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Abstract
Thermoelectric materials convert waste heat into electrical energy, which
contributes to a sustainable energy future. A high thermoelectric energy conversion
efficiency requires a low thermal conductivity. The chalcogenide compound
Ag16.7Sb30Te53.3 (at.%) (AST) is a thermoelectric material for intermediate
temperature applications (400~700 K). One of the key factors to improve AST
compound efficiency is enhancing phonon scattering to reduce the thermal
conductivity.
The phonon scattering physics was developed in the mid-1950s by Klemens under
the framework of the Debye–Callaway transport model. Since then, the effects of
point defects, dislocations and grain boundaries in phonon scattering have been
extensively discussed in literature. However, there is a knowledge gap in the
relationship between planar faults and thermal conductivity. According to the
Klemens equations, the density of the planar faults as well as their structural and
chemical characteristics are among the experimental parameters to evaluate their
effect on phonon scattering.
The planar faults density in AST is quantitatively examined in this thesis. Like most
crystallographic defects, their distributions are heterogeneous, so that the
characterization needs to cover multiple length scales up to the dimensions of the
specimen in the millimetre scale. Electron channeling contrast imaging is
introduced for the first time to study the density distribution. A number density of
∼108 m-1 was measured at the grain boundaries and only ∼106 m-1 within the grains.
The former density results in a scattering rate comparable to the phonon-phonon
scattering at room temperature.
The scattering rate of a planar fault depends on their character and chemistry
through the Grüneisen parameter. Such characterization needs to be conducted
down to the atomic scale. By aberration-corrected scanning transmission electron
microscopy, different translation vectors was found in AST to the 1/6<112> for
conventional stacking faults. The depletion of Ag (10∼15%) at planar faults
compared to the matrix (20%) was quantified using atom probe tomography.
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These changes affect the Grüneisen parameter, which enhances the phonon
scattering rate by a factor of 2.5~4.8 at the planar faults.
With the understanding of the heterogeneous microstructure, the thermal
conductivity was measured at areas with different planar faults densities. Scanning
thermal microscopy was applied to resolve local reduction of ~2% at the
micrometer-sized high density areas. The multi-length scale microstructure analysis
developed in this PhD thesis demonstrates the importance of crystallographic
defects in phonon scattering. Moreover, the scale-bridging methodology enables
local correlation of the microstructure to the thermal conductivity.
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Chapter 1: Introduction
1.1.

Motivation and objectives

Environmental pollution leads the world to a dramatic state of political and social
problems, leading to an increased demand for clean energy sources. Reducing our
dependency on fossil fuels becomes one of the major concerns since the last century.
At the same time, many efforts are made to find alternative solutions to get through
the energy crisis. Several renewable energy conversion systems can be used to
generate emission-free electricity, such as solar cells, wind and thermoelectric
generators1.
Thermoelectrics have the ability to convert heat directly into electricity, while
automotive exhaust, thermal power plants, waste incinerator, etc., generate a huge
amount of dissipated heat, which can be used for this process1. Their advantages
include being silent with no moving parts, reliable and adaptable to small power
generation systems 2-3.
One of the most known and successful application of thermoelectrics is the
radioisotope thermoelectric generator, which was used to supply power for various
space missions such as Apollo lunar mission and Cassini mission4. Beside power
generation, thermoelectrics can be used as refrigerator for cooling infrared detectors,
computers and other electronic equipment5. Nevertheless, the application of
thermoelectrics is still limited because of their low efficiency. Accordingly, research
is aimed to tune and improve the thermoelectric properties. Improving the efficiency
by reducing the thermal conductivity through microstructure engineering has been
successful6-8.
Recently many research groups paid attention to study potential thermoelectric
materials, ranging from semiconductors, semimetals to ceramic oxides, from thin-film
materials, large single crystals to polycrystalline bulk materials3, 9-10. The investigation
of new bulk materials such as skutterudites11, clathrates12, zintl phases13 and
chalcogenides14- 20, with good thermoelectric performance, opened a new research
field.
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To measure the thermoelectric performance, the dimensionless figure of merit is
used, 𝑧𝑇

𝑆 𝜎 ∙ 𝑇/ 𝜅

𝜅 , with the Seebeck coefficient S, the temperature T, the

electrical conductivity σ and the electronic and lattice thermal conductivities 𝜅 , 𝜅 .
One has to understand the relationship between these properties and the role of both
electrons and phonons to manipulate them in order to achieve a high zT. Minimizing
the thermal conductivity and enhancing the power factor, which is defined as S2σ, are
promising strategies. In short, the best thermoelectric material would have the
properties of a phonon-glass and an electron-crystal21, which means that the materials
should have electrical properties of a crystalline material and the thermal properties of
an amorphous material.
This PhD thesis is carried out in order to understand how microstructural features
affect the thermal conductivity of a thermoelectric material, AST. To characterize the
heterogeneous microstructure, techniques were combined to bridge the millimeter
scale down to the atomic scale. Specifically, grain boundaries containing a high density
of planar faults were studied using electron channeling contrast imaging (ECCI) in the
scanning electron microscope (SEM) to get a statistical view of defects. Subsequently,
focused ion beam (FIB) was used to lift out site-specific specimens from the region
selected by ECCI. Transmission electron microscopy (TEM), scanning transmission
electron microscopy (STEM) and atom probe tomography (APT) were performed to
understand the atomic structure and the chemical changes at the planar faults. Finally,
the microstructure was correlated to the thermal conductivity, which was measured
locally using scanning thermal microscopy (SThM). Klemens equations based on the
Debye-Callaway model were used to understand the correlation between
microstructure and the thermal conductivity.

1.2.

Thesis outline

In order to develop high performance AST alloys, understanding the property-structure
relationships was one of the key points of this thesis. The microstructure can directly
reduce the lattice thermal conductivity and therefore improve the thermoelectric
properties. The thesis outline is as follows:
Chapter 2 contains background and literature review of the thermoelectric materials.
The history, properties and parameters affecting the performance of thermoelectric
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materials and systems are explained. The development of thermoelectric materials is
summarized too. Finally, the AST chalcogenides thermoelectric alloys are reviewed.
Chapter 3 presents the experimental methods and techniques used to fabricate the
AST samples, and to characterize the microstructure of the materials as well as the
ones used for the thermoelectric properties measurements. In addition, the working
principles of these techniques are shortly explained in this chapter.
Chapter 4 presents the understanding of the planar faults observed in the as-quenched
sample at the low angle grain boundaries. The density and distribution of these planar
faults were determined quantitatively. For this, a correlative approach using SEM,
ECCI, and TEM/STEM was applied. The density of defects needed to affect the lattice
thermal conductivity was estimated from the Klemens equations and the DebyeCallaway model. This chapter is based on the published manuscript22.
Chapter 5 contains the results concerning the chemical composition of the planar
faults as observed in the as-quenched sample, which is achieved by combining
STEM/EDX and APT. The local thermal conductivity was measured at the same
boundaries analyzed by the microstructural characterization. A relationship between
the microstructural features and properties was established for AST alloys. This
chapter is based on a manuscript under preparation23.
Chapter 6 provides the information on the thermoelectric properties of AST and
explains the relationship between these physical properties to the structural analysis of
heat-treated samples. Furthermore, the precipitation from planar defects observed by
several microscopy methods are discussed. This chapter includes results based on the
publication24.
Chapter 7 gives the conclusion of this thesis and an outlook for future application of
the correlative approach.

1.3.

Project contributions

The thesis includes collaborative inputs from four other institutions. The Technion
Institute of Technology in Haifa, Israel was responsible for the sample synthesis and
the thermoelectric measurements. The “Nanocharacterization for Advanced
Functional Materials” group based in Aachen University in “I. Physikalisches Institut
IA” performed the APT experiments. The thermoelectric material group in the
3

Department of Material Science and Engineering in Northwestern University in USA
helped in discussing and interpreting the relationship between the microstructure and
thermoelectric properties of the materials. Centre national de la recherche scientifique
(CNRS), INSA-Lyon, Université Claude Bernard Lyon 1, CETHIL Institute in France
measured the local thermal conductivity using SThM. My contribution is the
microstructural characterization using methods such as SEM, FIB, TEM and STEM of
the material in order to identify defects responsible for the thermoelectric properties.
In particular, ECCI in SEM is evaluated for its use to characterize planar defects in
thermoelectric materials at the millimeter to micrometer scale. ECCI is combined with
STEM and APT to bridge the gap down to the atomic scale.
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Chapter 2: Fundamentals on thermoelectricity
and literature review
The aim of this chapter is to introduce the important terms and knowledge of
thermoelectric (TE) materials. Here, the main TE effects and the parameter needed to
improve their performance are explained. A literature review of well-established TE
materials is also given, more specifically for the AgSbTe2 system.

2.1.

Thermoelectric effects

2.1.1. Seebeck effect
Between 1821 and 1851, T. J. Seebeck discovered the first TE effect2. He
demonstrated that heating the junction between two different electrical conductors (i.e.
thermocouples) produces an electromotive force. The thermocouple has a hot end and
a cold end, the electrons and holes in the hot end move faster than those at the cold
end, which creates a higher concentration of charges at the cold end. The concentration
gradient will drive the charges to diffuse back to the hot end, which produce a repulsive
electrostatic force (consequently an electric potential) proportional to the magnitude
of the TE voltage 𝛥𝑉 (also called the Seebeck voltage).
𝛥𝑉

𝑆 ∙ 𝛥𝑇

Equation 2.1

Where S is the Seebeck coefficient with V K-1 as a unit, 𝛥𝑇 is the difference of
temperature with K as a unit.
If the free charges are positive (p-type TE material), they will be accumulated on the
cold side, which gives a positive potential. Correspondingly, negative free charges
(n- type TE material) will yield to a negative potential at the cold end.

2.1.2. Peltier effect
The second TE effect was discovered in 1834 by J. Peltier, who found the passage of
an electric current (I) through an electrical circuit induces temperature changes at the
junction between thermocouples25. Thus, a heat flow (Q) is generated or absorbed at
the junction depending on the direction of the current (I).
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This is the basis for the concept of TE heating or cooling (refrigeration), and it is
expressed as:
𝑄

𝛱∙𝐼

Equation 2.2

Where 𝛱 is the Peltier coefficient.

2.1.3. Thomson effect
In 1855, Thomson (Lord Kelvin) developed the relationship between the Seebeck
coefficient and the Peltier coefficient, given as:
𝑆∙𝑇

𝛱

Equation 2.3

The Thomson effect describes that when a current flows along a single type of
conductor with a temperature gradient, heat will be absorbed from one side and
generated from the other.

2.2.

Thermoelectric generation and refrigeration and the zT

A TE device is built up of TE couples, which consist of p-type (holes as charge
carriers) and n-type (electrons as charge carriers) semiconductors. In the case of a TE
generator, the Seebeck voltage is generated, when a temperature gradient exists across
the device. The temperature gradient produces a difference of carrier concentrations
(Figure 2.1(a)). The opposite case is refrigeration, where the current and the heat flow
are driven by an external power supply in order to cool the part of the device by
absorbing the heat (Figure 2.1(b)).
To measure the TE performance, a dimensionless figure of merit is used:
∙

zT

Equation 2.4

zT relates the electrical conductivity σ, the Seebeck coefficient S, the temperature T
and the thermal conductivity κ. To improve the zT factor, it is necessary to increase
the electrical power factor (S2σ) and decrease the thermal conductivity.
The efficiency η of a given TE power generator26,27,28 is given by:
η=

∙

Equation 2.5
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Where the average temperature of the hot end (Th) and the cold end (Tc) is expressed
as Ta and ZT is referring to the device figure of merit.
In order to attain a sufficient power in a TE generator, which is operated with a large
temperature difference 𝛥𝑇

Th-Tc, the zT of the materials needs to be high across this

temperature range.
For the refrigeration mode, the coefficient of performance (COP) is given by26:
COP=

∙

Equation 2.6

Figure 2.1: Schematic drawing of a TE generator and TE refrigerator. Reproduced
with permission from Ref29. Copyright © (2010) by Springer-Verlag Berlin Heidelberg
service.

2.3.

Parameters needed to maximize zT

“Phonon-glass, electron crystal” is the description of an ideal TE material30. To
achieve this, some essential requirements need to be fulfilled: σ and S have to be as
good as for crystalline materials and a low κ as glass-like materials is required for
7

maintaining the temperature difference31. However, most of the existing materials
rarely accomplish high zT, which limit their commercial application.

2.3.1. Optimization of the carrier concentration
The routes of reaching a high zT are rather complicated. To achieve a high
performance of a TE material, it needs to have a reasonable carrier concentration. As
discussed before, to obtain a high power factor (S2σ), a high Seebeck coefficient along
with high electrical conductivity is required.
S and σ are strongly dependent on the carrier concentration 𝑛 according to the
Equations29 2.7 and 2.8:
𝑚∗ 𝑇

𝑆
𝜎

/

Equation 2.7

𝑛𝑒𝜇

Equation 2.8

Where 𝑚∗ is the effective mass of the carrier (electrons or holes), kB is the Boltzmann
constant, e is the electrical charge of an electron, 𝜌 is the electric resistivity, μ is the
carrier mobility, ℎ is Planck’s constant and T is the temperature.
As shown from the equations 2.7 and 2.8, a higher carrier concentration will lead to a
higher σ and a lower S value. This makes it difficult to tune 𝑛. In a short way, adding
one electron to conductors with fewer carriers creates many available empty states,
bringing large configuration entropy and leading to a large Seebeck coefficient. For
metals, the configuration entropy small leading to a small Seebeck coefficient. On the
other hand, the electrical conductivity increases by adding more and more carriers.
Therefore, to maximize the figure of merit zT, as shown in Figure 2.2, it is necessary
to have a good compromise between large power factor S2σ, high electrical
conductivity and optimized carrier concentration. For the example of Bi2Te332, the
highest zT peak is achieved at a carrier concentration between 1019 and 1020 carriers
per cm3 for operation at room temperature.
Most TE materials are semiconductors, and thus their optimal carrier concentration n*
is a temperature-dependent parameter. n* is different for each material and depends on
the application temperature33. Looking at the relation suggested by Ioffe34
n* = (m*T)1.5, it is evident that TE materials made for low temperature application
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should have a lower n* and materials which can be applied at high temperature have
higher n*.

Figure 2.2: Optimization of zT via tuning the carrier concentration showing the
relation between thermal conductivity, power factor, Seebeck coefficient and electrical
conductivity for Bi2Te3 TE material. Reprinted with permission from Ref1. Copyright
© (2008) by Springer Nature service.

2.3.2. Reducing the thermal conductivity
The thermal conductivity κ consists of the electronic part 𝜅 responsible for the heat
transport by electrons and holes and the lattice part 𝜅 standing for the heat transported
by phonons35. It is given by:
𝜅

𝜅

𝜅

Equation 2.9

𝜅 is related directly to the electrical conductivity through the Wiedemann-Franz law:
𝜅 = LσT = 𝑛eμLT

Equation 2.10

Where L = 2.4×10-8 J2K-2C-2 for free electrons and is called the Lorenz factor.
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A low lattice thermal conductivity is needed to improve the zT, which requires
designing structural features of various length scales to scatter phonons inside the TE
material7. The spectrum of phonons contains a wide range of wavelengths and the
mean free paths of phonons are from less than 1 nm to larger than 10 µm36.
Accordingly, different defects can be used to scatter the phonons.

2.4.

