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ABSTRACT

Thermoelectric materials are semiconducting materials that convert heat to electricity, and vice versa,
through solid state electronic transport processes. Traditional thermoelectric studies typically focus on
optimizing a single compound to achieve high thermoelectric performance; however, improvement of
thermoelectric performance is challenged by the interrelated properties in the thermoelectric figure of
merit. While computation has overcome deficiencies in understanding electronic transport of single
compounds, models are only so accurate when it comes to experimental behavior. Further, computational
approaches to modelling the thermoelectric behavior of alloys shows even worse performance. Alloying
between single compounds will expand the space in which high performance thermoelectric materials can
be identified. Using alloys, continuous property control enables fine tuning of individual properties that
make up the thermoelectric figure of merit. There are some issues with alloy studies however; uncontrolled
defect concentrations in alloy studies lead to property-composition trends that may be undecipherable. To
mitigate this, studying alloys requires foundational studies on the native defects and transport properties
of endmembers prior to entering the increased complexity of the alloy space.

The first study in this work focuses on the PbTe-SnTe system and motivates much of the future work
on understanding native defects and alloy behavior. The next study focuses on controlling native defects
and their impacts on transport properties using CulnTe; as a model material. Further understanding of
the transport properties are obtained by doping CulnTe; with Zn and Cd and examining how the
electronic transport differs from the native doped material. Alloying in the Ge; xMnyTe system, a space
without major defect concentrations, shows how alloy endmembers that strongly differ from one another
can lead to unpredictable transport properties, even for high symmetry materials. Finally, alloying in the
SnTe-SnSe-GeSe space shows how simultaneous alloying and control of native defects enables high quality

invariant point driven data that ultimately leads to increased thermoelectric performance.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Thermoelectric materials have the potential to change how electrical energy is produced and utilized
around the world. Unfortunately, thermoelectric materials su er from low e ciency as a result of
con icting properties that must be simultaneously optimized. For most thermoelectric materials, tuning
any property in the thermoelectric gure of merit ( zT = SZ—T) is a tradeo where the consequences are not
easy to predict. For example, decreasing the electrical resistivity () will simultaneously reduce the Seebeck
coe cient ( S) while increasing the total thermal conductivity ( ). Alloying in thermoelectric materials
provides compositional exibility that will achieve groundbreaking performance by overcoming the intrinsic
ine ciencies associated with thermoelectric materials.

Many thermoelectric studies will introduce an external dopant, usually to improve the electrical
resistivity or Seebeck coe cient. In an elemental material such as Si or Ge, doping is relatively simple and
can be understood intuitively. An increase in complexity arises when doping studies are focused on ternary
or quaternary compounds, where the addition of more elements serves to convolute an already complex
optimization space. Instead of external doping, native doping of compounds may be used in order develop
an understanding of the intrinsic defect limits before considering external defects. Building upon the
foundation of native defects, alloying between single phase materials, in which the native defects have been
pinned, enables many axes of optimization that can be used to improve the thermoelectric gure of merit.
Incorporating native defects into alloy studies constrains the degrees of freedom, thereby improving the
ability to extract intuitive trends and improved thermoelectric performance from high dimensional alloy

spaces.
1.2 Broad Impacts of Thermoelectrics

Thermoelectric materials can directly convert heat to electricity without the use of moving parts.
Because of their long term stability and reliability, thermoelectric generators have been used as the power
source on numerous deep space probes and Mars rovers. A thermoelectric generator module is comprised of
semiconductingn- and p-type thermoelectric legs that ensure a current ow in a single direction when a
thermal gradient is applied. As shown in Figure 1.1, heat is absorbed on one side of the thermoelectric

module and rejected on the other, thereby generating an electric current out of the leads of the module. [1]



Figure 1.1 Thermoelectric generator (TEG) module for power generation showingh- and p-type
semiconducting legs. Heat ow through the device generates a current that ows through the alternating

n- and p-type legs. The alternating n- and p-type legs prevents a cancelling of the Seebeck coe cients that
would result in a lower net current. The same device can be used as a Peltier heat pump if electrical power
is input into the module.

Additionally, thermoelectric generator modules can be used as heat pumps (Peltier coolers) by
inputting power into the thermoelectric module. Peltier coolers have the same device architecture but may
often be cascaded in order to increase their e ective cooling power. Applications for Peltier cooling will
likely be more accessible for the average consumer in comparison to thermoelectrics for space power. In the
present state of thermoelectrics, consumer applications for thermoelectric cooling are restricted to novelty
items such as miniature refrigerators or wood- red camping phone chargers (BioLite CampStove). Given a
high enough e ciency, thermoelectric cooling has the potential to replace conventional compression based
refrigeration units for air conditioning and food storage. More specialized applications include cooling of
guantum computers, medical refrigeration (recently used in widespread COVID-19 testing), and cooling of
optoelectronics such as X-ray and infrared detectors. To expand better into consumer applications,
thermoelectrics need to have a signi cant performance increase.

Recent years have shown explosive growth in the number of thermoelectric publications. In the last
decade (2011-2021), there have been more publications on thermoelectrics than in the previous 100 years
prior (1910-2010). In the majority of thermoelectric studies, performance is measured by measuring the
intrinsic properties of a material as opposed performance measurements on a thermoelectric device.
Devices have a gure of merit that must account for the weighted averages of the di erent materials that
comprise then- and p- type device legs. [2] Individual materials have the gure of merit shown in equation

1.1, whereS is the Seebeck coe cient, is electrical conductivity, is total thermal conductivity, and T is



temperature:
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zT T (1.1)

