the limiting 

factors of high-resolution electron microscopy techniques is that they have a limited field of view 

and therefore are not able to show the pervasiveness of these defects throughout the sample in a 

meaningful way.37 In other words, defects can be identified, but, in many instances it is difficult 

measure the true defect density to relate property changes to defects densities. Additionally, some 

features are too large to be observed with techniques that are only capable of documenting a small 

field of view. One fix to the problem of the limited field of view associated with TEMs is to utilize 

scanning electron microscopy (SEM) techniques. SEMs have lower magnification, but their 

advantage comes from their much larger field-of-view. This gives SEM techniques the ability to 
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measure larger scale features (up to millimeters in size), as well as obtain data that provides more 

concrete evidence of defect densities. 

1.2.2.2. Crystallographic Mapping: An Introduction to Electron Backscattered Diffraction 

Electron Backscattered Diffraction (EBSD) is an SEM technique that is based on electron 

diffraction. As stated previously, many earlier works on thermoelectric materials focused on the 

micron and nanoscale, but the introduction of SEM-EBSD allows the study of the mesoscale 

(between 1 micron and 1 mm). Additionally, the diffraction information specifically provided by 

EBSD allows the study of features such as grain size, grain boundary orientation, twin boundary 

ratio, and texturing, all of which are important for formulating a more concrete understanding of 

structure property relationships in thermoelectric materials. Furthermore, with the added ability to 

measure the mesoscale, the importance of processing control will become more evident as will be 

shown in the following chapters. This dissertation will illustrate the utility of EBSD and encourage 

the future use of this technique in the study of thermoelectric materials. However, before the results 

of EBSD are discussed, it is important to fully understand the mechanisms, experimental setup, 

and data processing that are required to obtain accurate results from this technique. 

Unlike conventional backscattered electron imaging in which a detector is placed directly 

above a flat sample, EBSD requires a sample to be mounted at an approximately 70° tilt with a 

side mounted detector present in the microscope chamber. Backscattered electrons are primary 

electrons from the beam that travel deep into the sample before experiencing an elastic scattering 

event.47 This results in many backscattered electrons being unable to escape the sample and reach 

the detector for imaging or analysis. The sample tilt helps increase the number of elastically and 
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incoherently scattered electrons (those required to produce backscattered electron diffraction 

patterns or EBSPs) to escape the sample, while also ensuring that these escaped electrons are 

scattered predominantly in the forward direction.48  

Before data collection begins, the relevant phases need to be known so that a crystal file 

can be created. These crystal files assist the software in identifying which Kikuchi patterns belong 

to specific phases and crystal orientations.49 In addition to selecting the correct phases that will be 

present in the sample, the microscope parameters also need to be set to obtain the best quality 

maps. The microscope parameters that are usually important are the probe current, and probe size 

(controlled by the objective aperture size and spot size), accelerating voltage, step size, dwell time, 

and chamber pressure. Often these parameters have trade-offs, so it is important to understand the 

correct combinations of parameters to improve the quality of the pattern being collected. One of 

the most important parameters is the accelerating voltage. As voltage increases, patterns become 

sharper because each electron that hits the phosphorous detector screen has more energy and 

therefore more intensity is produced.50 The important trade off here is that as voltage increases, so 

does the interaction volume, which can potentially lower the overall spatial resolution, as signal 

can originate from electron sample interactions within this volume, not just at the point at which 

the electron probe meets the sample surface.51  

There are a variety of parameters that influence the size of the interaction volume, another 

of which is probe size. The probe is not an infinitely sharp point at the surface but has a finite size 

which is determined by the probe size selection. As the probe size gets larger so does the interaction 

volume, but more signal also is introduced into the sample which improves the signal to noise ratio 

of the EBSPs. The signal to noise ratio is also improved by the selection of larger condenser 
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apertures. A similar trade off occurs with condenser aperture size as with probe size. Larger 

apertures allow much more current to be introduced to the sample, yet this will usually coincide 

with a larger probe size.  

Step size is arguable the largest influencing factor of spatial resolution in EBSD, but its 

contribution to overall spatial resolution depends on the step size selected. If you are scanning a 

large area with large features, to achieve reasonable scan times, the step size will usually be larger, 

and the resolution will be mostly dependent on the step size selected. If you are scanning over 

small areas, the step size can become much smaller than the interaction volume and it is at this 

point the influence of the interaction volume becomes more important for determining spatial 

resolution. 

The last consideration during EBSD setup is how to reduce charging that may occur during 

data collection. Metal samples usually do not experience charging effects, such as drifting, in 

SEMs, however, because most thermoelectrics are semiconductors, it is important to ensure that 

charging causes minimal effects to retain scan integrity. During EBSD, there are longer dwell 

times at each step than would occur during typical image capture. This is because there need to be 

long enough integration times for EBSD patterns to be captured that have enough signal to noise 

so that the Kikuchi lines can be indexed. Therefore, to combat charging, samples should be 

mounted to ensure they are grounded (with copper tape) but may also require the user to operate 

the SEM in variable pressure mode. This assists with the dissipation of charge because as neutral 
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gas species interact with the beam in the chamber, they become ionized. The negative charge on 

the surface can then be dissipated by positively charged gas ions that contact the sample surface.52  

 

Once the microscope parameters have been set and the appropriate crystal files have been 

selected, the user selects an area of interest. As shown in Figure 1.7, an EBSP is collected at each 

scan position and automatically indexed. Once a pattern is indexed at each point, the data can be 

saved and processed to extract a variety of information. The most common images constructed 

using this technique are orientation maps which reveal the grain structure of a material by color 

coding each pixel according to the orientation of the crystal. An image created in this fashion will 

then reveal the grain structure because pixels within the same grain will be the same color, resulting 

in a multicolor grain map. EBSD data can also be used to quantitatively measure grain size 

Figure 1.7. A) An EBSD map being created (over a secondary electron image), revealing grain 

orientation information. B) A sample EBSP that would be collected at each scan position and used 

to reconstruct EBSD maps pixel-by-pixel. 
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averages, as well as grain boundary orientation distributions, twin boundary ratios, and pole figures 

can even be extracted to measure texturing (or orientation alignment) of grains within the area of 

interest. 

1.2.2.2. Importance of Sample Preparation and Post-Processing for Interpretation of EBSD 

As illustrated in the previous section, to properly interpret EBSD data it is imperative to 

first obtain the best quality EBSPs. EBSP pattern quality can be enhanced by altering microscope 

conditions; however, the microscope conditions are ultimately rendered irrelevant if a high quality 

of polishing is not achieved prior to sample characterization. 

Electron Backscattered Diffraction (EBSD) is sensitive to surface quality and therefore 

samples with minimal scratches and surface deformation are required to obtain useful and 

interpretable signal. Unfortunately, surface deformation from grinding steps can extend several 

microns below the surface for ductile materials, and increases with larger grit size.53 To ensure the 

elimination of the deformation layer from prior cutting and grinding steps, I developed a set of 

sample preparation steps that retuned excellent EBSPs in thermoelectric materials (which are often 

times much softer and more prone to scratching and deformation than metallic samples). First, 

samples were cold mounted into fast-curing epoxy, which is often an excellent way to provide 

material stability from fracture and excessive deformation when grinding and polishing. Next, 

samples were manually ground using 600, 800, and 1200 grit SiC grinding paper (decreasing grit 

size) for 10 minutes each on a grinding wheel. A polishing pad with 1 µm and 0.1 µm diamond 

slurry were then used to polish samples on the grinding wheel for 30 min and 45 min respectively. 

Finally, the mounted samples were placed into a vibratory polisher with 0.1 µm diamond slurry 

for 3 hours at 150 V and 62.7 Hz. An added benefit of this rigorous sample preparation was that 
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samples prepared for EBSD in this way could then also be used for SEM-EDS analysis with no 

additional sample preparation as the surfaces were already flat and defect free.  

Finally, it is important to note that EBSD should not be treated as a turn-key technique and 

that careful post-processing analysis must be performed in order to obtain the most accurate results. 

Depending on if the user wants to obtain data regarding grain size, grain boundary population, or 

the types of grain boundaries, different post-processing steps may be desirable or should be 

avoided due to the risk of unintentionally manipulating data. One example of this would be grain 

cleaning. Should a researcher be interested in grain size or phase distribution alone, filling in 

unindexed pixels from an image that is mostly indexed correctly should not alter data too severely 

(although it should be a step that is indicated in published works). However, if measuring grain 

boundary populations, as will be discussed in Chapter 4, cleaning unindexed pixels has the 

possibility to change values such as twin boundary ratios. Therefore, it is extremely pertinent that 

researchers are careful of when they are and when they are not post-processing data, that they 

document how this may be altering their results. Furthermore, for reproducibility and transparency 

it is imperative that they record and share how they are processing their EBSD data upon 

publication of their results.  

1.3. Scope of the Dissertation 

 Thermoelectric devices are attractive for their potential to be incorporated into a variety of 

applications. Thermoelectric efficiency has limited the use of these devices to niche applications, 

however with recent advances in microstructural enhancement in the 1990’s, the possibility of 

wider adoption of thermoelectrics has become feasible. Electron microscopy has become a key 

tool in studying the microstructures due to its ability to probe small volumes of material at high 
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resolution, and for its ability to produce and interpret a wide variety of signals, enabling the study 

of defect structure and chemistry from the atomic to the mesoscale.  

Specifically, this dissertation will: 

1) Investigate bulk synthetic processes, such as Spark Plasma Sintering, Melt-

Centrifugation, and Induction Hot Pressing, to document the types of hierarchical defects 

introduced by these processing steps. Additionally, this dissertation will explore defect 

structure-property relationships and microstructural design principles required to advance 

the performance of bulk thermoelectric materials.  

2) Emphasize the relevance of the mesoscale for its ability to provide insight into the 

populations of defects at other length-scales. Furthermore, this dissertation will show how 

mesoscale defects alter thermoelectric efficiency and thermal stability, and how specific 

modifications to bulk processing steps can be intentionally modified to obtain optimized 

material microstructure. 

3) Discuss the intricacies of collecting and processing Electron Backscattered Diffraction 

data for analyzing mesoscale defects. 

 To cover these topics, this dissertation is organized as follows. Chapter 1 serves as an 

introduction to both the field of thermoelectrics and the field of electron microscopy. This chapter 

sets the motivation for studying defects across multiple length-scales, and describes how various 

signals arising from electron-sample interaction are analyzed in order to perform imaging, 

chemical analysis, and electron diffraction to probe local structural and compositional defects in 



67 

 

solid materials. EBSD is also introduced along with a discussion of the tradeoffs between high 

resolution and high-volume sampling techniques. In Chapter 2, the study solid solution 

NaPbmSbQm+2 (Q=Te,Se,S) compounds is aided by the incorporation of mesoscale compositional 

and structural analysis using EBSD. The documentation of grain size and composition brings to 

light the effects of SPS on compositional homogeneity of bulk thermoelectrics, as well as enables 

the development of a new design parameter in ionic thermoelectric materials. Chapter 3 

introduces Melt-Centrifugation as a kinetic processing technique, capable of producing porous 

Bismuth Antimony Telluride (BST) that out-perform its fully-dense counter parts. Nanoscale 

analysis combined with thermal modelling suggest that this synthesis technique incorporates a 

variety of micro- and nanostructures into the material that contribute to a large decrease in lattice 

thermal conductivity. Chapter 4 discusses the attempt to reproduce the microstructure present in 

melt-centrifuged BST using a less kinetic processing method, Induction Hot Pressing, followed by 

a thermal treatment. EBSD is  combined with traditional micro and nanoscale analysis in addition 

to thermal modeling and experimental data, to illustrate that the pore formation mechanism (creep) 

is critical to introducing defects into porous BST that lead to its thermoelectric performance 

enhancement over dense BST. Chapter 5 explores the effects of extrinsic doping on the 

microstructure and thermal stability of PbSe by incorporating Density Functional Theory to 

provide insight on the point defects introduced into PbSe by intrinsic doping. SEM-EDS and EBSD 

reveal how these point defects manifest in altered mesoscale microstructure. Chapter 5 also shows 

how, with an improved understanding of dopant-microstructure relationships, intentional 

modification of powder processing and SPS conditions can help scientists achieve the desired 
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microstructure in their thermoelectric materials.  Chapter 6 is a summary of the work covered in 

the dissertation and provides suggestions of future work. 
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Chapter 2. Microstructural Control of Spark Plasma Sintered Lead Chalcogenides  

The purpose of this chapter is to demonstrate how mesoscale characterization was used to 

form processing-structure-property relationships as well as establish new design criterion for 

improved thermoelectric performance in chalcogenide compounds NaPbmSbTem+2 (SALT) and 

NaPbmSbSem+2 (SALSe). Two main projects are highlighted in this chapter. In the first project, 

TEM imaging and electron diffraction were used to investigate the nanoscale of these samples and 

it was found (contrary to intuition and previous reports of analogous materials) that there are no 

nanoprecipitates present in these compounds, despite their high average zT (zTavg). Mesoscale 

characterization using SEM imaging, EDS, and EBSD revealed the large-scale elemental 

segregation of Sb in the SALT ingots. These techniques helped further illustrate that the change 

of SALT thermoelectrics from p-type to n-type during SPS is due to the diffusion and 

homogenization of Sb into the parent phase. Once intentional compositional control could be 

achieved during synthesis, both SALT and SALSe compounds were fabricated that were capable 

of achieving high zTavg. Upon closer investigation of the transport properties of these two 

compounds, a low temperature suppression of electrical conductivity in NaPbmSbQm+2 compounds 

was observed when the chalcogen species (Q) was S or Se, but not when the chalcogen was Te. 

The second project highlighted in this chapter uses mesoscale electron microscopy characterization 

techniques, such as EBSD, to highlight that this effect is grain size dependent. Ultimately it was 

determined that this effect is due to grain boundary screening of charge carriers, the magnitude of 

which is directly related to the permeability and diaelectric constants of the material. This 

discovery adds a new design consideration into the microstructural optimization of thermoelectric 

materials.  Portions of this chapter were previously published and are reprinted (adapted) with 
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permission from the following: J. Am. Chem. Soc., 2018, 140 (22), 7021-7031. Copyright © 2018, 

American Chemical Society; Advanced Energy Materials. 2019, 9 (30), 1901377 and are 

reproduced (adapted) with permission from © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim; and Energy Environ. Sci., 2020, 13, 1509-1518 and are reprinted (adapted) with 

permission from Royal Society of Chemistry. 

2.1. Studying the Nanoscale in Thermoelectric Materials 

2.1.1. Contributions of Nanoprecipitates to Thermoelectric Performance 

 The following work focuses on PbQ(Q=Te, Se, S)-based thermoelectric systems which 

were originally expected to show some amount of nanostructuring. However, the absence of 

nanoprecipitates, in combination with an increased focus on microscale and mesoscale features, 

enabled the identification of novel mechanisms related to materials processing that aided in the 

design of higher performing lead chalcogenide thermoelectrics. However, before discussing the 

novel mechanisms found in these solid solution thermoelectric systems, it is important to discuss 

why property enhancement is typically attributed to nanoprecipitates in similar material systems, 

and how nanoprecipitates can be ruled out as contributing factors in these PbQ-based 

thermoelectrics. Specifically, this section will discuss (1) how it is thought that nanoprecipitates 

contribute to thermoelectric enhancement, (2) why one might expect to see nanostructures in these 

specific thermoelectric systems, and (3) how to identify and study nanoprecipitates (or the lack 

thereof). 

 As stated in Chapter 1, the objective of microstructural design in thermoelectric materials 

is to increase phonon scattering while minimizing charge carrier scattering. Unfortunately, 
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thermoelectric materials do not function optimally in every temperature regime, due to the 

temperature dependence of their electronic and thermal properties, and therefore, not all 

microstructures will be as effective in improving efficiency in every thermoelectric system. One 

of the most commonly studied thermoelectric materials is PbTe with peak zT typically documented 

at intermediate temperatures (~800 K – 900 K).28 PbTe is a favorable material because of its 

intrinsically low lattice thermal conductivity of approximately 2 W/mK, and because of its ideal 

electronic band structure which has closely situated valence bands that are capable of achieving a 

high density of states with degenerate doping.54,55 Nanostructuring is specifically predicted to 

improve PbTe performance because a majority of the thermal conductivity (up to 80%) is derived 

from phonons with mean free paths under 100 nm.16,56 This means that nanoscale features are of 

the correct size to impede phonon propagation. 

 Second phase nanoprecipitates are a particularly attractive feature at the nanoscale, because 

they are complex and have the ability to contribute multiple types of defects (some of which can 

be further controlled) such as dislocations and strain fields at interfaces (depending on the level of 

coherency),23,57,58 as well as compositional variation. Interfaces are intriguing both structurally and 

chemically in two-phase materials. For example, it has been shown through atom probe 

tomography that dopants, such as Na, have a tendency to segregate to boundary interfaces.16 

Furthermore the crystallography of the matrix and precipitate phases are important because the 

crystal structure and lattice parameter mismatch can result in a variety of interfaces (coherent, 

semi-coherent, or incoherent), some of which may have strain or strain relieving mechanisms.23,58 

In the PbTe-SrTe material system, coherent boundaries constrain the precipitate phase to fit the 

lattice parameter of the parent phase when the precipitates occur below a particular size (2-5 nm 



72 

 

precipitate size). However, once precipitates get larger, they develop dislocations at the interface 

to relieve the strain needed to keep the lattice parameters equal.23 Coherency is predicted to be 

beneficial because strain at the interface will increase phonon scattering, while the coherent lattice 

will allow for minimal charge carrier scattering.57 

 Thermoelectric enhancement can be performed by manipulating more than just the size of 

the precipitates. In fact, the composition of the second phase precipitates can also be altered to 

enhance charge transport. By ensuring the band structure of the precipitates matches that of the 

matrix, charge carriers will remain mobile throughout the entire two-phase system. It is not 

necessary for both the conduction and valence bands to match between the matrix and the 

precipitate, only the bands which conduct primary charge carriers need to be similar energies. For 

example, SrTe and PbTe have closely aligned valence bands, which allows high hole mobility in 

this system. In fact, this strategy has been used to show how precipitate composition can be 

selected to retain electronic charge carrier mobility in PbSe systems as well.17 

Controlling the microstructure of thermoelectrics has proven to be quite successful. Since 

the idea of nano- and microscale manipulation of  thermoelectric materials was introduced in the 

1990’s, recorded figures of merit began to surpass 1, which had been a previous ceiling for most 

thermoelectric materials.59 With the incorporation of nanoscale defects and second phases, 

materials that had been known for decades, such as PbTe, began to show drastic improvements.59,60 

This led to the development of high performance alloys such as AgPbmSbTem+2 (LAST),61–63 

AgPbmSnnSbTem+n+2 (LASTT),64 PbTe-PbS,15 and PbTe-SrTe,17,65 which have all shown evidence 

of nanoprecipitation while achieving zTs above 1, and in some cases as high as 2.5.59,65 
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2.1.2. Preparing Samples for Accurate Identification of Nanostructures 

 Due to the variety of parameters that can be manipulated to create optimal nanoprecipitates, 

different electron microscopy tools are utilized to study how second phases interact with their 

parent phase. As discussed in Chapter 1, electron microscopes can perform imaging, diffraction, 

and analytical techniques, all of which can be used to investigate nanoprecipitate structure and 

composition. Yet before S/TEM analysis can occur, it is critically important that researchers 

understand how to properly prepare microscopy samples so that image interpretation and other 

analyses are as unambiguous as possible.66 

Because transmission electron microscopy techniques require electrons to transmit through 

the material of interest, these samples must be incredibly thin (less than 100 nm for imaging and 

less than 50 nm for analytical techniques like EELS).37 Because of the thin sample, electrons 

cannot scatter and spread throughout a large volume like they do in SEM, and therefore the 

interaction volume in TEM approaches the size of the electron probe. This allows incredibly high 

spatial resolutions, especially in aberration corrected STEM, where the size of the probe can be 

reduced to less than an angstrom.40 This means that TEM is the ideal technique for studying 

nanoscale precipitates, with high spatial resolution imaging and analytical precision. 

Unfortunately, because the samples need to be very thin, the sample preparation (especially for 

bulk materials) is complex, and researchers need to be careful not to induce artifacts that could be 

misinterpreted as intrinsic defects. 

 One of the most common ways to prepare TEM samples by using a Focused Ion Beam 

(FIB) which uses Ga+ ions to cut and thin specimens for vertical lift-out. Specimens are usually a 
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few microns in size, but because FIB is performed in an SEM, cross-sectional samples can be taken 

from extremely precise areas such as grain boundaries or other areas of interest. The downside to 

FIB sample preparation is that Ga+ ions have a strong tendency to become implanted in 

samples.67,68 Many thermoelectric materials such as PbTe and Bi0.5Sb1.5Te3 are sensitive to 

implantation, resulting in large amounts of sample damage. This can manifest in Ga showing up 

in analytical measurements of composition, but can also result in amorphization, and point defects 

like vacancy and interstitial formation that is not intrinsic to the samples of interest.67,68 

 Ar+ ion milling is preferred to FIB for sensitive samples because of the reduced tendency 

of Ar+ to implant into samples.67,68 The sample preparation required for bulk TEM specimens using 

argon ion milling is quite different from the preparation that would be needed for FIB specimen 

preparation. This is because Ar+ ion milling does not take place in an SEM (meaning one cannot 

precisely target a small area of interest), and because of Ar+ ion milling is much more gentile. This 

leads to the need for additional steps to be included in sample preparation prior to using the Ar+ 

ion mill. The general concept behind this type of sample preparation is that it is desirable to form 

a hole in the middle of the sample during the ion milling step using the ion guns that are angled 

above and below the surface (see Figure 2.1). When the guns form the hole, the resultant cross 

section at the edge of the hole will be a wedge shape, with a thickness of zero at the hole and 

gradually increasing thickness moving away from the hole. That means there should be a region 

bordering the hole that is less than 100 nm and suitable for analysis. To obtain samples that are 

appropriately thin prior to milling, samples are attached to a TEM grid, ground and polished on a 

grinding wheel until they are approximately 50 μm thin, and then dimpled so that they have a 



75 

 

circular crater in the middle (the bottom of which should only have a few microns of thickness 

prior to milling). 

 Although the Ar+ ions are less invasive than Ga+ it is still important that the proper steps 

are taken during milling to reduce damage. This includes ensuring samples are at cryogenic 

temperatures throughout the milling process (by using a cryogenic stage) which helps reduce the 

localized heating from milling to accumulate and cause changes to the sample. Additionally after 

milling at higher kV, there should be a gradual reduction in both the incidence angle and voltage, 

to ensure that the final polishing process removes surface damage from prior steps, while keeping 

the addition of new damage to a minimum. Specifically in lead chalcogenides this is important 

because some defects from the ion milling process form ordered vacancy clusters which can be 

mistaken as intrinsic defects.66 

Figure 2.1. Top and Side views of a TEM sample prepared via Argon ion milling to achieve a 

region of electron transparency. 
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2.2. Controlling Phase Segregation in Spark Plasma Sintered NaPbmSbTem+2 (SALT) 

2.2.1. Spark Plasma Sintering for Mechanical Property Enhancement 

 As mentioned in the section above, the LAST system is a proven high performance, 

nanostructured thermoelectric material, however, prior to this study, little information was 

available on the Na analogue to this system, despite Na being a common dopant in PbQ-based 

thermoelectrics. The Na analogue is attractive to researchers though because the compound is 

essentially a mixture of two rocksalt phases, PbTe and NaSbTe2, similar to the phases PbTe and 

AgSbTe2 that exist in LAST (which manifests as a two phase system with nanoprecipitation). The 

reason that the NaPbmSbTem+2 (SALT) material system was not well studied prior to our 

investigation is because the compounds that are rich in NaSbTe2 (or in other words those with low 

m) are very brittle and therefore difficult to fabricate into samples that can be measured for 

electrical and thermal transport. Since the incorporation of solidification and strengthening 

techniques such as Spark Plasma Sintering (SPS) have become more widely available, it has 

become possible to fabricate brittle ceramics (such as low m SALT) with more mechanical 

robustness. This has enabled an in-depth analysis of m=1 to m=20 SALT thermoelectrics, a range 

of composition that had not previously been explored in this material system. Once the samples 

could be synthesized, transport measurements and electron microscopy were carried out on the 

materials to help form an understanding of the relationship between the new processing procedure, 

material microstructure, and thermoelectric properties. 
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2.2.2. Processing of SALT Samples 

The goal for processing SALT samples was to consistently produce a range of 

compositions so that thermoelectric properties and microstructure could be recorded across a 

spectrum of solid solution and phase segregated samples to identify where the ideal composition 

for thermoelectric performance may exist. Polycrystalline ingots with nominal compositions of 

Na1+xPbm−xSb1−yTem+2 (m = 0.25−20, x =0−0.15, y = 0−0.25) were synthesized by weighing 

stoichiometric quantities of each element into 13 mm diameter carbon coated fused silica tubes, 

which were then flame-sealed at ∼2 × 10−3 Torr. The tubes were heated in a box furnace to 1273 

K over 14 hrs and held at this temperature for 6 hrs. During this time, the tubes were periodically 

shaken to ensure good mixing and homogeneity in the melt. After 6 hrs, the tubes were quenched 

in ice water, and the polycrystalline ingots were removed and ground into powders in an N2-filled 

glovebox. The powders were sieved (53 μm), loaded into 12.7 mm graphite dies, and sintered by 

SPS (SPS-211LX, Fuji Electronic Industrial Co. Ltd.) at 823 K and 40 MPa for 10 min into pellets, 

which were then resealed in 18 mm diameter tubes at ∼2 × 10−3 Torr and annealed at 673 K for 24 

hrs to achieve improved thermal stability. The pellets were last cut and polished into 3 × 3 × 10 

mm3 bars and 6 × 6 × 2 mm3 squares for thermoelectric characterization. The cuts were made such 

that transport measurements were done perpendicular to the pressing direction in the SPS, although 

minimal differences were observed between measurement directions.  

As will be described in the next section, there was also a need to study the thermoelectric 

properties and microstructure of polycrystalline ingots (i.e. the samples that had not undergone 

SPS). However, water quenching from the melt resulted in samples too brittle to be cut and 

polished as described above. To help avoid embrittlement, the tubes were instead heated to 1273 
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K in a rocking furnace where they were held for 2 hrs. Afterward, the rocking furnace was turned 

on to provide continuous mixing for an additional 2 hrs. The furnace was then fixed in an upright 

position and cooled to 820 K over 44 hrs and finally turned off to allow the tubes to naturally cool 

to room temperature. Significantly lower electrical conductivities were observed when the rocking 

furnace was not utilized, indicating the importance of homogeneity in the melt in the case of the 

ingots. Using this technique, the resulting polycrystalline ingots were considerably less brittle than 

those prepared from quenching; however, great care was still needed in subsequent handling. 

Lastly, the ingots were carefully cut and polished into 3 × 3 × 10 mm3 bars and 6 × 6 × 2 mm3 

squares for property measurements, as described above. 