Well-established thermoelectric materials

Thermocouples were first recognized by Altenkirch37 in 1911, who proposed that
reducing the thermal conductivities will improve the performance of the
thermocouples. Only after using semiconductors as TE materials in the 1950s, the idea
of Altenkirch came to practice which led to building of TE generators with good
efficiency38. Between 1960 and 1990, the only commercial materials with a zT of ∼1
were (Bi1-xSbx)2(Se1-yTey)3 alloys. At that time, the TE field was not receiving much
attention from the scientific community. In early 1990s the US space missions and
Department of Defence started encouraging the scientific community to develop new
TE materials for a broader field of applications10. Since then, a wide range of TE
materials were developed and tested as favourable TE candidates as shown in
Figure 2.3.
Different TE materials have zT peaks at different temperature ranges. Therefore, no
individual material can be used at all temperatures in TE applications. For near-room
temperature applications up to 450 K, Bi-Te compounds38-45 were used in refrigeration
over the past half century. An optimized performance of Bi2Te3 is achieved by alloying
with Sb2Te3, Sb2Se3, Bi2Se3, or Sb2S329, which tune the carrier concentration resulting
in an optimized Fermi level. A substitution of Bi by Sb favors the formation of (Bi,Sb)
on Te antisite defects which leads to p-type conductance. On the other hand, the
substitution of Te by Se favors the formation of Se vacancies leading to n-type
conductance46. For the p-type semiconductors with a composition (Sb0.75Bi0.25)2Te347,
the SbTe antisites provide 7∙1019 holes cm-3. The n-type behaviour for a composition of
Bi2(Te0.8Se0.2)329 can be achieved by introducing Se vacancies in the BiTe antisites. The
control of dopant concentration alongside with the well-studied electronic transport
properties and reduction of lattice conductivities made such alloys promising for the
TE industrial application48,49,50.
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The TE material requires an appropriate band gap that is large enough to prevent
excitation of minority carriers. Atoms with less difference in electronegativity are
more favorable. Bi-Te compounds have a narrow band gap of 0.14 eV as measured by
room temperature optical absorption and transmittance51.
Many other compounds were studied such as PbTe52-57 with a range of doping
(0.5 to 1-2% of Na) for p-type conductance leading to an increase in hole density from
3.6∙1019 cm-3 to 1.4∙1020 cm-3 resulting in an enhancement of zT to ∼ 1.4 at 750 K58.
In order to have n-type conductance, Aaron et al.59 investigated I doping in PbTe1-xIx
(x=0.04 to 1 %) from room temperature to 800 K and found that the carrier
concentrations rise from 5.8∙1019 cm-3 to 1.4∙1020 cm-3 revealing zT ∼ 1.4 at 800 K.
Other examples of acceptors for these alloys are Au, Ti, while Zn, Cd, In, Bi are
donors60. Doping increases the carrier concentration and mobility61. In addition,
systems like GeTe and SnTe62-65 were mainly used for mid-temperature power
generation (500 - 900 K).
Si-Ge compounds were effectively used for high-temperature (> 900 K) application
for both p-type and n-type parts in a TE generator66. Their zT reaches ∼ 1.3 at
900 °C67. As this compound has a diamond structure, they have a high lattice thermal
conductivity, which limit their zT68 and overall performance.
Complex crystal structures were used as a strategy to reach the phonon glass behavior
without destroying the crystallinity necessary for good electron transport.
Skutterudites (CoSb3)69 have a crystal structure described often as a cage structure with
many voids where interstitial atoms can be filled in and reduce the κL, while possessing
reasonable mobile charge carriers. A good example is YbxCo4Sb1270. Another class
similar to the skutterudites are the clathrates compounds, which have open structures
where loosely bound guest atoms can be inserted, resulting in a large number of atoms
in their unit cell. They exhibit also low κL of 0.5 W∙m-1∙K-1 such as in the
YxBa8- xGa16Ge30 system (x = 0.7)71.
Zintl compounds such as Yb14MnSb11, Yb11GaSb9 or SrZnSb2 have large unit cells.
They have shown intrinsically low κL of 0.4 W∙m-1∙K-1 at 600 K for
Yb14Mn0.6Al0.4Sb1172. Half-Heuslers alloys73 were widely studied as potential hightemperature TE materials because of their sharp slope of density of states near the
Fermi level74 and narrow band gap in the order of ∼ 0.1-0.2 eV for MnNiSn
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compounds75. Their large S and high σ makes their power factor high such as
3∙10- 3 W∙m-1∙K-2 for Hf0.75Zr0.25NiSn0.96Sb0.0475.

Figure 2.3: Plot of figure of merit versus the applied temperature of high performance
TE materials. Reproduced with permission from Ref.6. Copyright © (2010) by Springer
Nature service.

2.4.1. Silver-Antimony-Tellurium AgSbTe2 compounds
The

AgSbTe2

compound

has

been

studied

experimentally4,76-77

and

computationally78- 79 as a potential TE material for the temperature range 400-700
K15,20,80-83. AgSbTe2 belongs to the cubic I-V-VI2 semiconductors, where the group I
elements are Cu, Ag or Au, the group V elements are P, As, Sb or Bi, and the group
VI elements can be S, Se, or Te84. AgSbTe2 alloys have a NaCl crystal structure
(Fm3m)85-86, where Ag and Sb atoms are randomly occupying the Na-sites, while the
Te is sitting at the Cl-sites (a0=6.078 Å)87 as shown in Figure 2.4.
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Figure 2.4: AgSbTe2 unit cell drawn with VESTA software, crystal structure according
to88.

The disordered cubic lattice structure of the δ-phase makes the lattice thermal
conductivity of AgSbTe2 intrinsically low in the order of 0.6-0.7 W∙m-1∙K-1 at room
temperature82. 𝜅 is limited by the phonon-phonon Umklapp processes82 to its
minimum value in cubic I-V-VI2 semiconductors for bulk materials, as the phonon
mean free path in such groups is equal to the interatomic distance. The low lattice
thermal conductivity makes AgSbTe2 a good candidate for TE application.
The experimental pseudo-binary Ag2Te-Sb2Te3 phase diagram89,16 is shown in
Figure 2.5. AgSbTe2 decomposes into a two-phase region of Ag2Te and δ between 633
K to 848 K. XRD work89-91 showed the existence of Ag2Te in AgSbTe2 but there was
no clear evidence whether this is a result of a solid-state precipitation or an eutectic
solidification process. The Ag16.7Sb30Te53.3 compound chosen for this PhD work is
based on a previous study of Sugar and Medlin87, 92. Its composition deviates from
AgSbTe2 and is referred as the δ phase within this thesis. Here the single-phase δ
region is placed between 633 and 848 K extending up to 31 at.% Sb, which
decomposes into Sb2Te3 (ε) and face centered cubic (FCC) β-Ag2Te below 633 K.
When β-Ag2Te is cooled down below 418 K, a transformation to the monoclinic α
phase occurs. At elevated temperature over 1000 K, β-Ag2Te transforms to body
centered cubic γ-Ag2Te.
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Figure 2.5: Experimental pseudo-binary phase diagram of Ag2Te and Sb2Te3,
reproduced with permission from Ref17. Copyright © (2009) by Elsevier B.V service.
The solid black line marks the composition used in this PhD thesis.

2.4.2. Effective alloying and doping in AgSbTe2 compounds
Doping in semiconducting TE increases the carrier concentration, and the TE materials
perform best with degenerate carrier concentrations93. Over 50 years ago, Rosi et al.94
have introduced AgSbTe2 as a promising TE material with a zT of 1.3 at 720 K.
Alloying AgSbTe2 with PbTe and GeTe increases its performance. A zT = 1.5 was
achieved at 800 K for (GeTe)1-x(AgSbTe2)x95,96,97 (0.80 < x < 0.85) and zT = 2.2 at
800 K for (PbTe)0.18(AgSbTe2)8,98,99 named as the TAGS and LAST systems
respectively.
Several groups investigated the doping effect on AgSbTe2 alloys. Doping AgSbTe2
with Se was favorable100, as the stoichiometric composition AgSbSe2 is
thermodynamically stable and has a cubic structure up to its melting point. Moreover,
electronic structure calculation101 showed that by replacing Te with Se, the indirect
band gap increases. Du et al.100 found a zT = 1.37 at 565 K in AgSbSe0.02Te1.98,
reaching a 25% improvement than the zT of undoped AgSbTe2 at similar temperature.
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A zT of 1.2 at 573 K102 was revealed for a polycrystalline p-type Ag0.9Sb1.1-xMnxTe2.05
with x = 0.1. Due to the replacement of Sb with Mn, the electrical conductivity
increased, which leads to a higher power factor of 1.37∙10-3 W∙m-1∙K-2 compared to
other doped samples in the same work.
The substitution of La on the Sb site within a compound of Ag(Sb1-xLax)Te2
(x = 0∼0.05) was also efficient, leading to a Seebeck coefficent of 358 µV/K for
x=0.02 at 150°C, a power factor of 1.4∙10-3 W∙m-1∙K-2 for x = 0.01 and carrier
concentration of 1019/cm3 103 .
Mohanraman et al.104 studied the role of Bi doping with high concentration in AgSbTe2
using Ag(Sb1-xBix)Te2 and found a zT = 1.04 0.08 at 570 K for x= 0.05, 10% higher
than undoped AgSbTe2. They have also studied In doping in AgSbTe2105,
Ag(Sb1- xInx)Te2 with (x = 0, 0.03, 0.05, and 0.07). The highest Seebeck coefficient
(230 µV/K) and power factor of 1.35∙10-3 W∙m-1∙K-2 at 450 K was achieved for a
sample with x=0.07. A carrier concentration of 7.9∙1019/cm3 was obtained, which led
to a maximal zT of 1.35 at 650 K, 40 % higher than undoped AgSbTe2 at the same
temperature.
In 2017, Roychowdhury et al.106 reported a higher zT of 1.9 in p-type AgSb1-xZnxTe2
at 585 K. The successful substitution of Zn2+ at Sb3+ sites in AgSbTe2 increased the
electrical conductivity (227 S∙cm-1) at 632 K and led to a Seebeck coefficient of
17.3 µV/K at 585 K for a sample with x= 0.04 as Zn2+ played the role of acceptor
dopant in AgSbTe2. The thermal stability of the studied compound increased as Zn
doping suppressed the formation of the Ag2Te secondary phases.

2.5.

Defect incorporation to reduce thermal conductivity

The lattice thermal conductivity 𝜅 is a result of atomic vibrations, which transport heat
through the lattice. Since no charge is involved here, there is no relation to an electric
field, and the temperature gradient is the only driving force for the heat flux. The
crystalline lattice might contain several defects such as point (0D), line (1D), planar
(2D), or volume defects (3D). Defects disturb the local atomic arrangement. The
presence of such defects can significantly modify the thermal properties of TE
materials107 as shown in Figure 2.6, where the scattering mechanism of different
defects is visualized. All of these defects can play a critical role in determining the TE
performance when present in high volume densities108.
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Figure 2.6: Schematic drawing of phonon scattering mechanism and electronic
transport inside a TE material. Adapted with permission from ref.7. Copyright ©
(2010) by WILEY‐VCH service.
According to the Debye Callaway model109 the temperature-dependent lattice thermal
conductivity 𝜅 is expressed as:
/

𝜅

ℏ

𝜏

𝑥

𝑑𝑥

Equation 2.11

Where 𝑣 corresponds to the speed of sound in the material, ℏ to the reduced Planck’s
constant, 𝜃 to the Debye temperature, 𝜏
𝑥

to the phonon relaxation time and

ℏ𝜔⁄𝑘 𝑇 where ω is the angular phonon frequency, T is the temperature and 𝑘

is the Boltzmann constant.
The total relaxation time τ can be described as the time that the system needs to return
from its perturbed state caused by the phonon scattering processes to its equilibrium.
The scattering rate is the inverse of the relaxation time. It has contributions from all
defects mentioned above, besides the phonon-phonon scattering, given by the
equation:
𝜏

∑ 𝜏

𝜏

𝜏

𝜏

𝜏

𝜏

𝜏

𝜏

Equation 2.12

𝜏 and 𝜏 are the relaxation times for the normal phonon-phonon scattering and for
the Umklapp phonon scattering respectively. The phonon-phonon scattering is a
process where the total crystal-momentum is conserved and it does not contribute to
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the thermal resistance, but they still transfer energy between phonons and avoid large
fluctuation from the equilibrium distribution110. In the Umklapp scattering, the total
crystal momentum is not conserved, as this process favors the restoration of nonequilibrium phonon distribution, which gives rise to thermal resistance110. 𝜏
relaxation time for point defects. 𝜏

and 𝜏

is the

are the relaxation time from scattering

by the dislocation core and the dislocation strain field, 𝜏

is due to scattering by

stacking faults and 𝜏 by interfaces.

2.5.1. Point defects
Point defects can be present inside the crystal as a vacant atomic site, called vacancy,
or as an interstitial by an atom occupying a non-lattice site, or an atom sitting on an
antisite. These three types are called intrinsic point defects. There are also extrinsic
point defects such as impurity atoms, which can be substitutional when the impurity
atom replaces another atom from the lattice, or interstitial when the impurity atom
occupies a non-lattice site.
Point defects formation in TE alloys were used as a successful strategy to enhance
phonon scattering due to the anharmonic lattice vibrations. According to Klemens111,
point defects results in a relaxation time of 𝜏

∝ 𝜔 .

2.5.2. Dislocations
Dislocations were first introduced by Taylor113 as an irregularity of crystal structure
after deformation which may occur by atomic plane sliding over each other in tension
or compression tests. Geometrically, there are two basic types of dislocations, edge
and screw114-115 as shown in Figure 2.7. The edge dislocation is due to the existence of
an extra half plane of atoms. The magnitude and direction of the lattice distortion is
assigned as the Burgers vector b marked with the blue arrow in Figure 2.7(a). This
vector is for an edge dislocation, normal to the dislocation line.
Screw dislocations are a type of line defect in which the planes of the atoms inside the
crystal lattice make a helical path around the dislocation line as visualized in the
Figure 2.7(b). Unlike edge dislocation, the Burgers vector is parallel to the line of
dislocation as marked with the blue arrow. A dislocation can have a mixture of edge
and screw components107.
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Figure 2.7: Illustration of edge dislocation (a) and screw dislocation (b). Reproduced
with permission from Ref.113. Copyright © (2009) by Springer Science Business Media
service.
Dislocations can effectively scatter phonons115-116. The frequency dependence of
phonon scattering via dislocation strain fields is 𝜏
𝜏

∝ 𝜔 , and for dislocation cores

∝ 𝜔 . Chen et al.118 discussed that the dislocation density within grains

efficiently reduces the κL if it is ND ≥ 4∙1012 cm-2 in PbTe based systems alloyed with
Eu-Na. Adding Na increased the dislocation density which affects directly κL117.
Similar dislocation density in grains was obtained in Pb1-xSb2x/3Se solid solution by
Chen et al.118. An order of magnitude lower dislocation density ND = 2∙1011 cm-2
located at grain boundaries was achieved by liquid-phase compaction116 of
Bi0.5Sb1.5Te3 TE alloys.

2.5.3. Stacking faults
Stacking faults (SFs) are planar defects where the stacking sequence of the crystal is
disrupted. The stacking direction is [111] in a FCC lattice, as the close-packed planes
are {111} planes. Perfect dislocations in a FCC structure with b = 1/2<110> may split
into two partial dislocations with b = 1/6<112> creating a stacking fault in between.
Two types of stacking faults are found in the FCC structure, intrinsic SF in which an
extra layer is removed from the perfect sequence or extrinsic SF in which a layer is
introduced into the perfect sequence as shown in Figure 2.8. The effect of planar faults
in general on the phonon scattering is discussed in Chapters 4 and 5.
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Figure 2.8: Schematic drawing of a perfect sequence ABC of a FCC structure
including an intrinsic SF produced by removing one atomic layer from the crystal and
extrinsic SF produced by inserting one atomic layer into the crystal structure.
Reproduced from119.

2.5.4. Grain boundaries
A grain boundary (GB) is a 2D defect, and it is an interface joining two single crystals
with different orientations but same composition. A rotation angle θGB around a
specific axis cGB identifies the misorientation between two different grains. It is
possible in a FCC material to have different equivalent descriptions of misorientation
using different cGB120. There are two main types of GB, high-angle GB (HAGB) with

θGB≳ 15° and low-angle GB (LAGB) with θGB ≲ 15°. The GB plane can be described
with the normal vector nGB . A tilt GB has nGB ⊥ cGB and a twist GB nGB ∥ cGB. Some
GBs consist of both twist and tilt components and they are called mixed GB.
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 Mosaic Structure
A mosaic structure consists of perfect crystallites (sub-grains) of microns to submicrons size which are oriented almost but not exactly parallel to one another. The
perfect crystals are tilted by 1°∼3°121-125, and the microstructure appears as a single
crystal in diffraction but includes a number of LAGBs. LAGBs are built by an array
of dislocations¸ as first proposed by Darwin121. Mosaicity can serve TE materials in
improving their performance. Like in the study case of He et al.126 where a mosaic
crystal of Cu2Se0.52Te0.48 bulk TE material resulted in an excellent σ. While the LAGBs
with 10-20 nm size grains were still very efficient in scattering the heat conducting
phonons resulting in 𝜅

0.8 W∙m-1∙K-1 at 650 K and 𝜅

0.5 W∙m-1∙K-1 at

1000 K126, leading to a zT of 2 at 1000 K. A schematic drawing of a mosaic crystal
compared to a single crystal and polycrystalline structure is shown in Figure 2.9.

Figure 2.9: Schematic drawing of a single crystal, polycrystal, and mosaic crystal.
The arrows shows the alignment of the crystal grains. Reproduced with permission
from Ref126. Copyright © (2015) WILEY‐VCH Verlag GmbH, Weinheim.
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Chapter 3: Characterization Methods and
Experimental Details
3.1.

Electron microscopy

This chapter summarizes the characterization techniques used in this thesis. Each
technique is described briefly. At the end of the chapter, the experimental conditions
used are given. This chapter has referenced texts from different textbooks127-134.

3.1.1. Scanning electron microscopy
A scanning electron microscope (SEM) is a scientific apparatus that employs a beam
of electrons (energies from ~ 0.1 to 30 keV) to generate magnified images and to
acquire spectroscopic data. Information about the size, composition, shape,
crystallography and other physical and chemical properties of the sample can be
obtained.
The basic working principle of the SEM is described in the following. An electron
beam is generated in a high vacuum by either a thermal or a field emitter. The emitted
electrons are accelerated towards the anode to adjust their velocity and modified by
apertures, electrostatic and/or magnetic lenses, and electromagnetic coils, as shown in
Figure 3.1. The diameter of the beam is successively reduced and finely focused on
the specimen. The beam irradiates the sample, and several interactions of the electron
beam may occur. For SEM imaging, two signals are important. Secondary electrons
(SEs) are produced inside the sample by the incident beam. They can escape from the
sample surface with a low kinetic energy in the range of ~0-5 eV and from a depth of
∼5-50 nm. The SEs are often detected with a so-called Everhart Thornley detector
(Figure 3.1). Moreover, backscattered electrons (BSEs) consist of electrons that leave
from the sample with a great fraction of their incident energy. Higher atomic number
of the elements leads to higher BSE signal. Therefore, a BSE image appears brighter
in areas where heavy elements are located, and vice versa. BSE signal is specially used
to distinguish phases inside the specimen that have different average atomic numbers
(secondary phase). The BSE detector displayed in Figure 3.1 collects these electrons.
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3.1.2. Electron backscattering diffraction
SEM offers many additional techniques, which allow to obtain more information about
the samples such as chemical and crystallographic information. In this work, electron
backscattering diffraction (EBSD) was used to reveal crystallographic information.
The resulting EBSD Kikuchi pattern collected by a EBSD detector (Figure 3.1)
supplies information on the specific crystal orientation and phases of the sample.