As a baseline, a zT that is greater than unity is considered a high performance material. Over the past
several decades, numerous promising materials have been identi ed as showing2T; the most notable
including TAGS[3], PbTeSe alloys[4], Ybi4MnSb11[5, 6], skutterurides[7], B Tes and alloys[8], and
La,Tes[1, 9]. These materials span a wide range of operation temperatures ranging from 100-10QD. [1] In
order to maximize zT, it is desirable to have a high Seebeck coe cient, high electrical conductivity, and a
low thermal conductivity, while simultaneously having as high of a temperature as possible. [1, 10]
Electrical conductivity and thermal conductivity are con icting in that materials with high electrical
conductivities tend to have a high thermal conductivity as well. Similarly, materials with a high Seebeck
coe cient tend to have a low electrical conductivity. Additionally, as temperature is increased, the
electrical conductivity of degenerate semiconductors will generally go down. As a result of these con icting
properties, optimization of the thermoelectric gure of merit is a multi-faceted material science challenge

that has persisted for many decades.
1.3 Basic Physics for Thermoelectrics

In order to understand the thermoelectric gure of merit in more depth, some introductory physics
must be discussed. Thermoelectric materials are degenerate semiconducting materials with a moderate
band gap, usually around 1eV or less. [11] Ideally, the band gap for a thermoelectric material will be
in nite to prevent bipolar behavior but also have a degenerate carrier concentration. In real thermoelectric
materials, wide gap materials> 1eV are infrequently studied because of their inability to dope to
degenerate levels. Instead, common thermoelectric materials tend to have moderate to narrow gaps that
provide a straightforward path to degenerate behavior. Very narrow energy gaps<0.1eV) are generally
avoided as they can often lead to simultaneous conduction of holes and electrons (bipolar transport) that
reduce performance and can make traditional analysis challenging. [12] Within this work, discussions of
carrier transport are limited within a single carrier regime.

Electrical conductivity is a measure of how easily electric current can ow through a material. In
semiconductors, we can break electrical conductivity into carrier concentration,n, charge of an electron,g,
and carrier mobility, . [13] The relationship between conductivity and these three properties is given by

= ne . This highlights the ways in which the electrical conductivity can be improved: increase the
carrier concentration, increase the mobility, or increase both simultaneously. For thermoelectric materials,

a carrier concentration for holes or electrons near 5 10'° cm 3 is ideal while carrier mobility should be as



high as possible. [1]

The Seebeck coe cient is a measure of the voltage response in a material with respect to a specic
temperature gradient V= T. As the Seebeck coe cient is in the numerator of the equation for the gure
of merit, a high Seebeck coe cient is desirable. [14] The Seebeck coe cient has a relationship with carrier
concentration where a high Seebeck coe cient can correlate to a low carrier concentration. Conversely, a
low Seebeck coe cient often correlates to a high carrier concentration. As the carrier concentration of a
material becomes too high, the Seebeck coe cient can decrease as the material will undergo
\self-shorting”. Internal current ow inside of the samples prevents a high Seebeck voltage and thus results
in a low Seebeck coe cient. While not directly tied to the Seebeck coe cient, it has been determined that
the 5 10 cm 2 value for carrier concentration strikes a balance between good electrical conductivity
and a high Seebeck coe cient.[1]

Thermal conductivity is a measure of how easily heat can ow through a material. An ideal thermal
conductivity is as low as possible in order to minimize heat loss while maintaining a high T across the
thermoelectric material. Thermal conductivity is comprised of two components, lattice thermal
conductivity and electronic thermal conductivity. The relationship is quite straightforward as shown by:

total = latice T electronic - [15] Lattice thermal conductivity provides an understanding of how phonons
transport heat through the crystal lattice, while electronic thermal conductivity provides an understanding
of how electrons or holes carry heat through the material. Lattice thermal conductivity can be optimized
by a number of methods including vacancy engineering and nanostructuring, both of which may reduce the
electrical conductivity of a material. [16] The electronic thermal conductivity can be determined using the
Wiedemann-Franz law, that relates the Lorenz number, electrical conductivity, and temperature in the
equation: eectronic = L T . [15] By inspection, one can determine that a high electrical conductivity
con icts with the total thermal conductivity as the electronic thermal conductivity increases proportionally

to the electrical conductivity.
1.4 Single Parabolic Band Analysis

Single parabolic band (SPB) analysis is used to develop a deeper understanding of thermoelectric
materials within a speci ¢ set of assumptions. Like the name implies, SPB analysis assumes a single band
for electronic transport, and that the band edge is parabolic. While 2 bands (conduction and valence
bands) always exist and the parabolic approximation of the band edges may not be perfect, SPB analysis
provides a useful understanding of the transport properties for the majority of thermoelectric materials.
There are cases where SPB analysis should not be used, for example in low carrier concentration and

bipolar materials, but these are easy to identify. High quality SPB analysis will typically use samples that



have degenerate semiconducting properties (£6{102* charge carriers cm ®) such that the majority of
properties arise from a single carrier type. The assumptions in SPB analysis are often not completely
ful lled, however, the analysis can still provide useful information.

Vet 1

The Hall Coe cient shown in equation 1.2 shows the relationship between the Hall Coe cient ( Ry ),
Hall Voltage (Vy ), sample thickness ), sample current (1), and magnetic eld (B). This relationship can
be extended to show the relationship between the Hall Coe cient and the Hall carrier concentration (n),

and the fundamental unit of charge (€). These relationships form the foundation of the Hall measurement.
= ne (1.3)

Using the Hall carrier concentration in equation 1.2 the relationship between electrical conductivity ( )
and charge carrier mobility ( ) is shown in equation 1.3. This relationship is generally used to obtain the
charge carrier mobility from the Hall coe cient and electrical conductivity.

2 ig

O Trep ) (L4)

The Fermi integral is a foundational component of single parabolic band analysis. The representation of
the Fermi integral in equation 1.4 is used to condense the Fermi integral down td~; ( ) for convenience.
Within equation 1.4 is energy, is the reduced Fermi level, and j is an exponent that relates to charge

scattering.