2.2.3. Spark Plasma Sintering 

2.2.3.1. Change in Transport Properties due to SPS 

Preliminary ingots and SPS samples of NaPbmSbTem+2 with compositions m = 1, 6, 10, 18 

were prepared so that they would span most of the compositional space between PbTe and 

NaSbTe2 to gain a general understanding of the trends in electrical and thermal properties across 

this phase space. The thermoelectric property data for the SPSed NaPbmSbTem+2 samples are 

shown in Figure 2.2a−c. For these samples, the total thermal conductivities decrease with 

decreasing m (i.e., greater NaSbTe2 fraction), and are low in the range of 1.4−0.4 W·m−1 ·K−1 over 

300−900 K. The electrical conductivities are also low, under 100 S·cm−1 and increase with 

temperature while the Seebeck coefficients are negative with large values of −300 to −900 μV·K−1 

at 300 K that decrease with temperature. Collectively, these electronic properties are indicative of 

nearly intrinsic n-type semiconductors with low charge carrier concentrations. Unfortunately, 
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degenerate carrier concentrations in the range 1019−1020 cm−3 are desired to optimize the power 

factor (σ·S2),5 and therefore the essentially intrinsic semiconductor behavior of the SPS 

NaPbmSbTem+2 samples results in poor zTs (below 0.10) for all compositions.  

The negative Seebeck coefficients of the SPS samples indicate n-type charge transport, 

which contrasts with prior experimental studies in which polycrystalline ingots were p-type. One 

previous study on as-cast ingots of NaPbmSbTem+2 reported degenerate p-type conduction for the 

Figure 2.2. A-C) Thermoelectric property data (electrical conductivity, Seebeck coefficient, 

and lattice thermal conductivity respectively) for SPSed NaPbmSbTem+2 for compositions of 

m=1, 6, 10, 18 and D) the resultant zT for these compositions. 
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compositions m = 19−20,69 and preliminary measurements on ingot samples performed internally 

by past collaborators prior to this work, revealed that m=6−10 samples also show degenerate p-

type conduction. To further investigate the discrepancy between literature and past experimental 

values of ingot samples, with the current SPS samples, polycrystalline ingots of NaPbmSbTem+2 

were synthesized and directly measured using the synthesis methods described above. By 

excluding the post-synthetic, powder processing steps and measuring thermoelectric properties 

directly from samples cut from the ingots, the thermoelectric properties of SALT compounds can 

be measured without the inclusion of SPS as a processing step.  
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Figure 2.3. A-C) Thermoelectric property data (electrical conductivity, Seebeck coefficient, and 

lattice thermal conductivity respectively) for as-cast NaPbmSbTem+2 ingots for compositions of 

m=1, 6, 8, 18 and D) the resultant zT for these compositions. 

Figure 2.3d−f shows the thermoelectric data for the as-cast ingots when m = 1, 6, 8, 18. 

For samples with m=6−18, the electrical conductivities are considerably higher than those of the 

respective SPS samples and monotonically decrease with temperature from 600−1200 S·cm−1 at 

300 K to ∼100 S·cm−1 at 700 K. The Seebeck coefficients are positive and increase with 

temperature from ∼100 to 300 μV·K−1 over the interval 300−700 K. These charge transport 

properties show that NaPbmSbTem+2 (m=6−18) ingots behave as degenerate p-type semiconductors 
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with hole concentrations that appear to decrease as one progresses toward the NaSbTe2 rich side 

of the system, reaching behavior characteristic of nearly intrinsic semiconductors by m = 1. 

Because of the increased κelec, the thermal conductivities of the ingots are higher than in the 

corresponding SPS samples and decrease from ∼1−1.8 W· m−1 ·K−1 at 300 K to 0.9−0.7 W·m−1 

·K−1 at 700 K when m=6−18. The higher carrier concentrations lead to better performance 

compared to the SPS samples, with zTs reaching a maximum of 1.2−1.4 at 650 K when m=6−18. 

These results reveal that ingots of NaPbmSbTem+2 exhibit reasonably high thermoelectric 

performance across a much wider range of the NaSbTe2−PbTe compositional spectrum than 

previously explored.  

While the NaPbmSbTem+2 ingots indeed show promising zTs when m is greater than or 

equal to 6, their poor mechanical toughness limits the practicality of further optimization. 

Therefore, understanding the significant differences in the electrical properties of the as-cast ingots 

and SPS samples warrants further investigation to enable the fabrication of high performing and 

mechanically robust SPS samples. Typically, SPS is considered to be fast on the time scale of 

solid-state transformations, occurring in 30 min or less with no changes expected in the material. 

However, in the case of NaPbmSbTem+2, Spark Plasma Sintering appears cause a transition from 

degenerate p-type semiconductors with high zTs (as seen in the ingots) to almost intrinsically 

semiconducting n-type materials with poor thermoelectric properties (as seen in the SPS samples). 

An explanation of this phenomenon is crucial to understanding the fundamental chemistry of the 

system and to enhance the thermoelectric properties of the SPS samples. Furthermore, because 

SPS is widely used in the field of thermoelectrics to consolidate powders into high-density 

samples, understanding the chemical changes that occur during SPS processing of common 
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thermoelectric materials, such as PbTe-based compounds, is of value to the thermoelectric 

community at large.  

2.2.3.2. Bulk Analysis using X-ray Diffraction.  

Like electrons, x-rays can interact with the crystal lattice and reveal crystallographic 

information of a bulk material. However, due to the fact that electrons are scattered by matter much 

more strongly than x-rays, x-ray diffraction techniques generally give information related to the 

bulk material rather than a localized area of the sample.37 To gain more insight into the behavior 

of the NaPbmSbTem+2 compound as a function of composition (identifying phases changes, 

changes in lattice parameters, etc.) and to understand the impact of SPS on the physical properties, 

powder samples were prepared with compositions m = 0.25−20 spanning the full compositional 

range of the NaSbTe2−PbTe solid solution. Figure 2.4a shows the laboratory powder X-ray 

diffraction (PXRD) patterns for the SPSed samples. The experimental diffraction patterns 

correspond closely to the projected NaSbTe2 (m = 0) pattern, and show that each member (m) of 

NaPbmSbTem+2 has the expected Fm3̅m structure and that no secondary phases were detectable 

using this technique. As shown in Figure 2.4b, the lattice parameters for the ingots decrease 

linearly with decreasing PbTe fraction, closely following the trend predicted by Vegard’s law and 

supporting the notion that NaSbTe2 and PbTe form a solid solution across all compositions. 

Interestingly, however, for all compositions the lattice parameters of the SPS samples are smaller 

than those of their respective ingots and deviate significantly from the trend predicted by Vegard’s 
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law. This unusual result is particularly pronounced at intermediate ratios of (PbTe)1−x−(NaSbTe2)x. 

(x = 0.5 or equivalently m = 1).  

 

To further probe the structural differences of the two sample forms, high resolution 

synchrotron powder diffraction was performed at APS−11BM at the Argonne National 

Laboratory. Close-up views of several high-angle reflections are shown in Figures 2.5a and 2.5b 

Figure 2.4. A) Experimental PXRD pattern for SPSed NaPbmSbTem+2 samples for m = 0.25–20 

along with the simulated spectrum for PbTe in red.  B) Refined lattice parameters for as-cast ingots 

and SPSed NaPbmSbTem+2 samples.  The dashed line is the theoretical change in lattice parameter 

as predicted by Vegard’s law for a solid solution of NaSbTe2 and PbTe. 
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for ingot and SPS samples, respectively. In the case of the SPS samples, Figures 2.5b reveals sharp 

diffraction peaks corresponding to the expected rock-salt structure and is in excellent agreement 

with the laboratory diffraction data indicating that the SPS samples remain phase-pure even to m 

= 1 (50:50 PbTe:NaSbTe2). Interestingly, however, the diffraction patterns for the ingots (Figure 

2.5a) show significant peak broadening when compared with the corresponding SPS data, an effect 

that becomes more pronounced at lower values of m. The broader peaks for the ingots suggests 

that they are not phase-pure, and instead contain a second cubic phase with very similar lattice 

parameters to that of the primary NaPbmSbTem+2 such that the synchrotron diffraction cannot fully 

resolve the individual phases. These results suggest that despite following Vegard’s law, 

NaSbTe2−PbTe ingots do not form a perfect solid solution. It is predicted that the phase separation 

in the as-cast ingots is the origin of the surprising behavior described above and has major 

consequences for the electrical properties, resulting in the large discrepancies between the ingots 

and SPS samples. 
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2.2.3.3. Mesoscale Analysis using Scanning Electron Microscopy  

To more thoroughly investigate the phase separation indicated by XRD, scanning electron 

microscopy (SEM) and energy dispersive spectroscopy (EDS) were used to analyze both the ingot 

and SPS samples. Figure 2.6a shows a representative SEM image of the m = 1 ingot whose powder 

Figure 2.5. Close up views of the synchrotron diffraction peaks for A) as-cast ingots and B) SPSed 

samples of NaPbmSbTem+2 (m = 1, 2, 4, 8) which shows significantly broader peaks in the case of 

the ingots. 
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diffraction data is displayed in Figure 2.5a. The EDS elemental maps obtained over this region 

reveal severe inhomogeneity with Pb-rich regions and Na/Sb-rich regions. While Te appears to 

also be segregated, point scans shown in Figure 2.7 and Table 2.1 show a uniform distribution of 

Te while retaining the Pb/Na/Sb separation, indicating that the similarity between Te and Sb 

elemental maps is an artifact of the mapping software and stems from the nearly overlapping Lα 

peaks for these two elements. These results are in good agreement with the synchrotron X-ray 

diffraction data, revealing clear phase separation in the ingots and suggesting that the detected 

second phase is rich in Na and Sb. The electron backscatter diffraction (EBSD) orientation maps 

show that the phase separation is not confined to the grain boundaries but is pervasive throughout 

the whole sample. As shown in Figure 2.5a, the two phases are not fully resolved by the 

synchrotron powder diffraction, suggesting that both phases are cubic materials with similar lattice 

parameters. These factors indicate that the as-cast ingots phase separate upon cooling into different 

NaPbmSbTem+2 members with slightly different compositions (m), one of which is rich in Na and 

Sb and the other rich in Pb.  
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Figure 2.6. SEM images and EBSD orientation maps with accompanying EDS elemental maps 

for Pb, Sb, Na and Te in a NaPbSbTe3 as-cast ingot A) and SPSed sample B). Upper left and right 

images for each are the electron images and electron backscatter diffraction (EBSD) images, 

respectively. The EDS images show that there is clear chemical segregation in the ingot sample 

(Na/Sb-rich and Pb-rich phases) and that Spark Plasma Sintering results in a more homogenous 

sample. The diffusion of Na and Sb into the matrix phase accounts for the recorded property 

changes after SPS. Additionally, EBSD in the ingot sample reveals that chemical segregation is 

not relegated to the grain boundary, but pervasive throughout the grains. Likewise, in the SPS 

sample, there is no dependence of elemental distribution on grain boundary location. 
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Figure 2.7. A) EDS elemental maps of Pb, Sb, Te, and Na in a NaPbSbTe3 as-cast ingot 

showing severe elemental inhomogeneity consistent with the results shown in Figure 

2.6.  B) and C) are the spectra for the EDS point scans of region 1 and 2, showing Pb-

rich and Sb-rich regions, respectively.   
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Table 2.1. Qualitative atomic percentages from the EDS point spectra 1 and 2 taken on NaPbSbTe3 

shown in Figure 2.7.  The point spectra show that the Te is uniformly distributed while the Pb and 

Na/Sb are segregated, confirming the phase segregation in the ingots and suggesting that the 

similarity of Sb and Te elemental maps is due to the nearly overlapping Lα EDS peaks. 

Spectrum 1 Spectrum 2 

Element Atomic (%) Element Atomic (%) 

Na 10.09 Na 18.81 

Sb 9.77 Sb 19.01 

Pb 31.30 Pb 12.75 

Te 48.84 Te 49.35 

 

Figure 2.6b shows the elemental maps of the m = 1 SPS sample. These maps are strikingly 

different than those for the as-cast ingot, revealing a significantly more uniform and homogeneous 

elemental distribution. While there still appears to be minor inhomogeneity in the SPS sample, the 

elemental segregation is clearly reduced compared to the ingot, and this minor inhomogeneity 

vanishes for higher m compositions. Therefore, based on both the EDS results and synchrotron 

diffraction data, it is concluded that the SPS samples are effectively phase-pure solid solutions. In 

addition, the TEM images and electron diffraction patterns shown in Figure 2.8 reveal that there 

is no additional phase segregation in SPSed samples on the nanoscale. Without the utilization of 

microscale analytical and diffraction techniques (EDS and EBSD respectively), the second phase 

would not have been able to be identified due to the combination of the limited field of view of 

TEM and the length scale of the phase segregation. 
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Figure 2.8. TEM images of SPSed A) NaPbSbTe3 (m=1), C) Na1.10Pb9.90Sb0.85Te12 (m=10), and 

E) Na1.15Pb19.85Sb0.85Te22 (m=20).  B), D), and F) show selected area electron diffraction patterns 

(SAED) for each respective sample.  All images reveal a single phase and homogenous 

microstructure with no evidence of nanostructures.   
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2.2.3.4. Implications of Compositional Control During Spark Plasma Sintering 

Together, the diffraction and microscopy data suggest an explanation for the unusual 

electrical properties. The NaPbmSbTem+2 ingots are not perfect solid solutions but instead phase 

separate into two NaPbmSbTem+2 members (different m), a primary phase rich in Pb and a 

secondary phase rich in Na and Sb. On the basis of both the width of the ingots’ synchrotron 

diffraction peaks and the relative change in lattice parameters between ingots and SPS samples, 

the degree of phase separation is clearly most severe in ingots with intermediate ratios of NaSbTe2 

and PbTe (m near 1). It should be noted that the composition of the second phase will change for 

different values of m due to the different overall stoichiometries; however, the secondary phase 

will be rich in Na and Sb for all compositions. In the SPS samples, both the synchrotron diffraction 

data and SEM demonstrate that the materials are single phase.  

On the basis of these observations, it is hypothesized that the secondary Na/ Sb-rich phase 

dissolves into the primary matrix during SPS, forming a solid solution. Because Na+ and Sb3+ have 

smaller ionic radii than Pb2+, the dissolution of the Na/Sb-rich secondary phase into the primary 

matrix also explains the origin of the shrinking lattice parameters after SPS. Most importantly, we 

believe the phase separation leaves the primary phase with a significant fraction of cation 

vacancies, which would be expected to yield strong p-type charge transport in line with the 

measured electrical properties for the ingots. Lastly, dissolution of the secondary phase into the 

primary matrix would leave the final material very close to the stoichiometric composition of 

NaPbmSbTem+2. In PbTe, Na is typically an acceptor and Sb a donor; therefore, a perfectly 

stoichiometric NaPbmSbTem+2 compound would be completely charge compensated. The 

measured electronic properties, displayed in Figure 2.2a and 2.2b, strongly support almost full 



93 

 

charge compensation, with temperature-dependent electrical conductivities and Seebeck 

coefficients characteristic of nearly intrinsic semiconductors for the SPS samples.  

Having uncovered the origin of the unusual change in electronic properties between ingot 

and SPS samples, the more mechanically robust SPS samples are now able to be optimized 

compositionally to achieve peak thermoelectric performance. Ideally, p-type charge transport is 

desirable for NaPbmSbTem+2 because of the favorable valence band structure of PbTe-based 

materials.20 Accordingly, the strategy to tune the stoichiometry of the cations to achieve more holes 

was to substitute additional Na for Pb while introducing Sb vacancies into the matrix, yielding 

Na1+xPbm−xSb1−yTem+2. A summary of the best performing Na1+xPbm−xSb0.85Tem+2 compositions for 

each value of m is shown in Figure 2.9 and it can be seen that by for m=20, x=0.15, y=0.15 a 

maximum zT of 1.6 was achieved for mechanically robust p-type SPS samples. This is a significant 

improvement over the zT of 0.1 of the original p-type SPS samples, and the origin of the anomalous 

property changes would not have been identified without an in-depth study of the influence of SPS 

on microstructure. These results show that significant chemical changes are possible during SPS 

of PbTe based materials, contrary to conventional wisdom. Furthermore, this suggest that attention 

should be directed toward the investigation of microstructural evolution during SPS (with the 

inclusion of microscale analysis) if optimal performance is to be achieved in any thermoelectric 

materials experiencing similar property variations during the SPS process. 
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Figure 2.9. zT of top performing samples from each m series (m = 6, 8, 10, 20) of optimized 

SPSed Na1+xPbm-xSb0.85Tem+2 with x = 0–0.15. 

 

2.2.4. Explaining the Origins of Solid Solution Thermoelectric Enhancement in NaPbmSbTem+2 

 As mentioned previously, to more thoroughly explore the low lattice thermal conductivities 

of Na1+xPbm−xSb1−yTem+2, transmission electron microscopy (TEM) was conducted on these 

samples. Representative TEM images and diffraction patterns were obtained for SPS samples of 

composition Na1.10Pb9.90Sb0.85Te12, Na1.15Pb19.85Sb0.85Te22, and NaPbmSbTem+2 (m =1−10) which 

are shown in Figure 2.8. None of these images or diffraction patterns show evidence of phase 

separation or nanostructuring, even down to m = 1 (50% NaSbTe2). Instead, all samples 

investigated exhibit a homogeneous nanostructure. These results are consistent with the SEM and 

synchrotron X-ray diffraction data discussed earlier and confirm the single-phase nature of 

NaPbmSbTem+2 after SPS.  
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Initially this result is surprising considering that the analogous compound, AgPbmSbTem+2 

(LAST), achieves low thermal conductivity while exhibiting nanoprecipitation. Yet, despite the 

lack of nanostructures, the high degree of structural complexity present in the NaPbmSbTem+2 

system should intuitively provide a variety of phonon scattering mechanisms. For example, the 

heavy alloying of both Na+ and Sb3+ ions onto the Pb2+ site should provide very strong point defect 

scattering, which should cause a reduction of lattice thermal conductivity at elevated temperatures. 

Furthermore, cation vacancies were recently shown to strongly contribute to phonon scattering in 

the structurally analogous AgSnmSbTem+2 compounds,70 indicating that the Sb vacancies 

introduced here in Na1+xPbm−xSb1−yTem+2 may play a similar role. Mesoscale grain boundaries 

resulting from SPS have also been shown to effectively scatter phonons, particularly at low 

temperatures, and therefore also likely contribute to the low thermal conductivities.16,71 Lastly, the 

end member of the system, NaSbTe2, is known to possess highly anharmonic acoustic phonon 

modes that give rise to extremely low thermal conductivity.72 Similar effects may play a role in 

reducing the κlat in NaPbmSbTem+2 as more NaSbTe2 is incorporated into the system (lower m). 

Therefore, despite the lack of observed nanostructures, the very low lattice thermal conductivities 

found in Na1+xPbm−xSb1−yTem+2 can be rationalized by known mechanisms such as point defect 

scattering, mesostructuring, and lattice anharmonicity.  

Although it is confirmed that SPS NaPbmSbTem+2 materials are not nanostructured, and do 

not need nanostructures to achieve low thermal conductivity, it is still intriguing that the closely 

related Ag analogues AgPbmSbTem+2
63 and AgPbmSbSem+2

73 are reported to be nanostructured 

while NaPbmSbTem+2 is not. It should be noted here that the Ag analogues that were studied were 

as-cast ingots, while the final NaPbmSbTem+2 samples were spark plasma sintered. In the Ag 
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systems, it has been suggested that Coulombic interactions between the negatively charged Ag 

ions (relative to the primarily Pb2+ sublattice) and positively charged Sb ions drives the nucleation 

of the Ag- and Sb-rich nanoscale precipitates found in these systems.74,75 Considering the 

similarities between AgPbmSbTem+2 and NaPbmSbTem+2, one would expect similar driving forces 

for the formation of Na- and Sb-rich precipitates in SPS NaPbmSbTem+2. To explore this, we used 

DFT to calculate the mixing energies of Pb(NaSb)0.5Te2 (NaPb2SbTe4, m =2), Pb(AgSb)0.5Te2 

(AgPb2SbTe4), and Pb(AgSb)0.5Se2 (AgPb2SbSe4) solid solutions, with PBEsol exchange-

correlation functional.74 The solid solutions were simulated using special quasi-random structures 

(SQS).76 The mixing energies were calculated with respect to PbTe and NaSbTe2 (L11) for 

Pb(NaSb)0.5Te2, PbTe and NaAgTe2 (D4) for Pb(AgSb)0.5Te2, and PbSe and NaAgSe2 (L11) for 

Pb(AgSb)0.5Se2. L11 and D4 are ordered rocksalt-based structures found with the lowest energy 

for NaSbTe2 and AgSbSe2, and for AgSbTe2, respectively.75 The data is shown in Table 2.2, and 

reveals that the mixing energy of NaPb2SbTe4 is considerably smaller than that of both 

AgPb2SbTe4, indicating that the driving force for phase separation is much smaller in the Na 

compound. This result agrees with the experimental finding that SPS NaPbmSbTem+2 forms a solid 

solution while AgPbmSbTem+2 and AgPbmSbSem+2 phase separate. 

2.2.5. Summary of the Study of NaPbmSbTem+2 

 There are three main takeaways from the study of NaPbmSbTem+2 that were applied to 

future projects in this thesis. 1) Thermoelectric enhancement is possible in solid solutions. 

Although this has been known, this material system proved that nanostructures are not always 

necessary to improve thermoelectric performance. In fact, as will be shown in future work, the 

ability to eliminate second phases (whether through compositional control or processing) improves 
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the ability of researchers to perform more fundamental studies on transport phenomena. 2) 

Processing Control, such as the control of SPS, can vastly affect material microstructure and 

properties. Understanding processing can help scientists make informed decisions concerning 

material design that will ultimately help in the optimization of thermoelectric materials. 3) 

Analysis of the microscale can be useful in the study of mesoscale (1 μm-1 mm) microstructural 

features. The added ability of EBSD to provide diffraction information in the SEM also enables 

the storage and processing of data for expanded analysis capabilities. 

2.3. Manipulating Grain Boundary Screening for Improved Charge Carrier Transport 

2.3.1. NaPbmSbSem+2 (SALSe): An Analogue to the SALT System  

 PbSe has a slightly lower figure of merit than PbTe but remains an attractive alternative to 

because of the lower cost of Se, lower intrinsic lattice thermal conductivity,77 superior mechanical 

properties, and because of its supposedly higher maximum operating temperature.78 Therefore, 

following the success of the Te based system, alloys of PbSe with NaSbSe2 (represented here as 

NaPbmSbSem+2 or equivalently NaSbSe2 + mPbSe) were synthesized. Like with the SALT system, 

this PbSe based analogue is a family of compounds that can be envisioned as solid solutions 

between NaSbSe2 and PbSe, in which the three cations are randomly distributed across the Pb sites 

in the Fm3̅m crystal structure.  

Na and Sb individually have limited solubility (under 2%) in lead chalcogenides,79,80 

although joint integration of both Na+ and Sb3+ in equal quantities mimics the Pb2+ and allows for 

dramatically higher solubility. In fact, previous work on NaSbTe2–PbTe demonstrated that with 

proper processing, single phase samples can be prepared with even up to 50% NaSbTe2.
28 Such 
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high solubility allows access to a broad compositional space over which to study and optimize the 

thermoelectric properties. To explore the solubility of NaSbSe2 in PbSe, a range of NaPbmSbSem+2 

compounds was synthesized with m =2–30 (or equivalently ≈3–33% NaSbSe2). 

The investigation revealed that alloying NaSbSe2 into PbSe has two beneficial effects on 

the thermoelectric properties: 1) reduction of the energy separation between L- and Σ-valence 

bands raises the density of states effective mass and boosts the power factors; 2) strong point-

defect phonon scattering yields exceptionally low thermal conductivity without nanostructuring 

(similar to NaPbmSbTem+2). As a result, properly doped NaPbmSbSem+2 achieved maximum zT of 

1.4 near 900 K and critically, a record estimated zTavg for p-type PbSe of 0.64 over 400–873 K, a 

significant improvement on existing tellurium free p-type PbSe-based thermoelectrics.  

As stated previously, one of the benefits of studying solid solution systems is that novel 

transport properties can be studied without the influence of second phases. One of the interesting 

discoveries that was made while measuring this solid solution compound, was that even when 

possessing degenerate carrier densities over 1020 cm−3, the heavily doped samples of 

NaPbmSbSem+2 compounds exhibit intrinsic semiconducting behavior with thermally activated 

electrical conductivity below 500 K. The initial hypothesis was that the electrical transport under 

500 K is the result of charge carrier scattering by the grain boundaries analogous to the behavior 

recently observed in Mg3Sb2 thermoelectrics.81–83 This phenomena was of interest because if this 

effect could be understood (and eliminated) it could present a future path toward the improvement 

the low temperature thermoelectric performance of NaPbmSbSem+2. 
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2.3.2. Anomalous Low Temperature Electrical Conductivity in Ionic Compounds 

2.3.2.1. Grain Size Control and Mesoscale Analysis 

 NaPbmSbSem+2 has atypical electrical transport behavior consisting of semiconducting 

electrical conductivity below 500 K, despite being degenerately doped to charge carrier densities 

over 1020 cm-3.29 The initial hypothesis was that this behavior was derived from grain boundary 

(GB) charge carrier scattering. Because other models such as ionized impurity scattering can in 

principle give a similar temperature dependence (and have been invoked to explain comparable 

transport properties in Mg3Sb2.),
81,84 it was important to obtain conclusive experimental evidence 

regarding the source of the unusual charge transport properties measured in NaPbmSbSem+2. To 

test if the thermally activated scattering is rooted at the GBs, large grained samples of 

NaPbmSbSem+2 (that by default possessed fewer GBs) were prepared and their electrical properties 

were compared with the data from previously reported small grained SPS processed materials.29 

 The primary results are outlined in Figure 2.10, which shows a comparison of the grain 

structures and electrical properties of two differently doped samples of Na1+xPb10-xSbSe12 

(nominally ~9% NaSbSe2 in PbSe, with additional Na dopant fractions of x = 0.03, 0.15) prepared 

by slowly cooling the ingots and through rapid quenching and subsequent SPS processing. These 

compositions were chosen to compare the electrical properties of both lightly and heavily doped 

samples in small- and large-grained forms. Electron backscatter diffraction (EBSD) was used to 

analyze the grain morphologies of the different samples. Figure 2.10a and b show characteristic 

EBSD images, demonstrating that while the SPS processed material contains relatively small 

grains on the order of ~50 μm or less in size, the slow cooled ingot has much larger grains on the 
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order of 1 mm. This implies that there is a dramatically lower density of GBs in the slow cooled 

ingot. As anticipated from the GB scattering model, the lower GB density has direct consequences 

on the electrical conductivity. Most importantly, for both sample pairs (x = 0.03 and 0.15), Figure 

2.10c shows that the semiconducting charge transport observed in the SPS processed samples 

vanishes in the slow cooled ingots, and the expected metallic behavior is recovered. Furthermore, 

Figure 2.10d demonstrates that the Seebeck coefficients of each pair are nearly identical over the 

full temperature window, indicating the charge carrier densities are approximately equal between 

ingot and SPS processed samples. Moreover, because the Seebeck coefficients and PXRD data 

indicate that each pair of compounds has nominally identical doping and chemical composition, 

impurity scattering in each should be comparable. As such, the results presented in Figure 2.10 

unambiguously link the thermally activated charge transport to the GBs, providing strong evidence 

in favor of the GB carrier scattering model.  
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To further strengthen the case for GB scattering, samples with different densities of GBs 

were prepared by passing sample powders through sieves with different mesh sizes prior to SPS 

sintering. In principle, samples passed through smaller mesh sieves should have on average smaller 

grains and therefore a greater density of boundaries. Here, meshes of 53, 70, and 150 μm were 

Figure 2.10. Electron backscatter diffraction (EBSD) images showing the grain structure of 

Na1.15Pb9.85SbSe12 samples prepared by A) water quenching followed by powdering and SPS 

sintering and B) slow cooling of ingots. Comparison of the C) electrical conductivities and D) 

Seebeck coefficients for large grained (slow cooled ingots), and small grained (SPS processed) 

Na-doped Na1+xPb10-xSbSe12. 
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utilized, as well as one sample that was not sieved. The thermoelectric data for the resulting 

samples is shown in Figure 2.11 and again demonstrates a direct link between GBs and low 

temperature carrier scattering. As the mesh (and presumably the grain) size is decreased, the 

electrical conductivity is increasingly suppressed under 500 K, while the values all approximately 

converge past 500 K. The Seebeck coefficients of these samples are likewise extremely similar, 

indicating comparable carrier concentrations. The combination of electrical data and EBSD of the 

slow-cooled ingots and samples prepared with varying GB density provide substantial 

experimental support that the low temperature carrier scattering found in NaPbmSbSem+2 originates 

from the GBs. 