Figure 3.1: Illustrative drawing of SEM setup127 and its different detectors. Depending
on the technique, the specimen is titled as indicated in the figure.

3.1.3. Electron channeling contrast imaging
In addition to the methods mentioned above, controlled channelling contrast imaging
(cECCI) was applied127. This technique is mainly used to observe planar faults,
dislocations, grain boundaries, and precipitates from the micrometer scale to several
tens of nanometer. It provides an overall statistic on defects all over the bulk material.
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The phenomenon of electron channeling allows accessing the diffraction contrast
information in the SEM. The incident beam electrons channel into the crystal without
any strong interaction with it, when the primary beam almost exactly fulfills the Bragg
condition with one of the lattice planes. Thus, the matrix of the material appears dark
when it is in the channeling condition. The presence of crystal defects such as
dislocations or planar faults will block the electron channeling process. As the lattice
is disturbed, backscattering occurs and the defects appear bright in the dark matrix.
Imaging crystal defects in ECCI with an ideal diffraction contrast is obtained by tilting
the crystal exactly toward the 2-beam diffraction condition for a well-defined and
chosen set of diffracting lattice planes represented by their g-vectors. Therefore, the
orientation information of the region of interest is needed. For this, an EBSD scan of
an interesting region is performed first. The information about the crystal orientation
(Euler angles) are fed into the TOCA computer program127 to determine the tilt and
rotation angles which are required to obtain the two-beam diffraction conditions based
on Kikuchi map simulations. Finally, the microscope stage is placed according to the
well-defined tilt and rotation values obtained from TOCA, resulting in the ECCI
contrast to recognize defects.
Figure 3.2 summerizes all the above mentioned steps. Grain 1 is tilted toward 2-beam
channeling condition, where the grain appears dark. Grain 2 is oriented to
backscattering conditions and appears bright. Using the TOCA software the
misorientation angle and planar fault planes can be determined with the help of the
sterographic projection, and compared with the obtained EBSD data. This will be
further discussed and shown in the result section, Chapter 4.

3.1.4. Energy dispersive X-ray spectroscopy
To measure the elemental composition of the sample in SEM, element-specific X-rays
is used in energy dispersive X-rays spectroscopy (EDX). The X-rays are generated by
inelastically scattered electrons in the bulk sample. The energy transfer can be used to
remove electrons from the inner-shell. Thus, the atom is ionized and the unoccupied
state is filled by another electron from the outer shell associated with the emission of
either an X-ray or an Auger electron. The element-specific X-rays detected contain
information about the chemical composition of the elements within the beam-excited
interaction volume (except from H and He, which cannot produce X-rays). Afterwards
an X-ray spectrum is measured using an EDX spectrometer (Figure 3.1), which can
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identify photons in the range of (40 eV ~ to 30 keV). In this thesis, EDX was used in
both SEM and TEM.

Figure 3.2: Illustration of steps used for controlled ECCI technique for determining
translation vectors of the planar faults in an AST polycrystalline sample.

3.1.5. Transmission electron microscopy
Conventional TEM (CTEM), STEM and high resolution TEM (HRTEM) and
associated spectroscopies can supply microstructural, compositional, crystallographic
and electronic structure information of thin foil samples.
Figure 3.3 shows a schematic drawing of a TEM. The electrons are accelerated with a
high voltage of 200-300 kV from the electron source which is usually a thermal emitter
(W or LaB6 crystal) or a field-emission electron source toward the anode. The
microscope contains three important electromagnetic lens systems: (1) the condenser
lens system, (2) the objective lens and (3) the intermediate and diffraction lenses.
The condenser lens has the function of focusing and transferring the electrons from the
gun toward the specimen and governs the size and the current of the incident beam.
The electrons interact with the specimen and are scattered by the Coulomb potential
of the atoms. For crystalline samples, Bragg diffraction can occur resulting in a
diffraction contrast. Another type of contrast called mass-thickness contrast is due to
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the atomic number Z, the density of the material and the specimen thickness, in both
crystalline and amorphous materials.
The objective lens creates a first magnified image after the interaction between the
specimen and the electron beam. Varying the field strength of the objective lens is the
primary way of adjusting the focus of the images in TEM. The image resolution is also
determined by the objective lens, in particular by its aberration coefficients.
The intermediate and diffraction lenses are the lenses responsible for magnifying the
first image and providing the desired mode, either imaging or diffraction mode. The
projector lens is the last lens, which projects the final image or diffraction pattern onto
the viewing screen or detector (Figure 3.3).
Several modes are available such as selected area electron diffraction (SAED), bright
field (BF), and dark field (DF) imaging for analyzing the defects in the material;
examples are shown in Figure 3.3. The SAED mode was used to obtain diffraction
patterns (DP) of specific areas. For this, a selected area aperture is used to define an
area of the specimen in the first image. BF imaging is achieved when the objective
aperture is located around the central spot of the direct beam. Areas containing
elements with high Z or high crystallinity will strongly scatter and appear darker while
other areas with low scattering will appear brighter in the BF image.
There are two principal types of DF image formation. For off-axis DF, the aperture is
centered around one diffracted beam, which blocks all diffraction spots other than the
one corresponding to the diffracting plane hkl. The resulting areas appear bright inside
the dark background from the rest of the specimen. The other is an on-axis DF mode,
where the diffracted beam is tilted and brought to the optical axis. The objective
aperture is then centred. The on-axis DF mode serves in reducing the effects of lens
aberration, which enhances the quality of the DF images.
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Figure 3.3: Illustrative drawing of TEM setup and the different techniques, modified
after113. On the right side exemplary images of a DP where the direct and diffracted
beam are circled with red and blue rings along with BF and DF images of an AST
sample annealed for 8 h at 380°C, are shown.
 Weak beam dark field technique in TEM
The weak beam dark field (WBDF) technique114 is mainly used for analyzing defects.
In this work, it was used to specifically study planar faults or dislocations. It is
important to determine the type of these planar and linear defects by finding the
translation vectors for planar faults or Burgers vectors for dislocations. In the WBDF
imaging the essential information are usually transferred by weakly excited beams
from the diffraction-contrast images formed in DF TEM mode as it supplies a strong
contrast where only the defects appear bright in a dark matrix.
The principle of the WBDF method is based on on-axis DF imaging by utilizing a
diffracted beam with large excitation error (which is a vector denoted as sg measuring
the deviation from the exact Bragg condition) for the area free of defects in the sample.
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Because of the weak intensity, the defect free area appears dark. Around the defect
area, the hkl plane is deflected toward the Bragg diffracting orientation, thus the Bragg
condition is satisfied locally, which makes the defect line or plane appearing bright on
a dark background. Figure 3.4 is showing the steps followed for realization of WBDF
images. A particular diffraction vector g is chosen and brought onto the optical axis,
thus the g3g reflection becomes stronger, and the excitation error sg becomes larger
(see Figure 3.4).

Figure 3.4: a) Schematic drawing showing the orientation of the Ewald sphere when
tilting to 2-beam condition, so that g is excited and sg is close to 0, b) showing the
beam tilt to excite the g3g condition, while bringing g to the optical axis and making
sg larger compared to a.) Figure modified with permission from Ref.113Copyright ©
(2009) by Springer Science Business Media service.
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3.1.6. High-resolution transmission electron microscopy
The objective aperture used for generating diffraction contrast in CTEM is not used in
the high-resolution TEM (HRTEM) mode. Therefore, all transmitted electrons are
contributing to the image formation. The parallel electron beam illuminating the
specimen is treated as a plane wave. The phase of this plane wave is shifted when the
beam transmits the sample because of the interactions between the electrons and
nuclei, specifically the scattering at the Coulomb potential of the atoms. Each electron
wave leaves the specimen with a phase shift, which depends also on the thickness of
the sample, and is called exit wave. The exit wave function contains all the information
about the specimen. The intensity measured on the screen is proportional to the
modulus square of the exit wave. This makes it difficult to interpret the image and
simulation is needed to determine the atomic positions. Due to spherical aberration and
the defocus, the objective lens does not transfer all the spatial frequencies of the exit
wave, which limits the spatial resolution of HRTEM. However, spherical aberration
correctors are available nowadays allowing to achieve a resolution of <1 Å.

3.1.7. Scanning transmission electron microscopy
The electron beam in STEM is converged and scans over the specimen as in a SEM.
However, in STEM, the detected electrons are transmitted and scattered with angles
ranging from few mrad to hundreds of mrad. Three different detectors can be used to
obtain a STEM image: (1) bright field (BF), (2) annular dark field (ADF), and (3) highangle annular dark field (HAADF). Independent of the detector in STEM, the intensity
is integrated over the entire area of the detector. The most used detector is the HAADF,
which detects the incoherent, elastically scattered electrons (Rutherford scattering).
The Rutherford scattering cross-section is proportional to Z2 and specific collection
angles, which are used to define the electrons contribution to the total intensity of each
scanning point. The interpretation of a STEM HAADF image is based on the Z2
dependence and the intensity differences are related to changes in the atomic
composition. Atomic columns of heavy elements appear bright, while dark appearing
regions are associated to light elements or free space between atomic columns. The
spatial resolution in STEM images is largely determined by the size of the electron
beam and the specimen thickness. If a corrector for the spherical aberration of the
condenser lens is used, an electron beam size of < 1 Å can be obtained.
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3.1.8. Focused ion beam
The sample preparation for TEM was mainly done using a focused ion beam (FIB)
sectioning technique integrated in an SEM. In a FIB, a Ga ion beam is used.
Figure 3.5(a) shows the chamber of the microscope with an angle of 52° between the
SEM and FIB. To obtain a thin foil (less than 100 nm) from the bulk specimen, a liftout technique was employed135. Secondary electron micrographs taken at the different
preparation steps from the lift-out to the thinning are displayed in Figure 3.5.
The steps for making a TEM lamella are as follows:
1) For electron-assisted deposition, the gas injection system (GIS) is used to deposit a
Pt or C layer of 0.2 µm thickness (typically 15 µm length and 2 µm width) to protect
the surface of the sample during the following steps. The electron beam with an
acceleration voltage of 5 kV and a beam current of 1.4 nA was used and the stage was
set to 0° tilt. Then with a tilt angle of 52° of the sample towards the FIB column,
another Pt or C layer with 1 to 3 µm thickness is deposited (Figure 3.5(b)). For this,
30 kV Ga ions with a beam current of 80 pA are used.
2) Next 5 to 10 µm deep the surrounding bulk material was removed with the help of
the Ga beam (Figure 3.5(c)), using 30 kV and 6.5 Na. The sample was kept tilted to
52° in this step. For the TEM investigations presented in this thesis, the height of the
lamella prepared were at least 8 µm.
3) Tilting the stage back to 0° in order to cut free the lamella from the bottom (Figure
3.5(d)), followed by attaching the manipulator and lifting out the lamella from the bulk
as shown in Figure 3.5(e).
4) Attaching the lamella to the Cu TEM grid with the help of Pt deposition
(Figure 3.5(f&g)) from both sides at a tilt angle of 0°.
5) The last step is to tilt the lamella back to 52° 1.5°, and start thinning to electron
transparency (50∼100 nm, Figure 3.5(i)) with an acceleration voltage of Ga ions of 30
kV and 0.5 nA. When the lamella is already thin, a 5 kV and 14 pA Ga beam is used
for the final polishing.
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Figure 3.5: SEM images illustrating the main steps to prepare an electron-transparent
TEM lamella by the FIB lift out technique.

3.2.

X-ray diffraction

XRD is used to characterize materials on a macroscopic scale. It allows the
determination of lattice parameters and crystal structure of the measured samples in
most cases, monochromatic X-rays hit the sample and are scattered. This produces a
diffraction pattern, which contains the information about the atomic arrangement. In
particular powder XRD was used in which the diffraction pattern is obtained from a
powder of the material136-137. The diffraction patterns are converted to a plot of the
intensity as a function of the angle 2θB. Maxima occur when the Bragg equation is
fulfilled:
2𝑑

𝑠𝑖𝑛𝜃

integer ∙ λ

Equation 3.1

Here λ is the wavelength of the X-rays, dhkl is the lattice spacing of the material; θB is
the Bragg angle.

3.3.

Atom probe tomography

In this thesis, APT was used to get insight in the chemical composition of the planar
defects, dislocation and precipitates in the material at the near-atomic scale. A 3D30

tomograph of the analyzed sample is reconstructed by a consecutive removal of atoms
(as ions) from a needle-shaped specimen, through the so-called field-evaporation. The
specimen is exposed to an electric field and the atoms are being ionized and removed
from the specimen surface. The resulting ions are accelerated by the surrounding field
towards a 2D position-sensitive detector 138-139 (Figure 3.6). The lateral positions in the
specimen are detected and the time of flight between the pulses and the impact on the
detector is recorded as well. Consequently, the ion´s chemical identity, more precisely
its mass over charge ratio are determined.
Experimentally, an ultra-high vacuum with a pressure in the order of 10-10 Pa is needed.
The needle-shaped specimen is placed on a movable stage inside the chamber as shown
in Figure 3.6, and finally aligned in front of the local electrode. The stage is later cooled
down to ∼ 40 K and then connected to a direct current (DC) high voltage power supply
generating an electrical field. Then a high voltage pulse in voltage-pulse mode, or a
pulsed laser is focused onto the tip in laser-pulse mode. Both lead to the evaporation
of ions from the tip.

Figure 3.6: Sketch showing the experimental setup of an APT. The local electrode
atom probe and the field evaporation of atoms at the specimen tip is induced by either
voltage pulses or laser pulses. Image adapted with permission from ref.138,
Copyright © (2015), Springer-Verlag Berlin Heidelberg service.
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3.4.

Experimental details

In this section, the experimental setups used for microstructural characterization,
measurement of TE properties, and the sample fabrication are explained. It is based on
several published manuscripts22-24.

3.4.1. Sample fabrication
The AST sample fabrication was based on the preparation routes published by Sugar
and Medlin16, 141. The sample was prepared by melting of pure elemental powder of
Ag (5 N), Sb (5 N), and Te (4 N) in an evacuated (< 1.3∙10-3 Pa) and sealed quartz
ampoule having an inner diameter of 12.7 mm, that was filled with a mixture of Ar-7
vol. % H2. A two-stage melting process was performed at 850 °C for 2.5 h (primary
melting) and at 600 °C for 2 h (vacancy annihilation), followed by slow cooling
(- 5 °C/h) down to 556 °C (single  phase field) and homogenization heat treatment
for 80 h at 556 °C as shown in Figure 3.7. The ampoules were then quenched in an
iced water bath, and 3 mm thick disk-shaped samples were cut from the ingots. To
nucleate the Sb2Te3-phase, aging heat treatments at 380 °C for 8 h and 192 h were
performed, and the resulting microstructure compared with the as-quenched (AQ)
ones. In the following, these samples are named AQ, 380°C/8h, and 380°C/192h AST,
respectively. The samples were fabricated by the group of Yaron Amouyal from the
Technion, Israel.

Figure 3.7: Quasi-binary phase diagram of Sb2Te3 and Ag2Te in which the synthesis
steps are plotted16,141.
The AQ sample ingot was found to be heterogeneous. EBSD scans shown in Figure 3.8
revealed that the edge of the sample was polycrystalline with grain size ranges between
7 ∼ 900 µm, while the middle of the same ingot was almost a single crystal with LAGB
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described as mosaic crystal in Chapter 2. The results presented in the next three
chapters were performed on the mosaic part of the AQ sample.

Figure 3.8: IPF-EBSD map showing two different parts from the AQ ingot: one is
polycrystalline (a) and the other is a mosaic crystal (b).