_ ks (r+5=2)F(43=5()
- e (r +3:2)F(r+1 :2)( ) (15)

The Seebeck coe cient can be de ned by the Fermi integrals as shown in equation 1.5. Because every
thermoelectric study relies on a Seebeck measurement, equation 1.5 is generally used to backsolve for the
reduced Fermi level. Using a numerical solution, the roots of equation 1.5 can be found, leading to the
reduced Fermi level. Once the reduced Fermi level is identi ed, SPB analysis becomes more
straightforward as no more backsolving is required and direct integration of the Fermi integrals can be
performed. The parameterr is known as the scattering parameter and is usually assumed to be -0.5 for

acoustic phonon scattering.

L = kg S +7=2)F(r45=2( ) (r +5=2)F43=2( ) (1.6)
e (r+3=2)Fs3=2( )  (r+3=2)F(+1=2( ) '

The Lorenz number can be obtained using the Fermi integrals as shown in equation 1.6. The Lorenz

number is a component in the Widememann-Franz law where ¢ = L T , where . is electronic thermal

conductivity, L is the Lorenz number, is the electronic conductivity, and T is the temperature. Electronic



thermal conductivity is then further used to obtain the lattice thermal conductivity by the relation

L= e Where s the total thermal conductivity and | is the lattice thermal conductivity.
e=LT = — 1.7)

The relationship between the electronic thermal conductivity is shown in equation 1.7 where . is the
electronic thermal conductivity, L is the Lorenz number, is electrical conductivity, and T is the absolute
temperature. The equation can be rearranged to use the electrical resistivity instead of electrical

conductivity. This relationship is also known as the Wiedemann-Franz law.

!
(2r +3:2)F(2r+1 =2)( )
(r+3=2)2F2,, _,()

2=3
1

2kg T

3 2hny (1.8)

The equation for e ective mass shown in equation 1.8 provides the relationship between the Hall carrier
concentration (ny ), temperature (T), the Fermi integrals. Analysis of the e ective mass can provide

information about the band edge.
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L

(1.9)

The thermoelectric quality factor, or , is a measure of theoretical thermoelectric performance given
the ability to freely adjust the position of the Fermi level. According to equation 1.9, the quality factor can
be thought of as the ratio of intrinsic mobility ( 0) and lattice thermal conductivity ( ) weighted by the

absolute temperature (T) and e ective massm .
1.5 Defects in Thermoelectrics

Defects in thermoelectric materials are of critical importance as they govern every aspect of the
electronic properties. Like structural materials, defects such as voids, dislocations, and cracks are
important in thermoelectric materials, however, these defects mostly come into play when designing
devices. [17, 18] In conventional thermoelectric material studies, the focus is on defects that contribute to
changes in electronic charge transport or thermal transport properties such as point defects and grain
boundaries. As a well-known examplen-type doping of PbTe is often performed with the addition of
elemental | or Ag that cause ke or Ag; defects. An iodine atom sitting on the tellurium site and a silver
interstitial will both cause an additional electron to be contributed to charge transport. While the above
example appears to be simple, doping using an external dopant (I, Ag in PbTe) is actually quite complex
as the chemical space formally becomes a ternary space. In order to better understand materials and the
e ects of dopants, it is important to take a step back to understand the native defects of a material.

PbTe and SnTe both have a number of native defects that govern their electronic transport properties.

Figure 1.2 shows how the defect formation energies in SnTe and PbTe change depending on the position of



Figure 1.2 Native defects defects and their dependence on the Fermi level for (a) PbTe and (b) SnTe.

the Fermi level. As binary phases, each defect diagram has a cation or anion rich growth condition
associated with it. These growth conditions are based on the assumption that the elemental chemical
potentials for each compound are well characterized, which for a binary compound is quite achievable.
Starting with SnTe, the tin vacancies, Vg, are the lowest formation energy defects with a value below 0eV.
While the Vg, formation energy in the Sn-rich condition is higher than in the Te-rich condition, the
formation energy suggests that \&, will be the highest concentration defect and force SnTe to bep-type.
While PbTe is chemically similar to SnTe, the defects are quite di erent. In Pb-rich SnTe, the lowest
formation energy defect is \fe, an electron donor defect that will contribute to n-type behavior. The
complexity increases when looking at the Te-rich PbTe as the ¥, and Tep, energies are relatively close
and overlap at higher Fermi level positions. In this case, intuition is not so useful for determining the
majority carrier type, instead, absolute defect concentrations must be calculated and summed. Such
calculations are beyond the scope of this work. Experimental studies show that Te-rich PbTe is actually
p-type, suggesting that Vp, defects dominate electronic transport. Further exploration of the native defect

concentrations requires the experimental synthesis technique referred to gzhase boundary mapping
1.6 The Phase Boundary Mapping Technique

Leveraging native defects can be particularly helpful when exploring high dimensional alloy systems. In

our prior work on the PbTe-PbSe-SnTe-SnSe alloy space, the PbTe-PbSe alloy line can Ipetype or n-type



depending on the Pb concentration. If PbTe is synthesized as @-type material but PbSe is n-type, there
will be a bipolar transition along the alloy compositions. As the valence and conduction bands have

di erent electronic properties, bipolar transitions will prevent in depth analysis performed with the single
parabolic band assumptions. To work around this, the PbTe-PbSe alloy lines had to be synthesized in a
Pb-de cient condition to ensure every sample had a majority hole carrier concentration. Advanced studies
on how electronic properties change with cation/anion concentration require the use of theghase boundary
mapping technique.