2.3.2.2. Nanoscale Analysis of Grain Boundary Composition 

 After having directly linked the low temperature charge carrier scattering in NaPbmSbSem+2 

to the GBs, it was surprising that the chemically similar telluride analogues (NaPbmSbTem+2) do 

not show GB charge carrier scattering and instead exhibit degenerate semiconducting electrical 

Figure 2.11. A) Electrical conductivities and B) Seebeck coefficients of Na1.10Pb9.90Sb0.90Se12 

samples prepared by passing powdered ingots through different mesh sieves to achieve various 

grain sizes. 
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behavior.28,69 Because lead chalcogenide thermoelectrics do not typically feature GB scattering, 

the apparent uniqueness of the NaPbmSbSem+2 family warrants an explanation. One hypothesis was 

that the GBs in NaPbmSbSem+2 act as sinks for phase or dopant separation, thereby leading to thin 

resistive barriers along the boundaries that impede the flow of charge carriers. Indeed, small 

quantities of SnO2 are known to form along the GBs and dramatically restrict charge transport in 

polycrystalline SnSe.85,86 To investigate if similar phase segregation is occurring in our materials, 

STEM and TEM were performed on several samples of SPS-processed NaPbmSbSem+2 and 

NaPbmSbTem+2 to elucidate any structural and chemical differences along the grain boundaries. 

 Several representative HRTEM and HAADF-STEM images of a sample with nominal 

composition Na1.15Pb9.85SbSe12 are presented in Figure 2.12. Both the HRTEM and HAADF-

STEM images in Figure 2.12a and 2.12b reveal a clean boundary free of obvious signs of phase 

segregation. In addition, EDS elemental maps (shown in Figure 2.12c-f) of the GB regions lack 

evidence for any significant phase or impurity segregation along the boundary, supporting the 

interpretation of Figure 2.12a and 2.12b. Taken together, the microscopy data suggests the GBs in 

NaPbmSbSem+2 to be reasonably free of any secondary phase segregation within the limits of 

STEM-EDS analysis. Likewise, NaPbmSbTem+2 compounds were also characterized to compare 

GBs in these materials to GBs in the selenides. HRTEM and HAADF-STEM images of a GB in a 

telluride sample with nominal composition Na1.10Pb9.90Sb0.85Te12 are presented in Figure 2.12g and 

2.12h. Again, both the high and low magnification STEM images and EDS maps indicate clean 

GBs without observable phase segregation. Therefore, this electron microscopy analysis indicates 

there is negligible secondary phase segregation at the GBs in either NaPbmSbSem+2 or 

NaPbmSbTem+2. Other techniques, such as atom probe tomography (APT), indicate that some Na 
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often segregates to the GBs in heavily sodium-doped lead chalcogenides,16,23,87–89 yet this does not 

typically lead to thermally activated conduction in these materials. Because these two samples 

exhibit nearly identical microstructure and phase homogeneity, a different explanation is needed 

to account for the presence of strong GB scattering in NaPbmSbSem+2 that does not occur in the Te 

analogue. 

Figure 2.12. A) A characteristic high resolution TEM image of a grain boundary in a m = 10 

selenide sample with nominal composition Na1.15Pb9.85SbSe12. The image shows a clean boundary 

with no evidence for phase segregation. The inset displays a selected area electron diffraction 

pattern showing only the expected rocksalt spots. B) A HAADF-STEM image of another GB in 

the same sample also showing a clean boundary. C-F) EDS chemical maps of the area in B). G-L) 

are the corresponding images and maps for telluride samples with nominal composition 

Na1.10Pb9.90Sb0.85Te12. 
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2.3.2.3. Grain Boundary Screening Effect 

 Many polycrystalline semiconductors are known to intrinsically host energy barriers 

localized at the grain boundaries that manifest in thermally activated charge carrier mobility.90–92 

Such a situation is well summarized by Seto, who argues the energy barriers form because the 

atoms at the GB are more likely to have incomplete atomic bonding, or in other words that the GB 

region is rich with under coordinated atoms and dangling bonds compared to the bulk. The GB 

defects can act as trap states that immobilize charge carriers.93 After trapping electrons or holes, 

the GBs become electrically charged, creating potential barriers physically analogous to a double 

Schottky barrier centered on the boundary. The barriers then strongly impede the flow of charge 

carriers through the material. Analysis of such a theoretical situation shows that in one dimension, 

the barrier height at the GBs takes the following form:93 

𝐸𝑏 =
𝑒2𝑄𝑡

2

8𝑁𝜀
      (2.1) 

where e is the electron charge, Qt is the density of trapping states at the GB, N is the concentration 

of dopant atoms, and ε is the static dielectric permittivity. This equation is derived under the 

assumption that the doping density is greater than the concentration of GB trap states, which seems 

reasonable considering that the bulk electrical conductivities and Seebeck coefficients indicate 

degenerate carrier concentrations. While Equation (2.1) was derived for a single dimension, it 

provides the necessary intuition to understand the GB scattering in these bulk lead chalcogenide 

materials. Within the grains, the charge transport is dominated by phonon (deformation potential) 

scattering; however, the carriers are impeded by the energy barriers at the GBs, and here the 
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conduction is modeled as thermionic emission over the boundary to give electrical conductivity as 

follows:93 

𝜎𝐺𝐵 = 𝑒2𝐿𝑛 (
1

2𝜋𝑚∗𝑘𝐵𝑇
)

1/2

exp (
−𝐸𝑏

𝑘𝐵𝑇
)    (2.2)  

If two samples have comparably sized grains, Equations (2.1) and (2.2) show that the height of the 

GB potential barriers are proportional to the square of the density of GB trapping states and 

inversely proportional to the doping level and the dielectric constant. Considering that lead 

chalcogenides have been extensively studied across a wide range of carrier concentration and with 

numerous dopants, yet do not normally exhibit strong GB scattering, it is proposed that 

NaPbmSbSem+2 is more susceptible to GB scattering because of its relatively low dielectric constant 

compared to that of pure PbSe. This is intuitive, as smaller values of e indicate weaker screening 

of the charge carriers from any electric fields. Moreover, the lower dielectric constant of 

NaPbmSbSem+2 can be rationalized with simple chemical principles. Namely, the dielectric 

constant (and strength of charge carrier screening) is expected to be smaller (weaker) in more ionic 

and less polarizable crystals than in highly covalent and polarizable compounds. With this in mind, 

alloying the significantly more ionic NaSbSe2 into PbSe is expected to yield a less polarizable 

crystal with weaker carrier screening and lower e than pure PbSe. Furthermore, the argument also 

explains the lack of GB scattering in the otherwise similar NaPbmSbTem+2 materials. Because PbTe 

has a much larger dielectric constant than PbSe, respectively 414 vs. 210 at 300 K,94,95 it is 

reasonable to expect the charge carrier screening in NaPbmSbTem+2 to be considerably stronger 

than in NaPbmSbSem+2, leading to weaker GB scattering in the tellurides, as was observed. 
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 To support the qualitative picture outlined above, density functional theory (DFT) was used 

to calculate the relative static dielectric constants of each lead chalcogenide and NaSbQ2 

compound, and the results are presented in Table 2.2. While the calculated values for the pure lead 

chalcogenides are somewhat higher than the experimental numbers,94–96 these results are in general 

agreement with other DFT calculated dielectric constants for these materials. Crucially, the 

calculated dielectric constants trend as anticipated, with three to five times higher values for the 

pure lead chalcogenides, which are all greater than 328, compared to their respective NaSbQ2 

analogues that are all under 113. Moreover, the calculated values of e decrease moving down the 

periodic table from PbTe (501) to PbS (328), as anticipated by the polarizability of each compound. 

Somewhat surprisingly, NaSbTe2 has the smallest calculated dielectric constant of the NaSbQ2 

materials; however, because the values of e are all much larger for the pure lead chalcogenides, 

we do not anticipate this finding to alter the analysis.  

Table 2.2. DFT calculated relative isotropic dielectric constants for each PbQ and NaSbQ2 (Q = 

S, Se, Te), as well as Mg3Sb2, TiCoSb, and Mg2Si. Calculations were performed at 0 K. 

Compounds Calculated ε 

PbTe 501 

PbSe 338 

PbS 328 

NaSbTe2 58 

NaSbSe2 71.8 

NaSbS2 113 

Mg3Sb2 32 

TiCoSb 32 

Mg2Si 23 
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Considering the above calculations and discussion, direct experimental evidence is needed 

to link the GB scattering to the charge carrier screening in NaPbmSbSem+2. NaPb20SbSe22 (m = 20, 

~4% NaSbSe2) and NaPb6SbSe8 (m =6, ~14% NaSbSe2) samples were prepared and the electrical 

transport properties were compared with the data from the previously reported NaPb10SbSe12 (m 

= 10, ~9% NaSbSe2) materials.29 In order to make a meaningful comparison between samples, it 

is imperative for the materials to have similarly sized grains. Therefore synthesis, grinding, 

sieving, and sintering procedures for each compound were made to be identical. The measured 

electrical data for all m = 20 and m = 6 samples of NaPbmSbSem+2 is shown in Figure 2.13. 

Inspection of the data clearly shows the temperature dependence of the electrical conductivities 

the m = 20 samples are much closer to the expected metallic behavior than in the m = 6 samples, 

which feature strongly suppressed and thermally activated electrical conductivity below ~525 K. 

These results provide qualitative evidence in support of the carrier screening hypothesis. 
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Figure 2.13. Comparison of the electrical properties for p-type Na1+xPb20-xSbSe22 (m=20) and 

Na1.10Pb5.90SbxSe8 (m=6) compounds. A) Electrical conductivities and B) Seebeck coefficients for 

the m = 20 compounds. C) Electrical conductivities and D) Seebeck coefficients for the m = 6 

compounds. The m = 6 compounds have qualitatively stronger GB scattering resulting in a greater 

degree of suppression of σ under ~ 525 K. 



110 

 

2.3.3. Summary of Grain Boundary Screening Study 

 Through the comparison of transport properties of PbQ-based solid solution 

thermoelectrics, an anomalous low temperature electrical conductivity effect was observed. The 

original suspected mechanism, ionized impurity scattering, was ruled out once grain size was 

proven to alter the magnitude of the conductivity repression. This was done by using EBSD to 

document grain size in ingot and SPS samples. Once grain boundaries were determined to be the 

cause of the electrical conductivity suppression, elemental segregation was ruled out based on 

STEM-EDS and HRTEM performed at the grain boundaries to show a homogenous phase in both  

NaPbmSbTem+2 and NaPbmSbSem+2 samples. Once chemical variation at the boundary could be 

ruled out, the exact mechanism was found to be a result of grain boundary screening due to the 

ionic nature of the specific phase and could be decreased through decreasing the quantity of ionic 

compounds (with smaller dielectric constants) in the solid solution or by increasing grain size. 

Without the ability of nano- to mesoscale analysis to rule out the competing hypotheses, the exact 

mechanism that leads to low temperature electrical conductivity repression could not have been 

isolated. Now that this mechanism has been proven, a new design principle has been introduced 

that enables scientists to optimize grain size depending on the ionicity and dielectric constants of 

their thermoelectrics. In this way future thermoelectrics can be designed to both maximize phonon 

scattering while minimizing low temperature charge carrier scattering. 

2.4. Summary and Conclusions  

 In summary, past studies of lead chalcogenides have attempted to improve thermoelectric 

performance via hierarchical architecturing. This had been successfully achieved through the 

incorporation of nanoprecipitates in a multitude of compounds. In these experiments the 
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compositional space of NaPbmSbQm+2 (Q=Te, Se, S) was explored. These compounds are 

structural and chemical analogues to the AgPbmSbTem+2 (LAST) system which is a known high 

performing nanostructured lead chalcogenide thermoelectric. In the course of these investigations, 

conventional S/TEM microscopy techniques were used to confirm that the NaPbmSbQm+2 

compounds were in fact solid solutions, proving that point defects are still relevant defects that can 

enhance thermoelectric efficiency in PbQ based compounds and other intermediate temperature 

thermoelectrics. 

 Furthermore, the introduction of microscale electron microscopy techniques such as SEM 

imaging, EDS, and EBSD helped develop an understanding of key processing and design 

principles that can be more generally applied to other thermoelectric systems. Joint EDS-EBSD 

scans enabled the documentation of elemental homogenization during SPS. This was a significant 

finding because SPS was previously thought to be purely a solidification method that had no effects 

on material chemistry or transport properties. However, it was shown that diffusion of Sb into the 

matrix during SPS, results in n-type behavior. This discovery lead to a more informed synthesis in 

which composition was altered to obtain high performing SPS p-type SALT thermoelectric 

materials that were also mechanically robust. 

 Lastly, nano to mesoscale analysis confirmed the effects of grain size on low temperature 

electrical conductivity in ionic materials with low diaelectric constants. This helped unveil a new 

design principle that had formerly been overlooked by the thermoelectric community. 

Conventional wisdom had been that decreasing grain size is always beneficial because it provides 

more scattering of phonons, however it was shown here that in materials with low diaelectric 
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constants large amounts of grain boundaries will result in low temperature suppression in electrical 

conductivity, lowering overall zTavg. The mechanism of grain boundary screening can now be 

leveraged by future scientists to design thermoelectrics with grain sizes optimized to scatter 

phonons while providing minimum grain boundary screening to charge carriers. 
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Chapter 3. Kinetic Synthesis and Property Enhancement in BST via Melt-Centrifugation 

 This chapter explores how recent efforts in microstructural engineering have led to the 

introduction of kinetic synthetic processes meant to introduce defects into low-temperature 

chalcogenide based thermoelectrics. This work focuses on a process known as melt-centrifugation 

that is used to expel excess eutectic liquid Te from Bi0.5Sb1.5Te3+x to yield stoichiometric 

Bi0.5Sb1.5Te3 (BST) with a porous network of platelet shaped grains. The microstructures created 

using this synthesis technique impede phonon transport by introducing scattering centers across 

multiple length scales through a combination of porosity, pore surfaces/junctions, and grain 

boundary and lattice dislocations. These collectively result in a ~50 % reduction of lattice thermal 

conductivity (κl) compared to the zone melted ingot, while the charge carriers remain relatively 

mobile across the liquid-fused grains. This chapter lays the groundwork for Chapter 4 by outlining 

the specific advantages and challenges associated with developing processing methods to 

introduce dislocations, pores, and other nano/microstructures into thermoelectric materials, as well 

as the challenges of attributing property changes to specific observable defects. Portions of this 

chapter were previously published in Adv. Mater. 2018, 30, 1802016, and are reproduced (adapted) 

with permission from © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

3.1. Microstructural Engineering of Bismuth Antimony Telluride 

3.1.1. Bismuth Antimony Telluride: A Promising Room Temperature Thermoelectric 

 In the 1950’s, it was hypothesized that semiconductors with high atomic weights would 

make promising legs for thermoelectric coolers, because of their combination of intrinsically high 

Seebeck coefficients and low lattice thermal conductivities. Bi2Te3 was soon discovered to be a 

promising thermoelectric material.97 Since then, alloys of Bi2Te3 and Sb2Te3 (a structural 
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analogues) have gained prominence as high performing thermoelectrics near room temperature (< 

500 K).18 Specifically, the highest performing p-type compound is the intermetallic compound 

Bi0.5Sb1.5Te3 (referred to here as BST) which consistently achieves peak zT of 1.1 around 300 K.46 

Currently BST is one of the dominant commercially produced thermoelectrics, because of both its 

high performance, and because of its high zT at low temperature, which makes it desirable for low 

temperature applications like refrigeration, and wearable electronics.98 Although BST has been 

one of the few high efficiency, low temperature thermoelectrics, there was little improvement in 

its zT for decades following its discovery.46,98 However recent advancements in processing and 

materials characterization have allowed the introduction of controlled microstructures into BST 

and other thermoelectrics, enabling increases in zT that had previously been unachievable.98 

3.1.2. Reducing Thermal Conductivity in Bismuth Antimony Telluride 

Recently, dislocation strain scattering has been found to be effective in scattering a broad 

range of phonons and reducing κl.
26,46,99,100 For example, Kim et al. achieved an extremely high zT 

of 1.86 in Bi0.5Sb1.5Te3 by introducing dense dislocations at the grain boundaries using liquid phase 

sintering, whose zT is ~80 % higher than that of the conventional zone melted ingot.46 In addition, 

introducing pores into the microstructure has also been applied to dramatically reduce the thermal 

conductivity.101,102 In the context of porous thermoelectric materials two observations should be 

mentioned. The absence of a conduction medium in the pores will proportionally decrease the 

thermal conductivity and the electrical conductivity leading to no net gain in zT. However, pore-

interface scattering of phonons may additionally reduce the thermal conductivity since phonons 

have larger mean free path than charge carriers. As a porous structure arising from a poor sintering 

process typically results in poor thermoelectric performance, the electrical conductivity is severely 



115 

 

reduced and is not adequately compensated by the reduction of thermal conductivity. Therefore, 

introducing a hierarchical microstructure with good electrical connections may be expected to 

enhance the zT of a porous matrix. 

3.1.3. Melt-Centrifugation: A Synthesis Method to Introduce Microstructuring 

This chapter reports on a melt-centrifugation technique to achieve a liquid-fused p-type 

(Bi,Sb)2Te3 alloy with microscale dislocation arrays and large porosity. Melt-centrifugation 

engineers the microstructure via separating the liquid eutectic phase mixture from the solid 

Figure 3.1. A) Schematic illustration of centrifugation. B) Sample condition in the silica ampoule 

before and after melt-centrifugation. Microstructure of the sample becomes anisotropic and porous 

after melt-centrifugation. C) Schematic illustration of the measurement direction of thermoelectric 

transport properties. D) SEM image of a cross section of a melt-centrifuged sample, with a 

description of the platelets’ edge-to-edge and face-to-face contact (grey planes) in the in-plane and 

cross-plane directions, respectively. 
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(Bi,Sb)2Te3 phase under strong centrifugal force. By rotating around a fixed axis, a strong force 

perpendicular to the spin axis is applied to the sample, as schematically shown in Figure 3.1a. 

Before centrifugation, the sample consists of a mixture of two phases: (Bi,Sb)2Te3 and Te. At 500 

ºC, the Te-rich eutectic (melting point: ~425 ºC) melts and dissolves some of the (Bi,Sb)2Te3. 

During centrifugation, the randomly distributed liquid eutectic is forced out of the bulk sample to 

the bottom of the silica ampoule, leaving behind nearly pure (Bi,Sb)2Te3 with a low density (Table 

3.1), as schematically shown in Figure 3.1b. Note that the pores originate from the centrifugation 

process rather than being the result of insufficient sintering which may occur during hot pressing. 

In addition, the pre-centrifugation heating process occurs at 500 ºC for 30 min, which only melts 

the Te, but also plays a role in annealing the samples, improving the overall crystallinity. Hence 

although porous, the samples show large grain domains and a layered structure, as seen in Figure 

3.1d. 

Table 3.1. Density of the samples before and after centrifugation. 

Samples Geometric density (g/cm3) Relative density (%) 

Bi0.5Sb1.5Te4.31 (before) 5.96 91.88 

Bi0.5Sb1.5Te3 (after) 5.02 73.72 

Bi0.3Sb1.7Te4.28 (before) 5.88 91.37 

Bi0.3Sb1.7Te3 (after) 4.85 72.54 

 

Due to the BST crystal structure and strong centrifugal force, anisotropy is observed in all 

samples. The orientation factor calculated from the XRD results of the bulk sample is about 0.16. 
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In-plane and cross-plane directions are defined with respect to the direction of centrifugation, as 

schematically illustrated in Figure 3.1c and 3.1d. The crystal structure of (Bi,Sb)2Te3 manifests in 

the disc shaped grains which orient under the influence of both heating process and the centrifugal 

force in the presence of liquid eutectic. Figure 3.1d shows that the in-plane direction has edge-to-

edge contact between the platelets, while cross-plane has face-to-face contact. The face-to-face 

contact has more surface area for interaction, and therefore results in the observation of more grain 

boundary area at which dislocations form due to grain misorientation.  

Melt-centrifugation was introduced as a method to introduce a variety of microstructures into 

low temperature bulk BST. Based on prior research in the field, the idea behind this kinetic 

synthesis method is that once excess Te is rejected from the material, it will leave behind 

hierarchically structured BST with pores, interfaces, and dislocations that will increase phonon 

scattering. Melt-centrifugation is an effective method for introducing microstructures into BST 

using this kinetic synthesis process, and the work in this chapter will be followed up in Chapter 4 

by an attempt to reproduce the inclusion of defects into BST using a more controlled synthesis 

method. Despite the drawbacks to kinetic synthesis, the methodologies that are used to study melt-

centrifugation, will prove to be instrumental in improving the understanding of how processing 

and microstructure contribute to improved thermoelectric performance in chalcogenide-based 

thermoelectric systems.  
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3.2 Techniques and Methodologies for Studying Microstructured Thermoelectric Materials 

3.2.1. The Thermoelectric Quality Factor: Comparing Materials with Different Carrier 

Concentrations 

Prior to this point, thermoelectric efficiency has been described solely by the dimensionless 

figure of merit defined as zT. Because the thermoelectric performance has a complex dependence 

upon the Fermi level, it can be difficult to accurately determine or compare the impact of materials 

engineering efforts on zT if a material is not optimally doped. To evaluate thermoelectric 

performance more fundamentally, the material quality factor B may be used. 

𝐵 = (
8𝜋𝑘𝐵

3.5(2𝑚𝑒)1.5

3𝑒ℎ3 ) (
𝑚∗

𝑚𝑒
)

1.5

𝑇2.5 𝜇0

𝜅𝑙
 ∝  𝑇2.5 (

𝜇𝑤

𝜅𝑙
)  (3.1) 

where kB is the Boltzmann constant, e is elementary charge, h is Planck’s constant, m* and me are 

the density of states (DOS) effective and electron rest masses, respectively, μ0 is the mobility at 

nondegenerate limit, and μw = (m*/me)
1.5μ0 is the weighted mobility.103–105 In some cases, phonon 

scattering centers that are introduced into a material, may also scatter charge carriers and therefore 

the evaluation of B should be used to determine if there is a net gain in potential thermoelectric 

performance.106 This quality factor is independent of doping for carriers in a single band and can 

therefore be used to compare samples that are not optimally doped to compare their potentials for 

maximum zT when they are doped optimally.107,108  

3.2.2. Effective Medium Theory: Comparing Samples with Different Densities 

To describe the effects of having a mixture of two materials (in this case the experimental 

material and air), effective medium theory (EMT) is used to analyze the electrical and thermal 

conductivity of porous materials.109 Generalized EMT developed by Bruggeman and Landauer, 



119 

 

and described by Stroud110–112 was used to explain the low field Hall effect by Cohen.113 For a 

porous material, the general form should be σp = σd fσ(ε), where f is an EMT function of the porosity 

ε, σp and σd presents the conductivity of porous and dense materials respectively. Similarly, for 

thermal conductivity, κp = κd fκ(ε). The EMT function f depends weakly on the shape of the pores, 

to first order fσ(ε) = fκ(ε) = (1–3ε/2) and the Hall mobility and carrier concentration decrease by 

(1–3ε/4) where ε is porosity volume fraction.114 Since the same pores effect both the thermal and 

electrical conductivity, zT may not be expected to vary significantly with porosity.115 

This methodology is important because it allows for the comparison of material properties of 

fully dense and porous materials. Naturally, a decrease in thermal conductivity is expected in the 

porous BST samples, because of a lack of conduction medium. However, in order to prove that 

the reduction is due to factors beyond the absence of conduction medium, there needs to be an 

established method to account for the expected decrease in thermal conductivity due to the 

decrease in density. Once EMT is used to account for this difference, any remaining differences in 

thermal conductivity can be concluded to be a result of the microstructuring induced by melt-

centrifugation. The same comparison is necessary for accounting for differences in electrical 

conductivity. 

3.2.3. The Debye-Callaway Model for Lattice Thermal Conductivity 

A systematic thermal model is required to separate the different contributions to the reduction 

in κl. Reductions in thermal conductivity can stem from various phonon scattering mechanisms 

and/or the lack of thermal conduction through empty space created by pores. These two effects are 

treated separately. The first cause of reduction, or the absence of thermal conduction within the 

pores, is described classically by the EMT, as described above, leading to a reduction in lattice 
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thermal conductivity described by κl,d = κl,p/fκ(ε). Using EMT, the lattice thermal conductivity for 

the corresponding, fully-dense material, κl,d, can be obtained, resulting in the corrected thermal 

conductivity values of the dense material constructing the (Bi,Sb)2Te3 network.  

The second cause of lattice thermal conductivity reduction, phonon scattering due to various 

phonon scattering mechanisms, is described with a Debye-Callaway model used to calculate the 

reduction of thermal conductivity for a fully dense equivalent material, or κl,d:
116 

( )
( )

D

3 4
/

B B
,d 22 0

= d
2 1

x
T

l
x

k k T e x
x x

v e



 


 
 
  −

                                    (3.2) 

where the total phonon relaxation time is determined via Matthiassen’s rule ( ) ( )
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First, the effect of phonon-phonon scattering ( p-p ) and phonon-point defect scattering ( PD ) were 

accounted for by fitting the model to the in-plane  κl (lowest thermal conductivity direction) of a 

zone melted crystal117 with the following expressions: 
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The term PD  was determined by considering only mass difference which is known to work 

well for the Bi2Te3-Sb2Te3 system.118,119 The phonon-phonon scattering strength coefficient A was 

fit to the experimental data of the in-plane κl of fully dense, large grained Bi0.5Sb1.5Te3
117 where    

τ -1=τp-p
-1+τPD

-1 and was fixed for the rest of the model. 