3.4.2. Instrumentation
 Optical microscope
The microstructures of AQ, 380°C/8h, and 380°C/192h AST samples were
investigated using a Leica DM4000 M optical microscope with a Progress C14
JENOPTIK digital camera. To reveal the micrometer sized precipitates, the samples
were chemically etched with a 50 % HNO3 solution for  5 s.
 XRD
The XRD measurements can be divided into two part, the first part was for the phase
analysis of the AQ, 380 °C/8 h, and 380 °C/192 h AST samples. They were carried out
using a Philips PW1830 diffractometer having an X-ray source of a Co Kα sealed tube
with a wavelength of λ = 1.78897∙10- 10 m. The diffractometer is equipped with a
primary and secondary slit-optic, a 2 - circle goniometer, a secondary monochromator
and a point detector. The measurements were performed as a symmetrical overview
scan using a step size of Δ2𝜃

0.02°, a count time of 25 s/step, a power setup of
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40 kV/30 mA, and a sample rotation speed of 1 loop/s was used. The data were
analysed using the phase analysis software X´pert HighScore and the Rietveld
software MAUD.
The second part was for in-situ experiments for the AQ sample, using a Seifert Theta
diffractometer with an X-ray source of a Co Kα sealed tube with a wavelength of
λ = 1.78897∙10- 10 m. The diffractometer is equipped with a polycapillary beam optic,
a 4-circle goniometer and an energy dispersive point detector. The powder sample was
heated by an Anton Paar DHS 1100 heating stage. To prevent oxide formation or
keeping their amount as low as possible, an inert gas (Helium) with a pressure of
1.35∙105 Pa was used. Grazing incidence overview scans were performed to increase
the information about the surface near structures. The measurements were done using
an incidence angle of =2°, a step size of Δ2𝜃

0.05°, a count time of 30s/step for

ex-situ, 12s/step for in-situ experiments and a power setup of 40 kV/40 mA. The
experiments were done by Benjamin Breitbach (MPIE).
 SEM
A JEOL JSM-6500F FEG-SEM equipped with an EDAX/TSL EBSD system with a
Digiview IV camera was used for imaging and EBSD. The measurements were carried
out at an accelerating voltage of 15 kV, a beam current of 15 nΑ and a working distance
of ~ 18 mm. In addition, several EDX data were acquired using an Oxford silicon drift
detector (SDD) installed on a Helios Nanolab 650 FIB microscope. These data were
processed using the Aztec Energy analysis software.
 ECCI
Analysis of the spatial distribution of planar faults at the microscale was performed
using ECCI. The samples were prepared for these measurements by grinding with
1000, 2500, 4000 SiC paper followed by (OPS+H2O2) polishing. Finally, in order to
remove fine scratches of the material, the surface was polished using a gracing
incidence Ar ion beam in a GATAN Model 682 PECS with a voltage ranging from 23 keV, a rotation of 10 rpm, and an inclination angle of 85°. The ECCI experiments
were done at an accelerating voltage of 30 kV, a beam current of 2 nΑ, and a working
distance of 7 to 7.5 mm, using a Zeiss MERLIN field emission SEM microscope. The
density and character of planar faults was determined by cECCI. For this, the crystal
orientation was first measured using a Bruker EBSD system with a BRUKER
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e- FLASH camera in the Zeiss MERLIN SEM. From these data the sample tilt and
rotation angles required to obtain two-beam diffraction conditions were calculated
using the computer program TOCA and the sample was analyzed using the obtained
values.
 FIB
In this work, two FIB systems were used, the FEI Helios NanoLab600 and the
NanoLab600i. The cleaning cross-section mode was applied to thin the lamella to 100
nm, followed by a low-energy (5 keV) Ga beam milling as a final ion-milling step to
minimize the beam damage as described before.
 STEM & TEM
Conventional TEM and WBDF investigations were carried out in a PHILIPS CM20
operated at 200 kV, equipped with an EMSIS VELETA camera having an image size
of 1024 × 1024 pixels.
STEM experiments were performed using a Titan Themis microscope with aberrationcorrected probe operated at 300 kV. The probe had a size of ∼1 Å and a convergence
semi-angle of 24 mrad. For imaging a HAADF detector with a collection angle range
of 73–200 mrad was used. STEM investigations were made on thin lamellae prepared
using the procedure described in the previous section. For HRTEM and in-situ TEM
experiments, a JEOL 2200 FS microscope operated at 200 kV using an in-situ double
tilt holder system from Dens solutions (model DH30) was used.
 APT
APT samples were prepared using FIB milling as described in Ref143. APT
measurements were carried out either using a CAMECA LEAP 3000X HR instrument
with laser pulses of 532 nm wavelength (green), 12 ps pulse duration, and 0.1 nJ pulse
energy or a CAMECA LEAP 4000X Si device with laser pulses of 355 nm wavelength
(UV), 10 ps pulse length, and 10 pJ pulse energy. The specimen base temperature was
set to 40 K. The measurements were performed by Cynthia Rodenkirchen and Yuan
Yu from RWTH Aachen University.

3.4.3. Thermoelectric characterization
The temperature-dependent electrical conductivity, σ(T), and Seebeck coefficient,
S(T), of the pellets at the temperature range of 30 °C to 300 °C were determined
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employing a Nemesis ® SBA-458 apparatus (Netzsch GmbH, Selb, Germany), which
is designed for simultaneous measurements of electrical conductivity and
thermopower on samples with planar geometry143-144. This system applies the fourpoint probe technique to measure electrical conductivity with an accuracy of ± 5%.
Differential heating of the specimens in the range of ca. ± 5 K using two separate
microheaters and probing the built-in voltage and temperature difference using two
NiCr/NiAl thermocouples enabled to evaluate the Seebeck coefficient with an
accuracy of ± 7%. The pellet’s thermal conductivity values were determined based on
direct measurements of their temperature-dependent thermal diffusivity 𝛼 𝑇 , and the
heat capacity 𝐶 𝑇 , as well as their mass density, ρ. 𝜅 is then expressed by145:
𝜅 𝑇

𝛼 𝑇 ∙𝜌∙𝐶 𝑇

Equation 3.2

To measure the bulk materials’ thermal diffusivity, a Microprobe ® LFA-457 laser
flash analysis (LFA) instrument (Netzsch GmbH, Selb, Germany) was used in the
same temperature range, with an instrumental accuracy of 2 %. The material’s
densities were measured at room temperature, neglecting temperature dependence.
The temperature-dependent heat capacity was simultaneously measured in the LFA
chamber using a pure Al2O3-reference sample with similar geometry143. The resulting
thermal conductivity values were determined with ca. 10 % accuracy. The data were
acquired by the group of Yaron Amouyal from the Technion.

3.4.4. Local thermal conductivity measurements
For measuring thermal conductivity locally at the GB, scanning thermal microscopy
(SThM)146 was used, which is a method based on atomic force microscopy (AFM),
with a thermoresistive probe. The experiments were performed within a NTEGRA
AFM by NT-MDT. The device was operated in ambient conditions, with a temperature
drift of less than 1 K per hour. The Wollaston wire probe used in SThM is having a
V- shape at the end of a cantilever, which is made of silver shell with 75 µm diameter
and a core of mixed alloy (Pt90/Rh10) with 5 µm in diameter147,148. The temperature
of the probe is obtained by measuring its resistance. The probe electrical resistance
(Rρ) is proportional to its average temperature (T):
𝑅

𝑅 1

α 𝑇 . 𝑇

𝑇

𝑅 1

α 𝑇 .𝜃
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Equation 3.3

Where 𝑅 is the electrical resistance at a reference temperature 𝑇 , θ is the temperature
difference between T and 𝑇 and α 𝑇

∙

is the temperature coefficient of

Pt90/Rh10 electrical resistance. The probe is heated up by 𝜃~ 60 K above the ambient
temperature by Joule heating far away from the sample and consequently cools down
by ~10 K to θ ~50 K when brought into contact with the sample. The resolution of the
tip temperature measurement is about 5 mK. In this PhD work, SThM was used in the
imaging mode147. In this mode, the tip is in contact with the sample and the contact
force is kept constant during the scan, allowing simultaneous topographic and thermal
imaging. The thermal image contrast is expressing the amount of heat locally
exchanged between the heated probe and the sample. Then, the local thermal
conductivity of the sample can be evaluated from a prior calibration of the probe on
reference samples under the same experimental conditions146. The sample surface was
well polished down to a root-mean-square roughness of 1 nm to minimize the influence
of surface roughness on measurements. The area of interest (LAGB with high density
of planar faults) was located with the aid of FIB markers on the sample surface by
means of the optical microscope of the SThM setup for the positioning of the probe
and comparing optical images and SEM images. The measurement were done by
Eloise Guen from CETHIL center, INSA Lyon, France.
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Chapter 4: Density, distribution and nature of
planar faults in silver antimony telluride for
thermoelectric applications
The following chapter includes the results of the published manuscript22. The AST AQ
structure was studied by a correlative microscopy approach. Planar faults found at the
LAGB were analysed from the millimeter down to the nanometer scale, for the AQ
AST TE material. The microstructure study was complemented by estimating the
effect of planar faults on the phonon scattering using the Debye Callaway model.

4.1.

Introduction

Several approaches were applied to reduce 𝜅 in AgSbTe2-based compounds. For
example, doping with solute elements was used to introduce point defect phonon
scattering149. A value of 𝜅

0.4 W∙m-1∙K-1 at 400 K and a zT ∼ 1.9 at 585 K was

obtained in p-type AgSb0.96Zn0.04Te2 by Roychowdhury et al.149. Formation of second
phases via solid-state precipitation was used to initiate phonon scattering at the
resulting interfaces. For example, Sb2Te3 precipitates with sizes ranging from
nanometer to micrometer led to a 𝜅

0.65 W∙m-1∙K-1 at 300 K in Ag16.7Sb30Te53.3

alloys16, 92. Introducing a high density of grains, i.e. reducing the grain size, enabled
also effective phonon scattering as proposed by Dresselhaus et al.10. In particular grain
boundaries containing dislocations149, i. e. LAGBs, can reduce 𝜅 as demonstrated by
Chen et al.151. They reported on 𝜅

0.4 W∙m-1∙K-1 resulting in a zT = 2.2 at 850 K in

Na0.025Eu0.03Pb0.945Te TE alloys. Interfacial dislocations found in PbTe0.7S0.3 led to
𝜅

0.8 W∙m-1∙K-1 at room temperature115,152.

Formation of planar faults in AgSbTe2 alloys was discussed in several studies16, 92, 153.
In 2010, Sharma et al.16 investigated planar faults in an AQ Ag16.7Sb30Te53.3-δ-phase.
They found that most planar defects were SFs forming a percolating network. The SFs
were observed at the micro-to nanometer scale using TEM, and found to lie on the
{111} planes. Hong et al. showed that a high density of SFs (8∙106 m-1) in AgSbTe2,
had a large and positive effect on phonon scattering leading to 𝜅

0.32 W∙m-1∙K-1,

and an improved zT up to 2 at T = 600 K for p-type AgSbTe1.85Se0.15 alloys154.
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Despite the common practice of defect engineering in AgSbTe2 alloys, fundamental
understanding of the crystallography and spatial distribution of defects is still limited.
In this PhD thesis, this knowledge is extended by analyzing the distribution of defects
from the millimeter down to the nanometer length scales. To achieve this, EBSD and
ECCI were combined155. The density of the planar faults is evaluated over multiple
grains with 500 micrometer size. TEM/STEM are used to analyze the defects and their
distribution in the vicinity of LAGBs. In addition, the effect of such defects on 𝜅 is
discussed based on the Debye-Callaway model109, which enables the evaluation of the
necessary number density of planar faults to reduce 𝜅 .
In this chapter, three basic questions were addressed: (1) how does the solidification
process of Ag16.7Sb30Te53.3-δ phase materials affect the microstructure evolution and
lead to a mosaic microstructure with planar faults located at the LAGBs? (2) What is
the number density of planar faults and how does this density change at the LAGBs
toward the interior of the grains? (3) How does the high density of planar faults
influence the lattice thermal conductivity?

4.2.

Thermoelectric properties of the AQ sample

The investigated AQ AST δ-phase is a single crystal with a mosaic structure. The
thermal conductivity (Figure 4.1) is constant up to 250 °C and is then increasing
to ~ 0.6 W∙m- 1∙K-1 at 300 °C. The AQ sample possesses a low lattice thermal
conductivity at 300 °C compared to the other heat-treated samples24. The electrical
conductivity plotted in Figure 4.2 is constant all over the temperature range and it
exhibits a value of 50 S∙cm-1 at 300 °C. The Seebeck coefficient has a value of 260
µVK-1 at room temperature and has a maximum value of 285 µVK-1 at 150 °C, then it
decreases with increasing the temperature (Figure 4.3). The figure of merit of the AQ
δ-phase zT~ 0.4 at 225 °C23 (see Figure 4.4) was calculated based on the thermal
conductivity, the electrical conductivity and the Seebeck coefficient. More discussion
and comparison of the properties and TE measurements will be elucidated in chapter
6 along with the other heat-treated samples.
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Figure 4.1: Temperature dependence of thermal conductivity.

Figure 4.2: Electrical conductivity as function of temperature.
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Figure 4.3: Temperature dependence of Seebeck coefficient.

Figure 4.4: Temperature dependent figure of merit (zT).
In this chapter, the lattice contribution to the overall material’s thermal conductivity is
discussed, as it is directly related to the microstructure as explained in Chapter 2. The
electronic component of the thermal conductivity was calculated using the
Wiedemann-Franz relationship156, and subtracted from the total thermal conductivity
values that are given in Figure 4.1. The electronic contribution for the total thermal
conductivity is found to be minor, in the range of 0.04 to 0.15 Wm-1K-1 only, depending
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on the probed temperature and electrical conductivity ranges. Thus, the total thermal
conductivity in the AQ δ-phase is governed by the lattice contribution.

4.3.

Microstructure analysis

The XRD diagram of the AQ AST samples is presented in Figure 4.5. All reflections
match the cubic phase with the 𝐹𝑚3𝑚 space group and a lattice parameter of 6.07 Å.
This is characteristic for the δ-phase82.

Figure 4.5: Powder XRD data acquired from the AQ AST sample. All reflections are
associated to the AgSbTe2 phase. The corresponding planes are marked.

4.3.1. Overview of the sub-grains in the sample
Using EBSD and ECCI, LAGBs were detected and mapped in the AQ sample as
displayed in Figure 4.6(a). In a cross section perpendicular to the solidification
direction, the sub-grains appear to have an irregular shape with an average diameter of
about 500 µm. In the present material, the LAGBs are not sharp and have a width
of ∼ 4 µm. This is visible in the orientation gradient of the kernel average
misorientation (KAM) map in Figure 4.6(b). The sub-grains show a strongly elongated
shape on the radial direction (cross section), as revealed in Figure 4.6(c&d).
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Figure 4.6: (a) ECC image of a region from the mosaic crystal showing the sub-grains
with LAGB. (b) KAM map from an EBSD scan of the same area (lower magnification)
showing that most misorientations are within 1-3°. (c) ECC image of a cross section
from the region in (a). (d) EBSD-KAM map showing elongated grains from a part of
the same region shown in (c).
It can be thus concluded that in 3D these sub-grains have a columnar shape as sketched
in Figure 4.7. The misorientation angle across the LAGBs is 1 to 3° as measured by
EBSD. All sub-grains are oriented such that a <111> direction is almost parallel to the
solidification direction, as indicated by the {111} pole figure displayed in Figure 4.7.
This means that the surface of the solidification direction cross section is almost
parallel to a {111} plane, with a deviation of ∼ 8°.
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Figure 4.7: Sketch visualizing the solidification direction parallel to [111], and the
radial direction of the mosaic crystal.

4.3.2 Analysis of the LAGBs
Detailed analysis of the LAGBs was done by ECCI as exemplary shown for one LAGB
in Figure 4.8. The KAM based micrograph shows that the LAGB reveals a
misorientation angle of 1.7° and exhibits a width of 4 µm (Figure 4.8(a)). The
corresponding ECC image is presented in Figure 4.8(b). Here the lower sub-grain has
been tilted into two beam conditions for 𝑔

442 and thus appears dark. Thin bright

lines inside the grain are visible. The LAGB appears as a bright band, with sharp
protrusions into the sub-grains on both sides. A further zoom-in into the LAGB in
Figure 4.8(c) shows that it displays a visible dense arrangement of the thin white lines.
The brightness of the area indicates a high amount of lattice defects in this area, which
degrades the channelling conditions and turns over to intense backscattering. Using
the stereographic projection of the crystal orientation (Figure 4.8(g)) it is possible to
assign plane traces to all defects visible in the lower grain in Figure 4.8(c), as marked
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by green (A), red (B) and purple (C) lines lying on 11 1 , 111 , 111 and 111
planes respectively. Finally, Figure 4.8(d) shows a magnified ECC image of the region
marked by a yellow rectangle in Figure 4.8(c) with 𝑔

011 indicated by a yellow

arrow. First, the image shows intense white lines parallel to the 121 direction. The
lines show slight undulations and some of them turn abruptly fading into the depths of
the material, as marked by white arrows. Although these features appear like linedefects (i.e. dislocations) they are actually not, for the following reasons: the lines are
perfectly parallel to the surface (no contrast change along the line) and the strength of
the contrast indicates that they are directly at the surface or very shortly below. As
these features are unlikely to appear for dislocations, an alternative explanation
suggests, that the lines are exactly parallel to the trace of the {111} planes, which are
almost exactly parallel to the surface. Thus, it may be assumed that the lines mark the
intersections of planar defects on {111} planes with the surface, plotted as light blue
lines in the stereographic projection, and referred to as ‘D’. As sketched in
Figure 4.8(h) from the distance between the lines, dTEM (~10 nm between some lines,
50...100 nm between other lines) and the known angle of the {111} planes with the
surface, θ, (max. 8°) a spacing between these planar features, dECCI, of about 1.4 to 14
nm is calculated.
Similar line features as in Figure 4.8(d) were observed in all LAGBs regions of the
same sample. Another example is displayed in Figure 4.9(a), with 𝑔

110 being

the channelling condition and the plane trace is plotted in the stereographic projection
shown in Figure 4.9(c). The assumption that these lines are planar faults is further
confirmed when tilting the sample to a different diffraction vector, e.g. 𝑔