Phase boundary mapping is a technique that leverages phase equilibria to pin the native defect
concentrations of a material to a speci ¢ concentration. As a simple case example, phase boundary
mapping of PbTe can show the limits of the native n- and p-type semiconducting behavior. If a sample of
PbTe is synthesized in the presence of elemental Pb, the sample will shom+type behavior as electron
donating defects, V4. and Pb;, will have the highest concentrations. Contrary to this, if a sample is
synthesized in a Pb-de cient condition, the sample will be ap-type semiconductor as a result of the
dominant Vp, defects. Growth in a Pb-rich or Pb-de cient condition is hominally driven by synthesizing
PbTe in the presence of elemental Pb or elemental Te. In both of these cases, the nal sample will be a
mixture of PbTe with small amounts of impurity phases. The impurity phases will contribute to electron
and thermal transport behavior, however, an ideal sample for phase boundary mapping has phase fractions
of impurity phases that are present but as small as possible. As bulk samples are being measured by bulk
techniques, impurity phases will a ect the measurements, however, the e ect should be negligible. Changes
in the electronic transport properties of the target material can be 5 orders of magnitude or greater, while
impurity phases will change the properties by an estimated 5% (discussed below in section 1.7).

The technique of phase boundary mapping can be extended to ternary and quaternary compounds but
requires more attention to the phase equilibria. In a 3-element ternary system, the maximum number of
phases in equilibrium with one another is 3. In a quaternary compound, this number grows to 4. Figure 1.3
shows a schematic representation of how partitioning of phases into a matrix phase and impurity phases
occurs as a result of intentional o -stoichiometric synthesis. In Figure 1.3a, a sample (black point) is
intentionally synthesized o -stoichiometry from the ABC compound. At this nominal compasition, the
sample will be made up of mostly ABC with small amounts of B and C impurity phases. The B and C
impurity phases pin the ABC composition to the invariant point highlighted in red. If the sample is
measured for its transport properties, the ABC composition at the red invariant point is sampled, along
with the minor phase fractions of B and C. For a traditional phase boundary mapping study, targeting all
invariant points about the ABC composition will fully sample the range of electronic properties enabled by

native defects. Extending to quaternary systems requires navigating within tetrahedra where 4 total phases



Figure 1.3 (a) Phase boundary mapping in a ternary and (b) phase boundary mapping in a quaternary.

must be present and invariant points lie at the vertices of the tetrahedra (Figure 1.3b).

In alloyed materials, phase boundary mapping can become particularly tricky as few invariant points
may exist across an entire alloy composition space. Figure 1.4 provides an example of the PbTe-pbSe alloy
space within the room temperature Pb-Te-Se phase diagram. Unlike phase boundary mapping of a single
phase, phase boundary mapping of an alloy cannot rely on invariant points. SampleS; and S; in
Figure 1.4 will partition into the single phase alloy phase and an elemental phase (Pb or Te), but there is
no "pinning" of the alloy phase composition. On either side of the PbTe-PbSe alloy line, samples made
PbTe or PbSe rich will always show the same two phases present. If processing conditions are not well
controlled, samples with a nominal stoichiometry ofS; or S, may partition to di erent locations along the
alloy line as noted by the arrows in Figure 1.4. Alkemade lines can be used to understand how a sample
may partition into two phases, but the example in Figure 1.4 is meant to contrast with the highly

repeatable nature of phase boundary mapping single compounds.
1.7 E ective Medium Models in Thermoelectrics

Phase boundary mapping's reliance on the incorporation of defect phases in a material consistently
brings into question the validity of measurements on multiphase materials. Because there are multiple
phases of material present it is possible that the additional impurity phases are driving the measured

electronic properties. In truth, electronic property measurements are skewed by the defect phases, however,



Figure 1.4 The Pb-Te-Se ternary system at room temperature showing a single phase region spanning
PbTe-PbSe. Theoretical samples synthesized with nominal stoichiometries ab; and S, will partition into
two phases; elemental Pb + PbTe-PbSe alloy or elemental Te + PbTe-PbSe alloyS; and S, do not have
invariant points associated with either composition. Alkemade lines are intentionally left o .

if the phase fraction of the defect phases is small enough, bulk measurements on multiphase samples will
have a small o set in properties compared to a single phase material. E ective medium approximations
can be utilized to characterize how properties of single phase materials change as impurity phases are
added. Assuming spherical inclusions in a system af components, equation 1.10 by Landauer [19] predicts
how electrical conductivity of a system will change depending on the phase fractions.; is the phase
fractions of each phase, ; is the electrical conductivity of each phase, . is the e ective electrical
conductivity of the medium, and n is the spatial dimension which is 3 in the case of real world materials. A
numerical solution must be used to solve equation 1.10 for the e ective conductivity. Converting this

equation to resistivity requires the simple relationship =1=.
X : i e =0 (1.10)
: it(n 1)

Figure 1.5 shows an SEM micrograph and a corresponding thresholded micrograph. These images can
be used to approximate the phase fractions of impurity phases in a matrix material. If it is assumed that
Figure 1.5b has a matrix with a conductivity of 1 m cm and the black impurity phases are either much
higher resistivity or much lower resistivity compared to the matrix, an e ective medium model for
resistivity across many di ering phase fractions can be made. Figure 1.6 shows a resistivity value of 1
m cm when the impurity phase fraction is 0. At the 7% impurity phase values shown in Figure 1.5, the

resistivity changes to 1.13 and 0.78 for the high and low resistivity impurity phases. While these di erences
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Figure 1.5 (a) original and (b) thresholded SEM images on a thermoelectric material. Based on the
thresholded image, the impurity phase fraction was calculated to be close to 7%. Note that the scale bars
have purposefully been left o as the focus is on the phase fractions rather than grain sizes or
microstructures. These images highlight how relatively large impurity phase grains can actually comprise a
small phase fraction.