Next, the effect of pore interfaces on the thermal conductivity was estimated. The presence 

of pore interfaces limits the mean free path of phonons within the dense matrix to the average 
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distance between the pores (L) and thus introduces a Casmir-like phonon-interface scattering term: 

120 
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L


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where L is determined via porosity and average pore size. It was determined through the study of 

the mesoscale structure that L=4 μm, which is much larger than the phonon mean free path due to 

phonon-phonon and phonon-point defect scattering, and as a result these calculations indicate that 

pore interfaces produce minor reductions in κl,d. The contribution of interfaces can be seen in 

Figure 3.2a in pink. This demonstrates that the reduction of thermal conductivity cannot be 

explained by the porosity alone and requires additional scattering mechanisms such as grain 

boundary scattering which can also be modeled as grain boundary dislocation strain scattering.26 
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We include the effect of phonon-dislocation strain scattering through the expression: 

1 2 2 B
DS D D

k
CN B x T − =                                                  (3.6) 

where ND is the dislocation density, BD is the Burgers vector, and γ is the Gruneissen parameter of 

the alloy. This calculation is dependent on two material parameters ND and BD which can be found 

using TEM. However, although these defects can be identified, the true density of dislocations (not 

just the density within the areas of interest, but the true density throughout the material) is difficult 

to accurately measure using small field-of-view techniques (like TEM) alone. Furthermore, 

thermal models such as those being used in this investigation, often assume homogeneity of 

Figure 3.2. A) In-plane lattice thermal conductivity of the centrifuged Bi0.3Sb1.7Te3. Empty 

symbols presents κl,d which are corrected from experimental results κl,p (filled symbols) by 

EMT. Experimental results can be explained by the absence of thermal conduction medium 

(pores) and by using reasonable values for Umklapp (U), point defect (PD), porous interface 

(I) and dislocation strain (DS) into account. B) Frequency dependent lattice thermal 

conductivity of the dense Bi0.3Sb1.7Te3. Interfaces target low frequency phonons while 

dislocations impact a broad range of phonons. 
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features such as grain boundary composition or an even distribution of dislocations throughout a 

sample, which is not often the case. Therefore, it is important for thorough analysis to be performed 

on samples to ensure that these assumptions about grain boundary composition, dislocation 

density, etc. are justifiable and accurate for the material system being investigated. 

3.2.4. Using Electron Microscopy to Obtain Parameters for Thermal Modeling 

3.2.4.1. Studying Grain Boundaries with Transmission Electron Microscopy 

At a broad level, it is known that grain boundaries scatter low frequency (large mean free 

path) phonons.5,16,34 The true complexity of boundary transport is still relatively unexplored in 

bulk thermoelectric materials, although it has been shown that structure and orientation, as well as 

composition (impurity atoms), can alter the transmission of phonons passing through the grain 

boundaries.121 It is often energetically favorable for solutes to segregate to grain boundaries 

because of the presence of dangling bonds and structural imperfections, such as dislocations. 

Furthermore, this means that materials can develop chemical segregation at boundary sites.122,123 

Changes in grain boundary orientations can also lead to differences in the size and spacing of 

vacancies, altering the likelihood of certain chemicals to segregate at boundaries with different 

structural orientation.92 As a result, not only are imaging and diffraction important for the study of 

grain boundaries, but so are analytical techniques, such as Energy Dispersive Spectroscopy (EDS) 

and Electron Energy Loss Spectroscopy (EELS), which are capable of determining local chemical 

composition. 
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3.2.4.2. Studying Dislocations with Transmission Electron Microscopy  

 Dislocations contribute to thermal conductivity via scattering from dislocation cores and 

from the strain fields that result from lattice distortions surrounding the defect. Dislocation cores 

can be imaged using TEM, but the contrast provided by dislocations is often due to the diffracted 

beams as they interact with curved areas of the lattice around the dislocation defect.37 An important 

feature of dislocations is their Burgers vector (𝐵𝐷), as this helps us understand how the lattice 

planes are distorting. In addition, as seen in Equation (3.6), the Burgers vector is a required feature 

for determining the contribution of dislocation strain to phonon relaxation time (and subsequently 

lattice thermal conductivity).124  

To determine the Burgers vector using electron microscopy it is helpful to know if 

dislocations are either edge, screw, or of mixed character. If the dislocation is purely screw in 

character, the Burgers vector can be determined through two-beam tilting experiments. Two-beam 

tilting experiments involve tilting the sample so that the reciprocal space diffraction pattern 

primarily consists of two bright spots (the transmitted beam and a diffracted beam) with all other 

diffracted spots remaining very dim. In this condition, phase contrast in imaging mode is 

influenced almost exclusively by electrons in the transmitted beam and the selected diffracted 

beam. Because of constructive and destructive interference effects, some dislocations will lose 

much of their contrast when specific diffracted beams are selected in a two-beam condition. This 

is known as the invisibility criterion and indicates that the dislocation line is parallel to the g vector 

selected in the two-beam condition. If dislocations have edge character this procedure is 

complicated, but nonetheless diffraction and tilting experiments can be used to take advantage of 

contrast mechanisms to identify the Burgers vectors of dislocations.  
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The dislocation density (ND) is also an important material parameter to document in order 

to obtain an accurate thermal model. Dislocation density can be documented in an area of interest 

using a TEM by using the line intercept method. The line intercept method calculates dislocation 

density using the formula:125 

𝑁𝐷 =
𝑃

𝐿𝑇𝑜𝑡×𝑡
     (3.7) 

In this equation, the dislocation density (ND) is calculated by drawing random lines of known 

length throughout an area of interest in the image of interest. Then the number of intersection 

points (P) between the drawn lines and dislocations should be counted and divided by the total line 

length (LTot, calibrated to the scale of the image) and the thickness of the sample (t). The resulting 

dislocation density should have units of cm-2 or m-2. The limitations of this method are that any 

given selected area may have a dislocation density that is not representative of the sample. 

Additionally, lines may be drawn in orientations that are not truly random (examples of which can 

be shown in Figure 3.3). Both factors may result in misleading dislocation density measurements. 

For example, a line drawn perpendicular to an array of dislocations would provide a high density 

compared to a line drawn parallel to the array. It is also important to obtain an accurate thickness 

which can be obtained by performing a variety of techniques which include but are not limited to: 

thickness fringe analysis in a two-beam condition, convergent beam electron diffraction, or 

electron energy loss spectroscopy mean free path analysis.125 In summary it can be seen that 

electron microscopy is a useful tool for obtaining material parameters critical to improving the 

accuracy of thermal models, however one should also be aware of the inaccuracies that could occur 

in order to obtain the most representative results. 
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Figure 3.3. Two BF-TEM images of dislocation arrays in BST with lines drawn parallel and 

perpendicular to the dislocation arrays. Using the Line Intercept Method, these two lines will 

calculate vastly different dislocation densities (ND) based on the directionality of the dislocation 

arrays. 

3.2.5. Experimental Setup for the Study of Melt-Centrifuged BST 

3.2.5.1. Sample preparation 

Bi, Sb and Te (Alfa Aesar, >99.999%) chunks were weighed according to stoichiometries 

of Bi0.5Sb1.5Te4.31 and Bi0.3Sb1.7Te4.28 and subjected to high energy ball milling for 1 hr. The ball 

milled powders were then hot pressed rapidly (RHP)35 at 673 K for 1 hr with an axial pressure of 

~45 MPa under argon atmosphere. Pressing was performed in a 12.7 mm diameter graphite die 

and produced a pellet ~15 mm tall. No liquid came out during hot pressing. Next, the sintered 

pellet was sealed under vacuum in a silica ampoule with quartz wool on top of and beneath the 

sample. The ampoule was placed in a vertical furnace and heated to 773 K for 30 min. This 
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temperature is higher than the melting point of Te, but lower than that of (Bi,Sb)2Te3. Next the 

ampoule was quickly (in ~3s) transferred from the furnace and centrifuged at 4000 rpm for 105 s.  

3.2.5.2. Experimental Procedures and Instrumentation 

Phase purity was evaluated by X-ray diffraction (XRD, STOE STADI MP, Cu-Kα1, scan 

step of 0.015). The microstructure was investigated by field emission scanning electron 

microscopy (FESEM, Hitachi SU8030 and FEI Quanta 650 ESEM) and transmission electron 

microscopy (TEM, Hitachi, H-8100 and JEOL JEM-ARM300CF). Hall coefficients (RH) and 

resistivity (ρ) were measured simultaneously using van der Pauw and four-probe methods under a 

2 T magnetic field.126 Hall carrier concentration (nH) and mobility (µH) were calculated by 

nH=1/(eRH) and µH=RH/ρ. Seebeck coefficients were measured under vacuum using a home-built 

instrument.127 The thermal conductivity (κ) was calculated by κ = D×Cp×d, in which d is the 

geometrical density, Cp is the Dulong-Petit specific heat (0.186 J/gK for Bi0.5Sb1.5Te3 and 0.191 

J/gK for Bi0.3Sb1.7Te3), and D is the thermal diffusivity measured by the laser flash method 

(Netzsch LFA 457, Germany). The κe was calculated using the Wiedeman–Franz law (κe=LT/ρ),116 

where the Lorenz factor (L) is estimated using the effective mass model.128 The minimum thermal 

conductivity is calculated from Cahill limit129 using the measured speed of sound. Transport 

properties were measured in both directions parallel (cross-plane) and perpendicular (in-plane) to 

the direction of centrifugal force/HP pressure. 
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3.3. Relating Microstructure to Thermal Transport Properties 

3.3.1. Using EMT to Calculate the Contribution of Porosity to Electronic Properties 

The electronic band structure related transport properties are analyzed by the effective mass 

model. The electrical properties (of EMT corrected to full density) are comparable to high 

performance dense BixSb2-xTe3 alloys fabricated by different methods, including Te-excess melt-

spun (Te-MS),46 melt-spun (MS),117  hot press (HP),130 hot deformation (HD),130,131 and zone 

melting (ZM).117 The band structure appears to be unchanged with the modified microstructure. 

As shown in the Pisarenko plot (Seebeck coefficient versus carrier concentration)132 of Figure 

3.4a, the Bi0.5Sb1.5Te3 samples can be well fitted by a DOS effective mass of ~1.1me. The 

Bi0.3Sb1.7Te3 samples have a slightly lower value, which is consistent with the band convergence 

occurring for BixSb2-xTe3 at x=0.5.133 Note that the slightly lower m* of the centrifuged samples 

compared with Te-MS46 and MS117 samples could be caused by the lower density since porosity 

decreases the carrier concentration but hardly changes the Seebeck coefficient. By corrected to 
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fully dense materials, as shown by the orange star symbols, the m* is similar to the Te-MS46 and 

MS117 samples. 

The Hall carrier mobility of the connected matrix is hardly affected by the porosity. Using 

typical porosity of the centrifuged material of ε ~0.27, μH,d of the present Bi0.5Sb1.5Te3 alloy would 

be μH,d=μH,p/(1-3ε/4)=μH,p/0.79=250 cm2V-1S-1, which is comparable to the dense melt-spun 

Figure 3.4. A) Hall carrier concentration dependence of Seebeck coefficient (Pisarenko 

plot) at 300 K. B) Hall carrier concentration dependence of Hall mobility at 300 K. C) 

Conductivity dependence of Seebeck coefficient (Jonker plot). D) zT values as a function 

of Hall carrier concentration predicted by μw of 300 cm2/VS and κl of 0.5 W/mK at 300 

K. Filled and empty symbols represent the data of Bi0.5Sb1.5Te3 and Bi0.3Sb1.7Te3, 

respectively. Here experimental results and EMT corrected values are shown by the red 

circle and orange star symbols respectively 
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alloys.117 The competitive intrinsic mobility of the framework originates from the highly-fused 

nature of the matrix. As shown in Figure 3.4b, the porous centrifuged Bi0.5Sb1.5Te3 samples and 

the dense melt-spun117 materials show μ0 values of ~240 cm2/VS and 240-300 cm2/VS, 

respectively. Since μ0 of the framework corrected by EMT is equally and even slightly higher 

compared to that of fully dense melt-spun materials, lower μ0 of the porous samples is only due to 

the absence of conduction matrix. Higher mobilities of Bi0.3Sb1.7Te3 samples than Bi0.5Sb1.5Te3 

samples are due to the lower m*. This is also the case for weighted mobility as shown in Figure 

3.4c. Overall, the preserved high Hall mobilities of the centrifuged samples demonstrate a good 

connection of the matrix for electronic transport. 

 

Figure 3.5. Temperature dependence of (a) Hall carrier concentration and (b) Hall mobility in both 

in-plane and cross-plane directions. 

Based on an effective mass model and acoustic phonon scattering, which is demonstrated by 

the T-1.5 dependence of Hall mobility shown in Figure 3.5b, the peak zT at 300 K lies at the carrier 

concentration of ~2×1019 cm-3. As shown in Figure 3.4d, the majority of the experimental data lies 

on the expected curve, and the zT values of porous centrifuged samples are very similar to those 



131 

 

of the fully dense materials possessing almost optimum doping levels. The melt-spun samples117 

show higher zT values as the mobility is higher, while the discrepancy of hot-pressed and hot-

deformed samples130,131 could be due to the different effective masses. The melt-centrifuged 

Bi0.5Sb1.5Te3 attains higher zT values than the zone melted and hot pressed samples. This is in 

parallel with higher B value obtained (B = 0.48) for this sample compared to the zone melted (B = 

0.32) and the hot-pressed (B = 0.25) samples.  

3.3.2 The Contribution of Structural Defects to the Reduction in Lattice Thermal Conductivity 

Microstructure observation were further conducted by TEM. Figure 3.6 show two different 

types of dislocations: lattice dislocations with little to no ordering within the grains and highly 

ordered arrays of grain boundary (GB) dislocations. Lattice dislocations and GB dislocation arrays 

are observed in the in-plane direction (Figure 3.6a and b), but they are less often observed due to 

the edge-to-edge contact; while they are commonly observed in the cross-plane direction (Figure 

3.6c-f) due to face-to-face contact. It is worth noting that amorphous/glassy phases are not 

observed at the grain boundaries, indicating the necessity of the dislocations and dislocation arrays 

in order to compensate the grain misorientation. Here the grain misfit comes from the face-to-face 

stack of anisotropic (Bi,Sb)2Te3 platelets that can be rotated in relation to one another, which is 

facilitated by the uniaxial centrifugal force and liquid extrusion during melt-centrifugation. Hot 

pressed samples without centrifugation show few dislocations. Dislocations introduce strain fields 

in their vicinity can interfere with the propagation of phonons and thus decrease the thermal 

conductivity. 
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Figure 3.6.  

Figure 3.6. A) Bright Field and B) Dark Field of in-plane direction that displays dislocation 

arrays originating from grain boundaries. C) Weak beam image illustrating randomly oriented 

lattice dislocations surrounded by ordered arrays of grain boundary dislocations. D) A higher 

magnification of one of the ordered dislocation arrays from image C). E) Bright field of two 

sets of parallel dislocation arrays. F) Ordered grain boundary dislocations alongside lattice 

disordered within the grain.  
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The TEM study presented above found the maximum dislocation density of melt-centrifuged 

samples to be on the order of 109 to 1010 cm-2. Mion et al. showed that dislocation densities above 

107 cm-2 have a significant effect on the κl of GaN,134 and thus we conclude that the dislocation 

density observed here is of an appropriate order of magnitude to further lower the overall thermal 

conductivity. Considering the orders of magnitude uncertainty in the dislocation density, Burgers 

vector, and even the constant C (Klemens46,135 vs Carruthers136) it is possible to explain the 

experimental thermal conductivity with a range of parameters; with one set of physically 

reasonable parameters given in Table 3.2. It should be noted that a 2 nm Burgers vector is quite 

large, but Burgers vectors of 1.048 nm have been reported in the structural analogue Bi2Te3.
137 

The blue lines in Figure 3.2a give an order of magnitude estimation for the influence of phonon-

dislocation scattering on κl,d. 
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Table 3.2. Parameters for lattice thermal conductivity modeling. 

Variables Notes Values Methods 

ν In-plane average speed of sound 2147 m/s Ref. 138 

A  Prefactor of Umklapp scattering time 300000 Fitted 

γpure Grüneisen constant 2.3 Ref. 46 

L Average distance between pores 4 μm Experimental 

V Average volume per atom 3.13×10-29 m3 Ref. 46 

VPUC Volume of the primitive unit cell 5×V  

ND Dislocation density 5×1010 cm-2 

(Bi0.5Sb1.5Te3) 

8×1010 cm-2 

(Bi0.3Sb1.7Te3) 

Fitted 

BD Burgers vector 2 nm  

r Poisson’s ratio 0.24 Ref. 46 

νL Longitudinal sound speed 2884 m/s Ref. 138 

νT Transverse sound speed 1780 m/s Ref. 138 

c0 Concentration of Bi2Te3 in Bi0.5Sb1.5Te3/ 

Bi0.3Sb1.7Te3 

0.25/0.15 Calculated 

K Bulk modulus 44.8 GPa Ref. 46 

Ta HP sintering temperature 673 K Experimental 

VSb2Te3 Average volume per atom of Sb2Te3 3.13×10-29 m3 Ref. 46 

VBi2Te3 Average volume per atom of Bi2Te3 3.40×10-29 m3 Ref. 46 

MSb2Te3 Average mass per atom of Sb2Te3 2.07×10-25 kg Ref. 46 

MBi2Te3 Average mass per atom of Bi2Te3 2.79×10-25 kg Ref. 46 

γ1 Bi0.5Sb1.5Te3 

Bi0.3Sb1.7Te3 

1.2 

0.7 

Calculated 



135 

 

By combining EMT and the Debye-Callaway thermal model, it can be shown that the pore 

structure (the pores and their interfaces) results in as much as ~50 % total reduction of thermal 

conductivity. The additional reduction is due to additional phonon scattering, and a case has been 

made that this is potentially a result of dislocation strain fields which were introduced during the 

melt-centrifugation process. The phonon-pore interface scattering targets low frequency phonons, 

since the average distance between the pores are large. Dislocation strain scatters mid-frequency 

range which haven’t been affected by pore interfaces or point defects, as shown in Figure 3.2b. 

The large decrease of thermal conductivity from engineering porosity and microstructure, along 

with good electrical performance, can improve the thermoelectric performance.  

3.3.3. Thermoelectric Device Efficiency  

In- and cross-plane temperature dependent transport properties are shown in Figure 3.7a-d. 

High zT value around 1.2 is achieved in the cross-plane of centrifuged Bi0.5Sb1.5Te3 at 373, and the 

zTmax is shown to be shifted to higher temperatures by adjusting the Bi/Sb ratio from 0.5/1.5 to 

0.3/1.7 due to higher carrier concentration, resulting in a  zTmax of  1 at 448 K for Bi0.3Sb1.7Te3 

(Figure 3.4e). From a device standpoint, the ability to produce high zT values at different 

temperature ranges using one material is beneficial for segmented design,139 for which two 

compositions (Bi0.5Sb1.5Te3 and Bi0.3Sb1.7Te3) have been made with low and high carrier 

concentrations, respectively. As depicted in Figure 3.7f, by utilizing Bi0.5Sb1.5Te3 between 323-

400 K and Bi0.3Sb1.7Te3 for 400-523 K in a segmented module, the calculated cross-plane device 

ZT can be as high as 1.05 over the entire temperature range.8 The corresponding calculated 

theoretical maximum efficiency could reach up to 9 % when the hot and cold side temperature at 

523 K and 300 K, respectively. The present simulated p-type (Bi,Sb)2Te3 segmented leg with a 



136 

 

high device ZT at the wide temperature range is attractive for high performance module application 

in mid-temperature waste heat recovery. 

 

Figure 3.7. Temperature dependence of A) resistivity, B) Seebeck coefficient, C) total and D) 

lattice thermal conductivity, (e) zT values in both in-plane and cross-plane directions. All data in 

A)-E) are measured values without the correction of EMT. F) Calculated device ZT and calculated 

theoretical maximum efficiency of segmented Bi0.5Sb1.5Te3 and Bi0.3Sb1.7Te3 in cross-plane 

direction, with a cold side temperature fixed at 300 K. 
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3.4. Summary and Conclusions 

By engineering the overall microstructure of (Bi,Sb)2Te3 via melt-centrifugation, low κl and high 

zT values are achieved despite large material porosity. The melt-centrifugation process removes 

the liquid eutectic, resulting in an electrically conductive well-fused grain framework with 

requisite microscale dislocation arrays and distributed porosity. It was shown how reduction in the 

κl due to the absence of conducting material does not increase zT, as this will reduce the electrical 

conductivity by the same amount from effective medium considerations. Although, the reduction 

in electrical conductivity is attributed to the absence of conduction medium, while the reduction 

in thermal conductivity cannot be fully explained by classical EMT considerations alone. Through 

Debye-Callaway and EMT modeling, it was determined that the reduction of κl stems from both 

the lack of thermal conduction medium at the pore sites and the scattering of phonons at pore 

surfaces/interfaces and grain boundaries through the dislocation strain fields. In addition, electron 

microscopy, primarily through nano and microscale TEM techniques, proved to be a key tool to 

link the thermal model with the actual material parameters present in the material such as pore and 

dislocation density. However, it was shown that there were some limitations (and potential 

inaccuracies) that can occur because of using nanoscale characterization tools to obtain material 

parameters such as dislocation densities. This emphasizes the need for additional tools to help 

measure the overall density or distribution of defects within bulk samples more accurately. In total, 

melt-centrifugation proved to be useful in introducing a variety of microstructures into BST. 

Despite this experiment’s success in validating the importance of specific structures, such as 

dislocations, the kinetic nature of melt-centrifugation leads to the need to establish a synthesis 
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techniques that may be able to create a similar microstructure with improved control and 

repeatability. 
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Chapter 4. Equilibrium Synthesis of Bismuth Antimony Telluride via Induction Hot Pressing 

and Thermal Annealing 

Chapter 3 was an exploration of how melt-centrifugation was able to improve zT by 

introducing a variety of defects into Bi0.5Sb1.5Te3+x (BST). Unfortunately, melt-centrifugation is 

highly kinetic and therefore it is desirable to establish an equilibrium processing technique to 

create porous BST samples with similar microstructural features and thermoelectric performance 

as melt-centrifuged materials. This chapter investigates the improvement in performance of 

induction hot pressed BST (with excess Te) in conjunction with increasing porosity, which 

typically results in either no net gain or even a decrease in overall thermoelectric energy conversion 

efficiency due to the lack of conduction medium. It was found that porosity can be controlled based 

on the time and temperature used to anneal samples, and by introducing a variety of electron 

microscopy techniques the root causes of property enhancement were identified in the porous BST 

samples. Characterization was performed by using conventional Scanning/Transmission Electron 

Microscopy (S/TEM) techniques such as Scanning Transmission Electron Microscopy-High 

Angle Annular Dark Field (STEM-HAADF) and Energy Dispersive Spectroscopy (STEM-EDS), 

Transmission Electron Microscopy-Bright Field (TEM-BF), and Select Area Electron Diffraction 

(SAED) to identify nanoscale and microscale defects in both as-pressed and thermally annealed 

BST samples. These techniques, although useful for identifying defects, suffer from small fields-

of-view. Therefore, this chapter emphasizes how EBSD was incorporated to document the 

prevalence of defects by providing statistically significant measurements of defect populations, 

obtaining measurements such as the average grain size, the degree of texturing, and the twin 
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boundary ratio. Portions of this chapter were previously published in J. Materiomics. 2020, 6(3), 

532-544 and are reproduced (adapted) with permission from Copyright © 2020 Elsevier. 

4.1 Recent Advances in Processing and Performance in Bismuth Antimony Telluride Alloys 

4.1.1. Innovations in Processing of Bismuth Antimony Telluride 

4.1.1.1. Benefits of Grain Boundaries and Dislocations in Reducing Lattice Thermal Conductivity 

 In the previous chapter, it was shown how a variety of defects across varying length scales 

contributed to a decrease in lattice thermal conductivity. However, because BST is a low 

temperature thermoelectric, historically, two defects have been of particular interest to scientists 

attempting to decreasing the lattice thermal conductivity (𝜅𝑙): grain boundaries and dislocations. 

The reason for this is that at low temperatures, a larger percentage of phonons traversing through 

a material will consist of low frequency phonons. As the Debye-Callaway Model illustrated in 

Chapter 3, different structural defects provide different contributions to the total relaxation time 

(𝜏𝑡𝑜𝑡) which is linearly related to the lattice thermal conductivity: 

𝜏𝑡𝑜𝑡(𝜔)−1 = 𝜏𝑈𝑚𝑘𝑙𝑎𝑝𝑝(𝜔)−1 + 𝜏𝑃𝐷(𝜔)−1 + 𝜏𝐺𝐵(𝜔)−1 + 𝜏𝐷𝐶(𝜔)−1 + 𝜏𝐷𝑆(𝜔)−1 + ⋯ (4.1) 

𝜅𝑙 =
1

3
∫ 𝐶𝑠(𝜔)

𝜔𝑚𝑎𝑥

0
𝑣(𝜔)2𝜏𝑡𝑜𝑡(𝜔)𝑑𝜔   (4.2) 

 By taking note of the frequency dependence of each structural defect, it can be seen how 

different defects scatter specific phonons more effectively than others. For example, the 

contribution to the relaxation time from boundaries is a frequency independent term. However, 

because the spectral heat capacity (𝐶𝑠(𝜔)) approaches a 𝜔2 dependence at high temperatures, the 

contributions of boundaries to the lattice thermal conductivity are approximated as having a 𝜔2 

dependence.25,26  
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𝜏𝐵 =
𝑑

𝑣𝑔
       (4.3) 

 𝐶𝑆,𝐻𝑖𝑔ℎ 𝑇𝑒𝑚𝑝(𝜔) =
3𝑘𝐵𝜔2

2𝜋2𝑣𝑔𝑣𝑝
2     (4.4) 

This means that the smallest contributions to 𝜅𝑙𝑎𝑡 will come from lower frequency phonons, 

making grain boundaries more effective at scattering phonons in low temperature regimes. 

Therefore, when working with room temperature thermoelectric systems, like BST, grain 

boundaries will be beneficial defects to incorporate to suppress lattice thermal conductivity. 

 Similarly, dislocation cores and strain both contribute to the relaxation time of phonons. 

Dislocation cores have a relaxation time that is proportional to 𝜔−3, while dislocation strain fields 

have a relaxation time that is proportional to 𝜔−1. As a result, when accounting for the 𝜔2 

dependence of the spectral heat capacity, contributions to the lattice thermal conductivity will then 

have  𝜔−1 and 𝜔 frequency dependencies due to the inclusion of dislocation cores and dislocation 

strain fields respectively.26 Because grain boundaries and point defects provide 𝜔2 and 𝜔−2 

dependencies to the lattice thermal conductivity (respectively), it can be seen that dislocations are 

important for scattering phonons at the intermediate frequency regime.25,26 Therefore, it is 

understood that including dislocations into BST can help improve performance by scattering 

intermediate length phonons.  