011 as

displayed in Figure 4.9(b). Here the intense lines have disappeared and, instead,
densely overlapping planar defects become visible by high brightness, fading with
depth for every line from left to right. Furthermore, as in Figure 4.9(a&b), some of the
planes are terminated by white lines (indicated by white arrows) which in both images
resemble dislocations. A number of further g-vectors were tested such as
𝑔

111 , 𝑔

111 , 𝑔

424 , 𝑔

101 , all of which resulted in visibility of

the planar defects.
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Figure 4.8: (a) EBSD-KAM map of a LAGB region with θGB of 1.8°. (b) ECC image
with the lower grain from (a) oriented in 𝑔

221 channeling condition. (c)

Magnified area marked in (b) with a yellow box. (d) Magnified area shown with a
yellow box in (c) displaying D set of planar faults at g=(022 . (e&f) ECC images
showing the lower and upper grain located 100 µm away from the LAGB at 𝑔
and 𝑔

121

110 respectively.(g) Stereographic projection showing the 4 sets of the

planar faults. h) Schematic drawing of the planar defects labelled as set D in d).
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Figure 4.9: (a) Magnified LAGBs area containing similar features as observed in
Figure 4.8(d) at g = (110)-2beam condition where the planar faults are invisible but
their intersection with the surface is visible. (b) Same area shown in (a) at g = (011)2beam condition where the planar faults of type D are visible and overlapping. (c)
Stereographic projection showing the (111) plane on which the planar fault is lying.
From these observations, it is concluded that the situation with 𝑔
𝑔

011 and

110 in Figure 4.8(d)&4.9(a) respectively corresponds to invisibility of the

planar defects, although their edges are clearly visible, while all other conditions
correspond to visibility although in these cases the edges are significantly less obvious.
The reason for the strong visibility of the edges under 𝑔

110 is not clear but it is

assumed that these lines indicate a surface reconstruction of planar faults intersecting
with the free sample surface which leads to strong backscattering in an otherwise
strong channelling situation. In this regard, Picard et al.157 demonstrated that surface
reconstruction may lead to strong visibility of dislocations which, according to the
gꞏb=0 criterion should be invisible. The same principles may be applied to the planar
features presented in this PhD work.
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4.3.3. Correlative ECCI-TEM and density investigation of planar faults
ECCI and TEM observations were carried out with the aim to calculate the density of
defects at the LAGBs and in the interior of the grains, in order to compare both of them
at a larger scale, using Figure 4.8.
The density of the planar faults at the LAGB and inside the grains is contributing in
the phonon scattering. Planar fault densities are quantified as interface area per
volume, termed as linear density, NPF. The density is estimated by the total planar faults
area over the observed volume according to:
𝑁

∙

Equation 4.1

With lPF being the total length of the planar faults crossing the observed surface with
an area of A0, and θPF is the angle between the planar fault and the surface of the
sample. This angle needs to be taken in consideration for ECCI density calculation
while for the TEM measurements the angle θPF is 90°.
Using this approach, several values were calculated. The density of planar faults A, B,
and C at the LAGB are 𝑁
𝑁

3.6 ∙ 10 𝑚

7.5 ∙ 10 𝑚 , 𝑁

5.3 ∙ 10 𝑚

and

, respectively, as determined from Figure 4.8(c).

For the planar faults D at the LAGB, which are visible after tilting to channelling
condition of 𝑔

011) (Figure 4.8(d)), only their intersections with the surface are

visible in the ECC image as explained in the previous section. Therefore, the
geometrical factor described in Equation 4.1 has to be taken into consideration for
calculating their density. A schematic drawing of these defects inclined to the surface
with an angle θPF is shown in Figure 4.8(h). The angle θPF is given by sin 𝜃

.

Here, dECCI is the distance between the intersecting defects lines visible at the surface,
and dTEM is the spacing between the planar faults as shown in the schematic cross
section. The spacing of planar faults is related to their density dTEM = 1/NPF.
Using θPF=8° and the measured distance dECCI, 𝑁

1.6 ∙ 10 𝑚

is evaluated for

planar faults of type D. Two areas representing the interior of the grains are shown in
Figure 4.8(e&f) which are located 100 µm away from the GB in sub-grain 1 and 2
respectively. Here, the values of 𝑁

1.7 ∙ 10 𝑚

and 𝑁

1.5 ∙ 10 𝑚

are

calculated. Similar behavior was observed at distances closer and further away from
the LAGB, i.e. the density of planar faults decreases two orders of magnitude in the
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grain interior compared to the values at the LAGB as shown with the help of the plot
presented in Figure 4.10.

Figure 4.10. Density of planar faults as function of the distance away from the GB,
upper and lower grain is grain 1 and 2 respectively in figure 4.8. The density was
calculated from ECCI experiments.
In order to prove that the boundary described in section 4.3.2 is composed of inclined
planar faults with 8° toward the surface at the LAGB, a FIB instrument was used to
lift out a cross section lamella from the area marked with a yellow rectangle in Figure
4.9(a) and investigated it by TEM. The crystallographic directions taken from the TEM
studies are, thus, perpendicular to that of ECCI. The TEM image of the LAGB region,
where one grain is tilted towards the 111 zone axis, is shown in Figure 4.11(a). The
corresponding diffraction pattern is shown as an inset. The bright field image reveals
the same set of planar faults that are shown in the ECC images in Figure 4.8&9. The
planar faults intersect the free surface (coated with Pt), forming an inclination angle of
∼8° with respect to the solidification direction. They are indicated by the yellow lines
and possess a high density of 𝑁

1.5 ∙ 10 𝑚 . Inside the grain, which is imaged

along the [011] zone axis (Figure 4.11(b)), the density was estimated to be much lower
and calculated as 𝑁

1.1 ∙ 10 𝑚 .
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Finally, STEM was applied to analyse the planar faults at the nanometer length scale.
The sample was tilted until the planar faults were observed exactly edge-on in the
HAADF image, with the zone axis being [211] as shown in the diffraction pattern
(Figure 4.11(c)). A zoomed-in HAADF image is given in Figure 4.11(d). The distance
between the {111} planes is 0.25 nm. The faults resolve into individual planar features
or groups of equally-spaced individual features with a density of 𝑁

1.5 ∙ 10 𝑚

at the LAGB. This density matches the density observed from ECCI. The smaller
distances between two faults are about dTEM=1.4 nm with a variation of 1 or 2 atomic
layers. The distance between groups of planar defects is in the order of 10 to 14 nm.
These numbers agree with the spacing calculated in the previous section from the
ECCI images.

Figure 4.11: (a) BF TEM image of the FIB lamella taken from the region marked in
Figure 4.9(a), the corresponding DP in [111] zone axis is shown as inset in the lower
left part. The inclination of the planar faults relative to the surface (covered with a Pt
layer) is visible. (b) BF image of a FIB lamella taken from inside of another grain
showing planar faults with lower density. (c) and (d) HAADF micrographs of
individual as well as groups of planar faults.
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4.3.4. Analysis of the translation vector of the planar faults using ECCI
and TEM
 Translation vector investigation using controlled ECCI
cECCI experiments were employed to solve the translation vector of the planar faults
at the LAGB shown in figure 4.8(c). This requires at least two invisibility criteria.
Systematic tilt experiments similar to the one explained in Chapter 3 were performed.
Figure 4.12 summarizes the results. The planar faults are visible in the g
beam condition as shown in (a), but invisible after tilting to the g

221 -2-

110 -2-beam

condition and to the g = 02 1 -2-beam condition as indicated with dashed red lines in
Figure 12.(b and c) respectively. The translation vector of planar faults of set (B) is
R

1/6 112 .

Figure 4.12: (a) cECC image of the LAGB region shown in Figure 4.8(c) where the
lower grain is oriented in the channeling condition 𝑔
taken under g=(110 𝑎𝑛𝑑 𝑔

221 . (b&c) cECC images

021 -2beam conditions where the planar faults

marked with red dashed lines are invisible respectively.
 Translation vector investigation using WBDF in TEM inside the grain
The character of the planar faults located inside the grains was further analysed in
detail using WBDF technique in CTEM. We performed systematic tilting experiments
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in zone axis 112 and 011 , respectively. Figure 4.13(a) shows the dark field image
of an overview of the lamella oriented in the 112 zone axis. The corresponding DP
is displayed in the left upper part of figure 4.13(a), which can be indexed using the δ
phase, and which was taken using a SAD aperture as indicated with a yellow circle.
Figure 4.13(b) displays a bright field image of the sample tilted to g = (200)-2-beam
condition in [011] zone axis, where most of this planar faults are visible. Further tilting
towards g= 222 -g3g-WBDF-condition in 112 zone axis was adapted in order to
excite the 3g-condition. The set of planar faults visible and highlighted with yellow
arrows in (b) are invisible here. Following the same tilting procedure, a WBDF image
of another g = (220)-g3g-WBDF-condition is displayed in Figure 4.13(d). Thus the
same set of planar faults invisible in (c) are also invisible here, which allows to
determine a translation vector of R=1/6 112 , satisfying the gꞏR=0 where g is the
reciprocal lattice vector.

Figure 4.13: (a) DF image of a TEM lamella oriented in [112] showing planar faults.
As inset the DP is given, the position of SAD aperture is indicated with a yellow circle.
(b) BF image of g = (200)-2 beam condition. (c) DF image taken with
g= 222 g3g - WBDF condition. (d) DF image acquired with g= (220)-g3g-WBDF
condition.
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 Translation vector investigation using WBDF in TEM at the LAGB
The same TEM lamella shown in figure 4.11(a) was used for WBDF experiments and
it is presented in Figure 4.14(a) in 111 zone axis. The direction of tilt to find
g = (220)-g3g-beam condition for the WBDF experiment is displayed in the DP in the
lower left part of the figure. The BF image in figure 4.14(b) reveals the same set of
planar faults as that shown in the ECC images in figure 4.9(a) and marked here with
yellow lines. Figure 4.14(c) shows a magnified image of the area marked by the yellow
box in (b), in which individual planar faults appear, inclined toward the Pt deposition
on the surface of the lamella.

Figure 4.14: (a) FIB image showing the lamella taken from the same region containing
the planar faults as in Figure 4.9(a), along with DP is [111] zone axis. (b) BF image
of magnified area marked with the yellow box in (a). (c) Magnified area showing the
end of the fault at the Pt deposition. d) DF image of g= (111)-2 beam condition
showing the edge on faults area in c) in [112]. e)&f) WBDF images showing the
invisibility criteria g=(220) g3g-beam condition and g= (111)-g3g-beam condition of
the faults set.
Tilting the sample to the [112] zone axis shows the planar faults edge on as marked
with yellow lines in figure 4.14(d). The yellow line shows the [111] planes on which
the planar faults are lying, which confirms that the features observed in ECCI are
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indeed planar faults. Nevertheless, their translation vector still needs to be found.
Figure 4.14(e), shows a WBDF image where the planar faults are invisible in the
g = (220)-g3g-WBDF condition. The second condition was found after tilting to the g
= (111)-g3g-WBDF condition, in which the SFs are invisible as revealed from
figure 4.14(f). Thus the translation vector is R

1/6 112 , which will be studied

further in STEM in chapter 5.

4.4.

Discussion

A low thermal conductivity of 𝜅 ~ 0.6 W∙m-1∙K-1 was obtained for the AQ-sample.This
is partially associated with the phonon scattering from the point defects because of the
high degree of non-equilibrium defects generated from quenching. Such an offequilibrium structure is characterized by solute concentrations above their solubility
limit. The microstructure analysis confirms the absence of precipitates as shown in
Figure 4.5, in addition, several planar faults were detected.
The combination of ECCI and TEM provides a consistent overview of the distribution
of planar faults in the AQ AST-δ phase. The density of planar faults calculated from
ECC images is matching the one calculated from TEM. The planar faults density was
calculated to be 𝑁

1.6 ∙ 10 𝑚

at the LAGBs. This is a much higher density

than that found in the interior of the grains, 𝑁

1.5 ∙ 10 𝑚 . Controlled ECCI

performed at exact Bragg conditions revealed excellent contrast for investigation of
planar faults, which was useful to understand the nature of these faults and accomplish
a picture of their location and directions. A schematic representation of the network of
planar defects at the grain boundary is given in Figure 4.15(a&b). The small
misorientation angle (1.7°) is not compensated by dislocations (Figure 4.15(a)) but by
extended planar faults (Figure 4.15(b)). The sketch of the planar faults structure
observed in ECCI and TEM lying on the {111} planes with 8° inclination angle to the
surface is presented in Figure 4.16.
 Relation between the planar faults densities and phonon scattering
The lattice thermal conductivity of AST is very low (0.5-0.6 W∙m-1∙K-1) at room
temperature, which suggests that the phonon mean free path of high frequency
phonons is already fully suppressed by the thermal motion of the atoms159. Thus,
additional phonon scattering processes focusing on low frequency phonons must be
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introduced beyond phonon-phonon processes when aiming at increasing the figure of
merit of this material.

Figure 4.15: Schematic drawing of a LAGB formed by (a) perfect dislocations and (b)
set of extended planar faults as observed in the current work.

Figure 4.16: Sketch of the arrangement of planar faults lying on {111} planes which are 8°
inclined relative to the surface and their observation by SEM-ECCI and TEM cross section.

Phonons in solids are scattered by defects, including the planar defects found in this
study, which is effective for scattering of phonons over a wide frequency
range154, 159- 160. Small angle grain boundaries are often consisting of dislocation
arrays. Their high eigen-distortions and associated strain fields should lead to
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dislocation scattering (and softening) of phonons, and are thus thought to lead to high
TE performance in e.g. lead chalcogenides151, 161. Impurity atoms or vacancies lead to
point defect scattering with a scattering rate 𝜏

approximately proportional to

𝜔 where 𝜔 is the phonon angular frequency in the Debye-Callaway model109. The
linear array of these point defects, which can be used as an approximate model to
describe the inner core of a dislocation line, scatter phonons with a factor proportional
to 𝜔 . Similarly, an array of planar defects, as observed at the LAGBs constituting the
mosaic structure, can scatter phonons with a scattering rate proportional to 𝜔 due to
the dimensionality of the underlying defects162. Klemens163 estimates the scattering
rate for SFs, which can be used for the planar faults studied here, as:
𝜏

𝑎𝛾 𝜔 𝑁

√

Where 𝜏

Equation 4.2

is the relaxation time for phonon scattering at SFs, γ is the Grüneisen

parameter, 𝑣 is the average sound velocity, and a is the average atomic radius
√𝑉 , with 𝑉 being the atomic volume.

estimated from a

Here the stacking fault density is replaced by the density of planar faults NPF. In order
to estimate the possible importance of phonon scattering from planar faults, it is
compared with the phonon-phonon scattering from Klemens. Phonon-phonon
scattering is dominant above the Debye temperature (138 K for AgSbTe2)76, and can
occur via Umklapp processes and normal processes. These can be expressed as151:
𝜏

Equation 4.3

To calculate the density of planar faults needed to make their scattering as important
as the phonon-phonon scattering, 𝜏

𝜏

is assumed and then NPF is calculated

from Equation 4.2 and Equation 4.3. This operation can be simply implemented for
this case, since both expressions depend on 𝜔, although different approaches were
previously employed164. The necessary NPF can be then estimated to be at (T = 298 K):
𝑁

4. 5 ∙ 10 𝐾 ∙ 𝑚

∙ 298 𝐾

1.3 ∙ 10 𝑚

All the parameters for the AST mosaic crystal used for the Debye-Callaway calculation
are listed in Table 4.1.

57

Table 4.1: AST parameters used in the Debye-Callaway model.
Parameters

Description

Values

𝑽

Atomic volume

𝒎

Atomic mass

𝒗

Average sound velocity

𝒂𝟎

Lattice parameter

The planar fault density of 𝑁

22.2 ∙ 10
2.035

10

𝑘𝑔

1727 m/s [37, 57]
6.2∙ 10

1.6 ∙ 10 𝑚

𝑚

m

was determined at the LAGB, which

is similar to the estimated minimum value of 𝑁

1.3 ∙ 10 𝑚

required to have

a notable impact on the thermal conductivity. On the other hand, the planar fault
density inside the grain was found to be much lower 𝑁

1.5 ∙ 10 𝑚 . It is

noteworthy that the LAGBs in this study are primarily parallel to the solidification
direction, as discussed at the beginning of the section.

4.5.

Conclusion
The present results provide insight concerning the statistics and types of the

planar faults formed at the grain boundaries of the Ag16.7Sb30Te53.3-δ phase mosaic
structure. The sample was found to have a different density and distribution of planar
faults at the LAGB and inside the grains. More generally, correlative ECCI-TEM
demonstrates its ability in imaging and calculating the density of planar faults at and
away from the grain boundaries. The density of defects calculated from ECCI imaging
is similar to the density obtained from TEM analysis. It is important to image these
planar faults on a micrometre scale with the help of ECCI to obtain quantitative
statistics on their number, location and distribution. Relating the microstructures to the
TE properties enables to connect the density of planar faults to their effect on the lattice
thermal conductivity in an Ag16.7Sb30Te53.3 cubic structure using the Debye-Callaway
model.
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Chapter 5: Correlation of high planar faults
density at LAGB to local thermal conductivity
in AgSbTe2 thermoelectric alloys
In this chapter, further microstructural details and chemistry of planar faults in the AQ
AST TE compound are revealed. The chemical changes at the faults are responsible
for the local changes in the Grüneisen parameter, and a several-fold increase in the
Grüneisen parameter is estimated, making planar faults in AgSbTe2 much more
effective phonon scatterers than conventional SFs. This chapter clarifies possible
strategies for reducing thermal conductivity. SThM was used to measure the thermal
conductivity locally at the LAGB with a high density of planar faults. The results from
this chapter are included in manuscript23 under preparation.