Figure 1.6 E ective medium approximations show how highly resistive or highly conductive impurity
phases change the e ective resistivity. Based on the 7% impurity phase concentration in Figure 1.5, the
grey dashed line shows how the e ective resistivity would be di erent if the impurity phases are highly
resistive (1® m cm) or highly conductive (10 > m cm).
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of 13% and 22% may sound quite high, they are actually very small when compared to the 2{6 orders of
magnitude changes in resistivity that are common with phase boundary mapping studies. The impact of
high and low resistivity impurity phases is so minor in comparison to the defects of the matrix phase that
they may be ignored in most circumstances. Exceptions exist but must be determined on a case-by-case
basis depending on the phase fractions, impurity phase properties, and the properties of the matrix phase.
Many thermoelectric studies will utilize multiphase materials to reduce thermal conductivity and
improve thermoelectric properties. For such studies, e ective medium calculations would provide a baseline
model to understand how the properties change with secondary phase concentrations. In alloy studies, the
materials are ideally single phase and rely on properties that are driven by the electronic band structure
rather than interfacial e ects. E ective medium models are nevertheless important as alloy studies may

still use dilute concentrations of secondary phases to control the native defects.
1.8 Alloying in Thermoelectrics

Alloyed thermoelectric materials have a high number of degrees of freedom that make it possible to
overcome the con icting properties in zT. In order to ensure clarity, it is important to de ne how the term
alloying is used within this work. We de ne thermoelectric alloys as single phase solid solutions between
two or more single phase endmember compounds or elements. In this case, such usage of the tathy is
synonymous with solid solution. This usage is unlike the usage ddilloy in metallurgy, where alloys can be
comprised of more than 1 phase. Compositional exibility drives the high number of degrees of freedom in
alloys. The highest performing thermoelectric materials, PbTe-PbSe, TAGS (AgSbTe-GeTe), BiSbTe, are
all alloys in which the composition has been tuned to identify the highest zT.[1, 3{5, 8] Aside from
empirical optimization, alloying can bene t thermoelectric materials by reducing the lattice thermal
conductivity, improving conductivity through band convergence, or both e ects simultaneously. [4, 20]
Atomic disorder in thermoelectric alloys will preferentially reduce the lattice thermal conductivity of a
material without a major impact on the charge carrier mobility. In extreme cases, a major divergence
between phonon and electron transport is often referred to as "phonon-glass electron-crystal” behavior. [21]

One of the major challenges of alloy studies is that a high number of samples is required if a scienti c
understanding deeper than empiricism is desired. Thermoelectric alloy literature is all too often comprised
of papers where 5-10 samples are synthesized along an arbitrary axis in a 3+ dimensional composition
space. [22{25] Such one-dimensional studies are simple to visualize through traditional plotting techniques,
but leave out crucial information. Fully mapped composition spaces, as shown in Figure 1.7a, enables a
visually intuitive understanding of properties with respect to chemical composition. Unfortunately, alloy

studies like shown in Figure 1.7a are still limited as the maps are xed at a single temperature. Additional
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Figure 1.7 (a) The AgGaTe,-CuGaTe,-AgIinTe,-CulnTe, endmembers show a smooth transition in the
Seebeck coe cient (323K) from the intrinsic to degenerate compounds. The lowest Seebeck coe cient is
found close to the degenerate compounds, CuGa%eand CulnTe,. (b) Temperature dependent band
convergence in a schematic system. Convergence of the light and heavy bands will improve conductivity

while maintaining a high Seebeck coe cient.
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challenges with alloys exist as the native defects of the endmembers are often ignored, leading to an
interpretation of electronic properties that may be a result of mixed native defect concentrations rather
than the alloying itself. Alloy calculations are gaining popularity, however their value may be questionable
as the techniques for the calculations as well as interpretation are still in infancy.

Notable alloy studies in thermoelectric studies tend to focus on understanding the fundamentals behind
the alloy properties rather than focusing on improvements of the thermoelectric gure of merit. The
previously mentioned material, TAGS, is a GeTe-AgSbTe alloy with exceptional performance that has
lead to its use on the NASA multi-mission radioisotope thermoelectric generator program. Originally,

TAGS was thought to be a solid solution, however, high resolution microscopy showed that there are
Sh-rich coherent nanoscale domains that preferentially scatter phonons without a ecting the charge carrier
transport. While this sort of material may be on the edge of the aformentioned de nition for an alloy, this
sort of complexity highlights the need for deep studies on alloys. As another example, band convergence in
the PbTe-PbSe alloy has been identi ed at high temperature. As shown in Figure 1.7b, the band edges of
the L and bands in the PbTe ¢.g5S&).15 alloy are separated by roughly 0.2 eV at low temperature. At
elevated temperatures, the positions of the L and bands converge to the same energy level leading to
increased band degeneracy. Thermoelectric performance is improved as the band degeneracy will increase
the electrical conductivity of the material without any detriment to the Seebeck coe cient. As band
convergence at proper temperatures can be challenging to achieve, exploration of high dimensional alloy

spaces enables compositional optimization focused on targeting unique electronic structures.
1.9 Core Questions and Hypothesis

With the knowledge discussed above, this dissertation poses the following questions:

1. How can native defects be synthetically controlled in semiconductors?

Speci cally, can we develop synthetic strategies to quantitatively change the defect concentrations,
and thus qualitatively change the dominant defects? Likewise, can we eliminate "pinning" defects

that prevent extrinsic dopability?

2. How do these defects a ect transport?

Given the ability to control defect types and their concentrations, what happens to the transport
properties when the dominant defect changes? Does the Fermi level change with the defects? Do
di erent defects preferentially scatter phonons or charge carriers or be indiscriminate? How can
experiment overcome the computational challenges associated with modelling scattering strength for

a given defect?
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3. How does isoelectronic alloying directly a ect semiconductor transport?

Does the band structure of alloys remain coherent or smear? How do changes in alloy endmembers
a ect the electronic band structure? What happens at the band edge, and how is the e ective mass
altered? Does alloying have a preference for scattering phonons or charge carriers? Can changes in

the band gap be predicted for an alloy?

4. How does alloying simultaneously a ect native defects and transport?

Like question 1, is it possible to \pin" the defect concentrations in alloys using similar synthetic
strategies used in single compounds? Given di erent chemistries and structures of alloy endmembers,
how do these endmembers contribute to the properties of the alloy? Such changes in defects are

expected to alter transport through the processes understood by question 2.