Because the Debye-Callaway model indicates that boundaries and dislocations are the most 

effective defects at scattering phonons in the low temperature regime (the temperature regime of 

maximum thermoelectric  efficiency for BST), these defects are often targeted for inclusion in 

BST because of their potential to further improve overall zT. The decrease in spectral thermal 



142 

 

conductivity due to the scattering of low and intermediate wavelength phonons by interfaces and 

dislocations can be seen in Figure 3.2b. These defects are included into thermoelectric materials 

by modifying synthetic processes in a controlled manner so that the specific final microstructure 

can be achieved. Chapter 3 illustrated how one technique, melt-centrifugation, was used to modify 

the microstructure. Furthermore, it provided experimental confirmation that the lattice thermal 

conductivity was decreased drastically in melt-centrifuged samples which included dislocations 

and boundaries in addition to an increased porosity.    

4.1.1.2. Developing Reproducible Processing Methods for Te-Rich Bi0.5Sb1.5Te3 

One of the most intriguing improvements of p-type Bi0.5Sb1.5Te3 performance was reported 

by Kim et al. using liquid phase sintering of melt spun Bi0.5Sb1.5Te3 incorporating molten Te-rich 

eutectic as the sintering aid (Te-MS).46 Using this technique, a peak zT of 1.8 was reported along 

with an unprecedented thermoelectric cooling performance presumably due to the remarkably low 

lattice thermal conductivity of 0.35 W m-1 K-1 while still maintaining a very high electrical 

mobility. This excellent combination of thermal and electrical transport was attributed to dense 

dislocation arrays formed at grain boundaries during liquid phase sintering which effectively 

scattered phonons but not charge carriers.26  

Efforts to reproduce these results have so far yielded mixed results. Zhang et al. produced 

BST by liquid phase sintering using solution derived nanoparticles and reported zT values of ~1.6, 

seemingly confirming the original Te-MS results.140 The claim of reproduction should be evaluated 

with caution, as the samples were all less than 90% of the theoretical density. An attempt at direct 

reproduction by Deng et al. only realized a peak zT of 1.2 with a lattice thermal conductivity of 
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0.65 W m-1 K-1.141 They reported a correlation between zT and the amount of liquid Te initially 

present during sintering. This also correlated with the degree of alignment of the anisotropic grains 

of BST, and Te was hypothesized to act as a lubricant allowing translation of grains. Kim et al. 

reported a zT of 1.4 using liquid phase sintering of BST.142 They too found that the liquid phase 

enhanced preferential alignment during pressing.  

Although the successfully processed BST samples described above are not fully dense, the 

introduction of pores is not expected to be able to produce a material having a larger zT than the 

host matrix.115 Instead, introducing pores into a solid matrix increases the path length that heat and 

charge must traverse which results in a decrease in both electrical and thermal conductivity. In a 

classical (length scales greater than the mean free path of electrons and phonons), isotropic solid 

matrix with non-conducting pores, the change in the two conductivities due to porosity should be 

identical, resulting in no change in zT.143 In reality, pores allow some heat transfer via radiation 

between surfaces and gas phase convection. Therefore, the electrical conductivity should decrease 

slightly more than thermal conductivity resulting in an overall loss of zT with porosity. A more 

complicated treatment which considered scattering of electrons and phonons by pores in SiGe also 

found that porosity should be detrimental to zT due to the more severe loss of charge carrier 

mobility.144 Despite the expectation of performance reduction due to porosity, porous bismuth 

telluride alloys have, at times, demonstrated enhanced zT over their fully dense counterparts.145–

150 A common explanation given for the improvement in these reports is that scattering was 

enhanced due to pore distribution being on the same length scale as the mean free path of heat 

carrying phonons but much greater than that of electrons. First principles calculations predict that 

most of the heat in bismuth telluride is carried by phonons with mean free paths under 10 nm, 
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while that of electrons is 100 nm.151,152 Nevertheless, zT improvement with porosity has been 

observed by Pan et al. in BST samples having grains and pores with sizes over 1 µm.148 This hints 

at the fact that there may be other factors at play during pore formation that contribute to a decrease 

in lattice thermal conductivity. 

The inconsistency in the ability of various groups to reproduce the Te-MS results suggests 

that either the mechanism of zT improvement is not well characterized, or that the critical aspects 

of fabrication are not well described. Liquid phase sintering induces rapid changes in the 

microstructure due to the solubility of the solid BST phase within the liquid.153 Hot pressing times 

as short as three minutes are reported46, which is of the same order as the amount of time required 

to heat the pressing die and significantly less than the time required to cool it. Beyond the typically 

reported processing values of pressing temperature, pressure, and time, variables such as heating 

rate, time of pressure application and release, cooling rate, etc. could play a crucial role in 

determining the final microstructure of the produced BST samples. While much of the excess Te 

phase is expelled during the liquid phase sintering process, certainly some remains and its location 

and its effects on transport are unclear. 

4.1.2. Equilibrium Hot Pressing: Synthesis and Transport Measurements  

4.1.2.1. Synthesis of Te-Rich Bi0.5Sb1.5Te3 

The aim in this report is to explore some of these outstanding questions regarding the role 

of dislocations, and pores, as well as the role and location of excess Te in BST. This chapter 

presents a reproducible method of fabricating BST with slight excess Te (+3.8 wt. %) having 

porosities up to ~25%. This sample production method differs from past studies in that the initial 
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sintering occurs below the eutectic temperature and over a longer period of time. This greatly 

reduces the initial sample-to-sample variation and allows for better processing control. 

Furthermore, since Te is not expelled during processing, the amount of excess Te in the sample is 

known and consistent. Thermoelectric transport is measured in these porous samples parallel to 

the pressing direction, finding an enhancement in B as high as 45% (parallel to the pressing 

direction) between as-pressed, fully dense BST and a sample having ~20% porosity.   To gain 

insight into this performance enhancement, microstructural changes that occur during the 

fabrication of porous samples and their relationship to transport are investigated. 

Elemental Bi, Sb, and Te (99.999% 5N Plus) and Pb (Alfa Aesar 99.999%) were sealed in 

fused quartz ampules evacuated to 5*10-5 Torr. Lead at a concentration of 0.1 at% was added as 

an acceptor dopant to ensure extrinsic behavior for clear evaluation of the lattice thermal 

conductivity. Elements were heated to 800°C to melt and react and subsequently water quenched. 

Resulting ingots were annealed for 24 hours at 500°C and allowed to furnace cool to aid 

homogenization. Annealed ingots were powdered using high energy ball milling in stainless steel 

cannisters sealed in an argon environment. Powders were stored in an argon atmosphere until 

pressing. Pellets were made by inductive hot pressing35 10 g of powder in a ½” graphite die at 

400°C under a pressure of 45 MPa for 30 minutes. This pressing temperature is below the melting 

point of the Te-rich eutectic at 425°C meaning these samples are not liquid phase sintered and the 

excess Te remains present. Pressure was applied once the die had reached 300°C. During cooling, 

the pressure was relieved through slow decay by thermal contraction of the sample and press. The 

density of the pellets before pressing and after swelling was determined using the Archimedes 

method by measuring the mass in air and in pure ethanol. The Archimedes method can provide 
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accurate density measurements for irregularly shaped samples but is susceptible to errors if liquid 

infiltrates the solid during measurement. During the swelling anneal, the outer surface of the pellet 

became smooth and shiny and thus no liquid entered the pellet during Archimedes measurement. 

The accuracy of the measurement was verified by geometric measurement of the density. The 

densities of all as pressed samples exceed 99% of the theoretical values, 6.82 g cm-3 for 

Bi0.5Sb1.5Te3.2 and 6.84 g cm-3 for Bi0.5Sb1.5Te3. Annealing at temperatures between 250-350°C 

were used to induce swelling and the porosity of the pellets was found to increase reproducibly 

with annealing temperature and time. To create porous samples, the as-pressed pellets were sealed 

atop graphite foil and a small amount of glass wool within an evacuated fused quartz tube of large 

enough diameter so as not to impede expansion. Pellet annealing was performed in a vertical tube 

furnace by heating at 100°C h-1 to the target temperature and holding for the specified time 

followed by furnace cooling. Samples were cut from each pellet perpendicular and parallel to the 

pressing direction for measurements and ground to a thickness of ~1 mm using 600 grit SiC paper. 

4.1.2.2. Measuring Thermoelectric Material Properties 

Seebeck measurements were performed under vacuum using a home-built uniaxial 4-point 

system.127 The Seebeck coefficient was evaluated using the linear slope of the voltage versus 

temperature difference data collected with a maximum temperature difference of ±12°C. The Hall 

coefficient and electrical conductivity were measured under vacuum in a home built system using 

the van der Pauw method and a magnetic field strength of 2T.126 Thermal diffusivity was measured 

using a Netzch LFA 457 with continuous argon purge. Thermal conductivity was calculated as the 

product of heat capacity, thermal diffusivity, and density. The temperature dependent heat capacity 

reported by Shtern et al. for BST was used.154 Density was measured by the Archimedes method 
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in pure ethanol. The density was verified geometrically to ensure any fluid infiltration into the 

sample did not cause overestimation during Archimedes measurement. Both density values agreed 

to within 2% for all samples. 

4.1.2.3. Deviations of Material Properties from Effective Medium Theory 

Presented in Figure 4.1 are the data for representative samples showing the variation of 

thermoelectric transport values with temperature, measured both parallel and perpendicular to the 

original pressing axis of the pellet. Tellurium excess suppresses the hole concentration in BST, 

shifting the influence of bipolar effects towards lower temperatures.155 In all samples, the carrier 

concentration was intentionally biased above an optimal level for 300 K zT by extrinsic doping 

with Pb. This was done to allow for more accurate determination of lattice thermal conductivity 

and weighted mobility at 300 K, as bipolar effects should be small.  The amount of Pb added to 

each ingot was small and some sample-to-sample variation in carrier concentration occurred. This 

is evident in the Seebeck curves of Figure 4.1a. The 90.5% dense sample had a slightly lower Hall 

hole concentration when corrected for porosity (1.78*1019 cm-3) than the other samples in this 

figure (2.25*1019 and 2.24*1019 cm-3 for the 99.4 and 81.0% dense samples, respectively) resulting 

in its larger Seebeck at 300 K and lower peak Seebeck temperature. All samples behave as 

degenerate semiconductors near room temperature as evidenced by the increasing Seebeck 

coefficient, linearly increasing resistivity, and decreasing thermal conductivity (Figure 4.1a-c). 

The peak zT of these samples occurs slightly above 350 K (Figure 4.1d) and decreases with further 

increasing temperature due to the onset of bipolar thermal conductivity. 
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Figure 4.1. The variation of thermoelectric transport properties with temperature of select samples. 

Variations in Seebeck coefficient A) are attributable to carrier concentration differences. The 

increasing electrical resistivity B) and decreasing thermal conductivity C) near 300 K shows the 

material behaving like a degenerately doped semiconductor without bipolar contributions. The 

observed increase in zT D) is due to the swelling of the sample. This increase occurs because while 

the weighted mobility E) decreases with porosity, the lattice thermal conductivity F) decreases 

comparatively more. 
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Using an effective mass model156, the weighted mobility, μw, and lattice thermal 

conductivity, κl, can be utilized for the comparison of samples which may have different carrier 

concentrations.  The electrochemical potential, η, is evaluated from the Seebeck coefficient, S. The 

weighted mobility can be evaluated using this chemical potential and the measurement of electrical 

conductivity, σ. The Lorenz number can also be evaluated using η. 

𝑆 =
𝑘𝐵

𝑒
(

2𝐹1

𝐹0
− 𝜂)      (4.5) 

𝜎 =
8𝜋𝑒

3
(

2𝑚𝑒𝑘𝐵𝑇

ℎ2 )
3 2⁄

𝜇𝑤𝐹0               (4.6) 

𝐿 =
𝑘𝐵

2

𝑒2

3𝐹0𝐹2−4𝐹1
2

𝐹0
2      (4.7) 

Where Fj indicates a Fermi integral of order j. 

𝐹𝑗(𝜂) = ∫
𝜀𝑗d𝜀

1+exp[𝜀−𝜂]

∞

0
     (4.8) 

The weighted mobility and lattice thermal conductivity variation with temperature are shown in 

Figure 4.1e and 4.1f. The effect of porosity is clear. In both measurement directions, both the 

weighted mobility and lattice thermal conductivity decrease with increasing porosity over the 

entire temperature range.  The impact of porosity on lattice thermal conductivity appears stronger 

in the direction parallel to the pressing axis and this is the primary cause of the observed zT 

enhancement for the 81% dense sample.  

Shown in Figure 4.2a and 4.2b are weighted mobility and lattice thermal conductivity 

evaluated at 300 K for all samples.  While there is some noise in the results, the decreasing trends 
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with porosity are evident. The decrease of these two parameters counter each other in their impact 

on zT. As discussed in Chapter 3, the thermoelectric quality factor, B, correlates with zT and can 

be used to determine if the increase in porosity is beneficial without requiring carrier concentration 

optimization. The B values for the samples in this study are shown in Figure 4.2c. 

𝐵 = (
𝑘𝐵

𝑒
)

2 8𝜋𝑒(2𝑚𝑒𝑘𝐵)3 2⁄

ℎ3

𝜇𝑤𝑇5 2⁄

𝜅𝐿
= 4.33 ∙ 10−10 𝜇𝑤𝑇5 2⁄

𝜅𝐿
   (4.9) 

The improvement in B with increased porosity arises due to the swelling process and not the anneal 

itself. Three nominally Bi0.5Sb1.5Te3 (no excess Te) pellets were annealed at 300°C for 24 hours. 

These pellets were >98.7% of the theoretical density after annealing, and they all showed a 

decrease in quality factor relative to the unannealed pellet. This loss in performance seems 

primarily attributable to a decrease in weighted mobility, falling from 384/429 cm2V-1s-1 (as 

measured parallel/normal to the pressing direction) to 307/324 cm2V-1s-1. Annealing in the 

presence of excess Te where swelling does not occur also fails to significantly improve zT. 

Annealing zone melted BST ingots containing excess Te at 350°C for 48 hours was shown not 

produce any change in zT.157 
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Figure 4.2. Effective mass modeling of transport at 300K allows for trends to be analyzed 

independent of doping levels. The weighted mobility A) and lattice thermal conductivity B) both 

decrease as expected with increasing porosity. The weighted mobility trends (dashed lines) are 

very close to those predicted by the Maxwell-Garnett effective medium theory (EMT), but the 

lattice thermal conductivity decreases much more than would be expected. This leads to an 

increase in the quality factor, B, C) which is particularly large in the direction parallel to pressing. 

When the Hall carrier concentration is normalized by the fractional density, the Pisarenko plot D) 

finds they are all well fit by a Seebeck mass of 1.08 me suggesting no change in electronic structure 

or scattering mechanism with porosity. 
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The porous samples produced for this report are multiphase (BST, Te-rich phase, and 

pores) and thus complicates modeling. In BST with added dopant, the primary doping native 

defects are single acceptor BiTe and SbTe anti-sites.158–161 In Te-rich BST, the concentrations of 

these defects are reduced along with the hole concentration. Excess Te has been used to tune the 

carrier concentrations in BST to optimum values.133 The presence of excess Te ensures that the 

BST composition remains on the Te-rich side of its phase width. Predictable native point defects 

allow for the carrier concentration to be accurately controlled by extrinsic doping.  Beyond these 

carrier concentration effects, the presence of a small amount of excess Te is not expected to be 

detrimental to transport. It should be p-type and any circulating currents which could occur due to 

its presence should be negligible.162 The Te-rich phase is excluded from the following analysis 

based on its small expected impact on transport and its constant presence in both the as-pressed 

and annealed phases (as will be discussed later).   

One of the simplest effective medium theories (EMT) is the Maxwell-Garnett model which 

assumes a dilute dispersion of spherical second phase particles in a conducting matrix.163 It should 

be noted that some of the assumptions behind the Maxwell-Garnett model are not valid in this 

system: pores are not spherical and dilute and transport is not isotropic in the matrix. Therefore, 

coincidental fitting by the EMT model unfortunately cannot be excluded, but it is still useful none-

the-less to understand the property trends that this theory predicts.143 This model can be used to 

predict both the electrical and thermal conductivity variation with porosity. If the pore phase is 

assumed to be non-conducting, the effective conductivities of the porous material can be predicted 

by 
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𝜎𝑒𝑓𝑓 = 𝜎𝑚𝑎𝑡𝑟𝑖𝑥
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𝜅𝑒𝑓𝑓 = 𝜅𝑚𝑎𝑡𝑟𝑖𝑥
2−2𝜑

2+𝜑
     (4.11) 

As the electrical and thermal conductivities of the BST phase far exceed those of the pores, the 

Seebeck coefficient should not vary with porosity.164,165  The ratio of effective conductivities is 

the same as their fully dense counterparts, thus the EMT model would predict porosity to have no 

effect on overall zT. Figure 4.2c shows increasing B with porosity illustrating that this is not the 

case in these experimental samples. In Figures 4.2a and 4.2b are an attempt to provide some insight 

into the origins of the deviation of the experimental material’s behavior from ideal EMT behavior 

by plotting experimental data alongside the Maxwell-Garnett EMT model (represented by the 

dashed lines). This model makes a reasonable estimate of variation in weighted mobility with 

porosity, but it overestimates the lattice thermal conductivity. Because the pores should provide 

no net effect, the low lattice thermal conductivity of the porous material suggests that the lattice 

thermal conductivity of the BST matrix phase is being changed (κmatrix decreasing) during the 

swelling process and this change is responsible for the increase in zT. The weighted mobility 

matching the expectation along with all samples being fit with the expected Seebeck mass of 1.08 

me in a Pisarenko plot (Figure 4.2d) indicates that the electronic structure and carrier scattering of 

the BST matrix may be unchanged during swelling.133 To document whether the microstructure of 

the material is changing during swelling, electron microscopy was employed across multiple 

length-scales to document the material structure and composition at different stages of the 

annealing process. 
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4.2. Methods to Investigate Microstructure using Electron Microscopy 

4.2.1. Nano and Microscale Characterization Methods 

Scanning/Transmission Electron Microscopy (S/TEM) techniques were described in 

Chapters 2 and 3 as they relate to studying nanoprecipitates in lead chalcogenides, and qualitatively 

identifying dislocations and pores in BST. This chapter will show how Scanning Electron 

Microscopy (SEM), in particular Electron Backscattered Diffraction (EBSD), can be used in 

conjunction with high resolution electron microscopy techniques to reveal information about 

materials that cannot be obtained with high resolution electron microscopy techniques alone. In 

addition to large field-of-view SEM techniques, TEM-BF was used for the identification of 

structural defects, while STEM-HAADF and STEM-EDS were used for qualitative and semi-

quantitative chemical analysis at the nano and microscale. 

4.2.2. Mesoscale Characterization Methods 

4.2.2.1. EBSD: Large-Scale Crystallographic Data Collection 

 Scanning Electron Microscopes (SEMs) complement high resolution studies of materials 

performed on S/TEMs. Although SEMs and S/TEMs can provide similar types of analysis (due to 

the same types of electron-sample interactions), SEMs analyze bulk samples on a much larger 

length scale. Due to the large interaction volumes of electrons within the bulk samples and 

differences in magnification, resolution, and field-of-view, some techniques do vary between the 

two types of instruments. A particularly useful SEM technique used in this study was Electron 

Backscattered Diffraction. This technique uses diffracted backscattered electrons to collect 

electron backscattered diffraction patterns (EBSPs) at each point in a scan, and then construct maps 
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based on the electron diffraction information gained through scanning. One of the most common 

types of EBSD maps is the inverse pole figure orientation map. These maps are able to highlight 

different grains by assigning a color to a specific crystallographic orientation. These maps are 

useful in SEM because the wide field-of-view allows the collection of large maps from the micron 

to the millimeter scale (in what we denote as the mesoscale), while also providing a spatial 

resolution just under 100 nm (this value was specific to the instrument used in this investigation: 

a FEI Quanta 650 ESEM). This enables the identification of many grains and as well as allows 

scientists to gather statistically significant datasets concerning bulk material trends such as the 

average grain size of a sample. These types of measurements can be observed, but not statistically 

verified in TEM unless the grain size is on the nanometer scale which is not true for many 

thermoelectric materials. 

 However, EBSD is not used for grain size analysis alone. Because patterns and data can be 

stored, other useful mesoscale measurements include phase distributions, grain boundary angle 

distributions, and texture analysis. Again, these types of measurements are able to be performed 

using EBSD because of the SEM’s unique combination of resolution and field-of-view. However, 

it should be noted that EBSD is a very sensitive technique to polishing and surface quality. 

Scratches and surface deformation can result in errors in pixel indexing and this can change the 

results of these mesoscale measurements. If maps are being used to observe qualitative material 

parameters, this may not be a significant issue, but in some cases, especially when extracting 

quantifiable data, it is important to understand what data is being collected, and how pattern quality 

and pixel indexing can affect the final results of mesoscale measurements. 
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4.2.2.2. Proper Post-Processing of EBSD 

To illustrate the importance of proper data processing, the steps to calculate the percentage 

of twin boundaries in a sample is discussed below. This measurement was chosen to demonstrate 

the importance of correctly post-processing data because of the dramatic effect that post-

processing has on twin boundary ratio results, and because of the relevance of twin boundaries in 

understanding thermoelectric performance (as will be revealed later in this chapter). For this 

specific study, data from EBSD was processed using Tango, a subset of the CHANNEL 5 software 

suit from Oxford Instruments. Using this software package, 60° tilt boundaries about the [0001] 

crystallographic axis were highlighted, as this is the structure of the only twin boundary in the BST 

crystal system (space group 166). The twin boundary percentage is calculated by dividing the 

length of twin boundary lines highlighted, by the total length of grain boundaries detected in 

EBSD. Unfortunately, this calculated ratio can change for a given map as a result of cleaning (i.e. 

filling in unindexed pixels), which leads to uncertainty to what the true twin boundary percentage 

is. Because twin boundaries are very prevalent in this system, it was important to create a 

methodology to systematically clean data, in order to yield the most accurate measurement of this 

value. 
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 Boundaries are interpreted by the software as the interface between two adjacent pixels 

that have different orientations. However, if an unindexed pixel lies in between two pixels 

belonging to two separate grains, the two indexed pixels are considered edge grains, as if they lay 

on the edge of a pore or cavity (see Figure 4.3). If the EBSD scan is unable to index pixels that lie 

on grain boundaries, even if those boundaries are obvious to the human eye, the grains involved 

will be considered edge grains and no grain boundary will be identified by the software. This 

problem is amplified by the fact that pixels in the vicinity of twin boundaries are indexed at high 

rates, whereas pixels in the vicinity of arbitrary high angle boundaries are indexed far less often. 

This leads to a decrease in the calculated total grain boundary length, which is mostly due to a lack 

of high angle grain boundaries being recorded. The lack of documented high angle boundaries 

Figure 4.3. Two 2D pixel arrays illustrating how the software determines the presence of grain 

boundaries. (Top) Three pixels that are indexed as bulk grains with a grain boundary in between 

them. (Bottom) The absence of a middle pixel results in no grain boundary being detected and the 

formerly bulk grains being labeled as edge grains. 
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coupled with twin boundaries being identified at much higher frequencies, yields artificially 

inflated twin boundary ratios of upwards of 42%. 

The solution to this problem is to clean the EBSD data by filling in unindexed pixels. The 

Tango program from Oxford Instrument’s CHANNEL 5 software suite can be used for this step 

as well. It is not as critical which grain the unindexed pixels are assigned to, because as long as 

the unindexed pixel is filled, a unit length of grain boundary will be recorded, turning edge grains 

into neighboring grains. This will increase the total boundary length (by increasing primarily the 

length of high angle grain boundaries) and yield more accurate twin boundary ratios. As tempting 

as it may be to fill in all unindexed pixels, the trick is to fill in the pixels that are unindexed along 

known grain boundaries, without filling in areas that are known voids. In other words, one should 

be careful not to inadvertently “make up” data. Therefore, to prevent this type of “over-cleaning” 

a series of cleaning experiments was performed on a sample dataset in which the change in the 

Figure 4.4. Plots illustrating the twin boundary percentage approaching a lower limit as all of the 

unindexed pixels are filled in. A cleaning regiment is selected for each EBSD map in which the 

lower limit is approached sufficiently, while filling in as few pixels as possible. This will prevent 

us from artificially filling in true voids and only fill in the areas that are truly unindexed grain 

boundaries. 
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twin boundary ratio was plotted as a function of the percentage of pixels cleaned and as a function 

of the number of iterative cleaning steps (see Figure 4.4).  

The first cleaning step was to clean up wild spikes, or isolated mis-indexed pixels. This 

was followed by identifying unindexed pixels whose 8 nearest neighbors (NN) were the same 

orientation. These pixels were then given the orientation of their 8 neighbors, and the process was 

performed iteratively until no more grains could be indexed in this fashion. Then pixels that had 7 

NN indexed were cleaned iteratively, then 6 NN, etc. until all pixels were filled. As can be seen 

there is a clear drop in the grain boundary ratio and then a leveling off as grain boundaries are 

cleaned indicating that a true value is approached as all pixels in the map are filled. However, we 

also see that the percentage of pixels that were filled in increased as less stringent filling parameters 

were used, indicating that the pixels filled in this way had less probability of being real data. This 

was evident by the fact that known voids in the sample were filled by the software. By comparing 

these graphs, there is a point where the twin boundary percentage has sufficiently approached its 

true limit, yet not all the unindexed pixels have been filled in. This is the point selected for this 

specific dataset to stop cleaning so as not to make up false data. Using the same dataset, maps 

extracted from raw and optimally cleaned data are shown in Figure 4.5. In Figure 4.5b, grain 

boundaries that were unindexed have been filled (they are no longer black unindexed pixels) yet 

large voids remain unfilled. This visually represents that unindexed pixels have been filled 

(allowing a more accurate count of total grain boundary length and twin boundary ratios to be 

achieved), while keeping the data as true to reality as possible. With proper post-processing 

techniques set in place, EBSD results can be interpreted accurately to reveal valuable insights 

about material microstructure on the micro- and mesoscale. 
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4.2.3. Sample Preparation and Instrumentation Setup 

4.2.3.1. Preparing Samples for SEM and TEM Analysis 

As-pressed and annealed BST samples were prepared for Scanning Electron Microscopy 

(SEM), specifically Electron Backscatter Diffraction (EBSD) analysis, by cold mounting them to 

prevent cracking and excessive surface deformation that could occur while grinding and polishing. 

Any deformation remaining from sample cutting was removed by manually grinding using 600, 

800, and 1200 grit SiC grinding paper on a grinding wheel for 10 min each.53 Samples were 

polished on a polishing pad with 1 µm and 0.1 µm diamond slurry for 30 and 45 min respectively. 