5.1.

Introduction

Klemens has theoretically considered planar faults to be a source of scattering for
phonons as well as GBs and interfaces111,165-168. Many studies show that various lattice
defects24, 106, 169, especially a high density of planar faults 22, 154, 170, should play a nonnegligible role in enhancing the phonon scattering. In the previous chapter a high
density of planar faults in the mosaic AST crystals22 is revealed, making it a good
candidate to investigate the nature of planar faults in more detail and then correlate the
features of planar faults with the local thermal conductivity. Yet, the reduced lattice
thermal conductivity created by planar faults is inconsistent with the general
understanding that planar faults have low or no strain fields and, thus, should rather
show negligible effects on phonon scattering. Experimental results demonstrate indeed
the opposite171,154. Interestingly, a recent study in Cu(In,Ga)Se2 thin film solar cells
demonstrates that the planar faults exhibit deviations in composition with respect to
the bulk material 172. The change of chemical composition should induce extra phonon
scattering by the interruption of chemical ordering and the resulting mass and strain
fluctuations, similar to the case observed in dislocations173. Thus, it is of significance
to determine thoroughly the structural and chemical features of planar faults and their
impact on TE properties.
In this chapter, it is shown experimentally how the chemical changes at the planar
faults are beneficial for the improvement of TE properties of a mosaic crystal in the
59

as-quenched state of an Ag16.7Sb30Te53.3 compound. Its 𝜅 was successfully pushed to
the amorphous limit24. Consequently, further understanding of the type and
composition of these planar faults becomes important. Besides the crystallographic
nature of the faults studied by SEM and ECCI, STEM and APT were used to analyze
their atomic structure and chemical composition.
In addition to the microstructure analysis, SThM was used in order to correlate the
LAGB regions containing a high number density of planar faults, to a locally measured
thermal conductivity. A reduction of thermal conductivity at the LAGB compared to
the in-grain area is found. The relative change of thermal conductivity is found to be
larger than ~2%. This proves that the high density of planar faults at the LAGB in
Ag16.7Sb30Te53.3 materials contributes to the reduction of the overall heat conduction in
the system.

5.2.

Microstructure analysis and thermal conductivity

measurements
5.2.1. Planar fault imaging and chemistry with ECCI and STEM
An area from the AST mosaic crystal with LAGB is shown in the Kernel average
misorientation (KAM) map (Figure 5.1(a)). The ECC image of the same region is
presented in Figure 5.1(b) where grain 1 and 2 and the boundary region are in
𝑔

011 - 2beam channeling condition. A magnified ECC image of the LAGB area

marked with a red box reveals a high number density of planar faults of 1.6∙108 m- 1 in
𝑔

210 - 2beam channeling condition (Figure 5.1(c)). Zooming even further in

Figure 5.1(d), the planar faults become more clear. They are lying on the {111} plane
marked with a yellow line in the stereographic projection in Figure 5.1(e). The holes
presented inside the grains in Figure 5.1(b&c) are artifacts from the polishing during
the sample preparation for the ECCI experiments.
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Figure 5.1: a) EBSD-KAM map of a region containing LAGB. b) ECC image of same
region in a) showing three different grains where grain 1&2 are in channeling
condition 𝑔

011 . c)ECC image showing the magnified area marked with a red

box in b) tilted toward 𝑔

210 - 2-beam channeling condition. c) ECC image of

the area marked with a red box in c) with a high density of planar faults at the LAGB,
lying on the {111} planes sketched in the stereographic projection in e).
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STEM investigations were performed to understand the atomic structure of the planar
faults lying on a 111 plane as shown in Figure 5.2. The atomic layers belong to the
close-packed {111} planes92 of the δ phase. In this structure, the cations sites are
randomly occupied by Ag and Sb and labelled with Greek letters, and the capital
Roman letters represent layers of Te atoms. Figure 5.2 reveals the stacking sequence
as projected along the [011] crystallographic direction. In the HAADF-STEM image,
the intensity is approximately proportional to Z1.7, where Z is the atomic number113.
On the one hand, the bright atomic columns are composed of Te with Z = 52 and they
are labelled with red circles. On the other hand, the darker atomic columns contain Ag
and Sb with Z = 47 and 51, respectively, and they are labelled with green circles. Away
from the planar fault, the close-packed planes alternate between Sb/Ag and Te with no
disturbance. At the planar fault, the atomic columns marked with yellow circles as
double layers (DL) 1 and 2 look different from the other atomic columns.
Atoms from the DL2 layer were translated by 1/6[111 towards DL1 as shown by the
olive arrow in Figure 5.2, then they are displaced by 1/6[211 indicated with a pink
arrow in Figure 5.2 which gives a total vector of R= 1/2[100] (see orange arrow in
Figure 5.2). Similar translations vectors were discussed previously by Sugar et al. 92
who claimed two possibilities of fault formation creating the double-Te layer inside
the fault. They considered removing a single metal layer from the rock salt structure
resulting in 1/6[111 translation, followed by a translation of the half crystal by
1/6[211 , which leads to a total translation of R =1/2[100].
As shown in Figure 5.2, R= 1/2[100] does not end at a lattice point. An additional
translation vector ΔR is necessary to describe the full translation of the planar fault. It
is found that the displacement shift of an individual planar fault is starting with a
fraction value of 1/2[100 and 1/4[011 , then its adding up with other neighboring
planar faults. After four planar faults along 1/2[100] direction and after two planar
faults along 1/4[011 , the additional translation component ΔR is revealed:
1 1
∙ 100
4 2

1 1
∙ 011
2 4
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1
111
8

Figure 5.2: a) Atomic resolution STEM image of an area containing one planar fault
oriented toward [011] zone axis, showing the sequence of FCC away from the planar
fault and a different atomic arrangement at the planar fault site. Ag and Sb columns
are labelled with green circles while Te atoms are labelled with red circles.

Figure 5.3(a) shows two magnified areas containing the displacement shift at the start
of the first planar fault and at the end of the last one. The different values of the
displacement vector after the first, middle, and last planar faults are plotted in
Figure 5.3(b).
In addition, the EDX map in Figure 5.4 shows a depletion of Ag at the planar fault
compared to the surrounding δ-phase. The Te and Sb concentration are higher at the
planar fault in comparison to the adjacent matrix.
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Figure 5.3: a) HAADF image showing the atomic structure of 7 planar faults, the
length of translation vector added up with more planar faults. The magnified area of
the last and the first planar faults is in the upper right and bottom left part,
respectively. b) Plot of the displacement length as a function of the planar faults
number shown in a).
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Figure 5.4: a) EDX map of the same area shown in 5.2 revealing the depletion of Ag
and enrichment of Te and Sb at the planar fault site. d) The chemical composition
profile along the white arrow in a).

5.2.2. Chemical composition of the planar faults regions using APT
Besides the detailed microstructure characterization obtained by ECCI and STEM, the
composition of planar faults at low-angle grain boundaries was investigated further by
APT. Figure 5.5(a) shows the 3D atomic distribution of Ag, Sb and Te in an APT
specimen. Over 50 parallel planar faults, which are highlighted in terms of the isocomposition surface of 54.5 at. % Te, are observed within 500 nm specimen length.
This corresponds to a very high planar fault density of 1 ∙ 10 𝑚 . This value is
similar to data obtained before by ECCI and TEM14,22, which is 1.5 ∙ 10 𝑚 .
Figure 5.5(b) shows a detector hit map taken during the APT acquisition of the
specimen containing planar faults as indicated by frame b in Figure 5.5(a). A pole with
a six-fold symmetry, corresponding to the {111} plane of the AgSbTe2, is observed,
which was expected from the EBSD/ECCI observations and the directions along the
specimen was prepared. The parallel feature of the highlighted planes implies that
these planar faults all lie on {111} planes. The slightly increased point density is
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related to their defective nature and the local changes in composition that affect the
magnitude of the electrostatic field necessary to trigger field evaporation, causing
slight trajectory aberrations139, 174. The symmetry is maintained as the faults appear
and disappear during the course of the acquisition. The composition profile shown in
figure 5.5(c) was taken from a cylindrical region with a diameter of 56.5 nm, as
indicated by the yellow cylinder in figure 5.5(a). The composition profile reveals that
the planar faults are Ag depleted and enriched in Sb and Te, in accordance with the
EDX data. Moreover, the magnitude of the segregation at the planar faults varies
strongly with the number of the adjacent faults. The red, magenta, and orange dashline boxes in Figure 5(c) from left to right reveal that the compositions in the matrix,
an individual planar fault (in the following labelled as thin-plate), and a group of
several planar faults (in the following labelled as thick-plates) have composition values
around Ag20Sb30Te50, Ag15Sb32.5Te52.5, and Ag10Sb35Te55, respectively.
The Ag content at the planar faults is lowered to values below half of its value in the
matrix and the depleted Ag atoms are replaced by Sb and Te atoms. Thicker plates
consisting of several closely spaced planar faults are more depleted in Ag than thinner
ones, likely indicating that the thinner plates are an early stage of the development of
the faults. This statement is supported by the frequency distribution analysis 175 shown
in Figure 5(d). This analysis was performed within a thickness of 2 to 5 nm, indicated
by the frames d1 to d4 in Figure 5(a), which enclose the entire slice of the specimen.
The frames respectively include the matrix, a thin plate and two thick plates. The
frequency distribution of Ag is compared to a binomial (i.e. random) distribution for a
similar composition with block size of 100 ions. Here, the segregation level is judged
by the χ2 statistical test. The corresponding values of µ are given in each figure, where
µ is a normalized χ2 with 0 representing a random solution and 1 full separation of the
elements. The results reveal that thicker plates are consistently at a later stage of
separation than the thinner ones, while the matrix is close to random.
The composition variations of each element within the planar faults at frame d4 are
shown in Figure 5.5(e). As the composition is affected by trajectory aberrations near
the pole, a close-up of a less affected region is selected (black squares), which reveals
local fluctuations in the atomic distribution. Regions with a relatively high Ag
composition correspond to lower compositions in Sb and Te.
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Figure 5.5: APT 3D reconstruction and compositional analyses of planar faults. (a)
Reconstructed 3D distribution of Ag, Sb, Te atoms. Planar faults are highlighted by
iso-composition surfaces of 54.5 at% Te. (b) detector event histogram (hit map)
showing the (111) pole as indicated by a hexagon. (c) composition profile taken from
a cylindrical region with a diameter of 56.5 nm, as indicated by the yellow cylinder in
(a). Specific compositions of the matrix, thin plates and thick plates are given aside;
(d) frequency distribution analysis of Ag in four different regions (d1, d2, d3, d4)
marked in (a). (e) 2D composition contour of each element within the planar faults at
frame d4. The close-up area marked by black dash squares is less affected by the
trajectory aberrations, which demonstrates that the composition is inhomogeneous
within the planar fault plane.
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5.2.3. Local thermal conductivity measurement
SThM was used to measure locally the thermal conductivity at the LAGB. The initial
tip average temperature is 353 K. During scanning, it is measured as a function of
position and indicates the ability of the sample to dissipate heat. Figure 5.6(a) shows
an ECCI image of a LAGB region containing a high density of planar faults. The
topographic image of the same area is displayed in (b), revealing a very smooth
surface. The roughness is characterized by its root mean square (RMS) out-of-plane
deviation of 0.85 nm for the bulk and 0.66 nm for the LAGB, indicating that the
roughness is similar on the grain and the LAGB. Nevertheless, a small step can be seen
at the boundaries. From the height profile averaged over 71 lines (single pixel size is
157 nm), indicated by the red box in Figure 5.6(b), a step < 1 nm is estimated. In
SThM, the thermal drift dominates the imaging mode, the raw thermal image is
presented in Figure 5.6(c) (center), and it is not easy to distinguish any change in the
image. The increase in the tip temperature is determined from the electrical resistance
of the probe. One also has to consider thermal drift effects from the hot to the cold
areas. To improve the signal-to-noise ratio, the signal has been averaged over 71 lines
as presented in Figure 5.6(c) (top profile). To observe the thermal signal more clearly,
a thermal drift term, considered as linear, has been subtracted from the detected signal.
After this process (see Figure 5.6(c), bottom profile), the average signal shows an
increase of the probe temperature when the probe is on the LAGB. The probe
temperature rise is around 50 ± 20 mK between the matrix region and the LAGB,
which is weak but clearly evidenced. These results demonstrate that the heat
transferred from the heated probe to the sample is lower when the probe is in contact
with the LAGB than with the matrix. This result proves that the LAGB induces locally
a reduction of the effective thermal conductivity of the sample.
To estimate this thermal conductivity reduction, a calibration of the SThM setup was
performed from measurements of bulk reference samples with well-defined thermal
conductivity (Figure 5.7). Materials with different thermal conductivity (PMMA,
POM - C, SiO2), were plotted to determine the thermal conductivity values for the AST
compound. On each reference sample and on the crystal region (grain) of the studied
sample, point measurements of the probe temperature difference 𝛥𝜃 between the probe
positions out of contact and in contact with the sample were performed.
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Figure 5.6: a) ECC image of a LAGB with high density of planar faults for positioning
the SThM probe. (b) Surface topography from atomic force microscopy (2562 pixels
over (40 mm)2). The average height profile of the LAGB region is determined from
averaging over 71 lines. c) SThM image obtained simultaneously as the topography.
Same averaging is performed to obtain a thermal profile (top profile). A linear thermal
drift is subtracted to highlight the temperature increase in the LAGB region (bottom
profile).
The calibration curve (Figure 5.7) has been determined from experimental data 𝛥𝜃
measured as a function of the thermal conductivity of the reference samples and their
approximation by a typical function:
Δ𝜃

𝐶

Equation 5.1
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where A, B and C are taken as constants and κ is the thermal conductivity176. In
Figure 5.7, each dot is the average of three measurements that practically fall on each
other due to the high repeatability of the measurements and the error of Δθ is estimated
to be around 1%. The constants A, B and C values are 14.99, 0.195 and 5.192
respectively. Based on this calibration, point measurements of Δθ for the studied
sample allowed determining the effective thermal conductivity (see below why it is
termed effective) inside the grain: κAST = 0.54 ± 0.02 W∙m-1∙K-1 where the uncertainty
on κ (4%) was estimated from the dispersion of Δ𝜃 (around 1%). However, the main
uncertainty is related to a possible systematic error in the calibration method, as
parameters in Equation 5.1 are known to be weakly κ-dependent in reality. Another
way to calibrate thermal conductivity is simply to consider materials with thermal
conductivity close to the material of interest, neglecting the levelling-off of heat
conduction for high thermal conductivity materials. A simple linear fit involving
PMMA, POM-C and SiO2 can be plotted in the semi-logarithmic figure to obtain
another calibration curve, which departs slightly from the previous one. It leads to a
slightly

higher

effective

thermal

conductivity

κAST = 0.61 ± 0.02 W∙m-1∙K-1.

Consequently, the effective thermal conductivity can be estimated close to
κAST = 0.575 ± 0.055 W∙m-1∙K-1, involving a 10% uncertainty due to the calibration.
Nevertheless, the focus here is on the local variation of thermal conductivity κ, which
is very weakly affected by the uncertainty due to the calibration curve (κ is almost
the same for both calibrations). Based on the probe calibration, the probe temperature
rise of 50 ± 20 mK between the in-grain region and the LAGB estimated from SThM
images (Figure 5.6) indicates a reduction of the effective thermal conductivity of
Δκ = 0.01 ± 0.004 W∙m-1∙K-1 of the material in the LAGB region. The uncertainty on
Δκ being here estimated from the dispersion of Δθ in the thermal image after drift
correction.
In these experiments, the measurements were performed under ambient air. The
thermal interaction between the Wollaston wire probe and the sample, which is mainly
driven by conduction through the air 146, acts on a certain micrometric area over the
sample surface that is clearly larger than the mechanical contact (< 200 nm in contact
resolution for the Wollaston wire probe used). In addition, SThM probes a certain
volume below the surface that is larger than the LAGB and that is related to the
expansion of the heat flux lines from the heated surface.
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Figure 5.7: Calibration curve for thermal conductivity determination: average probe
temperature variation Δθ between the positions far from contact and in contact as a
function of bulk thermal conductivity κ for reference samples. Dashed line: fit
involving a function with parameters A = 14.99, B=0.195 and C = 5.192. Plain line:
linear fit involving only PMMA, POM-C and SiO2.
This means that the thermal conductivity detected by positioning the probe on top of
the LAGB is larger than the actual thermal conductivity of the LAGB alone because
the probed volume also contains a volume of the matrix around it. This effective
thermal conductivity is therefore an upper bound of the thermal conductivity of the
LAGB, and the actual value is lower than the one that can be directly derived from
calibration. To determine the LAGB’s thermal conductivity (within some uncertainty),
numerical computations of heat dissipation from the tip to the sample and into the
sample are required to account for the exact geometry of the probe-samplesurrounding environment system.

5.3.