Defect concentrations can be controlled by adjusting the elemental chemical potentials, but
experimental intuition has a poor grasp on chemical potential space. Instead, stoichiometry and phase
equilibria are used as a proxy to control elemental chemical potentials. The above questions lead to the
hypothesis of this work.

Hypothesis: Synthetic control of elemental chemical potentials enables studying the dependence of
transport properties on the complex interplay of native defects, dopant defects, and isoelectronic alloying.
This dissertation will address the four core questions and hypothesis through several published and
in-progress manuscripts. The rst author work published in 2019 titled Alloyed Thermoelectric PbTe-SnTe
Films Formed by Aerosol Depositionserves as a preliminary study that sets the stage for deeper studies
into endmember defects and their alloys. Question 1 will be addressed by the rst author work published
in 2020 titled Native Defect Engineering in CulnTe,. The work is a union of computation and experiment

that shows how phase equilibria can be used to control and identify the dominant defects in
semiconducting materials. Building upon question 1, question 2 is addressed by the experimental transport
properties and the defect populations in the planned rst author work Amphoteric Doping in CulnTe to
explain how vacancies and dopant defects preferentially scatter charge carriers and phonons. Question 3
momentarily diverges from semiconductor defect control to develop an understanding of how alloying

a ects semiconductor transport. The planned rst author work Symmetry Breaking in Ge; «MnyTe and
Impact on Thermoelectric Properties displays how alloying between two very di erent endmember
compounds can have dramatic impacts on the electronic structure and therefore electronic transport of
materials. Bringing together all of the knowledge in the dissertation, question 4 will focus on the planned

rst author work Defect Pinning and Transport in the SnTe-SnSe-GeSe Alloyto show how native defects
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can be controlled across an alloy composition space, and how prediction of defect behavior requires deeper

knowledge than an understanding of the defects associated with the endmember compounds.

16



CHAPTER 2
EXPERIMENTAL METHODS

2.1 Synthesis Methods

Many routes for synthesis of thermoelectric materials exist, including solid state synthesis [18], thin Im
deposition [26], solution processing [27], and many others, however, the focus here will be on traditional
melt synthesis techniques. Synthesis of thermoelectric materials starts with obtaining high purity elemental
precursors. Low purity materials will result in uncontrolled doping. Metallic materials such as Sn and Pb
must be cleaned using a solution of sodium hydroxide in order to remove the oxide layers. Elements are
then hand-weighed using a balance along with a Python graphical user interface (GUI) developed to

calculate and record the weighed values (see Figure 2.1).

Figure 2.1 Weighing GUI that enables accurate calculation and recording of weighed elements. The GUI is
written using the Python package tkinter and connects to a Sartorius Analytical balance by the Python
package PySerial.

A weighing GUI signi cantly improves the weighing process as manual calculation of the masses for
ternary and quaternary materials can become quite challenging. Additionally, some elements are more
di cult to weigh than others, so the weighing GUI has a limiting reactant feature incorporated into it. As

a use case example, liquid Hg is challenging to weigh in accurate quantities in comparison to powdered
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elemental materials. If a 5g sample with stoichiometry such as CeHgGeTe, is desired, exactly 1.1013 g of
Hg must be weighed in order to match the mole ratios of the other elements. Weighing mercury in accurate
guantities can be quite challenging because the high surface tension results in massive droplets of mercury.
In the weighing GUI, there is an input that includes the hardest element to weigh such that an element like
Hg may be weighed with low precision and the GUI will automatically recalculate the amounts of the other
elements to achieve the desired stoichiometry. For example, the 59 of GilgGeTe, sample may be desired,
but 1.2 g of Hg is weighed instead of 1.1013g. The GUI will calculate how much extra Cu, Ge, and Te are
required and update those required masses. The sample will end up weighing more than 5g, however, the
mole ratios should be very close to CuHgGeTe,. Additionally, the GUI saves the sample compositions and
actual masses in a database, a user to later double check compositions if a sample shows unexpected
behavior.

Elements are sealed inside of fused silica ampoules under vacuum in order to reduce any oxidation that
may occur during melting or annealing processes. 16" length, 12 mm outer diameter, 8mm inner diameter
fused silica tubes purchased from Technical Glass Products (technicalglass.com) are used to make
ampoules. The 16" lengths are rst pulled into half ampoules using an oxy-propylene torch. Next, elements
are placed into the half ampoules. Half ampoules are then placed into a 0.5" to KF-25 compression tting
with an attached belows valve and placed under vacuum. After a desired vacuum level is achieved
(<100 mTorr), the oxy-propylene torch is used seal the half ampoules into full ampoules. After sealing, the
ampoules (Figure 2.2) are placed into a furnace hot enough to melt the elements and the desired
compound. Shaking ampoules while in the furnace will ensure good mixing of the elements. Depending on
the choice of compound, a slow cool or a water quench may be desirable. Regardless of the cooling method,
a long anneal time (12+ hours) is used in order to homogenize any artifacts from solidi cation or unreacted
elements.

After a sample has been melted, annealed, and cooled down, the resulting ingot must be ground into a
powder to prepare the material for hot pressing. Grinding of an ingot is either performed using a high
energy ball milling machine or by hand using a mortar and pestle as shown in Figure 2.3. Sieving of the
ground powder must be performed in order to make the powder more uniform for both X-ray di raction
and hot pressing. Powders are then loaded into a hot press die (Figure 2.3) and placed into a vacuum
induction hot press under vacuum. A hot press pro le that slowly heats the die is used in order to bake out
the gases that are entrapped in the die and powder surfaces. Once the hot press die has reached the
desired temperature, pressure is applied to the pellet. Graphite dies are generally kept under pressure for

3-12 hours, followed by a pressureless thermal treatment that allows for the residual stresses to be relaxed.
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Figure 2.2 12mm outer diameter fused silica ampoule containing many di erent elements.