Final polishing was performed in a vibratory polisher using 0.1 µm diamond slurry for 3 hours at 

150 V and 62.7 Hz. 

Figure 4.5. EBSD band contrast maps with twin boundaries highlighted in red. A) Raw map 

corresponding to the uncleaned dataset in Figure 4.4, and B) the same map with pixel cleaning 

(taken from data labeled 6 Nearest Neighbors in Figure 4.4). Black areas are unindexed pixels, so 

the change in the boundaries from black in A) to grey (or red) in B) indicates that those boundaries 

will now be counted in the total grain boundary area. 
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EBSD was performed at 30 kV on a FEI Quanta 650 ESEM using an Oxford Instruments 

Nordlys II detector. To mitigate charging effects, EBSD was performed at 0.5 Torr in low vacuum 

mode. EBSD maps of a 200 x 200 µm2 area were collected using a step size of 0.115 - 0.150 µm. 

Data from EBSD was processed using the CHANNEL 5 software suite from Oxford Instruments.  

TEM samples were cut from the EBSD samples using a wire saw. Molybdenum grids were 

attached using M-Bond to the EBSD polished surface, and the sample thinned to ~50 µm using 

600 and 800 grit SiC paper. The samples were then dimpled and ion milled at 4 kV with a top gun 

angle of 6° and a lower gun angle of -4° until a hole was formed, followed by milling at 2.8 kV at 

4°  and -2° for 1 hour, 1 kV at 4° and -2° for 1 hour, and 0.3 kV at 4° and -2° for 30 min. Bright 

Field Transmission Electron Microscopy (BF-TEM) was performed on a JEOL ARM300F 

GrandARM TEM at 300 kV, and Scanning Transmission Electron Microscopy-High Angle 

Annular Dark Field (STEM-HAADF) and Energy Dispersive Spectroscopy (STEM-EDS) were 

performed on a JEOL JEM-2100F TEM in STEM mode at 200 kV. 

4.2.3.2 Post-Processing EBSD for Accurate Data Analysis 

Tango was used to highlight 60° tilt boundaries about the [0001] crystallographic axis in 

red, as these correspond to crystallographic twins in the R3̅m system. To obtain accurate twin 

boundary percentages, isolated mis-indexed pixels and unindexed pixels were filled using the 

Tango software package. As discussed in Section 4.2.2.2, to clean the EBSD maps effectively, one 

must be careful to clean unindexed pixels in areas where the sample truly exists while minimizing 

the number of artificially filled pixels (indexing pixels in areas where voids exist). To achieve this 
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goal in this experiment, only unindexed pixels that had at least 5 of their 8 nearest neighbors 

defined were filled in. 

4.3. Microstructural Evolution in Porous Bi0.5Sb1.5Te3+x 

4.3.1. Identification of Tellurium in As-Pressed and Annealed Bi0.5Sb1.5Te3+x 

Considering that the equilibrium synthesis process does not involve expelling excess Te, 

one of the first questions that must be address is the location and phase identity of excess Te. 

Characterizing the distribution of Te is difficult in BST samples where it is present in slight excess. 

Common large field of view and bulk scale detection techniques may not be able to detect phase 

segregation above the background of the 60 at.% BST matrix. The most prominent diffraction peak 

in Te occurs very near that of BST. If the Te is finely distributed at grain boundaries or heavily 

strained, the signal from Te may not be able to be resolved. Additionally, in SEM-EDS the 

interaction volume of the electron beam with the sample is on the order of microns, which is 

roughly the size of the grains in these samples. This means that the sampling volume of the electron 

beam may be too large to identify small areas of Te enrichment without also obtaining signal from 

the surrounding stoichiometric BST compound (Bi0.5Sb1.5Te3). Due to the limitations in the spatial 

resolution of SEM-EDS, STEM-EDS was performed which reduces the interaction volume to 

approximately the size of the electron probe (which in this case was about 1 nm). Long exposure 

times generated maps with millions of counts that revealed the presence of specific grains that are 

Te-rich and deficient in Bi and Sb. It should be considered that the amount of Sb in these Te-rich 

grains could be misleading because of the proximity of Sb and Te characteristic X-ray peaks in 

EDS.  
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To determine the phase of the Te, the crystal structure must be known in addition to the 

composition. EDS maps were used to locate Te-rich grains (such as that shown in Figure 4.6) and 

Selected Area Electron Diffraction (SAED) was performed on the Te-rich grain in Figure 4.6 to 

obtain crystallographic information of this area of the sample. The electron diffraction pattern that 

was obtained reveals that the crystal structure is that of elemental Te (space group 152) rather than 

that of BST (space group 166). The electron diffraction in combination with the EDS data confirm 

that the Te-rich phase is elemental Te with potentially trace amounts of Sb and/or Bi impurities. 

The presence of Te grains accounts for a majority of the excess Te that remains in the system after 

pressing, however it should be noted that STEM-EDS was still not able to rule out slight grain 

boundary Te segregation.  
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4.3.2. In-Grain and Grain Boundary Dislocations 

As discussed earlier, dislocations have been theorized to be the cause of the very low lattice 

thermal conductivities observed in liquid phase sintered BST due to phonon scattering from their 

Figure 4.6. Image A) is a High Angle Annular Dark Field (HAADF) STEM image of an as-

pressed, excess-Te BST sample with accompanying EDS maps of B) Bi, C) Sb, and D) Te. 

Likewise, E-H) are a STEM-HAADF image and its accompanying EDS maps for Bi, Sb, and Te 

(respectively) of an annealed, excess-Te BST sample. Image J) is the line-scan data extracted from 

the line-scan shown in image I), and the inset of image I) is an electron diffraction pattern from 

the Te-rich region, revealing a crystal structure consistent with that of elemental Te.  
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strain fields.26,46 However, the annealing process performed in this report should act to reduce the 

dislocation density of the final annealed material. BF-TEM analysis, as show in Figure 4.7B, 

shows intragranular dislocations (including a dislocation array in the vicinity of a grain boundary) 

in the as-pressed material. Such dislocations occur at a much lower density in the annealed 

samples. This makes sense, as extended anneals with very low deformation rates at elevated 

temperatures should mobilize dislocations allowing them to annihilate with each other, at 

boundaries, or at surfaces. Evidence of slip and dislocation annihilation at a surface is evidenced 

by the stepped features on the surfaces of pores as visible in Figure 4.7D. Beyond the effects of 

annealing, the presence of excess Te should inhibit the formation of immobile dislocation loops 

that have been observed in these materials.166,167 A special type of dislocation should be noted, 

however.  In this system, during the annealing process, some twin boundaries (such as those seen 

in Figure 4.7C) appear slightly modified by small steps. These steps are present to some degree in 

the as-pressed sample, but are observed more frequently in TEM in the annealed samples. Other 

studies have reported similar features in Bi2Te3 (which has the same crystal structure as BST).168 

There, the steps were found to be comprised of 
1

3
〈011̅0〉 dislocations. This suggests that the twin 

boundaries, specifically, may be modified by dislocations during the annealing process. 
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Figure 4.7. Bright Field TEM images from as-pressed (A, B) and annealed samples (C, D) shows 

differences in defect type and distributions. Both samples show a high density of twins, visible as 

perfectly straight boundaries often near other parallel twin boundaries. The twins in the as-pressed 

sample are straight and clean (A), while steps can be found in the twins of the annealed sample 

(C). In-grain dislocations can be imaged within some grains of the as-pressed sample (B) but are 

observed much less frequently in the annealed samples. Near pores (D), stepped surfaces can be 

seen indicating where slip has occurred during swelling. 
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4.3.3. Uniform Texturing Revealed by EBSD 

Figure 4.8 shows EBSD maps and pole figures from an as-pressed sample and a porous 

sample that had been annealed at 350°C for 48 hours. The pole figures extracted from the EBSD 

data reveal preferential orientation of the [0001] axis of the grains along the pressing axis. Some 

degree of c-axis texturing is typical of pressed Bi2Te3-based materials, because of their anisotropic 

crystal structure, and is why it is necessary to specify the direction being characterized.118 A 

common method of enhancing the performance of polycrystalline Bi2Te3 materials is texturing, or 

in other words, increasing the alignment of different grains along a desired crystallographic 

direction.169–171 By increasing texture, performance enhancement in anisotropic materials will 

occur in one sample direction, while performance would decrease in other sample directions that 

coincide with crystallographic directions with less preferable properties. This behavior is not 

observed in the experimental BST materials, as fairly uniform properties perpendicular to the 

pressing direction are observed while performance is enhanced parallel to the pressing direction. 

This suggests that the zT improvement with swelling is not due to an increase of texturing. 

Furthermore, the EBSD data shows that the amount of texturing is comparable before and after 

annealing, as evidenced by the similar multiples of uniform density (MUD) values in our pole 

figures. The preferential orientation is important, however, as it may explain the anisotropy in 

swelling. On average, the strain during swelling was 67% larger in the direction parallel to pressing 

than normal. Texturing would create a nonrandom distribution in grain boundary 

misorientations.171 This implies a preferential fracture during swelling at grain boundaries where 

one or both grains have their [0001] axis normal to the boundary plane. 
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Figure 4.8. Band Contrast EBSD maps of as pressed and porous annealed samples reveals 

intergranular pores and grains of comparable size. The boundaries highlighted in red are twins 

formed by a 60° rotation about the [0001] axis (other boundaries in black), and the percentages in 

each image indicate the fraction of all grain boundaries in the map which are twins. The fraction 

of twin boundaries increases during the swelling process. Pole figures for the {0001} axis indicate 

preferential orientation of this crystallographic direction parallel to the pressing axis. (MUD = 

“multiples of uniform density”). 

 

 

 

 

 



169 

 

4.3.4. Evolution of Twin Boundary Ratio Revealed using EBSD 

 

Investigation of nanoscale defects using BF-TEM reveals that twin boundaries can be 

modified during the annealing process; it is now of interest to understand the prevalence of twin 

boundaries in the BST system through the study of larger length scales. EBSD can provide both 

visual and quantitative tools to study the density of twin boundaries. In Figure 4.8, EBSD band 

contrast maps are color coded so that all boundaries lying between grains that are misoriented by 

60° about the [0001] axis are highlighted in red. This is the grain misorientation required for 

Figure 4.9. This graph shows the change in the ratio of twin boundary length to total boundary 

length (Twin Boundary Ratio) across all EBSD scans collected during this investigation. EBSD 

scans for annealed samples had roughly 400 grains per scan, while as-pressed samples had closer 

to 700 grains per scan, due to the fact that annealed samples also had larger grain sizes and porosity, 

but the map area remained 200x200 µm2 for all scans. Multiple scans were collected for each of 

the 4 columns above, and approximately 4000 grains were analyzed in total for the collection of 

this dataset. 

 



170 

 

twinning in the 166-space group. This visual tool is aided by the fact that post-processing EBSD 

data allows the calculation of the percentage of grain boundaries that are twins. The results of these 

calculations are located in the upper right of each map. After processing multiple scans, 

encompassing thousands of grains, it was found that the twin boundary ratio rose during the 

annealing process an average of 6.4% across both the parallel and perpendicular directions. This 

is a 36% improvement over the initial twin boundary ratio in the as-pressed samples (Figure 4.9). 

This increase is not necessarily due to the nucleation of new twins, but instead can be attributed in 

part to the elimination of other boundaries during the swelling process. During annealing, the 

overall population of grain boundaries is expected to shift towards lower energy boundaries.172,173 

Twins have high site coincidence giving them particularly low boundary energy.174,175 Figure 4.10 

illustrates that, as the material swells, higher energy grain boundaries are eliminated by pore 

growth (high angle boundaries become pore edges), while twins remain intact. This means that 

even if the number of twin boundaries does not change, the overall ratio of twins to total boundary 

length increases as pores grow. Total boundary length also decreases in part due to grain growth. 

Larger grains have less total grain boundary area and we calculate an increase in average grain 

size from the maps below: a change from 0.843 µm2 to 1.03 µm2. 
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4.4. Explaining Pore Formation and Property Enhancement 

4.4.1. Introducing Trapped Gas Theory 

In most materials, high temperature annealing of a polycrystalline material will result in 

densification, because eliminating the pore surfaces results in an overall decrease in energy.176 

Densification has been observed in BST when annealing cold pressed powder compacts.177,178  

Swelling, sometimes referred to as “foaming” or “bloating”, occurs when a material is heated 

enough such that the increased pressure of an entrapped gas is sufficient to plastically deform and 

expand the material. The pressurized gas could be introduced during processing, such as the argon 

environment used during hot pressing, or originate from the material itself generated either by 

Figure 4.10. A schematic showing how the pore formation seen in Figure 4.8 decreases the length 

of high-angle grain boundaries in BST. As a result of the elimination of high energy high-angle 

grain boundaries (while low energy twin boundaries remain intact), the ratio of twin boundaries to 

total boundary length will increase. 
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reaction or vapor pressure.176,179–181 Swelling has been previously reported in bismuth telluride 

alloys 164,182–184 as well as other thermoelectrics such as PbTe alloys185,186 and skutterudites.181,187 

It has also been implemented as a method to produce metal foams.179,180,188 

 

Figure 4.11. This Bright Field TEM image reveals that small intergranular pores are present in the 

as-pressed samples. Gas entrapped within these pores expands during annealing causing the 

material to swell and decrease in density. 

During pressing, closed pores shrink until the pressure of the entrapped gas equals the 

applied pressure. As shown in Figure 4.11, residual intergranular pores are present within the as-

pressed BST pellets. Upon heating, the gas within these pores can exert significant enough pressure 

to cause the material to swell. To produce porous BST samples, as-pressed pellets were annealed 

at temperatures between 250°C and 400°C, or 59-76% of the melting temperature of BST.189 In 

addition, it was observed that two key processing conditions were required for significant swelling: 

the precursor powder must have been ball milled, and the material must contain more than 
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nominally 60 at.% Te. When annealed for 24 hours at 300°C, pellets produced from ball milled 

powders having nominal Te concentrations of 58.5% and 60% decreased in density from 6.85 to 

6.79 g cm-3 and from 6.81 to 6.76 g cm-3, respectively. In contrast, a nominally 61.5% Te pellet 

produced and annealed by the same methods decreased from 6.81 to 6.30 g cm-3. When 61.5% Te-

rich powder was instead produced by hand grinding the starting ingot using an agate mortar and 

pestle in an argon atmosphere, the resulting pellet only decreased from 6.82 to 6.81 g cm-3. The 

observed density decrease was almost entirely due to volume expansion and not any loss of 

material. Mass losses were less than 0.2% of the total across all samples and mostly attributable to 

sample chipping rather than sublimation.  As the excess Te only accounts for ~4% of the total 

initial volume, complete evaporation could not result in porosities as large as those observed (up 

to ~25%). 

The identity of the entrapped gas in the material is unknown. Previous reports on foaming 

in bismuth telluride and its alloys have suggested that Te evaporation is responsible.164,177,182,183 

Solid phase nominally Bi0.5Sb1.5Te3 has been found to evaporate incongruently with the vapor 

phase having up to three times the ratio of Te to Bi/Sb as the solid.190 However, the vapor pressure 

of pure Te at 400°C (the highest annealing temperature in this study) is less than 10 Pa and not 

sufficient alone to induce the observed deformation.191,192 Other potential candidates such as 

tellurium oxides193 or other tellurium compounds with bismuth or antimony have even smaller 

vapor pressures.190 Further, if the vapor pressure of Te is driving swelling, the pressure should 

remain constant until all Te has been evaporated, but the dramatic reduction in swelling rate over 

time (shown in Figure 4.12b) points towards a limited and decreasing driving force, consistent 

with pressure reduction during gas expansion. Instead of driving the expansion by vapor pressure, 



174 

 

the excess Te could instead play a secondary role. Tellurium-rich conditions can change point 

defect concentrations and may influence diffusion or grain growth.194 If the excess Te was present 

at grain boundaries, it could serve as a lubricant to allow grain sliding. The presence of a second 

phase could also facilitate swelling through its own deformation.176 This could reduce the amount 

of deformation required in the BST grains for translation and rotation. 

 

Figure 4.12. The swelling of Te-rich BST is dependent upon the annealing time and temperature, 

but also the density itself. (A) Each data point represents an individual pellet annealed. The curves 

are the result of fitting the creep model of Wilkinson and Ashby.199 The model fits well for 

densities above 70% where pores have coalesced and reached the external surface of the pellet 

(inset image – horizontal crack). Panel (B) shows the calculated volumetric strain rates predicted 

by the Wilkinson and Ashby model. The rate decreases dramatically with increasing porosity 

presumably due to the inverse relationship of pore volume and pressure of entrapped gas. 

 

It is not immediately clear what the mechanism is that requires ball milling to induce 

swelling. One possibility for the connection could be argon becoming trapped within the powder 

particles during the milling process. Hand grinding the powder within an argon atmosphere may 
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not be violent enough to result in similar porous agglomerations of fine particles. Grain size 

differences could also play a role in the strength of the BST. BST becomes very soft above 250°C 

due to the strongly temperature dependent activation of dislocation glide, but this occurs at 

temperatures as low as 170°C in material with submicron grain size.166,195–198 If ball milling the 

precursor powder resulted in a finer grained pellet, the material may be easier to plastically deform. 

Further, differences in grain size would lead to differences in pore size distribution for a given 

porosity and the effect of this is unknown. 

4.4.2. Creep-Enabled Pore Growth 

Presuming the gas species causing swelling can be treated as an inert, ideal gas, it is 

possible to predict its effect when samples are produced in a controlled, repeatable manner. The 

rate of density change during annealing can be well fit using the power law creep sintering model 

of Wilkinson and Ashby188,199:  
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Where ρ is the fractional density, ρ0 is the initial density, T is the absolute temperature, n is the 

creep exponent for power law creep, Q is the creep activation energy, and C is a constant 

containing terms such as the Burgers vector and temperature independent portion of the shear 

modulus and diffusion coefficient. If the rate of change of the density is known, the volumetric 

strain rate can also be calculated: 
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Where ∆𝑉 is the difference between the current volume and the initial volume, 𝑉0. Figure 4.12a 

shows this model describes the porous samples when fit with squared error minimization 

determined values C = 1.4*1010 K-8.7, n = 7.7, and Q = 214 kJ mol-1.  In large grain (> 100 μm) 

cast Bi2Te3, a creep exponent between 3-6 was observed between 400°C and 500°C making this 

value slightly higher.200 This difference may be attributable to differences in composition and grain 

size. The presence of a second Te-rich phase may also play a role as samples were annealed 

between 72-93% of the melting point of Te (450 °C). The creep activation energy reported for 

large grained Bi2Te3 was 145 kJ mol-1, while the activation energy for swelling in nanograined Te-

rich Bi2Te3 has been reported as 270 kJ mol-1.183,200 The experimentally determined value for the 

creep activation energy of 214 kJ mol-1 in Te-rich BST seems reasonable as it falls in between 

these two reported values. It should also be noted that the sample annealed at 400°C for 12 hours 

is denser than the creep model would predict.  This is likely attributable to the release of trapped 

gas as pores coalescence and connect to the outer surface of the pellet as evidenced by significant 

cracks visible to the naked eye (inset of Figure 4.12a).  This release of the internal gas pressure 

ultimately sets the upper limit on porosity.179,180 It should be noted that the material becomes 

increasingly fragile with porosity. Careful preparation and handling was require for samples with 

near 30% porosity. Porous samples may not be ideal for the production of thermoelectric modules, 

but as will be discussed, the other defects enhanced during the swelling process could be desirable. 

This swelling phenomenon has significant implications for BST samples produced by Te-

rich synthesis methods, e.g. liquid phase sintering, as it can occur at relatively low temperatures. 

For example, if the pellet is not under pressure during cooling (after pressing), it could swell and 

become porous and may explain the reported porosity in some liquid phase sintered BST 



177 

 

studies.140,148,182 In this study, the density of an as-pressed, Te-rich sample was found to decrease 

from 6.78 g cm-3 (99.4% dense) to 6.62 g cm-3 (97.1% dense) during the course of measuring the 

thermal diffusivity up to 250°C, while heating and cooling at a rate of 3°C min-1. This density 

change resulted in a decrease in thermal diffusivity at 50°C of 2%, and a 4% overall decrease in 

thermal conductivity between the heating and cooling values. This density loss also likely resulted 

in a decrease of electrical conductivity; however, this was not measured prior to the thermal 

diffusivity. Samples should be measured during both heating and cooling to check for stability and 

the density monitored with every thermal treatment. If the sample is not thermally stable, errors in 

estimation of performance could arise depending on the order of characterization. Note that such 

density changes during measurement were not detectable in the annealed porous samples as 

presumably the internal pressure of the entrapped gas phase had decreased, and the swelling rate 

slowed. Further swelling may still occur if the material were held at elevated temperatures over 

time scales like the expected service life of thermoelectric modules. 

4.5. Relationship Between Microstructural Evolution and Thermoelectric Transport 

Transport of both electronic charge carriers as well as phonons can be affected by a 

multitude of different microstructures. In this material system it was found that in order to begin 

to understand the importance of certain defects at the nanoscale that the micro-and mesoscale must 

also be well-documented. The larger mesoscale is of importance because, even if the defects are 

unable to scatter phonons or charge carriers directly, these features may give insight into the 

formation mechanisms present in a material, as well as allude to the prevalence of defects that 

form at the nanoscale. 
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4.5.1. The Role of Excess Te in Transport 

Low magnification STEM and electron diffraction were able to identify micron sized 

grains of elemental Te. Discovering the location and morphology of the excess Te in this sample 

allowed the majority matrix phase in EMT calculations to be treated as stoichiometric BST (which 

has well-documented properties), rather than an arbitrary off stoichiometric compound. More 

importantly elemental Te could be excluded from the EMT calculations because it was determined 

that elemental Te was present in minimal amounts and was present to the same degree in both the 

as-pressed and annealed samples. Ultimately, identifying the size, density, and phase of Te in both 

as-pressed and annealed BST led to the conclusion that while excess Te likely plays a role in 

swelling, the Te grains are not directly responsible for the enhancement in B.  

4.5.2. The Role of Pores in Transport 

The second defect that needed to be understood in order to compare experimental samples 

to the ideal EMT model was the micron sized pores in the annealed samples. These pores are large 

relative to the expected mean free path of phonons (tens of nm).151,201 This means that the decrease 

in thermal and electronic conductivities with increasing porosity is primarily due to the increase 

in solid path length and not due to an enhancement in scattering by the pores. Yet there is still a 

comparatively large decrease in lattice thermal conductivity in the annealed samples compared to 

the ideal EMT case. This hints at a need for a further explanation for what causes the additional 

decrease in lattice thermal conductivity.  Additionally, the fact that elemental Te and pores have 

been ruled out as sources of property enhancement suggests that the lattice thermal conductivity 

decrease is likely due to changes in the defect structure within the BST phase. 
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4.5.3. Grain Boundary Dislocation Formation 

TEM studies of the BST phase confirm that there is some evidence of dislocations within 

grains and in the vicinity of high angle grain boundaries. Yet, there did not appear to be any 

significant increase in the density of these dislocations during swelling. Furthermore, due to 

increased atomic diffusion, one would expect increased dislocation annihilation during annealing, 

yielding a lower density of in-grain dislocations. However, stepping of twin boundaries in annealed 

samples, which requires the presence of twin boundary dislocations, was documented. Stepping of 

twin boundaries can be indicative of both twin boundary growth through annealing as well as 

deformation.168 EBSD provides evidence to support both mechanisms of twin stepping as both 

grain growth, as well as grain shearing in the final annealed BST samples were observed. Because 

the annealing process involves both heat and pressure, it may require further investigation outside 

the scope of this work to deconvolute which of these two sources are responsible for twin boundary 

step formation. Although twin boundary stepping has been identified as a mechanism to induce 

dislocations into BST during the annealing process, it is difficult to quantify the enhancement that 

these defects will have on overall material performance without an idea of the density of twin 

boundaries.  

4.5.4. Twin Boundary Ratio Increases during Annealing 

Through mesoscale EBSD analysis of BST, it was found that not only do twins make up 

approximately 1/6th of total boundary length in the as-pressed samples, but that annealing causes 

a statistically significant shift in boundary distribution which favors lower energy twin boundaries. 

This results in a twin boundary ratio in annealed samples as high as ~24%. Although the pores 

themselves do not affect thermoelectric properties directly, as they grow, boundaries fracture 
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and/or slide allowing the material to swell. Higher energy, high angle boundaries will be 

eliminated preferentially compared to more stable twins, resulting in a porous material that has a 

larger fraction of electrical and thermal transport paths traveling through low energy boundaries. 

These boundaries are favorable defects for thermoelectric performance due to their high site 

coincidence. This means that twin boundaries do not scatter charge carriers as strongly as random 

high angle boundaries and thus do not significantly impact electrical conduction. 170,202,203 Bismuth 

telluride and its alloys are also layered compounds and anisotropic in mechanical properties. This 

means that the elastic properties differ across a twin boundary, meaning impinging phonons can 

be scattered and the thermal conductivity reduced.203   Twins have been shown to have reduced 

thermal conductivity compared to the bulk in Bi, YBCO, and Si, however to our knowledge the 

thermal resistance has not been measured in BST.204–206 The presence of twins has been previously 

reported to improve the thermoelectric performance of BST bulk and nanowires.207–209 Two points 

should be noted here. First, although the twin boundary ratio increased, the magnitude of twins per 

sample volume did not significantly increase (if at all), meaning no true thermoelectric 

enhancement should be expected. Second, according to literature twin boundaries are favorable 

because they scatter electronic carriers less than random high angle boundaries while scattering 

phonons to the same degree. If this is true, and if twins alone were responsible for the increase in 

thermoelectric performance, it should be expected to see the EMT underestimate weighted 

mobility and correctly estimate lattice thermal conductivity (instead of correctly predicting 

weighted mobility and overestimating lattice thermal conductivity as seen in Figure 4.2a and 4.2b). 

These two points further emphasize why a second mechanism, such as modification of the twin 
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boundaries via stepping, may be necessary to fully explain thermoelectric enhancement after 

annealing. 

4.5.5. Texture and Anisotropic Properties 

The last mesoscale feature of note is the material texture. By analyzing sample texture, via 

pole projections generated from EBSD data, it can be seen that there is preferential alignment of 

the crystallographic c-axis of grains with the pressing direction. As stated previously, this means 

that there is a non-random preference of cracking and pore formation developing between (0001) 

interfaces in the pressing direction, which is consistent with the observation of both larger 

expansion of the pellets and larger enhancement of thermoelectric performance parallel to the 

pressing direction. 

4.6. Summary and Conclusions 

This chapter reports an equilibrium processing method in which porosity and property 

enhancement are achieved in Te-rich BST. It was reported that the quality factor (B) increases with 

increasing porosity, particularly parallel to the pressing direction, displaying improvements in B 

as high as 45% parallel to the pressing direction for samples having ~20% porosity. The large 

decrease in lattice thermal conductivity, which was responsible for this property enhancement, 

could not be explained by an increase in porosity alone (as described by EMT). Therefore, like in 

the case of kinetically processed melt-centrifuged BST, it was proposed that the mechanisms 

responsible for porosity may also be contributing to the addition of phonon scattering structural 

defects in the BST matrix. The deformation mechanism was determined by fitting the swelling of 

BST samples with annealing time and temperature. Fitting experimental data with the Wilkinson 
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and Ashby creep model it was concluded that the samples were expanding and deforming due to 

creep.  