Discussion

Segregation of elements at planar faults was predicted theoretically by Suzuki more
than 50 years ago177. Another study experimentally showed evidence of such
segregation at defects, especially at dislocation in a single crystal of a CoNi-based
superalloy178 and in Fe-Mn alloys179. Yu et al.173 observed that Ag-segregation to
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dislocations with compositional fluctuations along the dislocation line provides strong
phonon scattering in Ag doped Pb-Te compounds. In a similar manner, the segregation
of Sb and Te at the planar faults, accompanied by a depletion of Ag, as well as the
compositional fluctuations observed inside those planar faults, as shown in Figure 5.5,
strongly enhances phonon scattering. Specifically, the spatial distribution of elements
within the planar fault layer is also inhomogeneous

181-182

, which may lead to even

stronger phonon scattering due to the associated planar structure and composition
variations.
The observed reduction in thermal conductivity might be further enhanced due to the
different spacing between the planar faults located at the LAGB. Using a newly
developed approach combining a Green’s function method with Bayesian optimization
Ju et al.182 have recently studied the minimum interfacial thermal conductivity at Si-Si
and Si-Ge interfaces in a configuration involving aperiodic layer structures
perpendicular to the direction of heat propagation. They find that layered structures
with different spacing enhance phonon scattering, which results in a reduced thermal
conductivity. It is obvious that the higher the total thickness and the number of the
layers between the interfacial structures are, the lower is the interfacial thermal
conductivity. A key additional point is, that the interfacial thermal conductivity
decreases further (by 20%-50%) when the layers are not periodic.
The effect of arrays consisting of a high density of planar faults at a LAGB on phonon
scattering was previously addressed using the model of Klemens22, where the influence
of the density of

the planar faults, 𝑁

was discussed and estimated without

considering their chemical nature. Here, the effect of the Grüneisen parameter, 𝛾, as
well as other physical parameters is discussed, and how they influence the phonon
scattering rate related to the planar faults 𝜏

as described by Klemens111. The

scattering rate is given by:
𝜏

√

𝑎𝛾 𝜔 𝑁

Equation 5.2

where a is the average atomic radius estimated from a

√𝑉 , with V being the average

atomic volume and a0 is the lattice constant, 𝜐 is the phonon group velocity, 𝜔 is the
phonon frequency. In this expression, the compositional changes at the planar faults
are not considered. However, studies of compositionally decorated dislocations in TEs
proved that the chemical changes cause large phonon scattering150,178,182-183. It is
reasonable to believe that similar effects of enhanced phonon scattering by such low72

dimensional compositional decoration applies also for the case of planar faults184. The
modified scattering rate can be incorporated in the extra Grüneisen parameter 𝛾 given
by185:
𝜏

𝛾

√

𝑎 𝛾

𝛾′

Equation 5.3

𝜔 𝑁

γ

1

1

1
Equation 5.4

where K is the bulk modulus of the matrix, 𝑐 Sb Te is the concentration of Sb2Te3 at
the planar faults, T is the annealing temperature of the sample and kB is the Boltzmann
constant.
The terms

1 and

1 express the volumetric mismatch and

the mass discrepancy between atoms at the planar faults and the matrix, respectively185.
The EDX and APT results demonstrate that the matrix composition is Ag20Sb30Te50
while the composition at planar faults depends on the thickness and changes roughly
between Ag10Sb35Te55 and Ag15Sb32.5Te52.5. Thus, the planar faults to a first
approximation, can be considered as a combination of 1 molar Ag20Sb30Te50 matrix
plus Sb2Te3 phase with a molar ratio range between 0.25 (for Ag15Sb32.5Te52.5) and 0.5
(for Ag10Sb35Te55). Accordingly, the impurity concentrations are determined from
APT probing as 𝑐 =0.25~0.5 at the planar faults. Table 1 shows other parameters for
the impurity phase and matrix. Thus, the variation of chemical composition at the
planar faults contributes to an extra Grüneisen parameter 𝛾 ranging from 1.37 to 2.74.
This corresponds to an enhancement of the phonon scattering rate of a factor of 2.5~4.8
at the planar faults as a function of the observed chemical variations compared to the
bulk.
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Table 6.1: Values of the physical parameters for Ag20Sb30Te50 and Sb2Te3 to calculate
the extra phonon scattering induced by a variation of composition. Note that some
data of AgSbTe2 is used for the δ-Ag20Sb30Te50 phase.
Parameters

𝛾

Ag20Sb30Te50

Sb2Te3

2.3 187

2.3 188

𝑐

5.4.

0.25~0.5

𝐾

67 (GPa)187

T

829 (K)

44.8 (GPa) 188

𝑉

2.8×10-29 (m3)

3.13×10-29 (m3)

𝑚

2.02×10-25 (kg)

2.07×10-25 (kg)

Conclusion

In summary, the planar fault structures at the LAGB of a mosaic Ag16.7Sb30Te53.3 TE
material was studied, and the chemical changes at these faults were characterized at
near atomic scale and quantitatively discussed. It was shown how chemical changes at
the planar faults can enhance phonon scattering. An associated increase in the phonon
scattering rate of a factor of 2.5~4.8 at the planar faults due to these confined chemical
variations was estimated, neglecting possible additional effects due to variations of
phonon velocities.
The local thermal conductivity at microstructure scale, specifically at LAGBs, was
successfully measured. The high density of planar faults found at the LAGB affects
the overall thermal conductivity compared to the rest of the bulk and the difference
was found to be at least Δκ = 0.01 ± 0.004 W∙m-1∙K-1. Owing to the expected heat
dissipation between probe tip and sample, further numerical calculations are needed
in order to get the exact value of the variation of local thermal conductivity pertaining
to specific lattce defects.
74

Chapter 6: Microstructure evolution of
AST during heat treatment and the effect
on the thermoelectric properties
This chapter contains microstructure investigation on the heat treated AST. The
interfaces and the TE properties are discussed, which supplements the previous
chapters. The AQ AST compound was subjected to heat treatments at 380°C for
different durations. During annealing, Sb2Te3 and other metastable phases nucleated
and grew within the δ-phase. To investigate the composition of the precipitates,
structural and chemical analyses of the samples at different length scales down to the
atomic scale were performed at two selected stages of the microstructure evolution.
SEM, STEM and APT were applied to understand this evolution. In-situ experiments
were carried out in order to follow the precipitates nucleation. In addition, the TE
properties will be discussed. The following chapter is partly based on the publication24.

6.1.

Thermoelectric properties of annealed samples

Based on the thermal diffusivities acquired using LFA and applying Equation 3.2, the
thermal conductivity values of the 380°C/8 h and 380°C/192 h AST samples were
determined (Figure 6.1). The sample after 8 h aging at 380°C exhibits the highest
thermal conductivity value with a value of ~0.7 Wm-1K-1 at room temperature. An
aging time of 192 h brings the thermal conductivity down to a value of about
0.6 W∙m- 1∙K-1 at room temperature.
The electrical conductivity and Seebeck coefficient values were measured and plotted
in the same temperature range (Figure 6.2&6.3). The highest value of electrical
conductivity was obtained for the samples aged for 8 h and a lower value for the
samples aged for 192 h, which is similar to the trend observed for the thermal
conductivity. The Seebeck coefficients of both aged samples are almost identical,
150 µV K-1 at room temperature. These results are further elucidated in terms of
phonon and charge carrier scattering, and correlated with the alloy’s microstructure
evolution.
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The calculated zT-values are plotted in Figure 6.424, based on the data from
Figures 6.1-6.3. The zT was evaluated as a function of temperature applying
Equation 2.4. The 380°C/8 h AST sample exhibits the highest zT-values, with similar
values for the entire temperature range and similar to the values observed for the AQ
sample (Figure 4.4 in Chapter 4). The 380°C/192 h sample exhibits inferior
performance.

Figure 6.1: Temperature dependence of thermal conductivity for samples aged at 380 °C for
8 h (blue line) and 192 h (orange line). Figure reproduced with permission from ref.24
Copyright © 2017, American Chemical Society service.

Figure 6.2: Electrical conductivity for the samples aged at 380 °C for 8 h (blue lines) and
192 h (orange line) as a function of temperature. Figure reproduced with permission from
ref.24 Copyright © 2017, American Chemical Society service.
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Figure 6.3: Temperature dependence of Seebeck coefficient for samples aged at 380 °C for
8 h (blue line) and 192 h (orange line). Figure was reproduced with permission from ref.24
Copyright © 2017, American Chemical Society service.

Figure 6.4: Temperature dependent zT value for samples annealed at 380 °C for 8 h (blue
line) and 192 h (orange line). Plot was reproduced with permission from ref.24. Copyright ©
2017, American Chemical Society service.

6.2.

Microstructure investigation

6.2.1. Phase analysis using XRD
The XRD diagrams of the heat-treated samples are presented in Figure 6.5. The Sb2Te3
phase (marked in red) can be identified in the XRD data within the heat-treated
compounds besides the -phase. The Sb2Te3 has a trigonal structure of the R3m space
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group and lattice parameters of a = 4.28 Å and c = 29.14 Å. The peak intensity of the
-matrix decreases with the heat treatment at 380°C (e.g. comparing the peak
intensities of Sb2Te3 at 2=46° and  at 2=50°), which suggests that the growth of
the Sb2Te3 phase takes place at the expense of the -phase. No Ag-rich phases such as
Ag2Te, Ag5Te3, or other metastable phases were detected by XRD in any of the
samples heat-treated at 380°C.

Figure 6.5: Powder XRD data acquired from the 380 °C/8 h and 380 °C/192 h AST samples.
Peaks marked with red arrows are associated to the Sb2Te3 phase, while the ones marked with
black are associated to δ-phase.

6.2.2. Microstructure investigation of the 8 h annealed sample
Two

different

precipitates

were

detected

using

EDX-mapping

in

SEM

(Figure 6.6(a&b)). Type N°I has a plate-like shape, is 3 µm wide and 30-50 µm long.
Type N°II shows also a plate-like shape, but a different size of 1-3 µm width and
12 µm length. The composition of the precipitates is given in Table 6.1. Precipitates
type N°I have an Ag content of less than 1 at. %, while the one in type N°II is ~ 7 at.
%. The Kikuchi pattern from the precipitate N°I fits to the simulated one using EBSD
(Esprit Dynamic software) assuming a trigonal crystal structure of Sb2Te3. Precipitate
N°II was also identified using APT24 as shown in the Figure 6.7 and Table 6.2. The
precipitate set N°II is marked in Figure 6.7(a). TEM experiments were performed on
the same tip and the diffraction pattern collected from the apex of the APT tip reveals
no additional reflections besides those characteristic for Sb2Te3 crystal structure along
the 3411

zone axis. To validate the Sb2Te3 precipitates microstructure and to
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determine the orientation relationships between the precipitates and the matrix, STEM
studies were carried out on a TEM lamella lifted out from similar regions and it will
be discussed further below.
Table 6.1: Composition of the precipitates of a 380 °C/8 h AST sample from SEM-EDX

Phase in 380°C/8h
sample

Ag (at.%)

Sb (at.%)

Te (at.%)

0.8

36.6

62.6

Matrix

18.7

27.1

54.2

Precipitate Type II

7.1

33.4

59.5

Precipitate Type I

Figure 6.6: a) BSE image showing several large precipitates in the sample annealed
at 380 °C for 8 h. b),c),d) EDX maps of the same area as in a) where one of the
precipitates is containing less than 1 at. % Ag. (e) Precipitate N°II can be attributed
to Sb2Te3 phase and its e) simulated Kikuchi pattern using Esprit software fits to f) the
experimental one.
79

Figure 6.7: (a) 3D APT map for 380 °C/8 h AST sample and (b) linear concentration
profiles of Ag (red), Sb (blue), and Te (green) across the interface between the two
phases, collected using a sampling box of 26×26×0.1 nm3. Modified figure with
permission from ref.24 Copyright © 2017, American Chemical Society service.
Table 6.2: Composition of the precipitates of the 380 °C/8 h AST samples measured
by APT. Table was taken with permission from ref.24 Copyright © 2017, American
Chemical Society service.

Sample

Phase

Ag (at.%)

Sb (at.%)

Te (at.%)

380°C/8h

Precipitate
N° 2

7.1±0.1

36.1±0.2

56.8±0.2

 phase
(matrix)

14.7±0.1

31.4±0.1

53.9±0.2

AgSbTe2

25±0.5

24.7±0.3

50.3±0.6

In order to investigate the precipitates found within the 8 h annealed sample further,
they were marked with help of FIB (see Figure 6.8(a)). A TEM lamella was lifted out
from this area, and thinned (Figure 6.8(b)). A bright field TEM image of this lamella
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is given in Figure 6.8(c). Due to bending contours it is difficult to see the interface
between the precipitate and the matrix (Figure 6.8(c)) which is therefore marked with
an orange line. A DP is taken from the interface region marked with an orange circle
(see

Figure 6.8(d)).

The

indexed

SAD

pattern

reveals

a

Sb2Te3

[1120](0001)//AgSbTe2 [101](111) orientation relationship between the matrix and
the precipitate.

Figure 6.8: (a) SEM image showing the precipitates and the area, which is marked
with Pt deposition in FIB. (b) SEM image of the TEM lamella prepared from the
precipitates region shown in (a). (c) HAADF image of the targeted interface marked
with the orange line. The orange circle indicates location of the SAD aperture for the
pattern displayed in (d).
STEM studies were carried out in order to understand the Sb2Te3 atomic structure of
the precipitates. Figure 6.9(a) exhibits a HAADF image showing the interface between
the μm-sized Sb2Te3 precipitate and the Ag16.7Sb30Te53.3 matrix24. The same orientation
relationship as found in Figure 6.8 with (Ag,Sb)2Te3 [1120](0001)//AgSbTe2
[110](111) between the matrix and the precipitate, is revealed, in accordance to the
results of Medlin et al.188. The magnified area from the atomic structure of the Sb2Te3
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phase in Figure 6.9(b) shows that this structure correlates well to the atomic structure
of Sb2Te3, with 5 close packed layers per sequence of Te and disordered Sb/Ag. The
two sequences are joined by a Te-Te van der Waals bond as indicated in Figure 6.9(b)
and discussed by Souza et al.189. The AgSbTe2 matrix was imaged in [110] zone axis,
which contains alternating Te and Sb/Ag layers (Figure 6.9(c)) as suggested from the
simulated model by Sugar et al.92. The elemental distribution is given in Figure 6.9(d).
The finding fits very well to the APT and SEM results where an Ag content of 7 at.%
was detected for precipitate N° II (Table 6.1 and 6.2). In the Ag2Te-Sb2Te3
quasi- binary phase diagram, the Ag solubility limit in Sb2Te3 is below 1 at.% at
thermodynamic equilibrium82. Moreover, a Sb2Te3 phase with high Ag content is
absent in the isothermal sections of the Ag-Sb-Te phase diagram at both 250 and
400 °C, as reported by Wu et al.190. This suggests the existence of an
Ag- supersaturated Sb2Te3 precipitate in a metastable form. In addition, the Ag-atoms
prefer to substitute for Sb-sites rather than for Te-sites, as revealed from the density
functional theory (DFT) calculations of Yaron Amouyal performed to determine the
formation energy of AgSb5Te9 and AgSb6Te8 compounds. The values obtained are
- 80 kJ/mol and - 45.6 kJ/mol, respectively191.

Figure

6.9:

(a)

HAADF

image

of

the

interface

between

(Ag,Sb)2Te3

precipitate/AgSbTe2 matrix. Atomic structure of (b) (Ag,Sb)2Te3 precipitate and (c)
AgSbTe2 matrix. (d) EDX investigations of the (Ag,Sb)2Te3 precipitate/AgSbTe2 matrix
interface showing the Ag (red), Sb (blue), and Te (green) content. Figure was taken
with permission from ref.24 Copyright © 2017, American Chemical Society service.
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6.2.3. Microstructure investigation of the 192 h annealed sample
The microstructure of the sample annealed at 380°C for 192 h was investigated with
the help of an optical microscope and EDX maps in SEM24. Figure 6.10(a) shows thin
platelets embedded inside the matrix. The sample contains large plate-like precipitates
similar to that observed for AgSbTe2 by Armstrong et al.192 and Zhang et al.193 as
shown in Figure 6.10(b) and (c), respectively. Those precipitates vary in length and
thickness, e.g. the length reaches up to 200 μm for the 380°C/192 h sample, while the
thickness reaches up to 10-20 μm. The detected features have a preferential orientation
as indicated in Figure 6.10(a) and (c) by white arrows. EDX analysis in SEM reveals
that smaller Ag-containing SbxTey precipitates are present in between these pure
Sb2Te3 precipitates (Figure 6.10(b)). Pure Sb2Te3 precipitates are present in the coarser
precipitates regions, Figure 6.10(d).
Similar to the 8 h AST sample, some of the precipitates in samples aged at 380°C for
192 h do not correspond to that of the pure Sb2Te3 phase as denoted from EDX in
Figure 6.11(b-c) but to precipitates type N°II (7 at.% Ag, 37 at.% Sb, 55 at.% Te). The
IPF-EBSD map in Figure 6.11(c) shows that those precipitates have different
orientations even though they have similar composition.
Table 6.3: Composition of the precipitate type N°II and matrix of the 380°C/192 h
sample measured using APT. Table was taken with permission from ref.24 Copyright
© 2017, American Chemical Society service.