Figure 2.3 Sieve, mortar and pestle for grinding, and graphite die set for hot pressing.
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Pellets removed from the graphite dies are initially covered in graphite foil and must be post-processed
to prepare for characterization. A razor blade is used to remove the majority of graphite foil from the walls
of the pellet. Isopropyl alcohol and sandpaper are used to grind the pellet into a 12.7 mm diameter, 2mm
thick pellet (Figure 2.4) using 220 grit sandpaper and a grit progression to 1200 grit. Mirror polishing for
SEM is performed using 2000 grit sandpaper along with 1m and 0.5 m diamond polishing compound.

After polishing, pellets are then ready for the thermoelectric characterization instruments.

Figure 2.4 Polished pellet that is ready for high temperature characterization.

2.2 Characterization Methods

2.2.1 High Temperature Seebeck Coe cient

High temperature Seebeck coe cient measurements are arguably the most important measurement in
thermoelectrics. Measurement of the Seebeck coe cient involves generating a quasi-steady state T across
the sample while simultaneously measuring the voltage response to the T. Figure 2.5a shows a
guasi-steady state slope generated during a Seebeck measurement on SnTe at 683 K. There is a forward
and reverse measurement present, referring to the direction that the T is driven. From an experimental
standpoint, this forward and reverse measurement refers to the fact that a sample can be heated (forward
T) or cooled (reverse T) on the same side to generate the T. When generating the quasi-steady state
slopes in Figure 2.5a, the sample is held xed at an average temperature for which the temperature
dependent Seebeck coe cient is being measured. After the forward and reverse slopes are generated, the
slope of a linear t provides the temperature dependent Seebeck coe cients shown in Figure 2.5b. Each
point in Figure 2.5b is the result of condensing all of the measurements of the quasi-steady state slopes in

Figure 2.5a down to a single point.
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Figure 2.5 a) Forward and reverse quasi-steady state slopes. The T on the x-axis drives the voltage
measured on the y-axis. b) The slope measurements are condensed into the temperature dependent
Seebeck coe cients.

2.2.2 High Temperature Resistivity and Hall E ect

High temperature resistivity measurements are performed using a home built apparatus with a Van der
Pauw contact geometry. The Van der Pauw resistivity measurement utilizes several assumptions that must
be obeyed for accurate measurements. Electrical contacts made with the samples must be ohmic and on
the edges or outer perimeter of a sample. If contacts are not on the edges of a cylindrical pellet shaped
sample, the resistivity measurements will di er depending on where the contacts are placed on the sample.
The next assumption is that samples are thin and of a uniform thickness in comparison to their other
dimensions. Samples that are 12.7 mm in diameter and 1 mm thick have a high enough aspect ratio that
measurements will be acceptable. Uniformity of the samples is important as large holes and voids in the
sample will cause an incorrect reading of the bulk resistivity. While small voids and small pieces of
nonconducting material (fused silica from ampoules) are often incorporated into samples on accident, these
small defects will not signi cantly a ect the resistivity measurement of a material. Care is taken to ensure
that samples are synthesized and prepared in such a way so as to follow the Van der Pauw measurement
requirements.

High temperature Hall measurements use the same measurement geometry as the Van der Pauw
resistivity measurements in Figure 2.6, but the measurements require the use of an electromagnet. Using a
1T Lakeshore electromagnet, Hall measurements are performed by placing a current across a pellet sample
and measuring the transverse voltage that arises as a result of the orthogonal magnetic eld. A forward
and reverse magnetic eld are used to obtain the Hall voltage. Based on the Hall voltage, the Hall

coe cient and resulting carrier concentration are obtained.
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Figure 2.6 High temperature resistivity and Hall e ect measurement stage showing 4-point edge contacts
on a thermoelectric pellet.

2.2.3 High Temperature Thermal Conductivity

Measurements of thermal di usivity are performed using a commercial Netzsch LFA 467 ash
di usivity instrument. The measurement apparatus works by using a ash lamp to input a known quantity
of energy onto one side of a pellet sample. Pellets are coated with graphite spray to reduce re ection of
light from the ash lamp and to improve the emissivity. An infrared detector measures the change in
temperature with respect to time on the other side of the sample. Based on how quickly heat propagates
through the sample, the thermal di usivity of the material can be obtained. Thermal conductivity must be
calculated from thermal di usivity through the equation = ¢ , where is the total thermal
conductivity, is the thermal di usivity, is the density, and ¢, is the heat capacity. The Dulong-Petit
approximation is used to estimate the heat capacity. Heat capacity measurements on a di erential
scanning calorimeter would enable measurement of the heat capacity, however, the heat capacity
measurements at relatively low temperatures € 873 K) will have greater uncertainty in comparison to the
Dulong-Petit approximation. Additionally, the LFA 467 instrument shown in Figure 2.7 can measure heat

capacity, however, the uncertainty is far too large to be of any use.
2.2.4 X-ray diraction

X-ray di raction of both pellets and powdered materials is performed on a Bruker D2 Phaser lab
di ractometer with 2 measurement geometry (Figure 2.8). Powdered materials are placed into an
o -cut silicon zero di raction plate and levelled using a glass microscope slide. Materials that have

signi cant texture (SnSe, other layered materials) are often suspended in vacuum grease before levelling in
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Figure 2.7 Netzsch LFA 467 ash di usivity measurement instrument.

order to reduce grain orientations during di raction. Pellet samples are mounted on clay and levelled using
a microscope slide. All measurements are performed using a 1 mm beam block distance for the sample in
order to improve the resolution. Rietveld re nements to con rm structures and obtain lattice parameters

are performed using TOPAS Academic V6. For powders, an Rwp value of 24 is usually desireable, but for
pellets the minimum Rwp value obtainable is usually close to 50. As pellets have more residual strain and
greater potential for texturing, powders are always the choice for characterization of phases and structural

parameters.
2.2.5 Sound Velocity

Sound velocity measurements are performed using a pulse-echo transducer, a signal generator, and an
oscilloscope connected to a computer. Two di erent pulse-echo transducers are used for the sound velocity
measurements: shear and longitudinal. Both types of transducers can send an acoustic wave through a
pellet sample while simultaneously measuring the echo of the acoustic waves o the backside of the sample.
In order to acoustically couple the transducer to pellet samples, organic honey is used as a coupling
medium (Figure 2.9).