The defects that were introduced into the sample during creep were studied using a combination 

of traditional nano- and microscale Scanning/Transmission Electron Microscopy techniques with 

the incorporation of mesoscale Electron Backscattered Diffraction. The traditional microscopy 

techniques were able to identify dislocations, twin boundary stepping, and the location of the 

excess Te, while the post-processing of mesoscale data enabled the measurement of the population 

of twin boundaries, average grain size, and texturing. It was concluded that the decrease in lattice 

thermal conductivity was primarily due to a combination of twin boundary stepping (caused by 

creep), and a simultaneous increase in the twin boundary ratio, which forces phonons and charge 

carriers to pass through more of these modified special boundaries. In conclusion, this 

investigation highlights 1) the importance of mesoscale characterization techniques for developing 

a complete picture of the distribution of defects in a material, 2) reinforces the need for further 

detailed exploration of the benefits of twin boundaries, and 3) emphasizes the potential benefits of 

controlling formation mechanisms such as creep that can modify thermoelectric material 

microstructure. 
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Chapter 5. The Implications of Extrinsic Doping on Sintering, Microstructure, and 

Thermoelectric Performance 

Previous chapters have explored the influence of structural defects such as point defects, 

dislocations and grain boundaries on thermoelectric efficiency, as well as investigated how 

processing methods such as melt centrifugation, induction hot pressing, and thermal annealing 

modify the microstructure of chalcogenide-based thermoelectrics. Whereas previous chapters 

attempted to address how processing affects microstructure and thermoelectric efficiency, this 

chapter attempts to address how composition (via extrinsic doping) affects high temperature 

thermal stability. Specifically, this chapter describes the influence of p-type dopants (Na, K, and 

Ag) on the types of point defects present in PbSe. It is shown here that the types of point defects 

can limit the doping efficiency and lead to changes in grain size and low angle grain boundary 

(LAGB) distribution, which, in turn, influence both thermoelectric efficiency as well as 

sublimation at high temperatures. Performing mesoscale analysis with Scanning Electron 

Microscopy on thermally treated samples reveals that the greatest differences in microstructure 

and high temperature mass loss exist between Na and Ag-doped PbSe, while K-doped samples 

display intermediate microstructure and thermal stability. Ultimately, it is shown that Na and K 

cations are predominantly substitutional point defects, while Ag sits at interstitial sites and exhibits 

lower solubility. These differences in combination with cation size change the dopants’ ability to 

alter carrier concentration, while also affecting the mechanical properties of PbSe during 

processing. Although the change in mechanical properties alters the final microstructure, this 

chapter shows that an improved fundamental understanding of the dopant-microstructure 

relationship can be used to intentionally modify processing techniques (such as powder processing 
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and Spark Plasma Sintering) to achieve the desired microstructure required to optimize 

thermoelectric efficiency and thermal stability. This study was a collaboration between the lab 

groups of Professors Vinayak P. Dravid, Mercouri G. Kanatzidis, and Christopher Wolverton. My 

direct collaborators were Dr. Tyler Slade who performed PbSe synthesis, annealing, and mass loss 

measurements and Dr. Shiqiang Hao who performed the DFT calculations. At the time of 

submission, the work covered in this chapter of the dissertation has been submitted but not formally 

accepted for publication in any peer-reviewed academic journals. 

5.1. Introduction to Extrinsic Doping 

5.1.1. Efficiency and Longevity of Thermoelectric Materials and Devices 

As has been discussed previously, thermoelectric devices are an attractive technology for 

a variety of applications such as waste-heat energy conversion, space flight, and electronic cooling 

because of their ability to directly convert heat into electricity (and vice versa). Another attractive 

feature of thermoelectrics is their lack of moving parts, which allows them to function for decades 

without degradation from mechanical wear and tear.3,5,18,210 An incredible display of longevity is 

the fact that the Radioisotope Thermoelectric Generators (RTGs) used to power Voyager 1 have 

been functioning since the deep space probe was launched by NASA in the late 1970’s.18,211 

Although thermoelectric devices have proven to be successful in space, for most terrestrial 

applications these materials need to be more efficient to become economically feasible.210  

5.1.2. Extrinsic Doping and Semiconducting Thermoelectric Materials 

Semiconductors are of particular interest in thermoelectricity because they have 

intrinsically high Seebeck coefficients compared to metals. With the addition of small amounts of 
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impurity elements (dopants) to increase the carrier concentration, the electrical conductivity and 

subsequently the power factor of degenerately doped semiconductors becomes highly favorable 

for thermoelectric applications.4 In addition to enhancing the power factor, point defects created 

by doping lead to additional scattering mechanisms for phonons that decrease thermal 

conductivity.212 Owing to the ability to tune the Fermi level (carrier concentration) while 

simultaneously enhancing phonon scattering, extrinsic doping is often used to optimize the 

performance of semiconducting thermoelectric materials. Although increasing the carrier 

concentration and adding point defects are vitally important to increasing the efficiency of 

thermoelectrics, energy conversion efficiency is not the only metric that determines the potential 

effectiveness of a thermoelectric device. The use of thermoelectrics in RTGs makes it clear that 

the longevity of thermoelectric materials is also an essential quality, so for practical application, 

optimal performance for thermoelectrics should take into consideration both a material’s efficiency 

as well as its durability (or resistance to degradation over time). For example, when specifically 

considering doping, some dopants such as Ag may provide better high temperature stability to lead 

chalcogenides than either Na or K because of the high diffusion rate of alkali metals.213 However 

to date, the broader impacts of doping outside of its contributions to transport properties have been 

sparsely considered and not thoroughly investigated.  

To address these concerns, PbSe was selected as a model system because it is already a 

commonly studied material. PbSe is a promising analogue to PbTe (one of the best performing 

intermediate temperature thermoelectrics) because of its similar crystal and electronic band 

structure, and because of the relative Earth abundance of Se compared to Te.20,214,215 PbSe has a 

combination of light and heavy valence bands which make it favorable for p-type doping, and 
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therefore this study focuses on the direct comparison of different p-type dopants.54,213,214,216 

Specifically, this report investigates PbSe doped with Na, K, and Ag and uses defect energy 

calculations to reveal the nature of the underlying point defects and the relationships to doping 

efficiency, microstructure, and thermal stability of PbSe. Furthermore, this chapter illustrates how 

developing a keen understanding of the relationship between dopant selection and microstructure 

can help inform synthesis processes, leading to the manufacture of thermoelectrics optimized for 

efficiency as well as reduced material degradation. 

5.2. Experimental Methods 

5.2.1. Sample Fabrication 

5.2.1.1. Synthesis  

The starting materials were Pb wire (99.99%, American Elements), Se shot (99.99%, 

American Elements), Na cubes (99.95%, Sigma Aldrich), Ag pieces (99.999%, Sigma Aldrich), 

and K cubes (99.95%, Sigma Aldrich).  Polycrystalline ingots of doped PbSe were first synthesized 

as follows. According to the desired nominal compositions, AxPb1-xSe (A = Na, Ag, K) 

stoichiometric quantities of each element were weighed into 13 mm diameter carbon coated fused 

silica tubes and then flame sealed at ~2x10-3 Torr.  Typical samples used 10 grams of total starting 

material. The tubes were heated in a box furnace to 500°C over the course of 12 hrs, held for 2 hrs, 

then heated to 1150°C in 7 hrs where they dwelled at temperature for 5 hrs.  The tubes were next 

brought to room temperature over 12 hrs.   
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5.2.1.2 Post-Synthetic Processing  

The as-cast ingots were removed from the tubes and subject to different preparatory 

procedures. All samples were hand ground into powder with an agate mortar and pestle, and the 

sample powders were then passed through a sieve using either a 53, 70, or 150 µm mesh.  The use 

of different mesh sizes allows for control over the grain size in the final samples. The sieved 

powder was loaded into a 12.7 mm graphite and sintered into dense pellets by Spark Plasma 

Sintering (SPS-211LX, Fuji Electronic Industrial Co. Ltd). The sintering process was conducted 

under dynamic vacuum at 550°C, and the samples were held at temperature for 10 min under 40 

MPa of uniaxial pressure before being cooled to room temperature. The resulting pellets were cut 

into square prisms with approximate dimensions of 4x4x2 mm3 for sample analysis. 

5.2.2. Sample Preparation for Electron Microscopy 

Surface scratches and deformation are detrimental to Electron Backscattered Diffraction 

(EBSD) because this technique uses a Scanning Electron Microscope (SEM) to collect diffraction 

patterns to obtain crystallographic information from the surface of a sample. Because of this 

technique’s reliance on diffraction, any deviations from the ideal structure in the surface results in 

a distorted signal.217 As a result, careful polishing was required to eliminate surface deformation 

as much as possible so that surface micro-strain did not obscure the true crystal structure of the 

sample.  

The cut samples were cold mounted into quick dry epoxy, with the large face exposed. The 

sample was then ground using 600, 800, and 1200 grit SiC grinding paper on a rotary grinding 

wheel, using ethanol as a water-free lubricant. Next samples were polished for 30 min and 45 min 
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with 1 µm and 0.1 µm glycol-based diamond slurry, respectively. Upon finishing this step, samples 

were placed into a vibratory polisher for 3 hours at 62.7 Hz in a bath of 0.1 µm glycol-based 

diamond slurry. The samples were then removed from the cold mount using acetone, flipped over, 

and this process was repeated so that both large faces, had the same polish and surface roughness.  

5.2.3. Scanning Electron Microscopy 

After polishing, samples were mounted to SEM stubs using paraffin wax and then copper 

tape was applied as a contact between the sample and the SEM stub to ensure that there was an 

electrically conductive connection. Any sample charging in the SEM during EBSD can result in 

sample drift and other charging effects that interfere with image and data collection. Therefore, 

chamber pressure was maintained at 0.1 Torr to further reduce charging effects.52 For both imaging 

and EBSD, accelerating voltage was set to 30 kV with a working distance of approximately 10 

mm and was carried out using a FEI Quanta 650 ESEM. EBSD patterns were collected over an 

area of 200 µm x 200 µm with a 0.8 µm step size using an Oxford Instrument’s Nordlys II detector 

and post processing was performed using Oxford Instruments CHANNEL 5 software suite. After 

thermal treatment, samples did not need to be re-polished. In fact, due to annealing, the surface 

deformations that remained after polishing were reduced yielding sharper EBSPs. Consequently, 

thermally treated samples were immediately characterized under the same SEM conditions 

described above without any additional grinding or polishing. 

5.2.4. Thermal Treatment and Mass Loss Measurements 

After preliminary SEM imaging and EBSD had been performed, samples were weighed 

and then flame sealed in 9 mm diameter tubes at ~2x10-3 Torr.  The tubes were then placed in 
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furnaces pre-heated to 650 °C and annealed for 48 hr.  After dwelling the samples were quenched 

in air.  The samples were removed from the tubes and weighed again to determine their mass loss 

during annealing. It should be noted that high temperature mass loss experiments resulted in large 

error due to differences in surface quality around edges, cracking of samples while annealing, and 

potential chipping of brittle samples throughout the annealing and measurement process. Because 

of the possibility for large amounts of error, 3 to 5 trials were performed for each sample to obtain 

average mass loss measurements at elevated temperatures. Yet even with these precautions, doped 

samples had standard deviations as high as 3% mass loss, while the standard deviation of pure 

PbSe remained at around 1%. 

5.2.5. Density Functional Theory Calculations 

To provide additional insight on how dopants interact with the PbSe crystal structure, 

Density Functional Theory (DFT) was used to calculate the thermodynamically stable point 

defects in each doped PbSe sample. The calculations were based on density functional theory 

(DFT) within the generalized-gradient approximation (GGA).218 The projector augmented wave 

pseudopotential was applied as implemented in the VASP package.219 Calculations for bulk PbSe 

with different defects were performed using a 3x3x3 for 54 atom cell with very dense k-point mesh 

corresponding to 4000 k-points per reciprocal atom. The plane-wave basis-set cutoff energy was 

set to 500 eV and the convergence criterion with respect to self-consistent iterations was assumed 

the residual forces were less than 0.01 eV/A. In the defect calculations, the lattice parameters were 

fixed to the calculated bulk values, but all the internal coordinates were fully relaxed.  

The formation energy of a defect X in charge state q was defined as 
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𝐸𝑓(𝑋𝑞) = 𝐸𝑡𝑜𝑡(𝑋𝑞) − 𝐸𝑡𝑜𝑡
𝑏𝑢𝑙𝑘 − 𝛥𝑛𝑖𝜇𝑖 + 𝑞(𝐸𝑉 + 𝛥𝑉 + 𝜀𝐹) 

in such a way that the negative values suggest favorable formation and the positive values 

unfavorable.220 In the equation, 𝐸𝑡𝑜𝑡(𝑋𝑞) and 𝐸𝑡𝑜𝑡
𝑏𝑢𝑙𝑘 are respectively the total energies of a 

supercell containing the defect X and of a supercell of the perfect bulk material; 𝜇𝑖 is the atomic 

chemical potential of species i (and is referenced to the standard state), and Δ𝑛𝑖 denotes the number 

of atoms of species i that have been added (Δ𝑛𝑖> 0) or removed (Δ𝑛𝑖<0) to form the defect. 𝜀𝐹 is 

the Fermi level referenced to the valence-band maximum in the bulk (𝐸𝑉). The potential alignment 

term Δ𝑉 is the shift in the band positions due to the presence of the charged defect and the 

neutralizing background, obtained by aligning the average electrostatic potential in regions far 

away from the defect to the bulk value. Note that we denote defect X in charge state q as 𝑋𝑞. The 

chemical potential selection in the above defect formation energy calculations is based on the phase 

diagrams of A-Pb-Se (A = Na, K, Ag) from the open quantum materials database.221,222 In each 

phase diagram, the convex hulls have been constructed from a set of possible phases using grand 

canonical linear program methods. The chemical potentials corresponding to each set of the three-

phase equilibrium are solved relative to the composition of each element. 
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5.3. The Effects of Extrinsic Doping on PbSe  

5.3.1. Microstructure 

 

Figure 5.1. Unannealed, single sieved PbSe with varying dopant species. EBSD (A-D) Inverse 

Pole Figure orientation maps highlighting the grain size and (E-H) Band Contrast maps with color 

coded LAGBs. 

The initial doped and undoped samples in this investigation underwent the same synthesis 

and post synthetic processes, yet upon investigation of the microstructure, there were stark 

differences in both the grain size and the population of low-angle grain boundaries (LAGBs). The 

only difference between the samples is the identity of the p-type dopant: pure PbSe (no dopant), 

PbSe-2%Na, PbSe-2%K, and PbSe-2%Ag. Figure 5.1 reveals both the grain structure and grain 

boundary angle distribution in the PbSe samples prior to annealing. It should be noted that after 

annealing there appears to be some amount of grain growth in some samples (see Figure 5.2), 

however the difference in grain size between samples remains large throughout the thermal 

treatment. To compare the thermal stability of different samples, grain size needs to be consistent 
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during exposure to high temperature so that microstructural variation would not convolute the 

subsequent mass loss results.  

 

Figure 5.2. Electron Backscattered Diffraction illustrating the change in grain size before and after 

annealing. Ultimately, the difference in grain size remained large during this experiment, so it was 

still necessary to find ways to alter the grain size during processing. This set of images also shows 

the development of pores in the doped samples forms to a higher degree than in the undoped PbSe 

sample. 

To reduce the variation in grain size, a processing step referred to as “double sieving” was 

introduced into the standard post-synthetic sample preparation process. The idea behind sieving is 

to mechanically sort powder particles so that the powder particles are the size of the desired grains. 

This powder is then solidified, which in our case is done through Spark Plasma Sintering (SPS), 

and the resulting grain size will be roughly equal to the size of the powder particles. It is important 
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to note that this process assumes that the powder particles do not have multiple grains. In other 

words, it is assumed that the size of the final powder particles is much smaller than the grains of 

the as-cast ingot materials that are being crushed to produce the powder. Previous studies show 

that the size of grains in similarly processed lead chalcogenide ingots is on the order of millimeters, 

while the powder size is targeted to be 10s of micrometers, so this is a safe assumption.28,30 In 

typical sieving, crushed powder is passed through a mesh. All particles smaller than the mesh size 

will be filtered through the mesh, and it is the filtered powder that is sintered to make the final 

thermoelectric sample. It is important to know that the mesh only determines maximum powder 

size, not the minimum powder size. In the case of PbSe-2%Na, even though the mesh size was 70 

μm the sample has many grains on the order of 10-20 μm. To both ensure a tighter distribution and 

to fix a minimum grain size, a second sieving step was introduced. In the new process, powders 

are sieved through a 150 μm mesh and then the resultant powder is sieved through a 53 μm mesh. 

The intermediate sized powder (that was sifted through the first mesh but that did not get filtered 

through the second mesh) is SPSed to create new, large grain thermoelectric samples. By utilizing 

the “double sieving” method, both the minimum and maximum powder size (even in materials 

which tend to have smaller grains due to the dopant being used) can be controlled. 

EBSD of the large grained PbSe-2%Na sample reveals that grains were enlarged by using 

the modified synthesis method. However, the microstructure of the large grain Na-doped material 

still differs from that of the Ag-doped PbSe. The main difference is the large amount of low angle 

grain boundaries (LAGBs) that are present in Na-doped PbSe. This network of LAGBs is displayed 

in the EBSD band contrast map in Figure 5.3d, which highlights LAGBs in green, yellow, and 
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red, while those with misorientation angles above 15°, also known as high angle grain boundaries 

(HAGBs), are highlighted in black.223 

 

Figure 5.3. A-B) Annealed PbSe-2%Ag with pores forming at grain boundaries. C-D) Annealed 

large grained PbSe-2%Na (processed using the "double sieve" method) with pores predominantly 

forming at HAGBs. 

5.3.2. High Temperature Mass Loss  

To document the thermal stability of doped PbSe, highly polished Na-doped PbSe samples 

were exposed to temperatures of 600-650 °C for 48 hours. SEM was then used to record the quality 

of the surfaces after annealing to gain a qualitative understanding of the extent of mass loss. Figure 

5.4 shows a combination of surface pores, rough surface grains, and plateau/tree-like structures. 
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These features formed because of material removal from the surface of the sample, which had 

originally been smooth and polished for EBSD using the steps described in the methods section. 

From this figure, it can be seen that these new pores are located at what appear to be grain 

boundaries, which agrees with the fact that grain boundaries sublimate at a higher rate than the 

defect free material.224–226 Figure 5.3a further illustrates the strong relationship between grain 

boundaries and mass loss by using EBSD to highlight pores preferentially forming at HAGBs. 

Simultaneous EDS-EBSD scans of unannealed samples (see Figure 5.5) reveals homogenous 

samples and suggests that the increased mass loss at grain boundaries was not due to the presence 

of a second phase, but rather is a function of the elevated defect energy of grain boundaries due to 

their structural imperfections. Although SEM imaging and EBSD could not directly compare the 

difference in mass loss between different samples, these techniques were vital in confirming the 

influence of microstructure on thermal stability. 
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Figure 5.4. Secondary electron images of (Left) the top and (Right) angled side view of the surface 

features of Na-doped PbSe samples that had been annealed between 600 °C and 650 °C for 48 

hours. Annealing resulted in the sublimation of the surface of the material and subsequent 

degradation of material below the initial surface as well. The flat features are the remnants of the 

original sample surface that had been polished for EBSD prior to annealing, while the rough 

textured surfaces and pores are portions of the sample that have been exposed due to the removal 

of the original surface material. 
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Figure 5.5. Simultaneous EDS-EBSD scans were performed to observe the grain boundaries of 

samples prior to annealing. As can be seen in both K and Ag-doped samples, no significant 

segregation was detected at the grain boundaries. This proves that any sublimation attack at grain 

boundaries is more likely due to the high energy of these defects rather than the sublimation of a 

second phase. 

To obtain more quantitative results, the mass of PbSe samples was measured before and 

after annealing. The first set of mass loss experiments were performed on the same set of samples 

seen in Figure 5.1 (pure PbSe and PbSe doped with 2% Na, K, and Ag), which were all synthesized 

using a single sieve powder separation method. The results of the first mass loss experiment can 

be seen in Figure 5.6a. Because grain sizes change drastically between PbSe samples doped with 

different elements, and because grain boundaries increase pore formation (and presumably mass 

loss), further experiments were performed to better understand the effects of mass loss without the 

influence of microstructure. Additionally, because pure PbSe exhibited the lowest mass loss in the 

first set of experiments, a test of the effects of dopant concentration on thermal stability was also 

of interest. For this reason, a second set of quantitative mass loss experiments was performed on 
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large grain PbSe-2%Na and large grain PbSe-0.4%Na. Data displayed in Figure 5.6b shows that 

reducing the dopant concentration from 2% to 0.4% in Na-doped samples reduces mass loss from 

an average of 5% to 2%. Furthermore, with standardization of grain size, the mass loss of PbSe-

0.4%Na becomes comparable to the mass lost from PbSe-2%Ag.  

 

Figure 5.6. Mass Loss due to annealing PbSe at 650 °C for 48 hours. A) Initial mass loss 

experiments comparing mass loss of PbSe with equal amounts of different dopant species prior to 

microstructural standardization. B) Na-doped samples were synthesized using “double sieving” 

and with reduced carrier concentration to measure the effects of dopant concentration and dopant 

species on samples with comparable grain sizes. 
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5.3.3. DFT Defect Energy Calculations 

DFT was used to calculate defect energies to help provide insight into the underlying point 

defects present in extrinsically doped PbSe samples. Figure 5.7 plots the defect energies in the 

three doped PbSe samples as a function of Fermi level (EF), where EF=0 eV corresponds to the 

valence band maximum, and a decrease in EF indicates an increase in p-type doping. The nominal 

composition of doped PbSe in this investigation is AxPb1-xSe, where A = Na, K, Ag, and can 

alternatively be written as xASe—(1-x)PbSe.  Therefore, the chemical potentials used in the DFT 

calculations plotted in Fig. 5 were obtained from the equilibrium three-phase regions in the A-Pb-

Se phase diagram which either encompassed or included the ASe—PbSe tie-line. These regions 

were PbSe-NaSe-Na2Se, PbSe-KSe-K2Se, and PbSe-Se-Ag2Se for Na-doped, K-doped, and Ag-

doped defect energy calculations, respectively. In these plots the defects were defined using 

Kröger-Vink notation with effective charge defined by 

𝑞𝑒 = 𝑧𝑑  −  𝑧𝑠 

where qe is the effective charge, zd is the charge of the defect, and zs is the charge of the original 

site.227 Using this notation, a cation substitution that results in p-type doping would be written as 

𝑋𝑃𝑏
′  , where X is the dopant species. In this case, Pb2+ is the original cation and gives zs a value of 

2, while the dopants (Na+, K+, or Ag+) give zd a value of 1. According to Equation (2), the effective 

charge of the defect is -1, and the Kröger-Vink notation for the cation substitutional defect is 𝑋𝑃𝑏
′ .   

In all three doped materials, cation substitutions are the lowest energy defect at the onset 

of doping, and therefore are the dominant defect species, until EF becomes sufficiently negative 

and a cross over between defect energies occurs. In Na and K-doped PbSe this crossover is due to 
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the presence of Se vacancies (𝑉𝑆𝑒
2•), while in Ag-doped PbSe the crossover is due to the presence 

of Ag+ interstitials (𝐴𝑔𝑖
•). Additionally, the crossover in Ag-doped PbSe occurs at a higher Fermi 

level than in the Na and K-doped materials, which indicates that cation substitutions will stop 

being the dominant defect at lower levels of doping when using Ag as a p-type dopant compared 

to either Na or K. 

 

 

Figure 5.7. DFT calculations of defect energies in PbSe doped using different dopants. A Fermi 

level (EF) of 0 eV corresponds to the top of the valence band, and as p-type doping increases, EF 

becomes more negative. The primary point defect in the system is that which has the lowest defect 

energy at a given EF. The crossover point shows the level of doping at which compensating defects 

begin to dominate. Ag interstitial cations (denoted by 𝐴𝑔𝑖
•) are the primary compensating defect 

in Ag-doped PbSe and their crossover point occurs at a higher Fermi level than the Se vacancy 

(𝑉𝑆𝑒
2•) crossover points in any of the three material systems calculated. 
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5.4. Extrinsic Dopants: Processing, Microstructure, and Performance 

5.4.1. Point Defects and Doping Efficiency 

DFT reveals that changing the dopant species in PbSe can alter the types of point defects 

that are present in the material. These results are further confirmed by the fact that the types of 

defects that were predicted by our DFT study align well with the documented behavior of doping 

efficiency in PbSe. Doping efficiency is the relationship between the quantity of dopant added and 

the resulting number of charge carriers, which is critical to increasing carrier concentration to its 

optimal level. There is not a perfect relationship between the quantity of dopant that is added and 

the resulting number of carriers. This is because, in addition to the desired substitutional point 

defects caused by doping, additional defects of opposite charge (compensating defects) also form. 

In Na and K-doped PbSe, these compensating defects manifest as Se vacancies while in Ag-doped 

PbSe these defects manifest as cations sitting at interstitial sites, both of which contribute electrons 

to the system rather than holes. Ultimately compensating defects will limit the maximum carrier 

concentration by pinning the Fermi level at the energy crossover, because the compensating 

defects become the dominant defect and p-type dopants cannot be added without the creation of 

defects that add electrons to the system.228–230 

The DFT results show that the energy crossover in Ag-doped PbSe occurs at a higher EF 

than in Na and K-doped PbSe, indicating that compensating defects should occur at lower levels 

of doping, lowering the p-type doping efficiency. As illustrated in Figure 5.8, the p-type doping 

efficiencies predicted by our calculations are consistent with prior reports of carrier concentrations 

in doped PbSe, where Ag-doped PbSe shows a strong deviation from perfect doping efficiency 
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(and a low maximum p-type carrier concentration) compared to its Na and K-doped 

counterparts.213,214,216 Ag’s amphoteric behavior, which results in its donation of both holes and 

electrons to lead chalcogenides, has previously been linked to a combination of interstitial point 

defects and precipitates in PbTe.31,32 In PbSe, specifically, precipitates have been predicted to form 

when the concentration of Ag is between 0.5% and 1%.213  Although our DFT calculations only 

investigate the energies of point defects, the finding that Ag does not occupy cation sites, supports 

the narrative that Ag forms interstitials which may lead to its low solubility. Furthermore, the large 

deviation from ideal doping efficiency of Ag-doped lead chalcogenides is supported by the idea 

that Ag interstitials form at lower levels of doping which results in the addition of electrons rather 

than holes to the system.  In summary, DFT predicts that the type of dopant used in a material can 

alter the underlying point defects. Using PbSe as a model system, we were able to prove the 

validity of this premise by showing that the specific types of point defects predicted to be present 

in doped PbSe are also those that are necessary to produce the known changes in doping efficiency.  
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5.4.2. Low Angle Grain Boundaries 

LAGBs are potentially of interest because they are formed by arrays of dislocations, which 

are thought to be ideal for scattering intermediate wavelength phonons. This has made dislocations 

the focus of multiple studies aiming to decrease lattice thermal conductivity in thermoelectric 

materials.46,100,148 However, the formation mechanism of LAGBs is important. Recrystallization 

(the formation of new strain free grains) is driven by the reduction of stored energy in a material.231 

If LAGBs and subgrains form as a result of recrystallization, then this may reduce phonon 

scattering in thermoelectric materials. In terms of thermal stability, LAGBs generally exhibit lower 

defect energies than HAGBs, making them less susceptible to high temperature mass loss via 

sublimation.232 The fact that LAGBs and subgrain formation can influence material volatility as 

Figure 5.8. A plot of data collected from literature illustrating the difference in doping efficiency 

of Ag-doping213, Na-doping214, and K-doping216 in the PbSe thermoelectric system.  
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well thermal transport makes controlling these defects important to thermoelectric performance. 