Sample

Phase

Ag (at.%)

Sb (at.%)

Te (at.%)

380°C/192h

Precipitate
type N° II

5.7±0.2

37.1±0.3

57.2±0.3

 phase
(matrix)

16.8±0.1

30.7±0.1

52.4±0.1
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Figure 6.10: Optical micrographs of 380 °C/192 h AST samples (a and c). The matrix
appears in white and the precipitates in dark due to their preferential etching.
Corresponding EDX compositional mapping of the regions marked in (a and c)
showing the presence of (b) Ag-containing Sb2Te3 and (d) pure Sb2Te3 precipitates.
Figure was taken with permission from ref.24 Copyright © 2017, American Chemical
Society service.

Figure 6.11: (a) BSE image showing µm-size precipitates as observed in Figure 6.10.
EDX maps of (b) Ag, (c) Sb, (d) Te of the same area showing the presence of the same
Sb2Te3 precipitates with higher content of Ag, (e) IPF-EBSD map showing different
orientations of the precipitates.
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APT analysis24 confirms the existence of precipitates N°II in the samples annealed at
380 °C for 192 h, containing 5.7 ± 0.2 at.% Ag on average as shown in Table 6.3 and
Figure 6.12. This result is consistent with the EDX analysis shown in Figure 6.10(b, d)
and Figure 6.11, even though the APT alone provided compositional information on
three precipitates only, due to their low number density in the matrix. In contrast, more
than 40 precipitates were analysed by EDX in SEM, which confirmed the low Agconcentration in the smaller precipitates, although some individual Ag-free Sb2Te3
precipitates with a large size were also detected.

Figure 6.12: (a) 3D APT reconstruction acquired from the 380 °C/192 h AST sample
and (b) linear concentration profiles of Ag (red), Sb (blue), and Te (green) across the
interface between the matrix and precipitate N°II collected using a sampling box of
67×67×0.3 nm3. Figure modified with permission from ref.24 Copyright © 2017,
American Chemical Society service.
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6.2.4. In-situ experiments for the AQ AST using XRD and TEM
The composition of the planar faults discussed in Chapter 5 is similar to the precipitates
composition observed in the heat-treated samples. The hypothesis that the planar
defects act as nucleation sites of the second phase was further addressed by in-situ
heating experiments of the AQ sample in XRD and TEM.
The in-situ heating of the AQ powder sample using XRD was performed in a He
atmosphere to avoid oxide formation and keeping their content to the minimum level.
The stage was heated up to 100 °C with a heating rate of 100 K/min. The first scan
reveals a peak of AgSbTe2 δ-phase at around 2θB =34.2°(Figure 6.13(a)). This peak
broadens after holding the sample at 100 °C for 7 h and 21 scans. As there was no clear
phase separation from the peaks, the heating temperature was increased up to 150 °C.
The peak intensity is reduced from 2500 to 1500 counts, and maintaining this
temperature for 19 h and 54 scans leads to a more significant peak broadening, which
could be a addressed to an initial formation of Sb2Te3 phase with a peak around
2θB=33.2° (Figure 6.13(b)).
Elevating the temperature to a higher value of 200 °C leads to the clear phase
separation of the δ-matrix and the Sb2Te3 phase. After a holding time of 24 h at this
temperature the peaks enlarged and the intensity is reduced to 500 counts. The graph
plotted after 69 scans shows that a split into three peaks (Figure 6.13(c). The small
peak at 2θB 32.1° belongs to oxides such as Sb2O3 and the second/third peaks have a
similar position as in Figure 6.13(b), and correspond to the δ-matrix and Sb2Te3 phase.
Figure 6.14 shows that holding time matters for phase separation in the AQ sample,
no oxides peak was detected after first few hours, correspondingly an oxide broad peak
was detected after holding time over 12 h. After 24 h the oxide peak was significant
while the Sb2Te3 peak intensity was higher than the δ-phase. Plot of the integral of
reflex of δ-matrix and Sb2Te3 phase independent of the heating time is presented in
Figure 6.15. It is shown here that during the first 10 hours the amount of δ-phase is
decreasing while the Sb2Te3 phase is increased and after 10 h the Sb2Te3 amount was
higher than the δ-matrix itself. Similar behaviour was detected with APT and EDXSEM and it will be discussed further in the discussion section.
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Figure 6.13: XRD analysis plot of the intensity versus the scattering angle 2θB of the
AQ powder in-situ heated with a heating rate of 100 K/min. The three graphs show
data at (a) 100 °C, (b) 150 °C, (c) 200 °C. Above 150 °C, a second peak appears which
is increasing with increasing time hold at 200 °C.
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Figure 6.14: Peak fit of XRD data after holding the sample at 200 °C for different
durations. Peaks of Sb2Te3 beside the AgSbTe2 matrix and an oxide phase are detected.

Figure 6.15: Plot of counts independent of the holding time during heating of Sb2Te3
and δ-phase.
The operating vacuum in XRD for the in-situ heating experiments was not good
enough to prevent the oxide formation. Nevertheless, the results obtained from in-situ
XRD were a motivation to carry out TEM in-situ heating experiments in order to
observe the nucleation of Sb2Te3 phase at the planar faults sites. The sample for the insitu measurement was prepared using FIB as shown in Figure 6.16. The lift-out
procedure was similar to the one described in chapter 3 but with small differences.
Here, the lamella needs to be attached to a heating chip instead of a Cu grid. The
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specimen is placed at the top of a silicon window, between the resistance wires, which
can be heated up to 500 °C or 1200 °C depending on the type of chip.
A HRTEM image of a region containing planar faults is shown in Figure 6.17(a). The
formation of the Sb2Te3 phase as marked with the calculated fast Fourier transform
beside the δ-phase after heating the TEM lamella up to 120 °C was revealed. However,
increasing the heating temperature to 200 °C, oxides start to form in the whole
specimen, which makes it difficult to follow the nucleation of the second phase at the
desired temperature of 380°C.

Figure 6.16: SEM images showing the lamella prepared using FIB on the in-situ
heating membrane chip.

Figure 6.17:(a) HRTEM image of a region containing the matrix along with the initial
formation of Sb2Te3 at 120°C. Fast Fourier transform of the matrix and the precipitates
were calculated at the areas marked. (b) HRTEM image showing the formation of the
oxides all over the specimen at 380°C.
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6.3.

Discussion

6.3.1. Structural and chemical properties
In the samples heat-treated at 380 °C, the observed precipitates start to grow with the
same concentration ratio similar to the one in the planar defects detected for the AQ
state. Hence, it is proposed that these precipitates are nucleating at the planar defects
sites, where MxTey metastable phases form and start to grow (with M=Ag and or Sb).
An additional finding is that the M/Te ratio is decreasing/increasing in the
precipitates/matrix (see Figure 6.18 and 6.19) respectively with increasing aging
time24. This finding was also proved using in-situ XRD experiments. This indicates
that the system evolves toward the stoichiometric Sb2Te3-phase and -matrix,
respectively, as expected from the Ag2Te-Sb2Te3 binary phase diagram. However, the
precipitates still contain a considerable amount of Ag-atoms (5.7 at. %) after longterm (192 h) heat treatment at 380 °C. These precipitates are embedded in the matrix,
and they exhibit a low interfacial free energy value ca. 200 mJ m-2 as calculated by
Amouyal194 as a result of their orientation relationship with the matrix (Figure 6.9).
Such endotaxially-embedded precipitates have been observed also for an AgSbTe2PbTe alloy using HRTEM195.

Figure 6.18: Matrix transformation and precipitates composition during the heat
treatments at 380°C collected from APT experiment. Figure was taken with permission
from ref.24 Copyright © 2017, American Chemical Society service.
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Figure 6.19: Composition of the matrix and precipitates during annealing at 380°C
collected from EDX experiment. Figure was taken with permission from ref.24
Copyright © 2017, American Chemical Society service.

6.3.2. Thermoelectric properties
The TE properties of the three AST samples and the correlation between their
microstructure evolution and the phonon along with charge carrier scattering is
discussed in this section. There are several phonon scattering mechanisms that
determine the lattice thermal conductivity. Phonons can be scattered intrinsically by
other phonons, such as phonon-phonon interactions and extrinsically, i.e.
microstructural effects such as phonon scattering at lattice defects and
precipitates196- 200. In this chapter, the inelastic phonon-phonon collisions, which are
referred to as Umklapp (U-) processes, and interactions of phonons with point defects,
planar faults and precipitates are considered. The latter group of interactions strongly
depends on the spatial distribution of point defects and precipitates153,201-203. In contrast
U-processes prevail for temperatures above the Debye temperature (estimated to be
100-150 K for AST153, 204) and regardless of the presence of lattice defects.
Ag-rich Sb2Te3 precipitates started to form during heat treatments, which means that
the AST-matrix composition approaches its equilibrium value, as given by the phase
diagram. In other words, the degree of supersaturation decreases, as sketched in Figure
6.18 and 6.19 from the APT and EDX experiments. This precipitation effect should
result in an increase of lattice thermal conductivity, since the point-defect scattering
mechanism becomes less dominant200. The matrix becomes richer in solute Ag and
depleted in Sb- and Te with increasing aging time after 8 h while approaching to its
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equilibrium. Thus, the thermal conductivity increases up to its maximum value due to
the thermally assisted relaxation of the non-equilibrium matrix structure as revealed
from Figure 6.18.
Additionally, a large and coarse interconnected precipitates network formed after
192 h (Figure 6.10) which is less effective in the contribution to phonon scattering.
Therefore, the thermal conductivity reaches an intermediate value in the 192 h samples
(between those of the AQ and 380 °C/8 h AST samples). In this case, this precipitate
network balances the effect of matrix equilibration yielding an increase in thermal
conductivity.
It was found that the effect of point defects and planar faults is more significant with
respect to the effects of precipitates194, which is also the case for the δ-phase studied
in this work. For example, it was experimentally validated that the thermal
conductivity value of a 2.25 at. % La-alloyed δ-phase is considerably lower than those
of La-free δ-phase, e.g. 0.8 Wꞏm-1ꞏK-1 for La-free and 0.6 Wꞏm-1ꞏK-1 for La-alloyed
samples at 500 K. This trend is supported by predictions from first-principles
calculations applying a combined phonon scattering mechanism and boundary
scattering. These trends indicate that variations of ca. 2.25 at. % in matrix solute
concentration may result in up to 25 % change of thermal conductivity. It is noteworthy
that Figure 6.18 indicates matrix composition variations that are even greater than the
above.
The effect of microstructure on thermal conductivity also applies for the electrical
conductivity, as there is full correspondence between the behavior of the thermal and
electrical conductivities, as revealed when comparing Figure 6.1 to 6.2. Both, phonons
and charge carriers (here: holes) are scattered from the same lattice defects. The
electrical conductivity is also affected by the increase/decrease of the Ag/Sb,Tecontent inside the matrix with aging time due to Sb2Te3-precipitation, besides the
vibrational one. This process is expected to enhance electrical conductivity and to
reduce the Seebeck coefficient. This was predicted from first-principles calculations192
of TE transport coefficients, applying the Boltzmann transport theory, implemented
for three model compounds, namely Ag3SbTe4, AgSb3Te4, and AgSbTe2, exhibiting
Sb/Ag ratios of 1/3, 3, and 1, respectively. It was shown that the increase of the Sb/Ag
ratio results in a decrease of electrical conductivity simultaneously with an increase of
Seebeck coefficient for a wide temperature range of 50 through 1000 K194. This trend
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is corroborated by the data recorded in Table 6.2, Table 6.3 and Figure 6.1(b) and (c).
It corresponds to the results presented in the study of Jovovic et al.76, who reported a
decrease of both, the Seebeck coefficient and the resistivity due to additions of 2%
AgTe to a stoichiometric AgSbTe2-phase, that is a reduction of the Sb/Ag ratio.
The Seebeck coefficient values determined for 380 °C/8 h and 380 °C/192 h AST
samples are practically identical, Figure 6.1(c), unlike their electrical conductivities,
Figure 6.1(b). However, the Seebeck coefficient and the electrical conductivity values
have a full correspondence in between each other, as one parameter increases, the other
one decreases, as expected156,205. This effect can be explained by the fact that the
electrical conductivity is governed by scattering processes. Conversely, the Seebeck
coefficient is sensitive to the matrix composition which varies moderately in both
samples (see Table 6.2) and not to the microstructure.

6.4.

Conclusions

For the AST alloy, exposed to aging heat treatments at 380 °C for different durations,
the microstructure and the TE properties were studied. The lowest electrical and
thermal conductivity values were observed for the as-quenched materials and the
highest values for alloys aged for 8 h. These findings are due to the delicate interplay
between formation of precipitates and the corresponding gradual decay in the degree
of quenched-in solute supersaturation.
SEM, TEM and APT studies allowed to track the phase transformation starting with
the AST supersaturated alloy and ending in the formation of the equilibrium Sb2Te3phase. Moreover, the evolution of TE properties with aging time was discussed in
terms of the matrix/precipitate composition and partitioning effects. The precipitates
and matrix compositions have an impact on the material’s TE performance. The
observed matrix becomes richer in Ag and depleted in Sb and Te, whereas the
precipitates become correspondingly richer in Sb and Te), and depleted in Ag.
In-situ XRD and TEM studies indicate that the precipitates start to grow at the planar
faults present in the AQ material. However, oxide formation caused by residual oxygen
molecules in the XRD and TEM chambers prevented to unravel the atomistic
processes. More in-situ studies can be performed on the AQ sample with more careful
sample preparation in order to reduce oxides formation inside XRD and TEM
chambers.
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Chapter 7: Summary and Outlook

Efficient thermoelectric materials have a low thermal conductivity. In particular, it is
important to reduce their lattice thermal conductivity by introducing various phonon
scattering centers. Defect engineering strategies including doping and nanostructuring
were considered in literature to enhance the overall thermoelectric performance of
AST. In this thesis, planar faults in AST were investigated concerning their roles in
reducing the thermal conductivity.

Through the combination of various techniques, the microstructure of AST was studied
and correlated to the thermal conductivity. In collaboration with the group
“thermoelectric materials” at the Technion institute, as-quenched AST and those
subjected to heat treatment at 380 °C for different durations were synthesized and
characterized with respect to their thermoelectric properties.

The lowest thermal conductivity of 0.5 W∙m-1∙K-1 was achieved for the as-quneched
AST. To understand statistically the microscopic distribution of extended defects, a
correlative approach of ECCI-TEM was chosen. A high density of planar faults,
1.6∙108 m-1, was measured at LAGBs, which was two orders of magnitude higher than
the density within the grains, 1.5∙106 m-1. The measured density at the LAGB matches
the impact of phonon-phonon scattering on the lattice thermal conductivity as
estimated using the Debye-Callaway model.

Further analysis of the as-quenched sample was performed using a combination of
STEM and APT to reveal the atomic arrangement and chemical segregation at the
planar faults. Unlike conventional stacking faults, an additional translation of
1/8<111> was observed. A different chemical composition was found at the planar
fault compared to the matrix. The inhomogeneous composition observed at the planar
faults changes the Grüneisen parameter, which is a linear term in the Klemens
equations. This enhances the phonon scattering rate by a factor of 2.5~4.8 at the planar
faults.
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For further understanding of the relationship between the microstructure and the
thermal properties, local measurements of the thermal conductivity across the LAGBs
have been performed using SThM. A relative reduction of the thermal conductivity by
~2% was observed at the LAGBs with respect to the grain interior. However, for a
significant phonon scattering by planar faults, more volume of LAGBs with high
density (> 108 m-1) of planar faults is needed.

The thermal stability of AST was evaluated by annealing experiments at 380 °C for 8
h and 192 h. Several Sb2Te3-precipitates were found using SEM, EDX, and EBSD.
The atomic structure was characterized by TEM, while the chemical composition was
measured by APT. The chemical composition of the precipitates was similar to that of
the planar faults in the as-quenched sample. Moreover, the evolution of the
microstructure with the heating time was investigated in-situ using XRD and TEM.
The start of the nucleation of Sb2Te3-precipitates was observed at 150 ~200 °C and
120 °C in XRD and TEM respectively. However, oxide formation in both experiments
complicated further observation of the growth of the precipitates.

In summary, this PhD thesis exemplifies the value of different microstructure and
chemical composition probing methods such as ECCI, TEM and APT and a local
correlation to the thermal conductivity by SThM. As observed by ECCI, the density
distribution of defects is heterogeneous on the micrometer scale in the studied AST
material. Local measurement by SThM can be then performed in order to correlate the
determined microstructure to the thermal conductivity. However, the spacing between
defects in AST is only a few nanometers, which is not resolved by SEM-based
methods, except for special cases such as discussed in chapter 4. The nanometer scale
investigation by TEM is instrumental to confirm the number density measured by
ECCI. The atomic scale characterization by STEM and APT provides insights on the
individual phonon scattering defects by estimation of their effect on the Grüneisen
parameter.

Several research groups have experimentally demonstrated how a high density of
dislocations in PbTe-based thermoelectric compounds lower their thermal
conductivity. The correlative approach developed in this thesis can be employed to
characterize the density distribution, the crystallographic character, and the chemical
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composition of the dislocations in such materials in a quantitative and statistical
relevant way.

Moreover, to preserve the global environment, several environmental friendly alloys
such as half Heusler compounds, which can be free of poisonous elements, will be
investigated in the future to follow up this PhD work. In such thermoelectric materials,
microstructure engineering with the knowledge gained from this study may be utilized
as a method to optimize thermoelectric properties, particularly by controlling thermal
conductivity.
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