Measurement of the pulse-echo waveforms is performed using a Tektronix TDS 2002C oscilloscope as
shown in Figure 2.10. Each one of the peaks on the oscilloscope screen are representative of a single echo
from the signal that the transducer puts into the sample. Calculation of the sound velocity requires
measuring the amount of time between each peak, and then dividing the time by a factor of 2. Next the
sample thickness is divided by the echo time, resulting in a sound velocity in units of m/s. The time must
be divided by a factor of 2 because the pulses travel forward through the sample, then re ect o the

backside of the sample, and then travel backwards through the sample to the transducer.
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Figure 2.8 Bruker D2 Phaser di ractometer measurement stage.

Figure 2.9 Sound velocity transducer attached to a pellet.
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Figure 2.10 Oscilloscope showing sound velocity waveform from pulse-echo transducer.

Measuring the distance between the peaks in Figure 2.10 can actually be quite challenging, so the
oscilloscope was connected to a computer and a GUI was written to aid with peak location identi cation.
Using Python, VISA, SciPy, and Tkinter, the data acquisition GUI in Figure 2.11. VISA is used to pull the
data from the oscilloscope to the computer. Scipy peak nder is then used to identify the data peaks like
shown in Figure 2.11. Once the peak locations are identi ed, the average spacing between the peaks can
easily be calculated. Using the average peak locations provides a better estimate of the sound velocity in
comparison to a single measurement between two peaks. Sound velocity values measured using the GUI are

automatically uploaded and saved to a central database.

Figure 2.11 Python GUI written to aid with collection and calculation of sound velocity measurements.
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CHAPTER 3
INSTRUMENTATION & TOOLS

3.1 Introduction to Instrumentation

With interest in thermoelectrics growing, commercial instrumentation for high temperature
measurements of thermoelectric properties is becoming more available. Unfortunately, commercial
thermoelectrics instrumentation is slow, expensive ¥ $100K), and requires cutting samples into fragile
geometries; these issues result in a poor cost to productivity ratio. Overcoming such issues with
commercial instrumentation requires designing custom built measurement tools that are tailored to
conventional thermoelectric studies. Modern computer aided drawing (CAD) software is more advanced
than ever, alloying complete instruments, down to the screw, to be designed inside of a CAD program
before any physical building begins. The advent of digital manufacturing enables rapid iteration and
scalability of real world designs.

When designing instrumentation, a set of goals must be outlined to understand what design aspects
require the most attention. For thermoelectric instrumentation, the goals were for instruments are ranked
in level of importance: cost, accuracy, reliability, repairability, and speed. Cost is chosen as the rst design
goal because inexpensive instrumentation can be duplicated and paralellized, leading to increased
productivity. Accuracy is chosen as the second most important goal as a measurement that is wrong will
not be useful and time must be used to measure the sample again. Inaccuracy can be thought of as a reject
on a production line and does not contribute to productivity. Next, instruments must be reliable so that
measurements can always be performed when they are needed. If the instrument needs to be repaired
frequently, time during which samples could be measured will be lost. When it comes time to repair the
instrument, repairs should be straightforward and easy to reduce instrument downtime. Finally,
instruments should be optimized for speed so that more samples can be measured on the instrument.
Speed is ranked as last because speed will only su er if instruments are not already accurate, reliable, and
repairable. These 5 overarching design goals support the development of instrumentation that can

accelerate the study of high dimensional thermoelectric alloy spaces.
3.2 Vacuum Induction Minipress

Conventional thermoelectric synthesis generally uses a form of heated uniaxial compression in order to
consolidate a powder into a dense pellet. Direct current (DC) sintering, often referred to as Spark Plasma

Sintering (SPS) or Field Assisted Sintering Technology (FAST) is gaining popularity as the method allows
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for sintering of hard materials such as silicon carbide or alumina. Commercial direct current sintering
machines tend to be cost prohibitive and overkill for typical thermoelectric materials where the sintering
temperatures are generally below 923K and pressures below 100 MPa. Vacuum induction hot presses have
a simpler design that can easily achieve the sintering conditions for most thermoelectric materials. A low
cost benchtop vacuum induction press (Minipress) has been designed as shown in Figure 3.1 and

Figure 3.2. Unlike a DC sintering machine, the minipress design uses a pneumatic air cylinder as opposed
to a hydraulic cylinder. Pneumatics are cleaner and can be plumbed into house compressed air, thus
removing the need for messy oils and an expensive hydraulic pump system. The load frame of the
minipress is comprised of (4) 1" high-strength steel threaded rods, (16) high-strength steel nuts, and (2) 1"
thick 4140 pre-hard steel plates. The factor of safety on the load frame is greater than 4 when the 6"
diameter pneumatic cylinder is used at its maximum safe pressure of 200 psi. Under normal operating
pressures (40 psi), the factor of safety is closer to 16. The high factor of safety does not signi cantly
increase the costs of the instrument as threaded rods and machined steel plates are inexpensive in

comparison to the rest of the minipress components.

Figure 3.1 CAD mockup of the vacuum induction minipress system showing the major system components.
The air cylinder has a 6" diameter. Copper tubing on the sides is used for cooling the vacuum chamber
during high temperature synthesis. The steel load frame acts as a frame and support for the peripheral
press devices such as pneumatics and electronics.
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