This investigation reveals a definitive change in the prevalence of LAGBs that is dependent on the 

type of dopant being used. In this section, several mechanisms are discussed that may contribute 

to the specific trend in decreasing LAGB density as dopants change from Na to K to Ag in PbSe. 

For dislocation stacking (and therefore LAGB formation) to occur, dislocations need to be 

mobile. In ceramics this happens at high homologous temperatures and pressures when dislocation 

creep occurs, meaning that stress exponents exceed 3.233–236 Past studies have shown how creep 

affects chalcogenide-based thermoelectrics during high temperature operation, but extreme 

conditions can be present during processing as well.200,237,238 During the synthetic and post-

synthetic processing performed in this investigation, the only step that exposes materials 

simultaneously to high temperatures and pressures is SPS. Specifically, samples are exposed to 

pressures of 40 MPa and temperatures as high as 550 °C (0.61Tm
 of PbSe). These conditions are 

presumably adequate to create dislocation motion in PbSe, as they are in excess of the conditions 

that produce a stress exponent of n=4.4 in its structural analogue, PbTe,  at 400 °C (0.56Tm of 

PbTe) with pressures ranging from 7-35 MPa.238   

Because PbSe is exposed to creep conditions during SPS, it will either act as a Class I 

material (with stress exponent close to n=5), in which subgrain form easily and dislocation climb 

is the dominant mechanism, or a Class II material (with stress exponent closer to n=3) in which 

dislocation glide dominates, and subgrains form with more difficulty.233–236  Generally speaking, 

non-metals with 𝑟𝑎𝑛𝑖𝑜𝑛 𝑟𝑐𝑎𝑡𝑖𝑜𝑛⁄ < 2 exhibit Class I behavior, and so one would expect PbSe (much 

like PbTe) would have a stress exponent closer to n=5.239 Additionally, it has been shown in a 
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variety of ionic rocksalt compounds, that pure ceramics (such as NaCl, KCl, KBr, and CoO) 

achieved subgrain formation at lower temperatures and pressures than their alloyed counterparts 

(such as KCl-KBr, KCl-NaCl, and impure CoO).234–236,240 Specifically in the case of CoO, the 

stress exponent decreased from n=4.6 to n=3.25 with the addition of just 0.5% impurities.240 These 

studies indicate that although some pure ceramics have high stress exponents and display Class I 

behavior, that it is possible for impurities to reduce the stress exponents to a regime in which 

materials display Class II behavior.234–236,240  

Specifically, Figure 5.1 illustrates that the addition of 2% aliovalent cation impurities alters 

the prevalence of subgrains and LAGBs in the final sintered material. The exact mechanism or 

combination of mechanisms is unknown, but several mechanisms could contribute to this 

phenomenon. One possible explanation for the change in LAGB density is that adding impurities 

reduces the dislocation mobility during SPS, and in some cases, to the point where dislocations 

cannot coalesce to form LAGBs. When dislocation glide is the dominant mechanism, dislocation 

mobility is impeded by the dragging of solute ion atmospheres, and the resultant steady state creep 

rate is inversely proportional to the square of the mismatch in cation size (𝜖̇ ∝ 1/𝑒2 ).233 In other 

words, a large cation mismatch (e, which is related to strain) will result in a decrease in the 

dislocation creep rate (𝜖̇) and an increase in the time needed to form LAGBs. Assuming the 

reduction in creep rate is based solely on the cation size deviation from Pb2+, it would be expected 

that increasing creep resistance follows the trend: Ag+ < Na+ < K+. This is because the cation radius 

of Pb2+ is 119 pm, while the radii for the Ag+, Na+, and K+ cations are 115 pm, 102 pm, and 138 

pm (resulting in radial deviations of -4 pm, -17 pm, and 19 pm, respectively). Furthermore, 

although the difference in cation radii of Na+ and K+ from Pb2+ are -17 pm and 19 pm, respectively, 
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the change in volume of a crystal due to the substitution of a smaller cation is less than the change 

in volume produced by substituting larger cation with the same deviation in size from the original 

cation.241 This difference in lattice strain can help explain the difference in LAGB density between 

Na and K-doped PbSe despite similar size deviations of these substitutional cations from Pb2+.  

The behavior of Ag-doped PbSe, however, does not follow the above trend based on cation 

size difference alone. One consideration not accounted for was that the DFT study shows that Ag+ 

is most likely an interstitial defect, while Na+ and K+ sit on cation sites. Because Ag+ is large for 

an interstitial cation, it will result in much more strain in the lattice than if it was a on a cation site. 

Therefore, when accounting for the point defects present in the system, one should observe an 

increasing lattice strain from each dopant in the order Na+, followed by K+, followed by Ag+. 

Additionally, in Ag-doped PbSe specifically, the role of precipitates on dislocation mobility cannot 

be ignored. Because this compound is suspected to have precipitates at concentrations above 1%, 

it must be assumed that these impede dislocation mobility as well.213 As a result, it remains to be 

determined which mechanism (interstitials or precipitates) inhibits dislocation mobility to a larger 

degree, but either way it can be hypothesized that the presence of Ag results in atomic and 

nanoscale structures and defects that impede the mobility of dislocations and prevent LAGBs from 

forming. 

Another explanation for the variation in LAGB density is that stress relaxation mechanisms 

such as recovery through polygonization and recrystallization that can occur concurrently with 

deformation during high temperature creep.231,242 During hot plastic deformation, strain softening 

can occur in parallel with deformation and results in the reduction and redistribution of dislocation 
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density, as well as the potential nucleation and growth of stress free grains through the migration 

of HAGBs in what is known as dynamic recrystallization. It has also been documented that in 

addition to processing parameters such as temperature, degree of deformation, and deformation 

rate, the recrystallization process can be influenced by material properties such as stacking fault 

energy, second phase particles, and the presence of foreign atoms.231 Because of the dependence 

of recrystallization on atomic and nanoscale structures, it is feasible that the variation in dopants 

(and the defects that they engender) may have an influence over the recrystallization rate in doped 

PbSe. As a result, some materials may fully undergo dynamic recrystallization or polygonization 

during SPS while others do not, which would result in varying degrees of subgrain formation, like 

those observed.  

In summary, it was confirmed that creep occurs in PbSe during SPS, and that the addition 

of dopants to PbSe influences the subgrain structure in the final material. Furthermore, it is 

hypothesized that both dynamic recrystallization and changes in dislocation mobility contribute to 

the final microstructure of PbSe but acknowledge that the exact relationship between these two 

mechanisms is not perfectly understood. To fully understand the relationship between dopants, 

point defects, and post-processed material microstructure, more in-depth creep studies need to be 

performed on doped semiconducting materials. With improved knowledge of these mechanisms, 

informed modification of sintering conditions (such as time, temperature, and pressure) based on 

dopant species and material composition could lead to better control over final material 

microstructure, which is vital to optimizing thermoelectric performance.  
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5.4.3. Grain Size 

Designing a thermoelectric material with a tailored grain size is important for a variety of 

reasons. First, minimizing grain size is beneficial for reducing lattice thermal conductivity because 

the increase in the number of grain boundaries assists in the scattering of large wavelength 

phonons.16,121,243 However, as shown in Chapter 2, in more ionic material systems with low 

dielectric constants, including some heavily alloyed forms of PbSe,  grain boundaries are capable 

of creating a charge carrier screening effect that is detrimental to low temperature electrical 

conductivity.30 Therefore, when optimizing grain structure in materials that are known to be more 

ionic, larger grains may actually result in an improvement in efficiency in low temperature 

regimes. One such recent example is Mg3Sb2, in which it was recently found that larger grains 

resulted in higher overall thermoelectric efficiency.83 These works emphasize the importance of 

considering the impact of microstructure on both phonon scattering and charge carrier mobility 

when engineering thermoelectric materials. 

In addition to optimizing transport properties, grain size may also affect a material’s mass 

loss rate at elevated operating temperatures, due to the presence of grain boundaries at the surface 

of a material. Grain boundaries are known to be sources of elemental segregation, dislocations, 

and changes in surface topology, all of which may increase sublimation mass loss.224–226 With 

these considerations in mind, it is clear that thermoelectric materials should be designed with 

specific grain sizes selected to achieve both optimal efficiency and reduced material degradation. 

Understanding the inherent tendency of a material to develop certain grain sizes based on dopant 

species is important so that processing can be adjusted to optimize performance. In this study we 

not only revealed the changes in post-synthetic grain size due to doping species, but we also 
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introduced the “double sieving” method which allowed us to synthesize materials with the desired 

microstructure.  

The solution hardening rate in ionic compounds can be increased by an order of magnitude 

by introducing aliovalent cations into a material rather than isovalent cations, and it is widely 

accepted that this is caused by the compensating point defects that form in conjunction with the 

aliovalent cations.244 As shown earlier, different dopants result in different combinations of point 

defects and compensating defects, and as a result, it is not surprising that PbSe samples doped with 

different elements had observably different mechanical properties when undergoing hand grinding 

to obtain powder for SPS solidification. To eliminate the possibility that differences in mechanical 

properties resulted in different sized powders and powder size distributions, double sieving was 

used to control the maximum and minimum powder size prior to SPS, which helped with the 

control of final PbSe grain size (not including the LAGBs that formed during SPS due to creep). 

In this experiment large grain Na-doped PbSe samples were produced with comparable grain sizes 

to PbSe-2%Ag (see Figure 5.3). Obtaining large grains in PbSe is significant because large grains 

will reduce low temperature suppression of electrical conductivity.30 Therefore the ability to 

synthesize PbSe with a high carrier concentration, provided by a high efficiency dopant like Na, 

while also obtaining the desired grain size is important for optimizing efficiency. This 

manipulation of grain size illustrates that although a change in dopant species can alter grain size, 

if these changes are understood from the outset of material synthesis, intentional modifications to 

processing can be made to account for these changes. 
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5.4.4. Sublimation and Microstructure 

Sublimation is a major source of degradation in thermoelectric devices which can cause 

cross-sectional reduction of the thermoelements and can eventually lead to mechanical failure of 

device components.211 Because thermoelectric modules should ideally operate for years at elevated 

temperatures the materials must be robust to sublimation over extended periods of time. Despite 

the risk that sublimation poses, it is often overlooked as it is not easily identifiable in during 

transport measurements. This is because when obtaining transport data, thermal cycling lasts for a 

relatively short period of time, resulting in only minor sublimation. The amount of material that is 

lost is often not enough to manifest itself as an artifact in the transport data. In addition, if 

sublimation does take place, the surface pores and pock marks that form are on the order of 

microns, which is too small to be observed with the naked eye, and too large to be very noticeable 

when performing TEM or other high-resolution with limited fields of view. In PbSe specifically, 

PbSe(g) is the dominant gaseous species, leading to the hypothesis that high temperature mass loss 

is due to sublimation of the parent phase, and not necessarily due to the sublimation of the dopant 

or a second phase.245 

By utilizing the versatility of the SEM, combination of imaging and EBSD were used to 

confirm the importance of microstructure in facilitating mass loss. Imaging and EBSD both reveal 

that pores form at grain boundaries upon exposure to temperatures above 500 K. The inclusion of 

SEM-EDS (as seen in Figure 5.5) helps confirm these boundaries have similar composition to the 

grains and reinforces that any preferential sublimation at the boundaries is due to structural 

imperfections of the boundaries rather than presence of a second phase. Additionally, EBSD in 

Figure 5.3 shows pores form in the presence of both LAGBs and HAGBs, and further reveals that 
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HAGBs were often the nucleation sites for pore formation, but the pores then have a tendency to 

grow along LAGBs and HAGBs as sublimation continues.  

Pure PbSe has on average the least mass loss compared to PbSe samples with p-type 

dopants added (Figure 5.6a). This occurs despite pure PbSe having the smallest average grain size 

(as seen in Figure 5.1), and therefore the least favorable microstructure for preventing sublimation. 

So, despite having the highest energy defects at its surface, pure PbSe still loses less mass on 

average during annealing than all the doped samples. Unlike pure PbSe, the doped samples 

experience decreasing average mass loss as dopants change from Na, to K, to Ag. This trend in 

mass loss also corresponds to increasing grain size in the doped samples, and therefore the mass 

loss of these samples cannot be directly compared without ruling out the influence of 

microstructure.  

Although samples were doped with the same nominal amount of dopant, it is known that 

the carrier concentration of these samples can vary by as much as an order of magnitude (as seen 

in Figure 5.8).213,214,216 The variation in doping efficiency brings into question whether the absolute 

amount of dopant incorporated into a material’s lattice structure affects the sublimation. In other 

words, it is interesting to consider whether it is more beneficial to dope a material using a small 

amount of an efficient dopant rather than using a large amount of a less efficient dopant. To 

deconvolute both the effect of grain size and test the effect of dopant species and concentration on 

sublimation, large grained PbSe-2%Na and large grained PbSe-0.4%Na were synthesized using 

the “double sieving” method. The lower concentration of Na was selected to be 0.4% to provide 

approximately the same carrier concentration as 2%Ag in PbSe based on the respective doping 
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efficiencies. Sublimation mass loss in Figure 5.6b shows there is a sizeable reduction in mass loss 

when the amount of Na doping is reduced from 2% to 0.4%, indicating that adding less total dopant 

to a material is beneficial for reducing mass loss. This is consistent with the fact that pure PbSe 

appears to be more stable than any of the doped compounds. Despite this reduction, the mass loss 

in large grained PbSe-0.4%Na samples is still comparable to PbSe-2%Ag.  

It should be noted that no conclusions can be made concerning the relative sublimation 

rates of different dopants due to several factors. The first is that even when adjusting powder 

synthesis to increase grain size, there is still a variation in LAGBs population, and this can 

contribute to sublimation differences. Although, it appears that LAGBs are not nearly as volatile 

as HAGBs (which can be seen in Figure 5.3b), it is still a concerning difference in microstructure 

that must be accounted for. Secondly, because of the error in mass measurements discussed earlier, 

the average sublimation rates of large grained PbSe-0.4%Na and PbSe-2%Ag are too similar to 

each other to derive any meaningful conclusions concerning the difference in sublimation rate due 

to dopant species. Despite these limitations, the sublimation experiments still suggest that the 

sublimation of PbSe increases due to the presence p-type dopants, and that the concentration of 

dopant added affects the thermal stability of doped PbSe compounds. This study also provides 

further evidence of the influence of microstructure on sublimation and shows why understanding 

how dopants affect microstructure is necessary for producing more robust thermoelectric 

materials. 
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5.5. Summary and Conclusions 

In this study the PbSe system is used to emphasize the care that should be taken when 

selecting dopant species to extrinsically dope thermoelectric materials. Conventional practice 

suggests that dopants are mostly utilized for the improvement of carrier concentration, while 

providing the additional benefit of thermal conductivity reduction through point defect scattering. 

This chapter illustrates how the introduction of different dopant species can change the underlying 

point defects, which affects doping efficiency as well as mesoscale microstructural features. These 

large-scale changes in microstructure, such as changes in average grain size and LAGB 

distribution, subsequently influence thermoelectric material efficiency as well as material 

degradation due to sublimation. Furthermore, it is shown how implementing intentional processing 

techniques (like “double sieving” or changing processing conditions during SPS) can result in a 

desired microstructure that enables a material to achieve an optimal combination of thermoelectric 

efficiency and thermal stability. In conclusion, the idea is put forth that in order to achieve true 

material optimization, it is essential to understand the broader implications of selecting particular 

dopants for a thermoelectric material system, because dopants can alter material microstructure 

and subsequently overall thermoelectric performance. 
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Chapter 6. Summary, Conclusions, and Future Work 

6.1. Summary and Conclusions 

 The purpose of this dissertation was to investigate the relationship between processing, 

microstructure, and the performance of thermoelectric materials, while emphasizing the 

importance of understanding the often-overlooked mesoscale. With the additional information 

provided by the documentation of this length scale, using techniques such as EBSD, mechanisms 

governing bulk thermoelectric processing were explored and thermoelectric design principles were 

revealed.  

6.1.1. Bulk Thermoelectric Processing 

6.1.1.1. Spark Plasma Sintering 

 Spark Plasma Sintering is a bulk processing sintering technique used for mechanical 

strengthening that was previously thought to cause no changes in thermoelectric performance 

(beyond potentially lowering lattice thermal conductivity due to the increased presence of grain 

boundaries). Through the investigation of NaPbmSbTem+2 (SALT) compounds it was found that 

SPS did in fact change the electronic behavior these samples, yielding nearly intrinsic n-type 

behavior in samples that were degenerately p-type doped prior to SPS. Mesoscale chemical and 

structural analysis preformed in conjunction with synchrotron x-ray diffraction revealed that the 

non-SPSed samples were two-phase materials with separate Pb-rich and Sb-rich phases. Through 

mesoscale analysis it was found that during SPS, Sb diffuses into the main phase, making the 

compound a more homogenous solid solution. Because Sb diffuses into the main lattice, Sb3+ 

cations replace Pb2+ on Pb-sites, resulting in an increase in negative charge carriers. This 



215 

 

investigation ultimately helped produce optimized SALT compounds with large zTavg, but more 

importantly, provided evidence that SPS is a more complex process than previously thought. These 

results suggest that not only is chemical diffusion possible during SPS, but that it must be 

accounted for in order to synthesize fully optimized thermoelectrics. 

6.1.1.2. Melt-Centrifugation and Induction Hot Pressing 

 Both Melt-Centrifugation and Induction Hot Pressing (followed by thermal annealing) of 

Te-rich BST compounds resulted in porous samples that were more efficient than their fully dense 

counterparts. Melt-Centrifugation proved useful in introducing a variety of defects into the BST 

matrix, and S/TEM characterization in combination with thermal modeling confirmed the benefits 

that these defects had on energy conversion efficiency. However, Melt-Centrifugation is extremely 

kinetic, and it is difficult to modify the microstructure of BST in a controlled way using this 

synthetic process. Annealing Te-rich Induction Hot Pressed BST proved to be a highly controllable 

process that can create a specific porosity based on the time and temperature of the anneal. By 

combining deformation modeling with a study of nano and mesoscale structures, it was discovered 

that creep during expansion and pore formation is responsible for the stepping of twin boundaries, 

and as a result, the increase in grain boundary dislocations in BST. In conclusion, this study 

identified creep as a key mechanism responsible for both the porosity and defect formation, the 

latter of which causes a decrease in lattice thermal conductivity.  

6.1.1.3. Doping and Processing Considerations 

 Extrinsic dopants have typically been treated as a method to increase carrier concentration, 

with little consideration given to their additional effects on thermal electric materials (beyond a 
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decrease in lattice thermal conductivity due to point defect scattering). By using PbSe as a model 

system, it was shown that this premise is false, and that extrinsic dopants cause the generation of 

point defects (substitutional, interstitial, and sometimes compensating anion vacancies), which in 

turn cause drastic changes in grain size and the prevalence of low-angle grain boundaries. DFT 

reveals that different dopant species will generate different point defects, which can alter the 

mechanical properties of PbSe. Due to these altered mechanical properties, using identical powder 

processing and SPS conditions for samples with different dopants will result in different 

distributions of defects that can be observed in EBSD. By developing an understanding of dopant-

microstructure relationships, material processing conditions can be altered to yield optimized 

microstructures. These results are significant to the field of thermoelectricity because the concept 

of dopant-microstructure interaction can be generalized and adopted in the study of any 

semiconducting thermoelectric material that utilizes extrinsic dopants. 

6.1.2. The Mesoscale and Thermoelectric Design Principles 

6.1.2.1. Grain Boundary Screening 

 Conventional wisdom suggests that materials with smaller grains are always more effective 

thermoelectrics than their larger grained counterparts because small grain materials have more 

grain boundaries which are known to scatter phonons, thereby lowering lattice thermal 

conductivity. However, it was shown in Chapter 2 that some small grain materials have lower 

electrical conductivities (at low temperatures), lowering their zTavg. Prior to this investigation the 

culprit of this conductivity suppression was thought to be ionized impurity scattering. Ionized 

impurity scattering should occur uniformly throughout a material, yet EBSD analysis helped prove 
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that this anomalous conductivity effect is dependent on grain size, thereby ruling out ionized 

impurity scattering as the mechanism causing electrical conductivity suppression, and suggesting 

that this effect is related to grain boundaries. Further nanoscale analysis established that grain 

boundaries are chemically identical to their surrounding grains (within the detection limit of 

STEM-EDS) in both Te and Se based compounds. The microstructural analysis of these 

compounds helped support the theory that this conductivity suppression is due to an intrinsic 

property of the pure material, rather than due to chemical segregation at the grain boundaries.  

Materials with higher dielectric constants (high m, less ionic materials) often did not experience 

any suppression, while NaPbmSbQm+2 compounds with lower dielectric constants lower (low m, 

more ionic materials) displayed electrical conductivity curves with a clear grain size dependance. 

In summary, it was proven that in more ionic materials, small grain sizes suppress electrical 

conductivity, which runs counter to conventional wisdom that small grain sizes are always 

preferable in thermoelectric materials.  As a result, a new design principle was established which 

suggests that grain sizes need to be optimized to account for both electrical conductivity 

suppression due to material ionicity in addition to thermal conductivity reduction due to phonon 

scattering. 

6.1.2.2. Dependence of Sublimation on Doping and Microstructure 

Thermal stability is crucial to thermoelectric performance because thermoelectric materials 

often need to operate for long periods of time in extreme environmental conditions. However, most 

research on thermoelectric materials usually focuses on energy conversion efficiency alone, which 

can lead to a lack of understanding of how materials will truly perform during operation. Therefore, 

in addition to microstructure analysis, Chapter 5 also investigated the effects of doping on 
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sublimation. Qualitative evidence of the dependence of sublimation on microstructure was 

provided by EBSD of annealed large grain Ag-doped and Na-doped PbSe samples. These samples 

revealed that pores formed via sublimation of PbSe at high-angle grain boundaries rather than 

within grains. Quantitatively, annealing experiments revealed that doped samples lost more mass 

than undoped PbSe, which was further supported by the fact that there is a decrease in sublimation 

when Na content is decreased from 2% to 0.4% in doped PbSe. In conclusion, although energy 

conversion efficiency is vital for thermoelectric performance, this work established that when 

designing thermoelectric materials holistically, the relationship between doping, microstructure, 

and sublimation should be considered in order to produce materials that are thermally stable as 

well as efficient. 

6.2. Future Work 

 This dissertation illustrated the importance of analyzing microstructural defects across a 

variety of length scales to identify mechanisms and design principles that are critical for designing 

thermoelectric materials with both high thermoelectric efficiency and high thermal stability. As a 

result, this work also motivates continuing research in two major areas that are related to 

maintaining the stability of microstructural defects during processing and operation.    

6.2.1. Study of Creep Deformation  

 As established in both Chapters 4 and 5, creep is a deformation mechanism that has the 

potential to benefit thermoelectric performance, if understood and utilized correctly. Chapter 5 

describes how creep is induced in chalcogenides during powder sintering by exposing materials to 

simultaneous high temperature and pressure regimes. Furthermore, it was shown how variations 
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in the composition of PbSe due to extrinsic doping can change the density of low-angle grain 

boundaries present in the final samples. Unfortunately, the exact mechanisms that are induced 

during creep are not understood, and therefore a more in depth investigation involving the control 

of pressure, time, and temperature could enable the investigating the fundamental mechanisms 

behind low-angle grain boundary formation that was introduced in Chapter 5. By subjecting PbSe, 

BST, or other ceramic thermoelectric materials to controlled deformation in different creep 

regimes (e.g. diffusional creep vs. power-law creep), useful information regarding time, 

temperature, and pressure profiles required to obtain specific amounts of low-angle grain 

boundaries formation, twin boundary formation and stepping could be obtained. Furthermore, by 

performing these creep studies in conjunction with speed of sound and other conventional bulk 

thermoelectric property measurements, it could be determined whether these microstructures form 

as a result of strain relaxation mechanisms, or if these microstructures ultimately assist in the 

overall decrease in lattice thermal conductivity. This would inform future scientists on whether 

creep, or specifically what creep regimes, are beneficial for the overall performance of 

thermoelectric materials.  

6.2.2. Study of Defect Composition 

During the study of extrinsic doping in PbSe, it was found that different intrinsic dopants 

formed different types of point defects, and that these point defects likely result in varying levels 

of lattice strain. Furthermore, point defects have a tendency to segregate to edge dislocations, due 

to the strain relaxation that these defects provide.246 As a result, one might expect different dopants 

to segregate more strongly to defect sites. In fact, a recent study by Yu, et al. used Atom Probe 

Tomography (APT) to document the increased concentration of Ag in the vicinity of dislocations 
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in PbTe. Furthermore, this same study incorporated Debye-Callaway thermal modeling with 

experimental thermoelectric transport data to show how the composition of dislocations 

contributes to reducing lattice thermal conductivity.247 To continue the work started in Chapter 5, 

atomic scale resolution imaging and analytical techniques will be critical to developing a stronger 

understanding of the relationship between dopant species and dislocation composition and their 

effects on both dislocation mobility (during creep) and thermoelectric transport. This could be 

achieved by combining aberration corrected STEM imaging (with sub angstrom resolution) and 

analytical electron microscopy techniques, with APT (which can detect single atoms compared to 

EDS which has a detectability limit of ~1000 parts per million).  

The use of high sensitivity and high spatial resolution analytical techniques can benefit 

more than just the study of dislocations. Grain boundaries and interfaces are also known to possess 

higher concentrations of impurities than the bulk sample.16 Knowing the true composition of grain 

boundaries is useful for understanding sublimation and thermoelectric transport. As seen in this 

dissertation, grain boundaries sublimate more easily than the defect free material and therefore 

when if grain boundaries have a different composition than the bulk, that may indicate that certain 

elements are sublimating at a disproportionate rate. This is especially critical to know in the case 

of extrinsic dopants where small variations in composition can vastly change the carrier 

concentration, and subsequently the thermoelectric properties of a material. Increased chemical 

sensitivity provided by APT may even enable scientists to differentiate between the amount of 

segregation at different types of grain boundaries such as high-angle, low-angle, and special (e.g. 

twin) grain boundaries. Although APT cannot identify grain orientation, by combining the 

techniques of Focused Ion Beam (FIB) and EBSD in SEM, all 5 macroscopic degrees of freedom 
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of grain boundaries can be determined using image reconstruction in what is known as 3D EBSD. 

Now that mesoscale analysis has established the severity of sublimation in certain chalcogenide 

thermoelectrics, higher resolution imaging, analytical, and diffraction techniques will become 

invaluable in determining the extent to which sublimation alters performance and the level to 

which this can be controlled by careful microstructural design. 
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